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prologue
historic background on evolution and human behavior

prologue

“It's evolution, baby..”
Eddie Vedder
Methanopyrus kandleri is a microorganism that reproduces at a temperature above
100 degrees Celsius, the arctic tern flies over 70.000 km each year, marlins swim
faster than 100 km per hour, and humans can write a thesis on human behavior.
Regardless of the diversity of these capacities, the mechanism by which they have
developed is always the same. Selection of variations that better suited the
environment remained over generations, while ill-suited variations vanished.
Although this mechanism; evolution by natural selection, is in the scientific
community no longer a matter of debate, its application to the biology and behavior of
one animal in specific has led unprecedented discussion, the case of the Homo sapiens.
The ability of humans to think about their behavior, thoughts and its
consequences is unparalleled in the animal kingdom. But what the evolutionary
pressures were that gave rise to an increase in neocortex size, which facilitated the
increased cognitive capacities, is currently unclear. Several hypotheses have been put
forward, a popular one is the ‘social brain hypothesis’ that proposes that the cognitive
demand for successful functioning in large social groups drove the increase in
neocortical brain size (Dunbar & Shultz, 2007). However, a more broad demand for
behavioral flexibility has also been proposed (Reader & Laland, 2002). Regardless of
the exact pressures that set off the increased encephalization, its effects have been
enormous, as it brought forth societies with enough resources to practice religion, art,
warfare, science, and more recently, psychology; the systematic study on human mind
and behavior. On an evolutionary timescale the journey from wandering the African
savanna by our ancestors to wandering the internet by ourselves happened in the
blink of an eye, but along the way, with our cognitive abilities gradually increasing,
most humans also developed the strongly held belief that humans are fundamentally
different from other animals. This human-centered view is eloquently brought forth in
a phrase by G.C. Lichtenberg: “That man is the noblest creature may be inferred from
the fact that no other creature has contested this claim.” The circularity in this
statement has long been, and still is, an impediment for the understanding of human
mind and behavior.
Setting humans apart from all other animals, which is typical in the history of
thinking in the western culture (Gray, 2007), can be traced back to the Greek
philosopher Aristotle. In his view, all animals were ordered on a scale of perfection
(scala naturae) ranging from lifeless objects below to the human species on top of the
range. This view on living species was later incorporated into the Christian ideology,
which dominated western thinking until late in the 19th century. Under influence of
the church, and the idea that the human body was designed in ‘Gods own image’,
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systematic study of the biology underlying human mind and behavior was severely
limited. In the 17th century Descartes opened up the opportunity to systematically
study the human body and behavior by envisioning the human body as a machine
which is subjected to natural laws and can therefore be studied. Although his ideas
were a great step forward compared to the traditionally held view in which the human
soul, that could not be studied, was held responsible for most human behavior,
Descartes introduced a dualism wherein he placed the capacity of reasoning,
restricted to humans, outside the physical realm. This ‘Cartesian’ dualism has been a
major influence on the western philosophy in that it firmly separated humans from
the rest of the animal kingdom, and placed a large emphasis on the human capacity of
thinking as the seat of all ‘higher’ virtues such as feelings and morality. The pinnacle of
this body of thought is perhaps Emanuel Kant’s Kritik der praktischen vernunft,
wherein reason and the critical analysis of thought is the only true source of moral
and ethics. The source of these virtues was previously beheld to God, who in the
philosophy of Kant embodied the ideal of pure reason. In his time alone in his critique
on Kant, Schopenhauer replaced reason and God by feelings and the concept of ‘Will’.
While Kant sought the answer to the question what makes us human in the higher
strata of mental functioning, Schoperhauer found it in the only thing he deemed true,
internal bodily feelings such as sexual drive and fear, which are experiences of the
Will, the driving force behind all existence in the natural world. Since humans are no
exception to this rule, we are products of the Will and in being so, we are equal to all
other animals. After Schopenhauer, Nietzsche would thankfully adopt the Will as a
driving force behind human striving, and based on the heritage of Schopenhauers
thinking he would give the final push to Christian thinking by declaring God deceased.
By the merits of Descartes, Spinoza, and Kant, God was degraded to a concept outside
the natural world. Schopenhauer and Nietzsche disproved the need for God, and
proposed a Will instead, as a driving force behind all existence. After this, it was for
Darwin to show that even the concept of Will was redundant, and to finally provide an
answer to the question how humans relate to their fellow animals.
The influence of Darwin’s ideas cannot be overstated. In the 150 years that
passed since his ‘Origin of Species’ saw the light of day (1859), it fundamentally
changed the study of biology, the human self-image, and the philosophical ideas on
religion and the meaning of life, and provided answers for questions that have been
asked for thousands of years (Buskes, 2006). In the analogy of Daniel Dennet, the
theory of evolution can be thought of as ‘universal acid’, a substance so corrosive that
is eats through anything that it gets into contact with (Dennett, 1996), thereby
describing the impact of Darwin’s ideas, in that it affected every form of thinking in
relation to the world and the existence of life in it. The study of psychology is no
exception to this influence, and perhaps in this field it has led to the most fierce of all
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scientific debates, revolving around the question whether, and to what extent, the
process of evolution applies to humans and human behavior. This question was by
Darwin himself addressed in ‘The Descent of Man’ (1871). Darwin’s opinion was that
the human higher mental faculties, our moral and social capacities, although prevalent
over the capacities other animal species, differed between humans and other animals
only on a gradual scale, and that our mental capacities had thus evolved, and were
subjected to natural laws. From this follows that humans, and their cultural heritage
are the product of a process without goal, foresight, meaning, or intelligence, a
conclusion that 140 years later is still strongly debated, also in the scientific
community (Buskes, 2006; Dawkins, 2006; Gray, 2007; Wilson, 1998).
The conflicting views were perhaps at its most incompatible after the
publication of Edward O. Wilsons ‘Sociobiology: the new Synthesis’, in which he
proposed his ideas of on a biological basis of human social behavior, and termed this
new area of research ‘sociobiology’ (1976). The strong opposition aroused by Wilsons’
book shows the depth of the sentiments that were mostly based on
misunderstandings, and gave rise to the debate on genetic versus environmental
determinism; the nature/nurture debate. Two important misunderstandings severely
hindered the study on, and the acceptance of evolutionary explanations for human
social behavior. The first is that a genetic basis for human behavior would justify a
different qualification of human races and cultures, and thus could justify eugenics.
The other misunderstanding is the idea that sociobiology, in applying evolutionary
theory to and providing biological explanations for human behaviors is inherent to
genetic determinism. Both are wrong, the first because if there is one thing human
genetics has discovered, it is the lack of substantial genetic differences between
different races. Also, since the theory of evolution implicates a process without goal, it
can never justify goal-directed human selection. The other misunderstanding,
equating sociobiology with genetic determinism, is simply wrong because genetic
explanations do not exclude environmental factors. Nonetheless, the strong reactions
to the idea of a biologically explained human nature, and the political climate after the
second world war, led the pendulum to swing to the side of environmental
determinism, and a rejection of anything that had to do with biology when it came to
human social behavior. The prevalence of environmental determinisms has been, and
still is of great influence on the social sciences, and thereby constrained scientific
progress on the topics of for instance psychology and psychopathology. Fortunately, a
more nuanced view is currently prevalent, and the nature/nurture debate has lost its
hostile connotation. By the full rejection of biology, those supporting environmental
determinism missed the most important point of an evolutionary explanation for
human behavior, the importance of an environment in which the effects of genes are
embedded. Gene expression is dependent on an environment. From the perspective of
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a gene, which is the key replicator in the evolutionary process (Dawkins, 2006), the
rest of the DNA can be considered as environment, since gene expression often
depends on the availability of other genes, which renders the distinction
gene/environment or nature/nurture redundant. The current research area of
epigenetics shows the intricate complexity of gene environment interactions. The
seminal work by Michael Meaney shows the way in which maternal care can alter
gene expression of the stress system and can thereby transmit individual differences
over generations (Meaney, 2001a). Based on the current knowledge available from
molecular biology on the mechanisms of genetics, Michael Meaney, among others,
convincingly argues to forever abandon the discussion on nature/nurture, terms that
by no means exclude one another, but has kept many intellectuals busy for a long time,
and unfortunately in some cases still does. “We set out afoot, once again, to push the
pendulum back and forth between nature and nurture in an exercise that only ensures
that, eventually, we will find ourselves in exactly the same place at which we started. If
we do not develop a more intelligent set of questions, all of this technical wizardry will
produce but an empirical wasteland, like a World’s Fair site some 40 years after the
fact.” (Meaney, 2001b).
Under a different name, but with a comparable agenda; ‘evolutionary
psychology’ is a more recent attempt in search of biological explanations for human
social behavior, and has gained increasing popularity over the past 15 years. The
central idea of evolutionary psychology is that the neural evolution of the modern
human brain is not fast enough to keep up the pace of cultural evolution. Therefore,
humans in a modern society are equipped with brains adapted to live in a stone-age
environment (Tooby & Cosmides, 1992). Although evolutionary psychology has been
very successful in generating explanations for human social behavior such as mating
strategies, it has proven less successful in empirically testing these explanations in the
absence of scientific data. This has led opponents of evolutionary psychology to easily
dismiss the whole paradigm as ‘just so’ stories. Unfortunately, the critics thereby
throw out the baby with the bathwater, as the incorporation of evolutionary theory in
study of human psychology is vital if not insurmountable were we to understand the
human brain and behavior. Neurobiologists and evolutionary biologists have
addressed the shortcomings of current evolutionary psychology, most importantly the
selective use of knowledge from evolutionary biology (Bolhuis, Brown, Richardson, &
Laland, 2011), and the neocortically centered view of the human brain (Panksepp &
Panksepp, 2000). The ideas put forth by evolutionary psychologists, which describe
the brain as consisting of separately evolved modules underlying distinct behavioral
repertoires, is inconsistent with what is currently known about how our brains work.
There are ample data from comparative studies on humans and other animals, and
from neuroimaging studies on humans, largely unaddressed by evolutionary
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psychologists, which shows us this ‘modular’ view is outdated and incorrect.
Nonetheless, these shortcomings of the evolutionary psychology can easily be
overcome, when this school of thought incorporates knowledge from modern
evolutionary biology and neuroscience, providing the empirical methods to address
evolutionary psychology’s tempting hypotheses.
In his book ‘Consilience: the unity of knowledge’, Edward Wilson predicts the
merging of all natural sciences, and finally the sciences with humanities into a
common body of knowledge (1998). The recent rise of the highly interdisciplinary
research domain of the social neuroscience confirm Wilson’s ideas. Social
neuroscience addresses questions from psychology, and attempts to answer these
questions applying a broad range of methods from other disciplines operating on
vastly differing levels of complexity (Cacioppo & Decety, 2011). It integrates genetics,
epigenetics, neurobiology, evolutionary biology, endocrinology, neurology, and the
large spectrum of the social sciences. In this, it seems that social neurosciences
provide a fruitful basis for the study on topics brought up by sociobiology and
evolutionary psychology. In the thesis that follows after this prologue, I hope to make
a modest contribution to this endeavor. I am a psychologist who is addressing
questions regarding the underlying neuroendocrinology of human social behavior,
and therefore I am forced to incorporate literature from diverse backgrounds, ranging
from the detailed study of rodent brains in neurobiology, to the heuristic theories of
social psychology. In doing that, I hope to cross some imaginary boundaries between
areas of research, and together with Edward O. Wilson have confidence that
consilience is within reach. But science is a practice defined by mostly tiny steps, and
with a long way ahead it is better not to hurry. Nonetheless, I would be proud in
contributing to one of these small steps forward.
“Nothing in biology makes sense except in the light of evolution” is the famous
quote by Theodosius Dobzhansky, by which he indicated the importance of
evolutionary theory for every branch of the science of biology. I would argue that the
same can be said for psychology ; if we want to make sense of the human mind and
social behavior, we need to see it in the light of evolution.

Peter A. Bos, January 2012
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chapter 1

Evolution has endowed humans with capacities such as language, forward planning,
and complex social behaviors. The neurosciences, which attempt to unravel how the
brain brings about these behaviors, have paid much attention to language and visual
processing, as well as to behavior involved in cognitive control and attentional
functions, but relatively less focus has been on social behavior. With the advent of a
new research area, the social neurosciences, this is currently changing. Social
neuroscience specifically addresses the question how the human brain as a biological
system underlies social processes and behavior (Cacioppo & Decety, 2011). Although
still a young area of research, social neuroscience has made important contributions
to research on for instance face perception, trust, empathy, morality, and fairness. In
this field of social neuroscience, the current thesis targets the role of endocrine factors
in the underlying neural mechanisms of human social behavior, with a special focus on
the steroid hormone testosterone.
In the Homo sapiens lineage, the most striking neural development is the vast
increase in size of the neocortex. Evolved from the frontal part of the forebrain, the
neocortex overlays the limbic system and the brainstem, of which the limbic system
consists of a set of brain regions (e.g. the amygdala and hypothalamus) we share with
all mammalian species, and is involved in affective and emotion processing, such as
fight/flight behavior, whereas the brainstem is involved in regulation of the vital
functions and the viscera (MacLean, 1990). Important contributions in the
evolutionary development that drove the primate encephalization, are the extent of
maternal care and bonding, and the shift from olfactory recognition to visually guided
behavior (Keverne, 2007; Keverne, Martel, & Nevison, 1996). Long term caring of
offspring by mothers is an immense investment, and a high chance of offspring
survival is therefore paramount. Together with increased maternal care, neural
structures and endocrine responses have evolved to facilitate this behavior: i.e. the
thalamocingulate circuit is vital for responsiveness to infant cues (MacLean, 1985),
interaction of the bonding-peptide oxytocin with dopamine in reward areas of the
brain to aid social bonding (Curley & Keverne, 2005), and neural structures evolved
that underlie correct empathic responses to the needs of infants (Decety, 2011;
Preston & de Waal, 2002). From the development of empathy in small rodents (BenAmi Bartal, Decety, & Mason, 2011; Langford et al., 2006), the capacity to feel what
others feel has taken complex forms in human interpersonal communication, since
humans not only feel what others feel, but also know what others feel, a capacity
termed cognitive empathy or mindreading. Primates in the human lineage have lived
in social groups for millions of years (Shultz, Opie, & Atkinson, 2011), and in such
groups, survival depends on mutual cooperation, fairness, social cohesion, and
understanding of dominance hierarchies. Social intelligence in such groups can be
used to outsmart other individuals in the competition over females and resources (de
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Waal, 2008, 2010), which inspired the social brain hypothesis, stating that this
competition drove neocortical expansion in primates (Dunbar & Shultz, 2007; but see:
Reader & Laland, 2002). In addition, the transition to group living with a large
emphasis on shared care for infants in hunter-gatherer societies might have further
shaped the highly developed capacities of empathy and interpersonal trust in humans
(Hrdy, 2009).
The human lineage is further characterized by the development of a large
prefrontal cortex, the anterior part of the neocortex. The prefrontal region is the seat
of the higher human mental functions; it has the capacity of representing and
maintaining abstract information to inhibit automatic responses, which gave rise to
foresight, planning, and selection of different scenarios, thereby, together with
increased linguistic capacities, opening the door to modern culture (Munakata et al.,
2011; Wilson, 1998). This important development has greatly increased the
behavioral flexibility of humans, contributing to the evolutionary success of these
primates. It also shifted the dependency on genetic and hormonally determined
behaviors towards more intelligent and conscious, strategically driven behaviors
(Keverne, 2007). It shifted however only to a certain extent, as most human behavior
still strongly depends on subcortical regions of the brain (Panksepp, 1998).
Neuroimaging studies investigating for instance trust, fairness, empathy, and morality
have shown that the neural underpinnings of these complex behaviors largely overlap
with neural regions involved in emotion processing that we share with many other
animals (Decety, 2011; Rilling & Sanfey, 2011). The neocortex is tightly connected
with the lower parts of the brain, via the thalamus, but also with direct connections,
and does not function in isolation. For instance, the medial prefrontal and orbital parts
of the prefrontal cortex are directly connected to subcortical structures such as the
amygdala (Barbas, Saha, Rempel-Clower, & Ghashghaei, 2003). Also, it is common to
refer to either emotional and affective or cognitive regions of the brain, the prefrontal
regions proposed to be the latter, but this distinction is not supported by recent
advances in neuroscience. Available neuroimaging data points however more in the
direction of strongly connected networks underlying emotional-cognitive interactive
behavior (Pessoa, 2008). Furthermore, the vast majority of the human cerebral cortex
is involved in unconscious processing of information from the environment and the
viscera, which by constant communication with emotion processing regions of the
brain can change our behavior without conscious deliberation (Damasio, 2010). The
neocortical expansion thus facilitated highly complex behavioral repertoires, but is
still firmly rooted in the ‘emotional’ brain. This might not be surprising from the
perspective of how evolution works. It adapts, builds on what is already there, but is
incapable of fundamental design changes in complex organisms. In this view, it is fully
expected that the emotional pain felt after social rejection relies on phylogenetically
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ancient mechanisms for physical pain (Kross, Berman, Mischel, Smith, & Wager, 2011),
and that emotional responses towards unfair and immoral behavior rely on conserved
responses of disgust (Chapman, Kim, Susskind, & Anderson, 2009). The neocortical
expansion gave way to rationalize intrinsically emotional behaviors. ‘Intrinsically
emotional’ because recent insights from social neuroscience suggests that the human
‘higher virtues’ such as empathic behavior or morality are dependent on
phylogenetically ancient neural substrates.
Summarizing some of the current knowledge on human neural evolution and
the recent findings from social neurosciences, it echoes the ideas of Darwin, who
stated that the human higher mental faculties differ between humans and other
animals only on a gradual scale (Darwin, 1871). Despite the influence of Darwin, and
the historic attempts to incorporate his ideas into the study on human behavior (see
prologue), current research in psychology still has a strong focus on the most complex,
cognitive aspects of the human mind, while ignoring the bulk of knowledge described
above. In the words of Frans de Waal, when he dismisses the view of empathy as a
purely human cognitive construct: “No one denies the importance of these higher strata
of empathy, which develop with age, but to focus on them is like staring at a splendid
cathedral while forgetting that it’s made of bricks and mortar.” Focusing on the bricks
and mortar that comprise human nature, the following thesis will address the
question what endocrine factors contribute to the regulation of human social
emotional behavior, and its neural substrates. The human brain did not evolve to
understand itself or the world around it. The brain’s only function is to benefit
survival and reproduction, as efficiently as possible. That is an important
consideration when studying this vastly complex organ. It is often claimed that the
human brain and behavior is too complex to be captured by reductionistic biological
scrutiny. That might at this moment still be true for cultural and group dynamics, or
for the neural mechanisms underlying consciousness, but that could be a matter of
time.

testosterone and endocrine regulation of social emotional behavior
This thesis focuses on the neuroendocrine regulation of human social behavior, and
specifically the role of the sex steroid testosterone . Of all the hormones involved in
social and emotional behavior, the role of steroids is the most studied. One of the
reasons for this is the important developmental and activational effects they have in a
wide range of vertebrate species. This argues for an evolutionarily conserved role of
these steroid hormones, which probably evolved from an ancient estrogen hormone,
whose receptor predates that of androgens (Guerriero, 2009). Comparative
evolutionary analyses have revealed that estrogens and precursors of androgens are
functional in jawless fish species. These species share relatives with humans which
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lived more than 500 million years ago (Bryan, Scott, & Li, 2008). In these fish,
androgens are involved in gonadal development, a function that is maintained
throughout evolution, as testosterone regulates development of the gonads for all
vertebrates studied thus far. The preserved role of testosterone is not restricted to
development of the gonads, it is involved in the development of secondary sexual
characteristics and reproduction related behaviors in fish, birds, rodents, and
primates (Arnold & Gorski, 1984; Bryan, et al., 2008; Gleason, Fuxjager, Oyegbile, &
Marler, 2009; Rubinow & Schmidt, 1996). Testosterone also facilitates specifically
inter-male aggression, which in the context of competition over females can be seen as
reproduction-related behavior (Nelson & Trainor, 2007; Wingfield, Jacobs, & Hillgarth,
1997). A recent study shows that the neurons in the ventromedial nucleus of the
hypothalamus, a region sensitive to steroid hormones, are involved in both mating
and aggression, indicating shared neurobiological underpinnings of both behavioral
repertoires (Lin et al., 2011). Besides the effects on sexual behavior and aggression,
testosterone reduces fear (Aikey, Nyby, Anmuth, & James, 2002; Hermans, Putman,
Baas, Koppeschaar, & van Honk, 2006), and increases the sensitivity for reward
(Alexander, Packard, & Hines, 1994; van Honk et al., 2004). These effects could also
derive from testosterone’s role in reproduction, as the effects of reward can motivate
increased sexual agility, and a reduction of fear helps to ignore potential danger
during mating, a state of increased risk of predation (Aikey, et al., 2002; Magnhagen,
1991). Thus, from its phylogenetic role in gonadal development, the functions of
testosterone evolved to encompass diverse reproduction related behaviors that seem
to share an underlying neurobiological and endocrine substrate (Aikey, et al., 2002;
Crews & Moore, 1986; Lin, et al., 2011; Saper, 2011).
The effects of testosterone are, however, not all beneficial, as one of the
effects of testosterone is also immunosuppression, yielding a heightened sensitivity
for disease and infections. This effect of testosterone could be also related to its role in
reproduction, and is even proposed to be one the earliest functions of androgens. In
the gonads, during production of spermatozoa these cells become haploid, and
develop surface proteins that are recognized by the immune system as foreign cells
and can thus be attacked. This response needs to be suppressed, a function of
testosterone in the gonads, but also in the rest of the body when testosterone is
released in the blood (Wingfield, et al., 1997). This effect of testosterone puts a
constraint on permanently high levels of testosterone throughout an organisms life
cycle. The immunosuppressive function of testosterone, together with findings in
mostly bird species of strongly fluctuating testosterone levels, led John Wingfield to
propose the ‘challenge hypothesis’ (1990). The challenge hypothesis states that
testosterone levels depend on environmental demands; high levels when males are in
competition over females and territory, low when taking care of offspring.
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Dynamically changing testosterone levels increase the flexibility in matching behavior
to environmental needs, thereby increasing fecundity. These ideas importantly
contributed to the research on hormonal effects on behavior, as it stressed the
importance of environmental interactions with actions of hormones. It also changed
the way one can envision the effects of testosterone on behavior. The hormone does
not directly increase certain behaviors, such as aggression, but increases the
likelihood of acting aggressively in a socially challenging environment. Whereas the
research on the challenge hypothesis strongly hinges on studies with avian species,
results in other animals, including fish and humans, suggests that it also applies to
other species (Antunes & Oliveira, 2009; Archer, 2006; Wingfield, et al., 1990).
Research on behavioral effects of testosterone are based mostly on animal
research involving rodents, birds, and reptiles. An important question therefore is to
what extent these findings translate to the human species. As noted above,
encephalization of the brain has clearly contributed to the advanced cognitive skills
humans possess, and has vastly increased the human behavioral repertoire. This
neuro-evolutionary development has led researchers to suggest that the human brain
is emancipated from hormonal control (Keverne, et al., 1996). Nonetheless,
neocortical expansion has not rendered the function of subcortical regions less
important, as evolution does not redesign existing structures, it can only built upon,
and adapt, what is already there. Thus, although primate brain evolution is marked by
an exceptional growth of the neocortex, the predominantly subcortical neural
structures on which testosterone exerts its effects are conserved throughout evolution
(MacLean, 1990). Human limbic and subcortical structures are rich in androgen
receptors (Rubinow & Schmidt, 1996) and abundant in activity of aromatase, the
enzyme converting testosterone to estradiol (Biegon et al., 2010). Estradiol can
subsequently have effects on estrogen receptors, which are distributed throughout the
brain (McEwen & Alves, 1999). Finally, both estrogens and androgens can influence
synthesis and receptor function of the neuropeptides oxytocin and vasopressin (de
Vries, 2008; Han & De Vries, 2003), which also can influence brain function in humans
(Meyer-Lindenberg, Domes, Kirsch, & Heinrichs, 2011). Moreover, neuroimaging data
show correlations of neural activity in subcortical regions with testosterone levels
(e.g. Derntl et al., 2009; Manuck et al., 2010), and administration of testosterone
increases activity of these same regions (Hermans, Ramsey, & van Honk, 2008; van
Wingen et al., 2009). These studies show that the human brain is sensitive to the
actions of testosterone, and correlational as well as administration studies in humans
show that these effects in the brain also result in specific behavioral changes.
Saliva measurements of human testosterone levels show a positive relation with both
sexual and aggressive behavior (Archer, 2006; Carre, McCormick, & Hariri, 2011;
Dabbs & Dabbs, 2000; van Anders, Goldey, & Kuo, 2011). However, a causal relation
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between testosterone and human aggression is difficult to establish, due to the ethical
and practical limitations of human research, and clear-cut evidence that testosterone
increases aggression in humans is therefore lacking. Also, aggression in human is a
relatively seldom occurrence, as aggressive behavior has shifted from physically
aggressive behavior towards more subtle forms of social dominance such as angry
facial expressions, prosody, and body postures (Eisenegger, Haushofer, & Fehr, 2011).
This shift also gave rise to the typically human forms of aggression, such as gossip,
social exclusion, and out-group hatred (Pedersen, 2004). The dependency of humans
on higher order forms of social communication has led to the hypothesis that the role
of testosterone has shifted along. In facilitating dominance and status it enhances
aggression in rodents and other lower species, while in humans it will increase more
subtle dominance behaviors (Eisenegger, et al., 2011; Mazur & Booth, 1998). This
view on testosterone fits well the broader role this hormone might play in dealing
with challenge situations, based on the animal research described above. The findings
of correlational studies on testosterone levels thus far are compatible with the
challenge hypothesis as formulated based on avian species (Archer, 2006; Wingfield,
et al., 1990). Testosterone levels have consistently been shown to increase when an
individual is faced with an upcoming social challenge, e.g. in competitive games (Carre,
et al., 2011; Oliveira, Gouveia, & Oliveira, 2009). Interestingly, especially in the light of
the challenge hypothesis, are data showing that male testosterone levels increase
when interacting with a female, and that this effect is strongest in males high in
aggressive/dominant personality styles (van der Meij, Buunk, van de Sande, &
Salvador, 2008). These same authors recently showed that males in whom
testosterone levels increased after competition with other males, were more affiliative
in a subsequent interaction with women (van der Meij, Almela, Buunk, Fawcett, &
Salvador, 2012). Another important prediction derived from the challenge hypothesis
is decreasing levels of testosterone during parenting. This prediction has recently
been confirmed in humans, demonstrated by a longitudinal study showing
consistently decreased testosterone levels during fatherhood (Gettler, McDade,
Feranil, & Kuzawa, 2011). Testosterone also decreases during direct interaction with
crying infants in males, but importantly, only when coupled with nurturant responses.
When males cannot provide care, their testosterone level will increase towards crying
infants (Fleming, Corter, Stallings, & Steiner, 2002; van Anders, Tolman, & Volling,
2011). Together, the available correlational data shows the credibility of applying the
challenge hypothesis in humans, but also stresses the importance of taking into
account environmental influences and personality characteristics when investigating
the effect of testosterone on behavior, as those factors can modulate, reduce, and even
reverse hormonal effects.
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Correlational data have provided for valuable insights into the relation between
hormones and behavior. However, to investigate causal effects of hormones, studies
utilizing administration procedures are important (Eisenegger, et al., 2011). Methods
of applying testosterone are available and practiced in studies of human social
behavior, and both nasal spray and sublingual administration are successfully applied
(Tuiten et al., 2000; van Wingen, et al., 2009). Overall, data obtained with
administration of testosterone concur with the existing correlational literature, and
confirm the effects of testosterone known from animal studies on sexual behavior,
dominance, and fear. In humans, testosterone administration increases sexual arousal
in females when watching erotic stimuli (Tuiten, et al., 2000), activates the neural
circuitry of aggressive behavior (Hermans, et al., 2008), increases reward sensitivity
(van Honk, et al., 2004), and it reduces fear behaviors (Hermans, et al., 2006; van
Honk, Peper, & Schutter, 2005). These findings demonstrate that considering these
behaviors, the function of testosterone is conserved. However, not much is known of
the neural mechanisms involved in these effects of testosterone, and whether it
targets the same regions as in animals. Also, considering the evolutionary
development of the cortex and the human behavioral repertoire, an important
question is to what extent testosterone influences human behavior. Perhaps
testosterone affects basic emotional processes, such as fear responses or sex-related
responses, but has no effect on the complex social behaviors such as cognitive
empathy and interpersonal trust. On the other hand, since the socially more complex
behaviors are also based on hormonally driven limbic neural circuits, it could be that
testosterone also regulates these behaviors.
So far, the data show that the human brain, and the behavior it brings forth,
might not be hormonally dictated, as is the case in many rodent species, but it is
certainly not impervious to the effects of testosterone. Furthermore, the data
currently available points in the direction of conserved mechanisms of the function of
testosterone in humans. From the body of knowledge presented in this introduction,
this thesis addresses the questions what the role of testosterone is in human socialemotional behavior, and what the neural underpinnings are that underlie these
behavioral effects of testosterone.

layout of the thesis
The question this thesis attempts to answer can be divided into three parts, that will
be addressed separately in succession. (1) The first question is to what extent human
social behavior is affected by endocrine factors, with a focus on the steroid hormones
testosterone and estradiol and the neuropeptides oxytocin and vasopressin. (2) The
second question is what neural mechanisms underlie the established effects of
testosterone on fear reduction, reward processing, and responsiveness to salient
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emotional cues. (3) The last question is whether the effects of testosterone are limited
to basic emotional processes, or whether they extend to more complex forms of
human social emotional behavior, of which the current thesis investigates
interpersonal trust and mind-reading, as those behaviors have not been studied so far.
As part of this last question, an attempt is made to map the neuroendocrine
mechanisms involved in these more complex social-emotional behaviors.
(1) Endocrine regulation of human social-emotional behavior
Chapter 2 of this thesis covers the first subquestion, and consists of a review of all
currently available published studies investigating human social emotional behavior
which applied acute hormone administration procedures. The review focuses on the
steroid hormones testosterone and estradiol, and the neuropeptides oxytocin and
vasopressin, and their role in human social emotional behavior. Based on the
administration studies in humans, and the large body of animal research, I present a
heuristic model to provide a theoretic background on which further investigations can
built.
(2) Neural mechanisms
The second main question is what neural mechanisms underlie the established effects
of testosterone in humans. Subsequently the mechanisms underlying testosterone’s
effect on: reward processing, fear, and responsiveness towards crying infants.
The idea that testosterone has reinforcing properties comes from animal
studies showing that rodents self-administer testosterone both orally (Johnson &
Wood, 2001) and intracerebroventricularly (Wood, Johnson, Chu, Schad, & Self, 2004).
These effects are probably mediated by testosterone’s actions on dopamine in the
nucleus accumbens (NAcc) (Packard, Cornell, & Alexander, 1997; Packard, Schroeder,
& Alexander, 1998), an important structure in reward processing. Correlational
studies in humans indicate that levels of endogenous testosterone are associated with
reward sensitivity (Archer, 2006), but whether the neural mechanisms underlying the
effects of testosterone on reward processing are comparable in humans is unknown.
Chapter 3 describes a study which tests this hypothesis by using a validated task to
measure neural responses of reward anticipation (Knutson, Adams, Fong, & Hommer,
2001) in combination with functional magnetic resonance imaging (fMRI). The
primary hypothesis was that testosterone would increase NAcc responses in
anticipation of reward after testosterone administration. In addition we investigated
whether motivational traits would explain variability in the NAcc responses and
possibly mediate the effects of testosterone administration.
Besides the effect of testosterone on reward processing, there is ample
evidence that testosterone reduces fear in animals including humans (e.g. Aikey, et al.,
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2002; Hermans, et al., 2006). By which mechanism testosterone reduces fear is
unknown, but the study described in chapter 4 investigates a possible neural
explanation, that is, by reducing the activation of the amygdala towards signals of
threat. The amygdala is a key structure in threat sensitivity (Davis & Whalen, 2001),
and hyperactivation of this region possibly underlies part of the etiology of anxiety
disorders (Drevets, 2003). Therefore, healthy volunteers were shown fearful faces, a
strong signal of threat, during an fMRI scan in a comparable setup as the study in
chapter 3. A setup that can test the crucial question of whether testosterone decreases
fear by reducing amygdala responses towards signal of threat.
Chapter 5 addresses a the question how testosterone affects the neural
response to infant crying. Responsiveness to infant vocalizations is an essential
mechanism to ensure parental care, and its importance is reflected in a specific neural
substrate, the thalamocingulate circuit (MacLean, 1985). Since this circuit is
evolutionary conserved in humans, we hypothesized that the endocrine mechanisms
of parental care acting upon this circuit might also be maintained. Although it is
undisputed that paternal care has a strong hormonal component (Nelson & Panksepp,
1998), it is unclear what the exact role is of testosterone in cry responsiveness. Data
on rodents and humans show that levels of testosterone mostly decrease during
parenting (Gettler, et al., 2011; Wynne-Edwards & Reburn, 2000), while metabolites
of the same hormone seem to facilitate parental care, also in rodents (Trainor &
Marler, 2002). In human fathers, listening to infant crying results in increased
testosterone levels, provisionally to prepare for action (Storey, Walsh, Quinton, &
Wynne-Edwards, 2000). With regard to the diverse relation testosterone has with
parental care and crying, using fMRI in comparable setup as described in chapter 3
and 4, females listened to infant cries to give more insight into the relation between
testosterone and cry responsiveness.
(3) Trust and mindreading
In the final part of the thesis the question is addressed whether the effects of
testosterone are limited to basic emotional processes, or whether they extend to more
complex forms of human social emotional behavior. Perhaps complex social behavior
such as interpersonal trust and cognitive empathy are, as suggested above, indeed
emancipated from hormonal control. However, since socially more complex behaviors
rely on hormonally driven limbic neural circuits, testosterone also could regulate
aspects these behavioral repertoires.
Recent studies investigating the effects of oxytocin on human behavior indeed point in
the direction of hormonal regulation of interpersonal trust. Administration of oxytocin
leads to increased trust in economic games (Kosfeld, Heinrichs, Zak, Fischbacher, &
Fehr, 2005), as well as during subjective ratings of trust (Theodoridou, Rowe, Penton-
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Voak, & Rogers, 2009). Since testosterone is known te be related to aggression and
dominance (Carre, et al., 2011; Eisenegger, et al., 2011) it might be that testosterone
has an opposite effect on interpersonal trust. Chapter 6 describes a study in 24
healthy women which tested the hypothesis that testosterone would decrease trust. In
a placebo controlled design, participants had to rate unknown faces on levels of
trustworthiness. Since we were also interested what neuroendocrine mechanisms
were involved during trustworthiness assessments, a subsequent study applying fMRI
was performed, which is reported in chapter 7. If testosterone would reduce trust, we
hypothesize that the amygdala, which is importantly involved in threat detection
(Davis & Whalen, 2001), is involved in this process. Testosterone can act on
vasopressin in the output region of the amygdala (Koolhaas, Van Den Brink,
Roozendaal, & Boorsma, 1990), and thereby increase output to brainstem regions
such as the periaquaductal gray, to increase social vigilance (Huber, Veinante, & Stoop,
2005). Nonetheless, testosterone also reduces coupling between the amygdala and the
orbitofrontal cortex (van Wingen, Mattern, Verkes, Buitelaar, & Fernandez, 2010). By
reducing prefrontal control over the amygdala-brainstem circuit, testosterone could
also increase social vigilance (Barbas, et al., 2003), and thus reduce trust. During the
fMRI scans, participants were subjected to an adjusted trustworthiness task which
was used in previous studies to investigate the neural correlates of trustworthiness
assessments (Baas et al., 2008; Winston, Strange, O'Doherty, & Dolan, 2002). In our
study, we also investigated whether endogenous testosterone levels were related to
neural responses during trustworthiness judgments. The hypothetical neural models
by which testosterone could act on trust are described above as two different
mechanisms. However, both mechanisms, i.e. testosterone directly increasing
amygdala output to the brainstem, or targeting prefrontal-amygdala communication
and subsequently leading to increased amygdala responses, might be complementary
and depend on environmental factors. Chapter 8 is a short note, which in response to
a recent review on the role of testosterone in human social behavior (Eisenegger, et
al., 2011), attempts to provide for such a complementary mechanism.
In the last experimental chapter of this thesis: chapter 9, we investigated the
role of testosterone in a higher form of human social cognition, namely mindreading.
It was anticipated that testosterone might impair mindreading given that females
typically outperform males (Baron-Cohen, 2003). Also, in autism, a disorder with a
high prevalence in males, mindreading is disturbed, and a heightened level of prenatal
testosterone is thought to be an underlying factor (Baron-Cohen, 2002). To test this
prediction, healthy women were subjected to the reading the mind in the eyes test, a
task in which the correct emotion has to be matched with photographs of the eyeregion of emotional faces (Baron-Cohen, Wheelwright, Hill, Raste, & Plumb, 2001).
Developed as a screening instrument for high functioning people with autism, this
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task is very suitable to pick up subtle differences in mindreading abilities. With regard
to the proposed developmental effects of prenatal testosterone on social cognitive
capacities, we also included a marker for the level of prenatal testosterone levels, the
2D:4D ratio (Breedlove, 2010).

24

chapter 2
acute effects of steroid hormones and neuropeptides on
human social-emotional behavior: a review of single
administration studies

Peter A. Bos
Jaak Panksepp
Rose-Marie Bluthé
Jack van Honk
Frontiers in Neuroendocrinology (2012)

chapter 2

summary Steroids and peptides mediate a diverse array of animal social behaviors.
Human research is restricted by technical-ethical limitations, and models of the
neuroendocrine regulation of social-emotional behavior are therefore mainly limited
to non-human species, often under the assumption that human social-emotional
behavior is emancipated from hormonal control. Development of acute hormone
administration procedures in human research, together with the advent of novel noninvasive neuroimaging techniques, have opened up opportunities to systematically
study the neuroendocrinology of human social-emotional behavior. Here, we review
all placebo-controlled single hormone administration studies addressing human
social-emotional behavior, involving the steroids testosterone and estradiol, and the
peptides oxytocin and vasopressin. These studies demonstrate substantial hormonal
control over human social-emotional behavior and give insights into the underlying
neural mechanisms. Finally, we propose a theoretical model that synthesizes detailed
knowledge of the neuroendocrinology of social-emotional behavior in animals with
the recently gained data from humans described in our review.
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1. introduction
Ever since Hippocrates introduced the theory on humors in ancient Greece, excesses
and shortages of key bodily fluids were traditionally claimed to be responsible for
personality characteristics and health problems. Although our current knowledge of
human biology holds few similarities to such pre-scientific concepts, were we to
exchange ‘neurotransmitters’ and 'neurohormones' for the term ‘bodily fluids’, there
would be outward resemblances between our modern understanding of factors that
control emotions and temperaments, and the classical Hippocratic theories that seem
so naive to us today.
For instance, it is not uncommon for traditional
neurotransmitters such as serotonin and dopamine to be envisioned as key regulators
of diverse socio-emotional behaviors and related pathologies (e.g. depression and
schizophrenia). A role for peripheral hormones in human social-emotional behavior is
however much less acknowledged.
It is generally accepted that diverse social-emotional behaviors in mammals are
under control of steroid hormones and neuropeptides. Abundant evidence exists for
hormonal control of aggression (Ferris et al., 1997; Koolhaas, Van Den Brink,
Roozendaal, & Boorsma, 1990), partner preference (Insel & Young, 2001), maternal
bonding (Kendrick, 2000), social status (Sapolsky, 2004; Winslow & Insel, 1991), and
sexual behavior (Carter, 1998), but these models are often restricted to non-human
species. One reason humans are not included in these models is the suspicion that
evolutionarily recent neo-cortical expansions in higher primates, along with cultural
evolution in humans during the last several million years (Dunbar & Shultz, 2007;
Keverne, Martel, & Nevison, 1996), have liberated us from such biological constraints.
This bias tends to reduce the use of evidence from animal models, much of it based on
rodent research, to illuminate what controls behavior in higher mammals, and most
especially the human condition. Another key reason for minimizing the importance of
such biological factors for illuminating human behavior is the paucity of relevant
endocrinological manipulations in well-controlled human research that would permit
evaluation of more general cross-species evolutionary principles. Of course, both
technical and ethical difficulties often limit causal investigations of relevant endocrine
mechanisms in humans, leading to excessive reliance on correlational studies.
Such impediments for the validation of cross-species generalizations are
gradually diminishing. Despite difficulties in translational research, the past decade
has seen the emergence of potentially powerful new research techniques such as
functional brain imaging and grand scale genetic analyses, especially when combined
with direct hormone manipulations and conducted along with rigorous psychological
analyses, and are leading to the recognition that humans are not immune to the
mental influences of many ancestral hormones. These widely available methods,
carefully applied, are illuminating the power and fruitfulness of cross-species
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translational research (Insel, 2010; Meyer-Lindenberg, 2008). Already, the use of new
neuroscience techniques and new ways of administering hormones and peptides to
humans has led to increased attention and focus on the neuro-endocrine
underpinnings of human sociality.
Our aim here is to provide a selective overview of the current status of research
involving steroid and peptide regulation of human social-emotional behavior.
Furthermore, based on animal research, complemented by recent human studies, we
will present a model for the neuroendocrinology of human social-emotional behavior,
which describes the behavioral functions of the steroid hormones testosterone (T)
and estradiol (E), as well as the neuropeptides oxytocin (OT) and vasopressin (AVP).
The model positions the steroids and neuropeptides in a broader functional
framework that importantly takes into account environmental influences on hormonal
and neuropeptide actions, as well as the role they played through evolution. We hope
this model can serve as a heuristic framework for future translational research. But
first, we will give a brief overview of the evolutionary trajectory of steroids and
peptides, and provide a summary of the social-emotional behaviors these hormones
are involved in based on animal studies.

2. steroid hormones and neuropeptides: candidates for the regulation of social
behavior
In the traditional view, hormones are secreted by bodily glands, under the control of
various brain-pituitary factors, to exert their often slow effects on distal locations in
the body. But recently, research on the social-sexual neuropeptides OT and AVP has
broadened this view of hormonal actions and the role hormones play in the central
nervous system (CNS) controlling mental processes.
Synthesis of OT and AVP occurs mainly in the supraoptic nuclei (SON) and
paraventricular nuclei (PVN) of the hypothalamus. Magnocellular neurons in the SON
and PVN project to the posterior pituitary to release OT and AVP in the bloodstream to
exert their peripheral effects. Parvocellular neuropeptide containing neurons in the
PVN synthesize and project to diverse target regions within the CNS to exert
synergistic behavioral and psychological effects leading to the coordination of brain
and body states. However, a small portion of magnocellular neurons in the SON also
project to various regions in the CNS (Ross & Young, 2009), and might provide for a
mechanisms for the synergism between central and peripheral peptide release, which
is observed under some conditions (Landgraf & Neumann, 2004). Together, OT and
AVP neurons in the SON and PVN project to diverse areas of the brain including
anterior the lateral septum, nucleus accumbens (NAcc), and amgydala. Futhermore,
these OT and AVP neurons also project to the hippocampus rostrally, and caudally to
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many brain regions, especially brain stem regions such as the ventral tegmental area
and solitary tract nuclei, down to the spinal cord (Ross & Young, 2009). Although the
synthesis of OT and AVP is mostly confined to highly localized nuclei in the rostral
hypothalamus, the distribution of these neuropeptides is not restricted to projections
from these areas; the peptides can communicate more dynamically and holistically by
extracellular diffusion and through release into the cerebral spinal fluid (CSF) (for a
review, see: Landgraf & Neumann, 2004; Veening, de Jong, & Barendregt, 2010). These
data show that OT and AVP do not fit the classical profile of slow and non-specific
hormone actions as typically envisioned.
Further indications for a broad-scale role of neuropeptides in human socialemotional behavior are the preservation of their molecular structures, and crossspecies behavioral effects throughout evolution. OT and AVP originate from a single
ancestral peptide that, early in vertebrate evolution (estimated at 450 million years
ago) by gene duplication gave rise to two lineages (Acher, 1980). Predecessors of the
OT/AVP family are present in the earliest phyla of animal evolution and have largely
maintained their structure over these 450 million years. In cyclostomes (jawless fish),
one of the most anciently derived vertebrate species, only the peptide arginine
vasotocin (AVT) has been found, suggesting that the two lineages probably evolved
from AVT (Acher & Chauvet, 1995). In addition to similarity in molecular structure of
the neuropeptides through the phyla, strong parallels exist between the gene
expression patterns coding for these peptides, and the diverse functions they exert
(Donaldson & Young, 2008). AVP and OT, and their evolutionary predecessors, are
involved in sexual behavior and sex-specific vocalizations in fish, amphibians, birds,
and mammals (Caldwell & Young, 2006; Carter, 1998; Goodson & Bass, 2001). Even in
invertebrate species, conopressin, a predecessor linked to the OT/AVP family, is
involved in penile erection and ejaculation (Van Kesteren et al., 1995), which is similar
to the role of OT in humans (Burri, Heinrichs, Schedlowski, & Kruger, 2008; Thackare,
Nicholson, & Whittington, 2006).
Akin to AVP and OT, the steroid hormones T and E share capacities rendering
them important candidates for the regulation of social emotional behavior. These
steroids have a common ancestry, and are derived from closely related, yet ancient
steroids (Bryan, Scott, & Li, 2008). Through the phyla, steroid hormones are
importantly involved in reproductive and sexual behavior, that is, in fish (Bryan, et al.,
2008), rodents (Gleason, Fuxjager, Oyegbile, & Marler, 2009), and humans (Rubinow
& Schmidt, 1996; Tuiten et al., 2000). Research on the evolution of E and T
demonstrates that the first steroid receptor to evolve was an estrogen receptor, which
later gave rise to other steroid receptors (Thornton, 2001). T and E are both mainly
synthesized in the mammalian ovaries and testes, and both exert developmental and
activational effects on the CNS. These neuro-developmental effects, which drive sex-
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differentiation are relatively well-known (Arnold & Gorski, 1984). The activational
effects of steroids on social-emotional behavior are less well understood, but these are
currently in the spotlights of attention (Balthazart & Ball, 2006; Cornil, Ball, &
Balthazart, 2006; Gleason, et al., 2009; Rubinow & Schmidt, 1996). The steroid
hormones act on the brain through several genomic and non-genomic pathways,
potentially having broad functional consequences for diverse social-emotional
processes. T, and its metabolite 5α-dihydrotestosterone (DHT) both bind to the
androgen receptor (AR), which leads to relative slow genetic effects, but recent
findings show that androgens can also have fast, non-genomic effects in the order of
seconds to minutes (Heinlein & Chang, 2002; Michels & Hoppe, 2008). Also E can exert
neural effects varying in longevity from a few seconds to days (Cornil, et al., 2006). E,
either directly synthesized in the ovaries or conversed from T by aromatase, can act
on the estrogen receptor (ER) to exert genomic effects, but can also have very fast
non-genomic effects (Balthazart & Ball, 2006). The temporal dynamic of steroid effects
on behavior is even more enhanced by the temporal resolution by which aromatase
can convert T to E. Aromatase, which is widespread in the human brain (Biegon et al.,
2010), can change its mode of action in a time span of several minutes, locally increase
E availability, which puts forward another pathway by which T can affect behavior
(Balthazart, Taziaux, Holloway, Ball, & Cornil, 2009; Cornil, et al., 2006). Finally,
important mechanisms by which steroids can influence social behavior are through
developmental and direct effects that T and E exert on AVP and OT expression
respectively. Both E and T have a strong influence on the expression on these
neuropeptides in several limbic brain regions (Han & De Vries, 2003; Johnson, 1992;
Johnson, Barberis, & Albers, 1995). Moreover, plasticity in peptide functioning
induced by sex steroids is a potential mechanism underlying sex differences in social
behavior (Choleris, Devidze, Kavaliers, & Pfaff, 2008; Insel & Young, 2000). Together,
the manifold mechanisms discussed above give unlimited temporal and spatial
flexibility, and this dynamic neural modulation is defensibly crucial in the complexity
of social-emotional behavior.

3. steroid and neuropeptide regulation of social-emotional behavior
The hormones and neuropeptides which were the prior regulators of sexual behavior
in evolutionary distant species, have gained a more encompassing role through
mammalian evolution as the sustained importance of parental behavior towards
offspring increased.
The simple sexual-regulatory actions of OT, AVP, T and E gradually extended to
more complex social behavior such as bonding between mothers and infants, partner
bonding, social recognition, aggression between conspecifics, and ultimately the
regulation of social cognition in primates. The broad spectrum of social behavior can
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range from violent acts of aggression against a conspecific to apparent altruistic
behavior towards unknown others. At both ends of the spectrum, steroid and
neuropeptide mechanisms are involved. We hereby provide an overview on the
underlying endocrinology of bonding and care on the one hand, and competition and
aggression on the other.

3.1. bonding and care
Social bonding between individuals can be defined as behavior in which individuals
search for proximity to one another, without any direct benefit for the individual
besides the rewarding properties of the behavior itself, and the increase in
reproductive fitness from an evolutionary perspective. Mother-infant bonding is
perhaps the most evolutionarily ancient form of social bonding, and is strongly
regulated by the above hormones and peptides, as well as pleasure-satisfaction
inducing endogenous opioids (Panksepp, 1981, 1998; Panksepp, Herman, Vilberg,
Bishop, & DeEskinazi, 1980; Panksepp, Siviy, & Nomansell, 1985). Studies on rats,
mice, voles, chicks, and sheep have uncovered a mechanism by which mother- infant
recognition and bonding is established (Curley & Keverne, 2005; Insel & Young, 2001;
Lim & Young, 2006; Nelson & Panksepp, 1998). During pregnancy estrogen levels rise,
which prime the brain for synthesis of OT and OT receptors. During parturition in
mammals, which is often the onset for formation of the mother-infant bond, high
levels of catecholamines are released, together with OT and AVP release from the SON
and PVN (Kendrick, Keverne, Hinton, & Goode, 1992; Neumann, Russell, & Landgraf,
1993). As shown by administration studies with OT or an OT antagonist in rats, mice,
and sheep, this release is essential for the establishment of the mother-infant bond
(Kendrick, Keverne, Chapman, & Baldwin, 1988; Keverne, Levy, Poindron, & Lindsay,
1983; Neumann, 2009). Afterwards, the influence of OT on the reward-seeking circuits
(NAcc) and the olfactory processing circuits of the brain promotes establishment of
mutual recognition and maternal bonding (Curley & Keverne, 2005). Studies on
offspring show that OT effects on the reward-seeking circuitry is also responsible, in
part, for the mutually soothing effect of maternal behavior such as breastfeeding and
prevention of separation distress in infants (Carter, 1998; Febo, Numan, & Ferris,
2005; Panksepp, 1992), effects which may synergize with opioid-mediated socialreward circuitry of the brain (Panksepp, 1998). Although the role of OT in maternal
care and bonding is undisputed, recent findings show that AVP is also important in
maternal behavior in rats (Bosch & Neumann, 2008).
Hormonal involvement in social bonding in not restricted to mother–infant
bonding; recent studies have demonstrated involvement of peptides and steroids in
partner bonding and paternal behavior (Insel & Young, 2000). With a focus on species
wherein monogamous bonding naturally occurs, most of the research on this topic is
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performed on voles. Of special interest are two families of voles, prairie voles
(Microtus ochrogaster) and montane voles (Microtus montanus). These genetically
highly-related families show, besides many similarities, important differences in
partner preference and bonding. The monogamous prairie vole shows cohabitation,
biparental care of young, and distress after forced separation from the partner, while
the montane vole does not (Insel, 2003; Lim & Young, 2006). The differences in socialemotional behavior between the two families has been traced to differences in OT and
V1a receptor densities (Insel & Young, 2000). Compared to montane voles, prairie
voles have higher OT receptor densities in the ventral striatal areas, especially the
NAcc, which cause OT to directly affect dopamine reward-seeking circuits. This
interaction is the basis of the model for pair bonding in prairie voles (Insel & Young,
2001; 2004), comparable to the model for mother- infant bonding as described above.
Male pheromones induce hormones of estrus to rise in the female. These hormones
prime the female brain’s heightened receptiveness to OT, which is released
abundantly during mating. Responsiveness of the reward-seeking circuits and the
olfactory system to the peptides are the prerequisites for pair formation to occur. In
males, the release of T and AVP during mating is more important for pair formation.
These findings indicate that recognition and bonding between a mother and her
infant, and between parents might be founded on the same neural mechanisms
(Curley & Keverne, 2005). While the hormonal regulation of maternal care is welldocumented, that of paternal care is still debated (Schradin, 2007; Wynne-Edwards &
Reburn, 2000; Wynne-Edwards & Timonin, 2007). Despite the need for more
research, a recent study showing that T can increase paternal care by conversion to E
favors the hypothesis of hormonal regulation of paternal care (Trainor & Marler,
2002).
Since bonding between individuals is dependent on mutual recognition, it is
not surprising that the same steroids and peptides which are involved in social
bonding are also implicated in social recognition. In most mammalian species, social
recognition depends on pheromones, detected by the vomeronasal organ (VNO).
Knockout mice, in which the OT or AVP receptors are disabled, show large
disturbances in social recognition (Bielsky & Young, 2004; Lim & Young, 2006).
Injections of both OT and AVP or their antagonists on specific neural locations
demonstrate that OT action is essential for formation of social memory in the medial
amygdale (MeA), while the role of AVP in social recognition is confined to the lateral
septum (LS) (Bielsky & Young, 2004; Dantzer, Koob, Bluthe, & Le Moal, 1988). AVP
acts in the septum by changing output patterns to the hippocampus, which is a key
region for memory formation, and this neuroendocrine mechanism potentially
underlies AVPs effects on social recognition (Engelmann, 2008). Again, the role these
peptides play in this type of learning and social recognition seems to depend on
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activity of sex- specific hormones (Bluthe, Schoenen, & Dantzer, 1990). Pierman et al.
(2008) demonstrated disturbed social recognition and reduction in AVP activation in
aromatase lacking mice, which are incapable of metabolizing T into E and DHT.
Administration of both of these T metabolites restores both social recognition as well
as AVP expression in the LS (Pierman, et al., 2008).

3.2. aggression and social challenge
Although aggression can be non-social, as in the case of predatory aggression, most
forms of aggression (e.g. aggression against an intruder, aggression against
subordinates, or aggressive competition over females) are deeply social processes.
While research on social bonding and care has mostly focused on E and OT, aggressive
and competitive behavior has more often been linked to T and AVP. T is causally
linked to aggression in many mammalian species (Nelson & Trainor, 2007), while AVP
and AVT are likewise capable of increasing aggression in several bird species and
mammals and are mostly implicated in male-male aggression (Caldwell, Lee, Macbeth,
& Young, 2008; Goodson & Bass, 2001).
Although the role of T and AVP in social aggression is undisputed, T or AVP do
not increase non-social forms of aggression (Wersinger, Caldwell, Christiansen, &
Young, 2007). This indicates that T might not globally affect all forms of aggression,
but more likely, the intention to behave aggressively. This view has gained increasing
attention since the proposal of the "challenge-hypothesis" (Wingfield, Hegner, Dufty, &
Ball, 1990), which hypothesizes that T is not involved in aggressive behavior per se,
but more in the perception of emotional social challenges an animal is confronted
with. Social challenge can lead to aggression, but aggressive behavior might not
always be adaptive in every situation. The challenge hypothesis proposes that T
affects challenge behavior adaptively, as promoted by rapid changes in neural
sensitivity to steroids (Gleason, et al., 2009). A recent finding contributes to this
proposed dynamic steroid mechanism by demonstrating rapid fluctuations of local
neural E and T levels dependent on exposure to a male or female conspecific (RemageHealey, Maidment, & Schlinger, 2008). Findings that the effects of steroids and
peptides are strongly dependent on contextual information concur with this
hypothesis. For instance, in many mammalian and avian species, effects of T on
aggressive and competitive behavior depend strongly on mating and breeding
strategies (Wingfield, et al., 1990), mating season (Sperry, Wacker, & Wingfield, 2009),
territorial behavior, prior experience in conflict (Gleason, et al., 2009), and social
status (Sapolsky, 1991). The effects of these social peptides on aggression also depend
on social status, as shown in monkeys (Winslow & Insel, 1991). Variation among any
of these variables demand different behavioral strategies, e.g.; being highly aggressive
and competitive outside mating season, or challenges by a low ranking animal against
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a superior, will most likely reduce reproductive success. The flexibility and plasticity
of steroid metabolism, and their shaping effects on social peptide expressions and
receptor distributions make steroid hormones and related neuropeptides good
candidates for regulation of the contextual dependency of social competitive behavior.
OT and AVP have both been associated with aggressive interactions in male
rodents. There are indications that OT decreases aggression (DeVries, Young, &
Nelson, 1997), opposite to AVP. AVP exerts its effects on aggression by acting on the
amygdala and lateral septum, and the sensitivity of the amygdala to AVP appears to be
strongly dependent on T (Koolhaas, et al., 1990). Aggression is also facilitated after up
regulation of AVP receptors by T in the hypothalamus (Delville, Mansour, & Ferris,
1996). Based on these and other findings the general view holds that AVP increases
aggression in rodents. However, a recent paper by Veenema et al. shows a more
intricate effect of AVP (Veenema, Beiderbeck, Lukas, & Neumann, 2010). These
authors showed that although AVP indeed increased aggression by acting on the
lateral septum, it also decreased aggression when the neuropeptides acted on the bed
nucleus of the stria terminalis, indicating a more versatile role of AVP in terms that it
can both up- and down regulate aggression.
During stressful events, such as aggressive encounters, OT and AVP are
released and affect regions such as the PVN, the septum, and amgydala. OT is
furthermore co-released in the blood, and is released specifically during social stress
in the PVN (Blume et al., 2008) and the central amgydala (Ebner, Bosch, Kromer,
Singewald, & Neumann, 2005), which results in reduced anxiety and inhibition of the
hypothalamic-pituitary-adrenal (HPA) stress response (Windle, Shanks, Lightman, &
Ingram, 1997). OT thus seems important in attenuating the stress response and
reinstating homeostasis (Neumann, 2009; Taylor et al., 2000). In contrast to OT, AVP
apparently has anxiogenic effects, and is more strongly expressed in the septum and
the PVN during non-social stressful conditions, which has led to the hypothesis that
AVP is involved in coping with stress outside the social realm (Engelmann, Wotjak,
Ebner, & Landgraf, 2000; Wotjak et al., 1996). In addition to its anxiogenic effects, AVP
released at the level of the septum also seems to facilitate simple stimulus-response
associations, while interfering with complex stimulus processing. This property of
AVP is thought to be a mechanism which promotes goal-directed behavior aimed at
more successfully dealing with threat (Engelmann, 2008). Moreover, in the PVN, AVP
release in response to emotional stress, can down regulate the HPA response, a
candidate mechanisms to attenuate stress responding (Wotjak, et al., 1996) (for an
elaborate review on OT and AVP regulation of the HPA stress response, see:
(Engelmann, Landgraf, & Wotjak, 2004)).
In females, there is also a role for AVP and OT in maternal aggression,
initiated to protect infants against intruders. AVP is elevated in the amgydala during
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maternal aggression in highly anxious rats, which tend to demonstrate increased
maternal aggression. Blocking of AVP receptors in the amgydala reduces maternal
aggression in these rats (Bosch & Neumann, 2010). In addition, in low anxious rats,
administration of synthetic AVP in the central nucleus of the amgydala increases
maternal aggression. These actions of AVP on maternal aggression are mediated by
acting on the amgydala, but not the PVN (Bosch & Neumann, 2010). OT, known for its
role in maternal care and bonding, also facilitates maternal aggression against
conspecifics, especially against other (virgin) females (Campbell, 2008), and is more
pronounced in highly anxious animals (Bosch, Meddle, Beiderbeck, Douglas, &
Neumann, 2005). This effect of OT is regulated by the PVN and amygdala, although the
effect on the amgydala seems confined to highly anxious rats. E has also been related
to maternal aggression (Ogawa et al., 1998), and it has been proposed effects of E on
maternal aggression are mediated by E interacting with OT (Choleris, et al., 2008).
With respect to the role of OT in bonding and care behavior, increased aggression by
OT might seem paradoxical, but maternal aggression can be envisioned as adaptive
parental caring behavior, when mothers are protecting infants against potentially
dangerous intruders. Thus, AVP and OT both afect on maternal care, but since AVP
and OT have opposite effects on amygdalar output patterns (Huber, Veinante, & Stoop,
2005), and on anxiety (Debiec, 2005), the comparable effects of these neuropeptides
are probably orchestrated by targeting different aspects of the behavioral repertoire
of maternal aggression. Taken together, these findings demonstrate that involvement
of steroids and neuropeptides in aggression and social challenge is evident, although
the exact mechanisms remain unclear.

4. neuropeptide and steroidal regulation of human social-emotional behavior
Although knowledge on the role of steroids and peptides in social-emotional behavior
has arisen primarily from animal research, the last decade has given rise to increasing
numbers of human studies. This increase comes forth out of new research techniques
that are currently widely available, and new methods of administration of hormones
and peptides in human research. The use of functional Magnetic Resonance Imaging
(fMRI) has been especially influential in promoting the study of social
neuroendocrinology in humans. Also of importance has been the wide utilization and
validation of the brain effects of nasal administration of various neuropeptides.
In contrast to the steroids which can easily do so, OT and AVP cannot cross
the blood brain barrier (BBB). The difficulty in getting peptides into the human brain
has been a major impediment for studying the effects of neuropeptides on behavior.
Intranasal administration of peptides is a pathway which circumvents the BBB,
probably by diffusion through the subarachnoid space above the olfactory epithelium .
Born et al. (2002) showed that administration of nasal spray containing AVP led to an
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increase of AVP in CSF and in the blood 10 min after administration and continually
increased for 80 min. It must be noted that the increase in AVP varied largely between
subjects, but the average increase of AVP in CSF levels was nonetheless multiple times
the baseline level in the placebo condition. Whether the heightened AVP baseline in
CSF and blood levels relate to normal physiological fluctuations remains unclear, but
important with regard to the dosage is that Born et al. administrated a high dose of 40
international units (IU) while most OT studies apply 24 IU, which might lead to less
increased CSF values. Since AVP is not expected to cross the BBB, an unexpected
finding in the Born et al. study was that heightened blood levels of AVP were
observed. The authors suggest however, that there might have been active transport
of AVP between the blood and CSF, a mechanism which has indeed been proposed in
the context of administration of high pharmacological dosages (Landgraf & Neumann,
2004). Problematic with respect to this explanation, is a study which compared
intravenous versus intranasal administration of AVP. Neural effects were exclusively
found after intranasal administration, thus showed a clear dissociation between forms
of administration (Pietrowsky, Struben, Molle, Fehm, & Born, 1996). Despite these
issues, which remain to be addressed , the study by Born et al. does show that nasal
administration of AVP is a valid way for getting peptides into the brain. This validation
study importantly paved the way for experiments on peptide effects on human
behavior, and led to a sudden increase in OT-administration studies in humans.
Research on the effects of the steroid hormone T on behavior was boosted by
a study which investigated the effect of T on sexual arousal in women, and thereby
established a valid method for a sublingual administration of T in healthy women
(Tuiten, et al., 2000). In that study, Tuiten et al. show that blood levels of T after a
single sublingual administration of 0.5 mg of T in healthy young women led to a 10fold increase of T in the blood, reaching the maximum 15 min after intake and
returning to baseline within 1.5 h (Tuiten, et al., 2000). However, significantly
elevated vaginal pulse amplitude peaked 4 h after administration. Thus, the
physiological effect of T administration peaked 2.5 h after T levels in the blood
returned to baseline. The neurobiological mechanisms underlying this delayed effect
is not understood, but one explanation could be that some effects of T administration
are only established after T is metabolized, hence slowing down the hormone’s
behavioral effects. In addition, genomic effects could also delay the effects of the T
administration, as proposed based on animal studies that have demonstrated a similar
4-h delay (Cornil, et al., 2006). On the other hand, a recently developed method of
nasal administration of T, whereby subjects are measured after 30 min seems to yield
effects similar to the effects of sublingual administration of T after the 4-h delay
(Hermans, Ramsey, & van Honk, 2008; van Wingen et al., 2009). Another issue
regarding the T administration is the 10-fold increase of T levels in the blood, which
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seems rather high in relation to a physiological baseline. It is however conjectured by
van der Made et al. (van der Made et al., 2009) that this increase will not produce a
proportional increase in the free fraction of T; the amount of T reaching the brain. The
administrated T will first bind to sex hormone binding globulin (SHBG; and to
albumin, to a smaller extent) before being able to produce an increase of the free
fraction T. Although more knowledge on the pharmakinetics of T administration is
warranted, as well as validation of this method in males, the Tuiten et al. study was an
important methodological step forwards for gathering direct insight in the effects of T
on human social behavior .
In contrast to T, E is safely administrated by means of oral contraceptives by
millions of women on a daily basis and is thus widely available. However, research
investigating acute administration effects on social–emotional behavior is scarce. Also,
investigations on the acute effects of AVP are rather limited until now, and only seven
of these studies specifically focused on social behavior. Therefore, the following
review of human studies on neuropeptide and steroid mechanisms will mostly focus
on studies using T and OT administration, in contrast to studies employing
correlational methods, which measure peptide and hormone levels under different
conditions (Table 1). Correlational studies are undeniably of great importance in
showing how certain hormone levels and responses are associated with certain
behaviors, but we will focus on administration studies because these studies can
potentially establish a causal role of hormones in human social-emotional behavior.

4.1. bonding and care
Studies on the endocrinology of human bonding have mostly focused on OT, since the
role of OT in mother-infant bonding, both in animals and humans is widely studied
and well established (Campbell, 2008; Carter, 1998; Uvnas-Moberg, 2003). A series of
human studies have shown that OT blood levels are correlated with maternal
attachment, caring behavior towards a new-born infant, and with neural responses
towards infant cues in OT-related regions (e.g. striatum, hypothalamus) (Feldman,
Weller, Zagoory-Sharon, & Levine, 2007; Strathearn, Fonagy, Amico, & Montague,
2009; Uvnas-Moberg, 1998). Furthermore, OT levels in the CSF are lowered in women
with a history of childhood abuse (Heim et al., 2009) . Since CSF levels are more likely
to reflect neural OT levels compared to blood measurements, this especially is an
important finding. Also children who have been subjected to parental neglect early in
life, show abnormally low levels of OT as well as AVP compared to control children,
after interacting with their mother (Fries, Ziegler, Kurian, Jacoris, & Pollak, 2005). This
demonstrates that OT is not only implicated in maternal bonding on the mother’s side,
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but is also affecting the infant, apparently facilitating mother-infant bonding in a
reciprocal way. Problems in the formation of a mother-infant bond can lead not only
to lower levels of OT, but also reduced sensitivity to OT administration later in life.
Administration of OT in healthy adult subjects can bring down cortisol levels, an index
for reduced stress, but adults who endured parental separation early in life show less
of this reduction in cortisol (Meinlschmidt & Heim, 2007). Although the literature on
human mother-infant bonding consists mostly of correlational studies, the abundance
of correlations and the thorough animal literature which it is founded upon, make it
very unlikely that OT is not a key player in human mother-infant bonding.
Obtaining causal data on mother-infant bonding is strongly restricted for
ethical reasons, but fortunately "natural administration" studies do exist, though we
have to assume that there is co-release in the brain. Evidence that peripheral oxytocin
influences brain circuitry is currently lacking, but indications for co-release during
maternal behavior such as parturition and lactation have been reported (Neumann,
2009); a potential mechanisms for this co-release in the CNS is described above (Ross
& Young, 2009); see Section 2. During normal delivery, the mother produces high
levels of OT, which facilitate both parturition as well as the onset of breastfeeding.
During cesarean section, this surge in OT is not apparent. Comparison between
mothers who have undergone cesarean section with those who had a normal delivery,
show less social behavior towards their child and report more anxiety compared to
mothers who have undergone normal delivery (Campbell, 2008; Uvnas-Moberg,
1998). These women also show less neural responsiveness towards pictures of their
own children in regions of the brain known to be involved in maternal bonding
(Bartels & Zeki, 2004; Swain et al., 2008). This finding might be an indication that OT,
probably in concert with E, primes the mother’s brain towards her infant facilitating
the mother-infant bond, comparable to the mechanism in animals described above.
From an evolutionary perspective, mother-infant bonding is perhaps the oldest and
most fundamental form of social bonding, which developed early in vertebrate
evolution (MacLean, 1990). It is proposed that maternal care and bonding underlies
empathy in its broadest sense as we know it today (Hrdy, 2009), and a role of OT in
other forms of social bonding has therefore been suggested. The appearance of a
series of OT-administration studies in the last decade does indeed point in the
direction of a causal role of OT in human social, interpersonal behavior.

4.1.1. social perception
Social bonding behavior can only exist when animals are capable of social recognition
(e.g.; there is no evidence for one's own pup-recognition in species like laboratory
rats). Therefore social perception, which is essential for social recognition and
memory, has been investigated in relation to OT. In a study where investigators
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compared perception of social stimuli with non-social stimuli, OT improved
recognition for facial pictures compared to pictures of houses (Rimmele, Hediger,
Heinrichs, & Klaver, 2009). OT also affected evaluative ratings on arousal of emotional
stimuli, which was again specific to the social compared to the non-social stimuli
(Norman et al., 2010). A comparable effect was found by Guastella et al., who report
that OT leads to better recognition of faces, although specifically for happy facial
expressions, and not for neutral and angry expressions (Guastella, Mitchell, &
Mathews, 2008).
An effect of OT for specific positive social-emotional information was also
found in a task in which administration of OT led to faster recognition of positive
words related to sex and relationships, compared to words related to happiness or
safety (Unkelbach, Guastella, & Forgas, 2008). The same research group tested
whether this effect was caused by better detection of positive facial stimuli at an early
perceptual level, but could not find an effect of OT on the detection of happy or angry
facial expressions (Guastella, Carson, Dadds, Mitchell, & Cox, 2009). The effect of OT is
thus perhaps limited to later stages of processing, although the finding might also
have been due to the fact that they used facial pictograms instead of photographs. In
another experiment, facial pictures were used in an emotion-detection task, which
again found no effect of OT on recognition, indeed pointing in the direction of an effect
of OT at a later stage of processing (Di Simplicio, Massey-Chase, Cowen, & Harmer,
2009). They did find that OT slowed the response time towards fearful faces, which
might indicate less attention towards threat-related stimuli.
However, in contrast to the findings specific to positive social information, an
opposite finding is reported in a study showing improvement of facial recognition by
OT, but this time specifically for angry and neutral faces and not for happy facial
expressions (Savaskan, Ehrhardt, Schulz, Walter, & Schachinger, 2008). In contrast to
these studies using facial pictures, Kéri and Benedek used biological motion (Keri &
Benedek, 2009). OT administration led to heightened sensitivity in detecting
biological motion (a walking character) compared to non-biological motion, indicating
that the effect of OT on the detection of social stimuli is not restricted to facial
pictures. Together, these studies show that OT facilitates recognition of social stimuli,
specifically faces, compared to non-social stimuli. So far only two studies have been
performed which investigate the behavioral effects of AVP on human social
perception. In these studies, it was found that AVP enhances the encoding of faces, but
specifically for happy and angry facial expressions compared to neutral faces
(Guastella, Kenyon, Alvares, Carson, & Hickie, 2010), pointing at increased attention
towards emotionally significant stimuli, regardless of valence. A somewhat
comparable effect was found in the other study on AVP (Guastella, Kenyon, Unkelbach,
Alvares, & Hickie, 2010), wherein it was observed that AVP leads to faster detection of
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sex-related words. It is however not clear whether AVP leads to general faster
detection, or in the case of sex-related words being more salient, only differentiates
for these items.
The data so far, is not convincing as to whether these peptide effects on facial
perception are dependent on the valence of the face, or whether it occurs during a
very early stage of visual processing, such as immediate detection. But more insight
into the mechanism whereby OT facilitates facial recognition, is provided by the
finding that OT increases gazing towards the eye region of neutral faces (Guastella,
Mitchell, & Dadds, 2008). Information of the eye region of the face is of great
importance for correctly identifying the emotional expressions of others (mindreading), and is pivotal in human communication (Baron-Cohen, Wheelwright, Hill,
Raste, & Plumb, 2001). OT might enhance facial processing by increasing attention
towards the eye region, thereby facilitating future recognition. The amygdala, an
important target of OT (Huber, et al., 2005), is known to be involved in directing the
gaze towards fearful faces (Gamer & Buchel, 2009), and has therefore been proposed
to be involved in the effect of OT on face processing.
Modern brain imaging supports the above findings. The first published fMRI study
using OT administration by Kirsch et al. (2005) demonstrated an attenuating effect of
OT on the amygdala in response to threatening faces and scenes. This finding was
replicated and extended in a study by Domes et al. (2007) who also included happy
faces in their design and found that OT also reduces amygdala reactivity towards
these non-threatening facial stimuli. However, a recent high resolution imaging study
shows that OT can have a different effect on sub-regions of the amygdala dependent
on the valence of the perceived stimuli (Gamer, Zurowski, & Buchel, 2010). In this
study, Gamer et al. show that OT attenuated amygdala activation in the lateral and
dorsal region in response to fearful faces, but at the same time increased activation in
response to happy faces. Thus OT’s effect on the amygdala does seem valence specific,
although how this relates to the behavioral findings on social perception is currently
not known. These imaging data do show that the hormone decreases amygdala
reactivity towards facial threat stimuli, leading to less fearful responding and hence
more direct gazing towards eye regions. Recently, a study has tested the hypotheses
whether OT would specially reduce aversion to threatening faces (Evans, Shergill, &
Averbeck, 2010). In this study, emotional facial pictures were paired with a monetary
reward. Under placebo administration, participants avoid angry facial expressions,
irrelevant of the reward. Under OT administration however, this avoidance towards
angry faces is reduced. This interpretation of reduced fearful responding towards
threat is congruent with research on the stress-reducing effects of OT (Heinrichs,
Baumgartner, Kirschbaum, & Ehlert, 2003), which demonstrates that OT reduces
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cortisol responses and subjectively experiences anxiety, most effectively when in
combination with social support.
The attenuating effects of OT on experienced stress, well-known from animal studies
described above, have been replicated in different paradigms in humans, e.g.; OT
reduces the sensitivity for the conditioning of social stimuli with electric shocks
(Petrovic, Kalisch, Singer, & Dolan, 2008), and also reduces amygdala reactions in
response to an electric shock (Singer et al., 2008). Reduced anxiety by OT at the level
of the amygdala, specifically for social stimuli, serves as a good model for explaining
the findings on increased gazing towards eye regions. However, it should be noted
that in this study increased gazing was only found towards neutral faces.
Furthermore, higher levels of social anxiety correlate with increased gazing towards
threatening faces, which seems somewhat at odds with the findings on OT (Mogg,
Garner, & Bradley, 2007). Future studies need to further investigate if increased
gazing after OT administration towards the eye region also holds for emotional facial
expressions, and how this gazing relates to amygdala activation and subjectively
experienced threat.
A limitation of the research of OT effects on social recognition is that most
data is only obtained from male subjects. The choice to limit the subject group to
males is mostly to avoid interactions with cyclic hormonal fluctuations in female
participants. A recent imaging study which investigated the effect of OT on face
processing specifically in females found different activation patterns compared to data
obtained from male subjects (Domes et al., 2010). Interestingly, females showed more
reactivity in the amygdala in response to fearful faces after OT as compared to
placebo, but with regard to the finding of Gamer et al. (Gamer, et al., 2010), we cannot
be confident that the same sub-regions of the amygdala were affected in males and
females. Also, in females activation was enhanced by OT in the inferior frontal gyrus
(IFG) and the superior temporal gyrus (STG), both of which are involved in the
evaluation and interpretation of complex stimuli such as emotional expressions, mindreading, and imitation(Van Overwalle & Baetens, 2009). This finding indicates that the
current knowledge on the effects of OT on the brain is biased by not taking into
account the striking sexual dimorphism of the brain. The next challenge is to elucidate
the effects of OT on face processing in both sexes, and investigate the mechanism by
which OT affects the different neural regions involved in social processing.
Considering the well-known role of OT in social bonding in animals, this
hormone has been the primary focus of studies on humans. Nonetheless, with regard
to perceptions of emotional stimuli, a finding we recently published shows that T
administration in young, non-parental women enhanced neural responsiveness
towards infant crying in a neural circuit underlying maternal care (2010). Subjective
ratings by the participants showed that after T administration the crying was
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experienced as less aversive, perhaps indicating increased propensity to care and act
on the crying. In pregnant women, T levels are known to gradually rise in concert with
progesterone and E, levels all of which rapidly decline after parturition, which might
possibly prime the brain during pregnancy for parental care (Fleming, Ruble, Krieger,
& Wong, 1997). Male partners of pregnant women show hormonal fluctuations similar
to those of pregnant women, indicating a shared comparable endocrine substrate for
parenting in both sexes (Storey, Walsh, Quinton, & Wynne-Edwards, 2000). Also, T
levels in fathers increase when listening to infant cries (Fleming, Corter, Stallings, &
Steiner, 2002). Based on these findings, and the animal research described above, we
have proposed two mechanisms that could account for this increased propensity to
care after administration of T in young women (Bos, Hermans, et al., 2010). One
mechanism is conversion of T to E by aromatase, after which E could next increase OT
synthesis and subsequently increase caring behavior (Cornil, et al., 2006; de Vries,
2008). In mice, heightened conversion of T to E by aromatase has indeed been
demonstrated to increase paternal care (Trainor & Marler, 2002), and in humans OT
administration leads to increased positive interaction between fathers and their
children (Naber, van Ijzendoorn, Deschamps, van Engeland, & BakermansKranenburg, 2010). Another, more direct mechanism is that T would directly act on
AVP synthesis, as AVP has also been shown to be involved in maternal care (Bosch &
Neumann, 2008). While this interpretation in terms of increased social bonding by T is
certainly appealing, it cannot be excluded that the increased responsiveness induced
by T reflects, more directly, an effect of T on other affective responses to social
challenges (see below). From this perspective T could lead to reduced fear but
increased motivation to act, explaining the imaging data as well as the subjective
findings. Such different interpretations of the effect of T on social behavior are
however not mutually exclusive, but remain to be experimentally parsed. The
diversity of effects may point to a more subtle role of T in social-emotional behavior,
wherein the effects of hormones interact with environment and experience (Gleason,
et al., 2009; Goodson & Kabelik, 2009). This view will be explained in more detail
below.

4.1.2. social cognition and empathy
While the studies on the hormonal effects involved in social perception are mostly
limited to the effects on primary emotions, some studies have attempted to look at
hormonal effects on empathy and social cognition, such as mind-reading. Domes et al.
(2007) measured the effect of OT administration on mind-reading, the ability to
consciously infer the intentions of others, by using a task developed to measure social
impairments in people with autism spectrum disorder (Baron-Cohen, et al., 2001).
The task consists of 36 pictures of eye regions of faces with a specific emotional
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expression accompanied by four possible answers among which participants have to
choose the correct emotion (reading the mind in the eyes task; RMET). OT
administration led to better performance on this task, specifically for the difficult
items in the set of 36 pictures. Apparently, OT increases the sensitivity for subtle facial
cues, an effect that may be a result of elevated visual scanning of these faces. A
different task was used in a recent publication on the effects of OT on emotion
recognition. In this task, subjects had to indicate what emotion was shown in movies
of neutral faces which slowly morphed into a full-blown emotion, at several points in
time. After OT administration subjects correctly identified happy emotional
expressions at lower levels of morphing, indicating higher sensitivity for positive
emotional expressions in this task (Marsh, Yu, Pine, & Blair, 2010). However, a
comparable study using only the eye region of morphing faces in a similar task setup,
showed increased detection selectively for fearful facial expressions (Fischer-Shofty,
Shamay-Tsoory, Harari, & Levkovitz, 2010). Whether increased emotion recognition is
selective or not, is thus still unresolved.
OT also increases the accuracy in judgment when people are asked to indicate
how other people feel when discussing an emotional event (Bartz et al., 2010),
indicating increased empathy. This effect was however specific to participants scoring
low on social competence. Thus OT seems to affect only those people in whom there is
room for improvement and leaves socially proficient people unaffected. Even stronger
indications for increased empathy by OT are provided using a comparable task in
which participants have to judge emotional pictures. The data showed that after OT,
the pictures are experienced as more emotional by the participants, leaving ratings on
the emotional state of the people depicted on the photos unaffected (Hurlemann et al.,
2010). In this study thus, OT specifically increased affective empathy without
changing cognitive empathy (mind-reading). In the same study, participants
performed a learning task with a social and a non-social condition after OT or placebo
administration. In this task, OT specifically facilitated social learning, confirming that
OT seems to increase the sensitivity to social information.
The underlying neural mechanism by which OT affects social cognition and
empathy has not yet been investigated directly, but fMRI studies using the RMET have
shown that the task elicits neural activation in several regions identical to the regions
activated by OT during face processing (e.g.; superior temporal sulcus: STS; amygdala;
inferior frontal gyrus: IFG) (Adams et al., 2009; Domes, et al., 2010). These regions are
thus good candidates for the mechanism behind the hormonal modulation of mindreading.
The effect of T on the conscious detection of emotion has also been investigated.
Using a similar design as describe above, with movies of gradually changing faces,
threatening facial emotions (anger; fear; disgust) were detected at a later stage after T
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administration compared to placebo (2007). Based on this study, it appears that T
might reduce the social cognition, and possibly also mind-reading, which is opposite
to the effect of OT which enhances this advanced capacity. This finding is however
based on only one study, and more data on the effect of T on social cognition and
empathy is definitely warranted.

4.1.3. social interaction
Social bonding is all about social interaction between individuals, whereas the data on
humans described above are obtained in isolation. These findings tap into the
processes of interaction by facial expressions and are therefore of great value. But to
validate hormonal effects on social behavior, one needs to measure behavior during
social interaction. An important line of research having done so, involves the
hormonal effects on interpersonal trust. Long term human social interaction such as
relationships and cooperation are often based of reciprocal trust, and is therefore
essential for the establishment of social bonding (Hrdy, 2009). In an economic
exchange task specifically developed to measure the amount of trust people give to
others, OT was administrated (Kosfeld, Heinrichs, Zak, Fischbacher, & Fehr, 2005). In
this experiment, participants were given an amount of monetary units (MU’s) and
were asked to entrust any amount of MU’s to another unacquainted player who they
were randomly assigned to. The entrusted MU’s would be tripled by the experiment
leader and upon receiving the tripled MU’s, the second player could choose to return
any amount of MU’s to the first player. In this game, both players can profit if the first
player entrusts more MU’s to the second player, at the risk of not getting the invested
MU’s back. Alternatively, the first player can play safe by keeping his MU’s, thus
guaranteeing a smaller gain. Participants in the group receiving OT entrusted a
significantly higher amount of MU’s to the second player compared to participants in
the placebo group. 45% of the OT group entrusted all MU’s to the trustee, compared to
21% in the placebo group. This effect was specific to social trust, because in a control
task OT had no effect on the amount of given trust when participants were told that
the returned MU’s would be based on change defined by a computer. A recent study
has indicated that the increased trust extends beyond monetary investments, as OT
also increased trust when confidential information was at stake (Mikolajczak, Pinon,
Lane, de Timary, & Luminet, 2010).
The effect of OT on trust has also been investigated using subjective
trustworthiness-ratings of unknown faces, which showed that OT also leads to higher
ratings of trustworthiness (Theodoridou, Rowe, Penton-Voak, & Rogers, 2009).
Trustworthiness ratings correlate strongly with monetary investments, which concurs
with the finding of OT influencing both the affective (trustworthiness-ratings) and
cognitive (monetary-investment) aspects of the task (van 't Wout & Sanfey, 2008). OT
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thus leads to more trust towards unfamiliar individuals, but as Baumgartner et al.
(2008) show, this increase in trust comes with a cost. In a comparable paradigm as
described above by Kosfeld et al. (2005), Baumgartner let people play several rounds
of the trust game with different opponents. Halfway through the experiment,
participants were told that their opponents would no longer reciprocate trust, but
keep the invested money to themselves. Nonetheless, participants that received OT
perseverated in giving trust to others in the second half of the experiment. This shows
that OT increases trust, but can also lead to non-adaptive levels of trust when people
are treated unfairly.
This "non-adaptive" effect of OT was also demonstrated in a variation of the trust
game: the ultimatum game. Unlike the trust game, in the ultimatum game the
participant is given an amount of MU’s and then proposes how to share this amount
with a second player. The second player can accept the offer, or decline. In the case of
a decline, both players get nothing. The ultimatum game (UG) thus does not measure
trust, because the dilemma of how to share the money is now strictly with the first
player, who presumably has to take into account the opinion of the second player
knowing that unfair offers will probably be rejected, but can lead to more gain if
accepted. In this game, OT led to higher proposals by the first player, but since these
higher offers were more often not accepted, it led to less financial gain in the OT group
(Zak, Stanton, & Ahmadi, 2007). These findings demonstrate that in economic
exchange, more trust can come with the price of losing valuable resources.
Such apparently non-adaptive effects of OT underscore the importance of social
environments wherein these exchanges take place. From an evolutionary perspective,
anonymous monetary exchange of resources is a highly unnatural situation, as trading
interactions never occur in a social vacuum, a framework that is increasingly common
in modern at-a-distance investments. How the social environment interacts with the
role of hormones on behavior is clearly demonstrated in three recent studies (Alvares,
Hickie, & Guastella, 2010; 2010; Mikolajczak et al., 2010). In an adaptation of the trust
game, subjects played several rounds against subjects that were either explained to
them as being reliable or unreliable (Mikolajczak, Gross, et al., 2010). OT increased
trust when playing with reliable subjects, but did not affect the amount of trust in the
unreliable group. In yet another monetary game, which was designed to promote
cooperation, Declerck et al. show that OT increased cooperation in participants who
socially interacted before the game, but reduced cooperation in an anonymous version
of the game (Declerck, et al., 2010). A different game was used by Alvares et al.
(Alvares, et al., 2010), who used a computer ball game with two virtual players, in
which a ball could be tossed back and forth. The participant could however be
included in the game, or excluded by not getting the ball. While OT had no effect on
subjects that were excluded, the hormone did increase the motivation to play another
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round of the game when subjects were included in the game, thus increasing the
willingness to engage in a social game after positive response (Alvares, et al., 2010).
These findings, which show the strong interaction between environment and
hormonal effects, stress the importance of taking into account the ecological
circumstances in which social behavior is measured.
To better understand the dynamics of human social cooperation and associated
hormonal influences, it is necessary to take into account the situation wherein such
behaviors evolved. Like many mammalian species, humans are social animals, and the
strong sociality probably came to a full growth when our ancestors started living in
groups in which mutual understanding and cooperation between non-kin became
essential for survival (Hrdy, 2009). Group living was the context wherein the
hormonal mechanisms of social interaction acted for thousands of years, which might
explain why effects of hormones involved in human social interaction are so strongly
modulated by social context. Three different studies applying OT in different social
settings clearly demonstrate the nature of this dynamic environmental–endocrine
interaction. In a study by Ditzen et al. (2009) married couples were observed during a
10 min discussion on an issue that led to conflict in the past. In the couples receiving
OT, partners showed significantly increased positive interaction and communication
and showed a reduction in stress compared to placebo, demonstrating increased
social bonding between the partners. OT also increased social bonding between
fathers and their children, demonstrated in a study mentioned above, where fathers
were observer during playful interaction with toddlers (Naber, et al., 2010). In two
sessions, fathers received either placebo or OT, after which OT led to more responsive
interaction and less hostility towards their children, indicating increased parental
bonding. In another study, conducted by Shamay-Tsoory et al. (2009), it was
importantly demonstrated how experimental manipulation can turn increased social
bonding and trust, typically promoted by oxytocin, into a negative counterpart:
increased jealousy and gloating. In this experiment participants played a game against
an opponent where they received an amount of money based on chance. They
received either more or less than their opponent and then were informed of the
differences. Hereafter, they rated their feelings towards the other player. OT led to
increased jealousy when the other player received more money, and increased
gloating when receiving more money.
These findings suggest that increased social sensitivity by OT might strengthen
cooperation and bonding when individuals are dependent on each other, but decrease
social bonding and positive regard when negative out-group attributions are
emphasized, a situation where "dehumanization" is not uncommon in human beings
(Waytz, Epley, & Cacioppo, 2010). Importantly, increased in-group cooperation and
trust together with decreased cooperation and trust towards an out-group under OT
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administration, is exactly what is reported in a recent publication by De Dreu et al. (De
Dreu et al., 2010). In a series of economic exchange studies, they convincingly show
that OT decreases cooperation with the out-group to protect in-group resources.
From animal research it was already known that OT can lead to more affiliation as
well as to more aggression, albeit OT is still generally referred to as a pro-social
hormone with only positive effects on human and animal social interaction (Kosfeld,
et al., 2005). This positive bias with respect to OT hampers our understanding of its
regulatory role in human behavior because aggression, envy, gloating, and in-group
favoritism are also part of the properties OT has in human social behavior. It is these
aspects of social behavior and the relation of these behaviors to these socio-sexual
hormones which are described in the following section.

4.2. aggression and social challenge
For ethical reasons one cannot investigate the effect of hormones on aggressive
behavior between humans in a controlled experimental setting. Available data on the
role of hormones in aggression is confined largely to correlational studies, typically
using indirect measures to monitor aggression. Based on such correlational studies
which show a link between AVP and lifetime aggression, specifically in patients with
antisocial personality disorder (Coccaro, Kavoussi, Hauger, Cooper, & Ferris, 1998;
Fetissov et al., 2006), and the extensive amount of animal research on aggression,
researchers have attempted to causally link aggression to hormones in humans,
especially T and AVP (Mehta & Beer, 2009). As said, full-blown aggression is difficult
to measure, and researchers have therefore sought more subtle measures indicating
aggressive motives. As in most other animals, human aggression is relatively rare, and
human conflict is often solved without overt aggression.
Interpersonal
communication, especially by facial expressions and the choice of words/prosody,
plays an important role in avoiding escalating conflict.
Responses to emotional faces have therefore often been used in studies of human
aggression and the field of social neuroendocrinology. It might however be
unconstructive to explain the finding of these studies in terms of aggression, because
strictly speaking, aggression was not measured. In accordance with the animal
literature wherein the "challenge-hypothesis" was put forward as a better explanation
for the role of T in animal social behavior (Wingfield, et al., 1990), we argue here for a
comparable interpretation of aggression-related data gathered from humans.
Scrutinizing the literature on the role of T in social behavior, Archer concluded that
the literature fits well within the framework of the challenge hypothesis, arguing that
this hypothesis might very well apply to humans (Archer, 2006). Here, we build on
this assumption and propose that hormones, especially T, are in humans, involved in
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"socially challenging" situations that could lead to aggression, but might also lead to
increased sociality if the situation deserves a more moderated response.

4.2.1. social perception
Comparable to the studies on OT described above, and with regard to the heavy
dependence on facial communication in human interactions, facial pictures are often
used in studies on the effect of T and AVP on human social challenges. Studies seeking
to clarify aggression have often explained responses towards angry faces in terms of
aggression, but as mentioned, these findings can just as well be explained in terms of a
social-challenge conceptual framework. The first study which directly tested the effect
of T administration on responsiveness to faces showed increased heart rate after T,
compared to placebo, in response to angry facial expressions (van Honk et al., 2001).
The angry facial expression serves as an important threat signal in dominance
encounters (Ohman, 1986) and the increased heart rate caused by T in response to
facial anger defensibly points at an enhanced predisposition to (aggressively) defend
social status (van Honk, et al., 2001).
One neuroimaging study gives general support to increased emotional
responsiveness to directed threat after T administration, but independent of emotion
content. Van Wingen et al. (2009) showed that in women T administration leads to
enhanced amygdala activation in response to emotional faces compared to nonemotional stimuli. However, Hermans et al. (2008) demonstrate that in young women
T increases activation of the amygdala, IFG, hypothalamus, and brainstem for angry
faces compared to happy faces, regions which are all part of the rodent neural
circuitry of dominance and reactive aggression (Koolhaas, et al., 1990; Nelson &
Trainor, 2007). Thus T strengthens neural responsiveness towards emotional stimuli,
and even more towards stimuli with specific emotionally salient features, such as
angry faces. So far, only one neuroimaging study has investigated the role of AVP in
the perception of emotional faces. In contrast to T, AVP did not directly affect
amygdala activation, but it did alter activation of a network involving amygdala and
prefrontal brain regions (Zink, Stein, Kempf, Hakimi, & Meyer-Lindenberg, 2010). A
deactivation of the anterior cingulate cortex in the placebo condition during the
viewing of fearful faces was no longer apparent after AVP administration. Whether the
increase in prefrontal brain activity by AVP, compared to placebo, is related to
behavioral data showing increased encoding of emotional expressions by AVP
(Guastella, Kenyon, Alvares, et al., 2010), is currently not known. Another question to
be addressed in future research is how effects of T and AVP administration on the
brain are related, since they are neurobiologically linked (Han & De Vries, 2003;
Johnson, et al., 1995).
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Furthermore, increased neural responding to fearful and angry faces could indicate
increased motivation for flight (fear) or increased intention to fight (anger,
aggression) (van Honk, 2009). The data available on the effect of T on fear processes
indicates that T most likely increases inclinations to respond with aggression under
provocation, but decreases fear. After T administration in humans, physiological
stress responses such as the fear potentiated startle and skin conductance response to
aversive pictures are attenuated (Hermans et al., 2007; Hermans, Putman, Baas,
Koppeschaar, & van Honk, 2006). Also, T reduces the attentional bias for
unconsciously presented fearful faces, a measure for selective attention to minimal
danger cues (van Honk, Peper, & Schutter, 2005). These findings demonstrate that T
reduces fear, despite strengthening reactivity to emotionally salient information.
Reductions in fear induced by T however, concur with its proposed role in dealing
with social challenges, as reduced fear should enable one to better handle challenging
situations.

4.2.2. social interaction
A few studies have also attempted to investigate the role of AVP and T on
interpersonal communication by measuring muscle activity of facial muscles which
are used when expressing either a happy or angry face. Thompson et al. used facial
electromyography (EMG) in combination with nasal AVP administration to investigate
the effect of this hormonally modulated neuropeptide on human social
communication (Thompson, Gupta, Miller, Mills, & Orr, 2004; Thompson, George,
Walton, Orr, & Benson, 2006). In these studies, Thompson found increased angry
facial expressions towards same-sex neutral facial expressions after AVP
administration compared to placebo. Although restricted to neutral faces, in line with
the previous observations this finding can be interpreted as a heightened aggressive
or elevated dominant stance towards unfamiliar others. However, this finding only
applied to males, as in females a completely different pattern of muscle activation was
apparent (Thompson, et al., 2006). In contrast to the males, females showed reduced
angry facial expressions toward happy and angry faces after AVP administration, and
happier facial expressions towards neutral facial expressions. The authors propose
that these different findings for both sexes demonstrate an increased general stress
response by AVP which subsequently leads to different coping styles in males and
females. An indication for an increased stress response by AVP in males after social
threat was indeed found by Ebstein et al. (Ebstein et al., 2009). Sexual differences in
stress coping is proposed in a model by Taylor et al. (2000). Taylor et al. argue that,
under stress males are prone to fight or flight behavior, while females respond by
affiliating with other members of the same sex and caring for offspring, namely a
"tend and befriend" response (Taylor, et al., 2000). The model further suggests that
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both AVP and OT would be at the core of this evolutionary model for sex-specificity in
response to stress.
While this gender-specific interpretation of responding to stress is appealing,
it does not explain why these differential effects occur in response to neutral faces,
and are absent in response to angry faces. If the effect would reflect a stress response,
would not an angry face elicit more stress compared to a neutral face? Also, the
studies report only on facial responses to same-sex stimuli. A recent imaging-study
administrating the AVP promoting hormone T, shows how neural responses towards
faces after administration interacts with the sex of the facial stimuli (van Wingen,
Mattern, Verkes, Buitelaar, & Fernandez, 2008). In females, the pattern of activation
towards female and male faces was shifted after T administration as compared to
placebo, selectively increasing the processing of male faces after T. Another study
which applied EMG in combination with AVP administration tested the effect of both
AVP and OT on facial muscle activation in traumatized war-veterans (Pitman, Orr, &
Lasko, 1993). In this study facial EMG was only measured in response to combat
imagery, and the effects show stronger facial muscle activity after AVP administration
and reduced activity after OT administration. Stronger emotional responding induced
by AVP and reduced responses with OT during imagined threat concurs with the
aforementioned stress-reducing properties of OT and enhanced emotional facial
reactivity towards facial stimuli, or perhaps increases stress responding after AVP.
Another T administration study also using facial EMG by Hermans et al.
(2006), focused on facial mimicry, and might give a different view on some of the
findings by Thompson et al. (2006). Facial mimicry refers to the innate capacity to
automatically mirror facial expression (Dimberg, Thunberg, & Elmehed, 2000), and
has recently received increased attention given the popularity of the mirror-neurons.
Mirror-neurons, located in several loci in the cortex in humans and other primates,
respond to the performance of an action, as well as to the observation of the same
action by another individual (Iacoboni & Dapretto, 2006). Several authors have
proposed that this mechanism of internal mirroring promotes increased
understanding of the intentions of others, and underlies shared emotions, serving as
an evolutionary foundation for mutual understanding and empathy (e.g. Iacoboni &
Dapretto, 2006; Keysers & Gazzola, 2006). Hermans et al. showed that T
administration reduces facial mimicry in women, and thereby shows a potential
mechanism that underlies the disruptive effects of T on emotion recognition (see
Section 4.1.2.).
Reduced mimicry as such, might also explain the reduced facial expressions
by females during the perception of emotional faces after AVP administration (2006).
Instead of increased affiliation under stress as proposed by Thompson et al., reduced
mimicry might account for some of the effects.
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Together, the findings on the effects of hormone administration on emotional
responses to faces reveal a complex mechanism of increased neural and physiological
responses toward social challenge (threatening faces), but variability between the
different emotional expressions and strong sex differences, comparable to the effects
seen in the research on social bonding and OT. Importantly, this line of research
demonstrates that hormonal effects on social behavior are not unidirectional, and that
interpretation of findings needs careful analysis of both individual as well as
environmental differences. Furthermore, based on animal data which indicate that
AVP and T might not increase aggression per se, but rather the intention or motivation
to behave aggressively, the effect of these hormones on motivation might better
account for some of the finding in the studies described above.
Several studies on the effect of T on human motivation have been performed.
The effect of T on sexual motivation was demonstrated in a study by Tuiten et al.
(2000) in which female participants show increased physiological as well as
subjective arousal after T administration in response to erotic visual stimuli.
Furthermore, Aarts and van Honk (2009) measured subjective ratings on how eager
participants were to perform various kinds of (non-emotional) activities, and found
that T heightens the general motivation to perform the proposed activities. These
findings concur with the idea of some form of increased neural or action
responsiveness. Likewise, reduced averse subjective ratings towards infant crying
after T administration might reflect increased motivation to act (action preparation)
on the crying (Bos, Hermans, et al., 2010).
T not only increases motivations to act, it also increases sensitivity to reward.
T administration leads to more risk taking when playing the IOWA gambling task
(Bechara, Damasio, Tranel, & Damasio, 1997), in which subjects can choose for higher
rewards at the risk of high punishments. Additionally, a recent neuroimaging study
showed that T administration directly acts on the reward-seeking pathways during
anticipation of reward (Hermans et al., 2010). Thus T strengthens motivation by
acting on the neural pathways that mediate reward-seeking, which can lead to
strengthened behavioral responses depending on the individuals’ needs and motives
e.g.; sexual reactivity in response to erotic visual stimuli, as well as increased agonistic
facial responses towards a threatening face. Importantly, another recent study
investigating the role of T in an economic game showed that depending on conditions,
T can also lead to increased fairness (Eisenegger, Naef, Snozzi, Heinrichs, & Fehr,
2010). In this study, subjects played an UG after administration of T or placebo in a
between subjects design, and were afterwards asked whether they thought they had
received T or placebo. Data showed that subjects who believed to have received T
gave lower offers to the second player, which conforms to the stereotypical view of T
being involved in aggressive behaviors leading these subjects to propose less fair
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offers. Crucially however, subjects who actually received T gave higher (more fair)
offers compared to placebo. An explanation for increase in fairness by T is that higher
offers in this UG subsequently led to higher rates of acceptance of the offers and thus
more profit. This demonstrates that although T leads to increased fairness, it might do
so in the prospect of access to and control over resources. This shows that T more
likely acts on a motivational level without directly affecting behavior, as it would be
highly unlikely that T increases fair behavior at one’s own cost.
This might partly explain why another study, which also studied the effect of
T in the UG, came to a different conclusion after finding lower offers in the T
conditions (Zak et al., 2009). In this study, the investigators did not control for belief
effects of T and also tested subjects twice, both in the T as well as in the placebo
condition, which might have led to differential effects due to learning. However, more
research is necessary before definitive conclusions on these issues can be reached.
The findings that T leads to protected resources and economically wiser
decisions in economic exchange tasks, seems opposite to the economically unwise
effects of OT, e.g.; unconditional trust towards unreliable opponents (Baumgartner, et
al., 2008). In the light of higher trust induced by OT, and the role OT and T play in
animal social behavior, Bos et al. predicted that T might have an opposite effect on
trust. The authors show that T indeed decreases trust in humans by reducing
trustworthiness ratings towards unfamiliar faces, as compared to placebo (Bos,
Terburg, & van Honk, 2010). Not only does T reduce trust, they also show that this
effect is specific to people who are generally high-trusting towards others. Higher
ratings of trustworthiness in the placebo condition were accompanied by a stronger
reduction in trust following T administration. When the group of participants was
split up into high and low-trusting groups, T strongly reduced trustworthiness in the
high-trusting group, but left the low-trusting group unaffected. Thus in people who
are highly trustful, and therefore more at risk of deceit, T adaptively reduced the level
of trustworthiness, possibly to protect them from potential harm (Bos, Terburg, et al.,
2010; Johnson & Breedlove, 2010).
Taken together, the studies on the acute effects of T and AVP on human
social-emotional behavior fit the animal literature, in that the hormones are not
implicated in the exertion of behavioral repertoires, such as directed aggression, but
more by effects on the underlying motivational stance; thereby the effects depend
strongly on environmental influence (Antunes & Oliveira, 2009; Gleason, et al., 2009;
Wingfield, et al., 1990). T reduces fear and increases motivation for action towards
socially rewarding stimuli and situations. Based on the few studies in which AVP is
administrated, no substantial conclusions can be made regarding the role of this
hormone in human social-emotional behavior. So far, the few studies point in the
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direction that AVP increases emotional responsiveness towards threat, perhaps in
concert with T.

4.3. psychopathology
Based on the now abundantly demonstrated effects of OT on bonding, trust, and mindreading, and the effects of T on sexual arousal and fear reduction, some investigators
have proposed possible therapeutic effects of these hormones on psychopathology
(Donaldson & Young, 2008; Panksepp, 2009; van der Made, et al., 2009; van Honk &
Schutter, 2006). A promising therapeutic target for OT involves the effects of OT on
social bonding and social recognition, which has been the incentive to administrate OT
to patients with social deficiencies such as people with autism spectrum disorder
(ASD). Based on correlational findings, a connection of OT levels with ASD had already
been proposed (Carter, 2007; Schulkin, 2007). The first experimental study showed
that in a group of 15 ASD patients, OT administration significantly reduced repetitive
behaviors, a core feature of ASD (Hollander et al., 2003). In another study on ASD
patients, OT administration increased memory for the emotional content of speech
(Hollander et al., 2007). Also, mind-reading (as measured with the RMET; see Section
4.1.2.) improved in ASD patients after OT administration (Guastella et al., 2009).
Furthermore, in a group of 13 ASD patients, OT increased social learning in a digital
ball-throwing game (Andari et al., 2010), confirming a potential therapeutic role for
OT with regard to ASD. Not only for ASD has the therapeutic potential of OT been
demonstrated, a recent neuroimaging study in patients with generalized social anxiety
disorder (GSAD) showed that amygdala reactivity towards fearful faces was
dampened by OT (Labuschagne et al., 2010). Moreover, this effect was confined to the
patient group and was not demonstrated in the control group.
Despite these promising results, effects of peptide administration are only short
lasting (around 1.5 h), which might limit their therapeutic potential. An attempt to test
the effect of OT on treatment outcome in patients with social anxiety disorder (SAD)
by Guastella et al. (2009) was unsuccessful. OT administration did lead to
improvement of subjectively experienced exposure during therapy sessions, but did
not generalize to treatment outcome. This suggests that there might be some room for
optimism as there appears to be potential in the use of the peptide OT in treating
psychopathology, but it’s success is currently limited by its mode of administration.
The challenge however for pharmaceutical development, is discovery of longer-lasting
non-peptide congeners that can lead to longer lasting effects, and also altered ways of
central administration which may lead to more enduring effects of peptides on the
central nervous system.
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5. a model for endocrine regulation of human social-emotional behavior
In the previous section, the existing literature on the acute effects of steroids and
peptides on human social-emotional behavior has been described. Based on animal
neuroendocrine models of social behavior, we now propose a model which extends to
humans, and which provides a framework for the literature described above. First, the
neural underpinnings of hormonal actions are described; thereafter a model is
proposed on how these mechanisms translate to behavior. Finally, this model is
discussed in relation to the current view of hormonal regulation of human socialemotional behavior.

5.1. underlying neural mechanisms
Together with the evolution of steroids and neuropeptides and the conservation of
their behavioral effects (see Section 2.), it seems evident that brain regions that
mediate such effects have also been conserved. The evolutionarily recent neo-cortical
expansions of primate species, and especially humans, have drastically modified the
complexity of their behavioral repertoires (Keverne, et al., 1996; Reader & Laland,
2002), giving rise to behavior such as complex social cognition and language, as well
as the foundations of ethics and morality (de Waal, 1996; Dunbar & Shultz, 2007). The
phylogenetically younger neo-cortical regions of the brain have often been assumed to
be primarily responsible for the emergence of ‘higher-order’ human behaviors,
providing a rationale for distinguishing factors that control human and animal
behaviors, thereby strengthening the position of humans on some kind of a presumed
‘scala naturae’. Neuroscience work during the past decades has started to challenge
that view, especially at basic emotional and motivational levels, as more data became
available showing that the neural underpinnings of human complex behavior are often
embedded in evolutionary ancient emotional circuits (Chapman, Kim, Susskind, &
Anderson, 2009; de Waal, 2008; Greene, Nystrom, Engell, Darley, & Cohen, 2004). The
recent findings on hormonal effects on complex social behavior reviewed here further
strengthen the idea that human sociality derives from evolutionary ancient brain and
hormonal mechanisms.
One important neural structure in social behavior (Adolphs, 2009) among
others, which is also an important hormonal target, is the amygdala. The amygdala is
critically involved in vigilance and the detection of relevant stimuli, such as threat
(Davis & Whalen, 2001), and is targeted by both OT and AVP (Huber, et al., 2005).
Interestingly, OT and AVP have direct antagonistic effects on the amygdala, whereby
OT inhibits and AVP excites output to the brainstem regions such as the
periaqueductal gray (Huber, et al., 2005), which serve as mechanisms for the exact
opposite effects these neuropeptides have on fear responses easily monitored in
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animal research (i.e. increased reactivity by AVP and reduced reactivity by OT)
(Debiec, 2005). Furthermore, the actions of these social peptides at the amygdala level
are under steroidal influence. E directly promotes activation of OT producing neurons
(Choleris, et al., 2008), while T has comparable effects on AVP production and neural
activities (de Vries, 2008). Increased aggression in rats after AVP administration into
the amygdala has been shown to depend on T, providing evidence for the interaction
of these hormones at the level of the amygdala (Koolhaas, et al., 1990). Thus OT and
AVP have opposite effects on amygdala-connectivity with brainstem regions, either
directly or by interacting with steroid hormones T and E. Besides these interactions
where steroids affect neuropeptide synthesis, these steroids, E and T, also interact
with each other. Aromatase, which is highly prevalent in the human amygdala, as well
as other limbic regions (Biegon, et al., 2010; Takahashi et al., 2006), allows fast
conversion of T to E (see Section 2.). While these steroids can have rapid effect of
their own, E and T can also differentially affect neuropeptide synthesis (Balthazart &
Ball, 2006; Cornil, et al., 2006). Although detailed description of these mechanisms is
beyond the scope of this review (see for elaborate reviews on peptide and steroid
mechanisms: (Choleris, et al., 2008; Cornil, et al., 2006; de Vries, 2008; Landgraf &
Neumann, 2004)), it is important to see how intimately such steroid neuropeptide
interactions can globally shift social-emotional responsiveness, especially through
modulation of the amygdala.
The amygdala naturally does not stand alone; it is part of a vast neural
network involved in emotion processing, and strongly connected with several other
brain regions such as the thalamus, the PVN of the hypothalamus, the septum and the
medial periaqueductal regions of the brainstem. It is also strongly connected with the
orbitofrontal cortex (OFC), the ventral part of the prefrontal cortex involved in
emotional evaluation and with strong modulating influence on the amygdala
(Bachevalier & Loveland, 2006; Kringelbach & Rolls, 2004) which allows higher
mental processes to regulate emotionality. The OFC is also connected to several other
regions involved in more complex forms of emotion processing such as the anterior
cingulate gyrus and the superior temporal gyrus (Ghashghaei & Barbas, 2002; Seltzer
& Pandya, 1989), regions which are implicated in trustworthiness assessment, as well
as empathizing and mind-reading (Hein & Knight, 2008; Singer et al., 2004; Winston,
Strange, O'Doherty, & Dolan, 2002).
Within this interactive cognitive-affective network, hormones can, by directly
modulating amygdala activity, shift neural output towards other brain regions. Exactly
this has been found in neuroimaging studies investigating the effects of T and OT on
emotion-processing. Kirsch et al. (2005) found reduced connectivity between the
amygdala and the brainstem after OT administration, in contrast to van Wingen et al.
(2010) who showed reduced connectivity between amygdala and OFC after T
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administration, accompanied by increased connectivity with thalamic regions.
Increased connectivity with thalamic regions might very well be caused by T acting on
AVP, and can be seen to be congruent with a T administration study which showed
increased activation of the brainstem and hypothalamus (Hermans, et al., 2008). This
exact mechanism of T acting on AVP needs further scrutiny, as the only neuroimaging
paper so far on AVP effects on the human brain did not show a direct effect on the
amygdala, but alterations in prefrontal regions connected to the amygdala (Zink, et al.,
2010). Nonetheless, another indication for the proposed shift induced by T comes
from an electro-encephalography (EEG) study, which shows that T decreases the
coupling between oscillations arising from cortical and sub-cortical neural regions
(Schutter & van Honk, 2004). An EEG study with OT administration on the other hand,
showed changes in frequency bands suggesting increased activation of mirror-neuron
circuits during perception of biological motion (Perry et al., 2010). This increase in
mirror neural circuits might explain increased detection of biological motion, as
reported earlier (Keri & Benedek, 2009).

figure 1. Neural model for the effects of steroids and neuropeptides on brain connectivity. By acting on the
amygdala, T and OT can shift output patterns towards the brainstem or prefrontal brain regions respectively. T
does so by acting on AVP, OT possible in concert with E. (A = amygdala; Tha = thalamus; ACC = anterior cingulate
cortex; Sep = septum; PVN = paraventricular nucleus; Bst = brainstem; OFC = orbitofrontal cortex; STS = Superior
Temporal Sulcus; OT/E = Oxytocin/Estrogen; T/AVP = Testosterone/Arginine Vasopressin)
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The model (figure. 1) by which the neuropeptides and steroids can modulate social
behavior may reflect how the underlying brain mechanisms evolved to adaptively and
flexibly adjust behavior to the environment (Porges, 2001). In challenging
environments wherein individuals are exposed to social and other threats, T will
reduce fear and strengthen the motivation to act by activating the sympathetic
nervous system, and promote assertive, "courageous" acting-out behaviors, especially
toward these threats. T acts in concert with AVP, which by shifting away from complex
stimulus processing enables better coping with threat. In a safe environment, E and
OT shift the balance towards parasympathetic activation, initiating reduced stress and
more local, domestic and friendly activities. By inhibiting amygdala output to
brainstem regions, E and OT give rise to more cognitive control by prefrontal neural
regions, thereby facilitating social bonding through the direct effects of OT on
dopamine reward-seeking systems during social interaction. After stress, OT will
facilitate reduction of anxiety and the HPA stress response to reestablish homeostasis.
Indeed, a study investigating the acute effect of E on heart rate found evidence for
increased parasympathetic tone after E administration (Kaya, Cevrioglu, Onrat,
Fenkci, & Yilmazer, 2003). Together with the well-documented soothing and stressreducing effects of OT, and the above described finding of fear reduction by T, this
model provides a framework for the role of steroids and neuropeptides in human
social behavior.

5.2. on how these mechanisms translate to behavioral studies
The present review of literature on hormonal and neuropeptide regulation of human
social behavior has mainly focused on T and OT. Only seven studies are currently
available which investigated the role of acute AVP administration on human socialemotional behavior, and only two studies targeted the role of E (table 1). Of the two
studies on E, one investigated a very basic component of the CNS, while the other
study only looked for effects on mood using a questionnaire (Schleifer, Justice, & de
Wit, 2002). When attempting to measure the subtle effects of hormones on social
behavior by self-report measure, it may not be surprising that effects are meager as
hormones may tap into implicitly driven aspects of behavior that cannot easily be
captured by self-reporting. Thus, compelling evidence for acute effects of hormone E
on human social behavior is currently lacking, and the currently available data on AVP
is also not yet convincing. This has however, more to do with the quantity of the data
instead of the results that were obtained; more studies are needed to establish any
concrete results. In contrast to E and AVP, there is considerable amount of data
showing effects of T and OT on human social behavior (table 1). These findings show
that the adaptive endocrine mechanisms evolved millions of years ago, and still exert
effects in today’s "highest" species.
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Studies on the effects of hormones on behavior, in humans as well as in other animals,
mostly follow the logic of first administering the hormone and then monitoring effects
on subsequent behavior. Unfortunately, these studies often do not (perhaps cannot)
adequately consider the role of the (social) environment wherein for the past millions
of years these social hormones came to regulate diverse behaviors. We know from
animal research that hormone surges often occur depending on the social contexts
wherein animals are situated, and that these surges can be strongly modulated by the
environmental differences (e.g.; season of the year in annual breeders) and by animal
characteristics (e.g.; gregarious versus competitive animals, dominance status,
previous wins and losses in fights) (Antunes & Oliveira, 2009; Gleason, et al., 2009;
Goodson & Kabelik, 2009). This strong environmental interaction demonstrates that
the effects of these hormones are not simply unidirectional, because some hormones
can serve different purposes in different environments, whereby slight differences in
context can yield different behavioral effects. Reviewing the literature on humans, this
dynamic relation between hormonal effects and social contexts seems to apply to
humans as well. Thus for the studies on E, OT, T, and AVP, we need to take into
account in which social environments these steroids and neuropeptides most likely
served their functions in behavior. From this evolutionary perspective, and based on
the model described above (5.1), the findings on humans remain to be embedded in
dynamic frameworks that can yield differential predictions depending on
environmental context.
In our estimation, T and AVP are important in environments that demand
action, and especially when the individual is confronted with social challenges. T
surges will adaptively increase vigilance and the motivation to act, either by the effect
of T itself or by acting on AVP. T does so through reducing fear and initiate approach
motivation by acting on reward-seeking pathways in the presence of desired goals,
irrespective of whether the goal is aggression(dominance), sex, or monetary gain. The
function of AVP when confronted with challenge, might very well be shifting towards
less complex stimulus processing, thereby increasing the focus to deal with threat. In
contrast, E and OT function more distinctly in safe environments where there is no
direct need for vigorous action. But when dealing with threat, OT has an important
function to reinstate homeostasis. E and OT enhance parasympathetic nervous system
activity, promoting calming behaviors and increased provision of care, especially for
infants. In primate evolution, with the shift towards cooperative breeding in human
ancestry, this increased caring response extended to family and group members
(Hrdy, 2005, 2009). OT also reduces fear, and facilitates social bonding by increasing
social proximity.
A shift toward more social-cognitive neural networks in certain species, gives
rise to increased empathy and higher-order social cognition. The other side of this
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emphasis on increased care and bonding with infants or in-group members is the
increased emphasis this shift brings to how one responds distinctly to in- and outgroups. It can bring forth more aggression towards intruders in rodent mothers
(Bosch, et al., 2005), but also more in-group favoritism (De Dreu, et al., 2010), as well
as increased jealousy and gloating in humans (Shamay-Tsoory, et al., 2009). The
differences between the sexes with respect to hormone manipulations can also be
illuminated by this framework, in line with the tend-and-befriend hypothesis for the
female stress response (Taylor, et al., 2000). The dominant role of females in
providing care for infants and securing their survival has left its trace in the
neuroendocrinology of social behavior. Although in the case of extreme threat,
females as well as males are inclined to fight or flight, the female stress response also
carries a strong caring component, wherein stress can lead to increased bonding and
affiliation among group members, a response which is less evident in males. Perhaps
this sexual diversity in stress coping can help explain the differences in male and
female brain responses to OT administration described above.
Although both OT and T can reduce fear in humans (E. J. Hermans, et al., 2006;
Kirsch, et al., 2005), they seem to do so via different mechanisms: T and AVP promote
the ability to detect and cope with threat, whereas OT promotes the search for
proximity and friendly interaction with others. This may help explain the findings that
both T and OT increase attention towards faces (Gamer, et al., 2010; Hermans, et al.,
2008). Increased attention in the case of T is selective to angry and fearful faces, for
these signal threat. With high OT, such a selective bias does not seem to apply, as OT
more generally increases attention towards social stimuli, and when confronted with
faces this translates to paying more attention to the eye regions of the face (Guastella,
Mitchell, & Dadds, 2008).
During social interactions, effects of the steroids and peptides no doubt
increase in complexity as the complexity of environments and subjects' ideas about
their environments start to play a more substantial role (Eisenegger, et al., 2010).
Overall, T, perhaps by AVP, increases the motivation for actions which hold rewarding
properties for the individual. This can lead to more risk taking (van Honk et al., 2004),
reduced empathy (Erno Jan Hermans, et al., 2006), as well as to increased fairness if
this fairness leads to bigger gains (Eisenegger, et al., 2010), contextualized, no doubt,
by the subjective motives of the individual. OT promotes a greater directed focus on
the social environment and perhaps less on the subjective influences of individual selfserving motives, as it increases bonding behaviors, concentrated rather strictly in the
proximate social environment. This is reflected in experiments showing increased
trust (Kosfeld, et al., 2005), partner bonding (Ditzen, et al., 2009), cognitive and
affective empathy (Domes, Heinrichs, Michel, et al., 2007; Hurlemann, et al., 2010),
and also in findings which show increased in-group favoritism (De Dreu, et al., 2010),
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as well as jealousy and gloating (Shamay-Tsoory, et al., 2009) in an environment in
which competition is emphasized.
Phylogenetically, meta-cognitive capacities such as mind-reading and
conscious emotion detection lie a step beyond social recognition and social bonding.
On these social cognitive behaviors, T and OT demonstrate opposite effects whereby
OT facilitates mind-reading and emotion recognition, and T inhibits these capacities.
These opposite effects of T and OT seem to fit with the shift these hormones induce at
the neural level (Huber, et al., 2005; Kirsch, et al., 2005; van Wingen, et al., 2010),
leading to more self-serving affective reactivity by T, and more to social affectivecognitive behaviors by OT.
The model as presented in figure 2 integrates all the literature on the acute
effects of the steroids and peptides E, T, AVP and OT on human social-emotional
behavior, and can serve as a framework for future research on the
neuroendocrinology of human sociality. Thus, it needs to be emphasized that the
model as described here is incomplete by definition as it is restricted to the
aforementioned hormones, and does not include many other hormones and peptides
that might be relevant for an overall understanding of social-emotional behavior. Also,
the scarce literature on E and AVP limits the scope of the model. Nonetheless, it can
contribute as a starting point for future research and an invocation to generate more
complex and inclusive hypotheses. The model builds upon the current literature by
seeking to incorporate an important role for environmental interaction with hormone
administration effects. Future research should directly test the environmental
modulations of the effect of hormones on human social behavior in experimental
settings to validate these proposed dynamic relations, as well as related ideas of
autonomic balances and imbalances that result from social states (Porges, 2001;
Schulkin, 2007).

figure 2. Heuristic model for the effects of steroids and peptides on human social-emotional behavior. T and AVP
are important in environments that demand action, increasing vigilance and the motivation to act. In contrast, E
and OT function more distinctly in safe environments where there is no direct need for vigorous action. E and OT
enhance parasympathetic nervous system activity, promoting calming behaviors and increased provision of care,
especially for infants.
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5.3. correct translation, lessons for the future
Translational research, which in the past decades attempted to validate
neuroendocrine models based on animal literature in humans, has often yielded
inconclusive data. Many hormone administration studies testing the acute effects of
OT and AVP were performed before the emergence of affective-social neuroscience,
and most attempted to investigate the effect on memory processing, with rather weak
or no effects (de Wied, 1997; Fehm-Wolfsdorf & Born, 1991).
In hindsight, these findings might not be surprising, as these peptides exert
their functions in neural regions of the brain involved in emotional and affective
processing, not in declarative memory formation (Landgraf & Neumann, 2004). From
these studies, as well as others that left out the motivational and emotional aspects on
which these hormones act, it had been concluded or assumed that human behavior is
no longer under hormonal control, but that evolution had led the human brain to
become emancipated from hormonal-affective controls to more cognitively driven
motives (Curley & Keverne, 2005; Keverne, et al., 1996). Although it is certainly true
that we are not under the sway of some kind of hormonal dictatorship, largely
dependent on hormonal levels as some simpler organisms are, based on the current
review we conclude that human behavior still has substantial and important
endocrine control components. Although the neural substrates of reactive emotional
behavior humans share with other mammals (Panksepp, 2005) are, in humans, under
enhanced top-down cortical control, the studies reviewed here nonetheless show that
our ancestral hormones still have a firm grip on human mind and behavior.
Increased communication between cortical and sub-cortical neural structures
by the prefrontal expansion in primates has induced a shift towards increased
behavioral flexibility compared to more emotional reflexive behavior (Adolphs, 2009;
Dunbar & Shultz, 2007). However, as demonstrated by imaging studies on humans,
these cortical and sub-cortical shifts are hormonally modulated (see Section 5.1.). It is
exactly these shifts in the patterning of neural activation, which underlie the effects on
hormones in human social behavior.
When judging the effects of acute hormone administration, one has to bear in
mind that the methods of application in the case of humans are also a major limitation
when compared to animal research. Modest effects on human behavior after applying
hormonal nasal spray might not be surprising. In animal studies wherein substances
are directly injected in the brain (e.g.; intra-cerebroventricular injection; ICV),
behavioral effects are typically more robust. The aim for the following decades thus,
should be to develop methodologies and build models which can increase our
understanding of the biology underlying all social-emotional behaviors, while
simultaneously rendering justice to the complexity of these very same biological
underpinnings (Panksepp, 2001).
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6. conclusion
Direct translations from selected biological and behavioral markers, easily quantified,
to brain networks that control complex processes such as social bonding or
aggression that can barely be studied with current technologies, can lead to
misleading holistic ideas, comparable to those that Hippocrates advanced more than
2000 years ago, in which he deemed the levels of bodily humors directly responsible
for diverse human behavior or illness. We cannot yet do justice to the true neural
complexities that underlie mental and behavioral functions of the brain-body
continuum of individual animals, not to mention those that arise from inter-group
dynamics. Nonetheless, an increasing number of studies on the hormonal regulation of
human social behavior do show that steroids and neuropeptides are causally
implicated in human behavior. Behaviors that were formerly thought of as largely
cognitively mediated and free from endocrine underpinnings, are proving to be not so.
However in humans, such hormonal regulations are far from reflexive or automatic, as
the effects strongly interact with individuals’ environments and subjective states, and
interpersonal dynamics. Thus human social and emotional behaviors are not under
strict hormonal constraints (Keverne, et al., 1996), but the recent studies summarized
here do demonstrate that human behavior is importantly influenced by steroid and
neuropeptide systems. Disentangling how these, and other, neuroendocrine
mechanisms influence social behaviors, and how these mechanisms interact with the
environment, remains a big challenge. Our proposed model is simply an attempt to
provide a heuristic framework upon which new hypotheses can be formed and tested.
In our view, the acknowledgment that evolutionary ancient biology still underlies
human social behavior, is of pivotal importance for how we, humans, see ourselves in
relation to ourselves and our fellow animals (Bekoff, 2002).
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summary Correlational evidence in humans shows that levels of the androgen
hormone testosterone are positively related to reinforcement sensitivity and
competitive drive. Structurally similar anabolic-androgenic steroids (AAS) are
moreover widely abused, and animal studies show that rodents self-administer
testosterone. These observations suggest that testosterone exerts activational effects
on mesolimbic dopaminergic pathways involved in incentive processing and
reinforcement regulation. However, there is no human data in support of this
hypothesis. We used functional magnetic resonance imaging (fMRI) to investigate
effects of testosterone administration on neural activity in terminal regions of the
mesolimbic pathway. In a placebo-controlled double blind crossover design, twelve
healthy women received a single sublingual administration of .5 mg of testosterone.
During MRI scanning, participants performed a monetary incentive delay task, which
is known to elicit robust activation of the ventral striatum during reward anticipation.
Results show a positive main effect of testosterone on the differential response in the
ventral striatum to cues signaling potential reward versus non- reward. Notably, this
effect interacted with levels self-reported intrinsic appetitive motivation: individuals
with low intrinsic appetitive motivation exhibited larger testosterone-induced
increases, but had smaller differential responses after placebo. Thus, the present
study lends support to the hypothesis that testosterone affects activity in terminal
regions of the mesolimbic dopamine system, but suggests that such effects may be
specific to individuals with low intrinsic appetitive motivation. By showing a potential
mechanism underlying central reinforcement of androgen use, the present findings
may moreover have implications for our understanding of the pathophysiology of AAS
dependency.
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introduction
Correlational studies in humans show that high levels of testosterone, the primary
androgen steroid hormone, are associated with reward sensitivity, competitive drive,
and financial risk-taking (Archer, 2006; Coates & Herbert, 2008; Mazur & Booth, 1998;
Sapienza, Zingales, & Maestripieri, 2009). Widespread abuse of testosterone and
structurally similar synthetic anabolic-androgenic steroids (AAS) moreover indicates
that testosterone may have reinforcing properties (Frye, 2007; Wood, 2008). These
observations suggest that testosterone has activational effects on central incentive
processing circuits, but at present, there is no human evidence supporting this
conjecture.
Animal research has shown that rodents exhibit conditioned place preference
for locations associated with testosterone administration (Alexander, Packard, &
Hines, 1994; Arnedo, Salvador, Martinez-Sanchis, & Gonzalez-Bono, 2000; Arnedo,
Salvador, Martinez-Sanchis, & Pellicer, 2002; de Beun, Jansen, Slangen, & Van de Poll,
1992; Frye, Rhodes, Rosellini, & Svare, 2002) and self-administer testosterone both
orally (Johnson & Wood, 2001) and intracerebroventricularly (Ballard & Wood, 2005;
DiMeo & Wood, 2004, 2006b; Peters & Wood, 2005; Triemstra & Wood, 2004; Wood,
Johnson, Chu, Schad, & Self, 2004). Similar effects were observed when testosterone
(Packard, Cornell, & Alexander, 1997) or its metabolites (Frye, et al., 2002) were
infused directly into the nucleus accumbens (NAcc), and these effects were shown to
be blocked by dopamine (DA) receptor antagonists (Packard, Schroeder, & Alexander,
1998; Schroeder & Packard, 2000). Furthermore, increased Fos expression has been
reported in the ventral tegmental area after testosterone administration (Dimeo &
Wood, 2006a). Thus, these studies suggest that testosterone regulates incentive
sensitivity through interactions with mesolimbic DA pathways (Wood, 2008).
Blood oxygenation-level dependent functional magnetic resonance imaging
(BOLD-fMRI) studies in humans have shown reliable reward-related activations in
regions innervated by mesolimbic DA projections, including ventral striatum (the
approximate location of the NAcc) and medial prefrontal cortex. Notably, ventral
striatal responses have been shown to be strongest during anticipation of potential
rewards (Bjork & Hommer, 2007; Knutson & Cooper, 2005). Responses magnitudes
are moreover predicted by individual differences in appetitive motivation (Beaver et
al., 2006; Hahn et al., 2009), and are sensitive to pharmacological manipulation, for
instance using the indirect DA agonist dextroamphetamine (Knutson et al., 2004).
Although the BOLD signal provides no direct information about neurotransmission,
recent studies have shown a positive association between ventral striatal BOLD
responses and DA release (Schott et al., 2008), likely mediated through a postsynaptic
D1 receptor-dependent mechanism (Knutson & Gibbs, 2007).
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Two previous studies have shown effects of testosterone administration using BOLDfMRI (Hermans, Ramsey, & van Honk, 2008; van Wingen et al., 2009), but did not
specifically target incentive processing circuits. The present study therefore used
BOLD-fMRI to investigate effects of exogenous testosterone on these regions using a
(modified) monetary incentive delay (MID) task. Similar MID tasks have shown to
robustly activate the ventral striatum (e.g. Knutson, Adams, Fong, & Hommer, 2001).
In a counterbalanced placebo-controlled crossover design, healthy women received
one sublingual administration of .5 mg of testosterone (see Tuiten et al., 2000, for
details). Appetitive motivational traits were assessed using the BAS subscale of the
behavioral inhibition - behavioral activation scales (BIS-BAS; Carver & White, 1994)
and included as covariate. Baseline salivary samples were taken to estimate the free
(biologically active) fraction of testosterone. Our primary prediction was that
exogenous testosterone would increase the anticipatory ventral striatal BOLD
response. Additionally, we explored whether appetitive motivational traits and
baseline levels of testosterone would explain variability in the ventral striatal
response and possibly mediate the effect of exogenous testosterone.

materials and methods
participants Twelve healthy, adult women with normal or corrected-to-normal vision
(age range 18-25; mean age 20.4) participated in this study. Exclusion criteria were:
history of endocrine or psychiatric disorder, left hand dominance, habitual smoking,
current pregnancy, irregular sleep patterns, history of closed-head injury, and
presence of metal objects in the body. Use of (recreational) psychotropic drugs within
2 weeks of testing was not allowed. Nine women used standard estrogen/progestagen
oral contraceptives. For the remaining three women, testing was restricted to the preovulatory phase to control for (minor) variations of androgen levels throughout the
menstrual cycle (see also Hermans, et al., 2008). The reason for including only women
was that the pharmacokinetics and efficacy time-course of this method of
administration are well established in women (see below). Written informed consent
was obtained from all participants and the study protocol was approved by the ethical
review board of the University Medical Center Utrecht in accordance with the
declaration of Helsinki. All participants received financial compensation which
consisted of a fixed amount and the total amount gained during the two sessions in the
monetary incentive delay task.

68

effects of exogenous testosterone on the ventral striatal BOLD response during reward anticipation

drug samples Testosterone solutions consisted of .5 mg of testosterone, 5 mg of
hydroxypropyl-beta-cyclodextrin (which is used as a carrier to facilitate passage
across the oral mucosa), 5 mg ethanol, and .5 ml water. Placebo solutions lacked
testosterone but were otherwise identical. Previous research using identical
sublingual administration has demonstrated a sharp increase in plasma total
testosterone levels within 15 min of intake, reaching an approximate ten fold increase.
Even though testosterone levels returned to baseline within 90 min, maximum
physiological effects (measured as increased vaginal vasocongestion in response to
erotic stimuli) were reached 4 hrs after administration (Tuiten et al., 2000).
Numerous studies from our own lab (Hermans et al., 2007; e.g. Hermans, Putman,
Baas, Koppeschaar, & van Honk, 2006; Hermans, et al., 2008; van Honk et al., 2004)
and others (Eisenegger, Naef, Snozzi, Heinrichs, & Fehr, 2010) have found robust
behavioral and physiological effects using exactly the same methodology and time
delay, which was therefore also used in this study.

general procedure All participants were invited to the laboratory for two identical
sessions with an interval of at least one week (with counterbalanced order of drug
administration), and were instructed not to eat, and drink only water, during 1.5
hours prior to the appointment. Upon arrival the first day, participants completed the
BIS-BAS questionnaire (Carver & White, 1994). During both sessions, participants
performed a clinical urine HCG detection test. Subsequently, they provided 9 ml saliva
samples, which were used to determine free (biologically active) testosterone. We
opted for this salivary method of testosterone level assessment because it is noninvasive and therefore avoids potential confounds due to HPA axis responses to
venipuncture. Because sublingual application renders salivary measures unreliable
(levels may be overestimated due to remnants of the administered drug in saliva), we
were unable to determine the pharmacokinetics of sublingual testosterone
administration in our sample of participants (but see Tuiten et al., 2000, for plasma
levels). After this, participants received the drug sample, which they were instructed
to keep under the tongue for a full minute. They subsequently received instructions
and practiced the MID task. Participants were then instructed to avoid physically or
psychologically straining activities for 3.5 hours until scanning. In the scanner,
participants wore ear plugs, and foam pads were placed inside the head coil to restrict
movement. Instructions and task images were back-projected onto a translucent
screen positioned near the participants’ feet. During preparation scans, participants
performed a training run of the MID task which ended only after three reward hit
trials (see below). They then performed two subsequent runs of the MID task during
scanning.
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monetary incentive delay task The (modified) monetary incentive delay (MID) task
was split into two runs of approximately nine minutes. In each run, 17 potentially
rewarding, 17 non-rewarding, and 17 periods of baseline fixation (with the same 10.2
s duration as trials) were presented. Each trial (see figure 1) started with a cue
indicating whether that trial was potentially rewarding (red square) or nonrewarding (green square). These squares were presented for a duration varying
randomly between 3.5 and 8 s. Subsequently, a brief target (white circle) appeared on
the screen. Participants were instructed to push a button upon detection of the target,
irrespective of the cue type. When the button was pushed within the presentation
time of the target it remained on the screen, thus providing feedback that the target
was hit. In potentially rewarding trials, hits were rewarded with 1 euro each. 1 s
before onset of the next trial (total trial duration: 10.2 s), a 500 ms screen was shown
indicating the current cumulative gain. To control for individual differences in
reaction times and to equalize the total gain across sessions and individuals, the
presentation time of the target was adapted on a trial by trial basis (c.f. Cooper &
Knutson, 2008; Hahn, et al., 2009): after each hit, the presentation time of the target
was shortened by 20 ms. Each miss resulted in an increase of 10 ms. These
adjustments were applied for potentially rewarding and non-rewarding conditions
separately as reaction times are generally faster for rewarding trials. This procedure
results in a percentage of “hit” trials within both conditions of approximately 33%
with little variation. The MID task was programmed using E-Prime software
(Psychology Software Tools, Inc, Pittsburgh, Pennsylvania). The total amount of euros
participants earned in the MID task was added to the financial reimbursement.

figure 1. Trial structure for the MID task. Each trial (total duration 10.2 s) started with a red (potential reward) or
green (no reward) square cue (3.5-8 s duration). After this, a target appeared for a brief period and participants
were instructed to push a button upon detection. In hit trials only, the target remained on screen until a brief
feedback image informing the participant about the total gain. Target presentation times were determined
adaptively to result in approximately 33% hit trials for both conditions.
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MRI image acquisition All scans were obtained using a 3 Tesla Philips Achieva MRI
scanner (Philips Medical Systems, Best, The Netherlands) with Quasar dual gradient
set and eight-channel phased array head coil. Whole brain T2* weighted 3D-EPI
images were acquired with two-dimensional SENSitivity Encoding (SENSE; see
Pruessmann et al., 1999) acceleration. The following parameters were used: TE/TR:
23/34 ms, FA 12°, FOV (anterior-posterior, inferior-superior, left-right): 224*256*128
mm, voxel size: 4 mm isotropic, volume acquisition time: 784 ms. Volumes were
acquired in sagittal orientation (coverage ear-to-ear), with foot-head frequency
encoding direction. SENSE was applied in anterior-posterior and in left-right
directions with acceleration factors R=2 and R=1.8, respectively (see Neggers,
Hermans, & Ramsey, 2008). This fast and short TE sequence was designed specifically
to minimize signal dropout and image distortion due to magnetic field inhomogeneity
around air-tissue interfaces. 671 images were acquired for each run of the MID task
(total amount: 2 runs * 2 sessions * 671 = 2684 BOLD images). For each scan session,
one additional (geometrically identical) image was acquired with a larger flip angle
(27°), which yields increased T1 weighting and hence higher grey-white matter
contrast. This image was used as an intermediate to improve registration between
functional and anatomical images.
A T1-weighted high resolution Fast Field Echo structural scan was obtained
once for each participant using the following parameters: TE/TR: 2.3/25 ms, flip angle
30°, FOV 256*150*204 mm, voxel size: 1 mm isotropic, volume acquisition time: 6 min
42 s.

MRI image analysis MR scans were analyzed using using SPM5 (Wellcome
Department of Imaging Neuroscience, London, UK). Motion correction was performed
using 6 parameter rigid body transformation and sum of squared differences
minimization. To facilitate registration of functional images with structural scans, we
first registered the functional scans to the 27° flip angle scan. This scan was
subsequently used to perform cross-modal registration (six parameter rigid body
transformation with mutual information maximization) with the T1 weighted
structural image. Subsequently, all images were normalized into standard (MNI152)
space using affine transformations and non-linear deformations, and resampled into 4
mm isotropic voxels using 4th degree B-spline interpolation. Finally, all images were
smoothed using an 8 mm FWHM gaussian kernel to accommodate residual between
subjects variance in (functional) anatomy.
Statistical analysis of fMRI data at the individual subject level was performed
within the general linear model framework using multi-session (2 test days * 2
repetitions) models. These models contained, for each of these four repeated sessions,
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the following regressors. Two regressors were included to model the cue duration
period for the potentially rewarding and non-rewarding trials, respectively. These
regressors described the short and variable (3.5-8 s) periods during which (red or
green) cues were presented and were convolved with a canonical hemodynamic
response function (HRF) as implemented in SPM5. In addition, the onset of visual
feedback of total gain at the end of each trial was collapsed over trial types and
modeled using a HRF-convolved delta function. Rigid body transformation parameters
(three translations and three rotations) obtained during realignment, and a constant
term, were also included as regressors. High pass filter cut-off was set at 1/128 Hz.
For each participant, contrast maps were subsequently generated for the main effect
of reward condition across sessions, interaction of reward condition with drug, and
effects of reward condition within the two drug conditions.
Group analysis was performed by subjecting these contrast images to second
level random effects models testing the null hypothesis of zero difference across
participants, with random field theory based family wise error (FWE) corrections as
implemented in SPM5. BAS or baseline salivary testosterone was included as covariate
of interest where applicable. Alpha was set at P < .05, corrected. For our main region
of interest (ROI; the NAcc), a small volume correction (SVC) was used that was based
on an anatomical mask of this region. This mask was created as follows: bilateral
nucleus accumbens was delineated in T1 weighted scans of 60 separate individuals
(21 males, 39 females; mean age: 21.9, age range: 18-38) using an automated
segmentation
procedure
as
implemented
in
FSL-FIRST
(see
http://www.fmrib.ox.ac.uk/fsl/first/index.html). Subsequently, all segmented images
were normalized into MNI152 space and averaged to create a probability mask, which
was thresholded at .75 (volume: 2179 mm3). Given uncertainty in exact localization of
small areas such as NAcc, we refer to this region as ventral striatum. Exploratively, we
examined effects of testosterone around all peak voxels of suprathreshold clusters
exhibiting a main effect of reward using small volume corrections based on a 10 mm
radius spherical search region. Outside these ROIs, whole-brain FWE corrections were
applied. Resulting statistical parametric maps were superimposed onto a high
resolution canonical T1 scan. For visualization purposes, thresholds for these images
were set at P < .001 and P < .005, uncorrected, for main effects of reward and
interactions, respectively. To further visualize correlations involving the main
covariate of interest (BAS), parameter estimates were extracted and averaged from
the full anatomically defined region (thus avoiding non-independent voxel selection,
see Kriegeskorte, Simmons, Bellgowan, & Baker, 2009) to which the effects were
localized, namely, the right ventral striatum (see figure 3, right panel).
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analysis of behavioral performance Reaction time (RT) data of responses during the
MID were filtered by removing values outside the 150-1000 ms range and those
exceeding 3 SDs from the mean. RTs were subjected to a repeated measures ANOVA
with drug (testosterone vs. placebo) and reward condition as within subject factors,
order (testosterone vs. placebo during first session) as between subject factor, and
BAS as covariate where applicable. Partial η squared (Pη²) effect size estimates are
reported for all ANOVA results.

biochemical analysis of salivary testosterone All saliva samples were stored in
plastic vials and frozen at -20° Celsius. Testosterone in saliva was measured after
diethyl-ether extraction using a competitive radioimmunoassay employing a
polyclonal antitestosterone antibody (J. Pratt, PhD, AZG 3290). [1,2,6,73H]Testosterone (TRK402, Amersham Nederland B.V.) was used as a tracer following
chromatographic verification of its purity (see Dabbs, 1990, for details).

results
salivary testosterone Mean salivary testosterone levels assessed prior to
administration on both testing days were 143.3 (SD: 104.0) and 162.8 (SD: 117.7)
pmol/l for the testosterone administration and placebo conditions, respectively.
These baseline levels did not differ significantly between the two drug conditions, and
there was no session repetition effect (both F < 1). The two measurements were
moreover highly correlated (Spearman's ρ(10) = .83, P < .001). Therefore, the mean of
the two measurements was used as a testosterone baseline measure for correlational
analyses.

BIS-BAS questionnaire results BIS-BAS trait questionnaire results were as follows:
mean BIS score: 19.6 (SD: 2.9). Mean BAS score: 42.1 (SD: 2.7). Neither BIS nor BAS
scores were significantly correlated with baseline testosterone levels.

monetary incentive delay (MID) task, behavioral results Mean reaction times to
target stimuli (and standard deviations) for potentially rewarding trials were 307.2
(7.0) and 302.1 (7.4) ms for the testosterone and placebo conditions, respectively. For
the non-rewarding trials, mean reaction times were 336.1 (11.8) and 329.0 (11.2) ms.
A repeated measures ANOVA with drug (testosterone vs. placebo) and reward
(potentially rewarding vs. non-rewarding trials) as within subject factors over these
reaction times yielded a main effect of reward (F(1, 11) = 26.8, P < .001, Pη² = .71). No
main effect of drug (F(1, 11) = 1.3, n.s.) or interaction involving drug (F < 1) was
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found. The order (testosterone vs. placebo first) factor did not yield a significant main
effect or interaction (all F<1.5, n.s.) and was therefore omitted. We subsequently
entered BAS scores into the same ANOVA, investigating whether BAS would be
predictive of interindividual differences in reaction times. This ANOVA again yielded a
significant main effect of reward, but also revealed a main effect of BAS: participants
with higher BAS scores had lower overall reaction times (F(1, 10) = 5.85, P = .036, Pη²
= .37). Again, no significant interactions involving drug were found. Finally, we
investigated whether baseline testosterone levels were associated with reaction time
measures in the MID task, but no effect involving this factor reached significance (all F
< 1).

figure 2. Main effect of reward and
enhancement after testosterone. Left
panel: contrast of potentially rewarding
vs. non-rewarding trials. Right panel:
contrast showing larger reward effect
after testosterone administration. Both
statistical parametric maps are overlaid
onto a T1 weighted canonical image.
Slice coordinates (top to bottom:
coronal, sagittal, and axial) are defined
in MNI152 space and images are shown
in neurological convention (left=left).
Full brain statistical parametric maps
were thresholded at P < .001,
uncorrected (left panel) and P < .005,
uncorrected
(right
panel),
for
visualization purposes (see table 1 for
statistical tests).
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Observed mean percentages of hits (and SD) were 30.5 (2.8) and 29.2 (4.1) for
potentially rewarding and non-rewarding conditions, respectively, showing that the
adaptive reinforcement schedule successfully titrated the percentage of hits (for both
trial types) to approximately 33%.

monetary incentive delay task, functional MRI results We first identified regions
that exhibited a main effect of reward condition (potentially rewarding as compared
to non-rewarding trials; see figure 2 and table 1). As expected, this contrast yielded
robust bilateral differential activation in the ventral striatum. Separate peaks of
activation were also found in more dorsal parts of the striatum (putamen and caudate
nucleus), anterior insular regions extending into the orbitofrontal cortex, bilateral
premotor regions, the dorsal part of the anterior cingulate cortex (dACC), early visual
regions, thalamus, cerebellum, and a midbrain region in close proximity to substantia
nigra and ventral tegmental area (although the spatial resolution of our fMRI data
does not warrant inferences about midbrain subnuclei).
Further analyses of effects within our primary region of interest (ROI),
ventral striatum, were performed using small volume corrections (SVC) for a reduced
search region based on a bilateral anatomical mask (total bilateral volume: 2179 mm3;
see materials and methods). First, we investigated our main hypothesis of an
enhanced ventral striatal response to reward anticipation in the testosterone
condition. We indeed found a significant elevation of the reward effect in the right
ventral striatum (peak T = 5.89, P < .005, SVC). No other cluster of voxels reached
significance for this comparison (i.e., none reached whole-brain FWE correction, and
all P > .05, SVC, in regions exhibiting main effects of reward condition). Subsequently,
we investigated whether the ventral striatal drug effect was associated with individual
differences in BAS score. This analysis revealed a negative correlation between the
testosterone effect (i.e., the increase in reward effect after testosterone
administration) and BAS in the right ventral striatum (peak T = 7.26, P < .001, SVC;
again no other clusters reached significance). To further scrutinize this effect, we
investigated correlations between BAS and the main effect of reward for the two drug
conditions separately. In the testosterone condition, no significant voxels were found
for this analysis. However, in the placebo condition, a significant positive correlation
between the main effect of reward condition and BAS score was found, again in the
right ventral striatum (T = 6.92, P < .001, SVC). To illustrate and clarify these BAS
effects in the right ventral striatum, we extracted the data from the full anatomically
defined right ventral striatum to create scatterplots for the associations of BAS score
with the testosterone effect and the reward effects in the two drug conditions
separately (see figure 3). Together with the statistical analyses described above, these
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table 1. Summary of brain regions exhibiting main effects of reward and/or interactions with drug and BAS.
contrast/region

side

X

Y

Z

peak T

L

-8

8

-4

9.44***

R

16

12

-4

8.61***

Caudate Nucleus

L

-12

8

4

10.29***

Putamen

L

-20

16

0

8.53***

Anterior Insula

L

-36

24

4

10.46***

R

32

32

8

8.66***

Median Cingulate Cortex

R

12

16

40

10.36***

Supplementary Motor Area

L

-8

4

68

9.55***

R

0

0

64

8.82***

Precentral Gyrus

R

52

0

52

8.95***

Lingual Gyrus

L

-20

-76

4

9.34***

R

24

-84

-4

10.13***

Midbrain

R

4

-20

-16

9.96***

Thalamus

L

-16

-16

16

8.53***

Cerebellum

L

-4

-60

-44

8.95***

R

12

16

-4

5.89*

R

12

16

-4

7.26**

R

8

12

-4

6.92**

main effect of reward
Ventral Striatum

drug * reward (T>P)
Ventral Striatum
drug * reward * bas
Ventral Striatum
reward * bas (P)
Ventral Striatum

BAS, behavioral activation scale; T, testosterone condition; P, placebo condition
*, P < .005, small volume corrected
**, P < .001, small volume corrected
***, P < .05, whole-brain FWE corrected;.
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scatterplots demonstrate that participants that are low in BAS had a smaller right
ventral striatal response to reward anticipation in the placebo condition. In contrast,
after testosterone administration, the right ventral striatal response equalized across
participants at a higher (possibly ceiling) level.
Finally, we investigated whether any effects or interactions involving
testosterone baseline levels could be found in a priori regions of interest or in other
brain regions. No such effects were found.
figure 3. Interaction effects involving
the BAS covariate. Upper panel:
Selective three-way interaction effect of
reward * drug * BAS in the right ventral
striatum, and scatterplot showing the
direction of this effect (increased
testosterone effect in low BAS
individuals).
Middle
Panel:
No
significant correlation between BAS
score and main effect of reward in the
testosterone administration condition.
Bottom panel: Positive correlation
between BAS score and reward main
effect in the placebo condition. Coronal
slices are located at Y = 14 as defined in
MNI152 space and images are shown in
neurological convention (left=left). All
statistical parametric maps were
thresholded at P < .005, uncorrected,
for visualization purposes (see table 1
for statistical tests). Data shown in
scatterplots is extracted using an
anatomical mask of the full right ventral
striatum. T, testosterone; P, placebo;
BAS, behavioral activation scale; a.u.,
arbitrary units.

discussion
The present study aimed to investigate whether exogenous testosterone affects neural
activity in incentive processing circuits in the human brain. Results indeed show a
significant elevation of BOLD responses in the ventral striatum, a terminal area of the
mesolimbic DA system, during anticipation of potential rewards. Notably, however,
this effect was further qualified by an interaction with self-reported intrinsic
appetitive motivation (BAS), with stronger testosterone-induced increases in those
participants with lower BAS scores. Further testing showed that exogenous
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testosterone elevated ventral striatal responses of individuals with low BAS scores to
levels comparable to individuals at the other end of the BAS spectrum, whose ventral
striatal responses appeared not to be further elevated by testosterone.
Our finding of tesosterone-induced enhanced ventral striatal responses raises
the question what aspects of reward processing are affected by testosterone. Theories
of reward processing and mesolimbic DA system function commonly dissociate
hedonic (“liking”) and motivational (“wanting”) aspects of incentive processing (see,
e.g., Berridge & Robinson, 1998), and both are linked to the ventral striatum (e.g.,
Cooper & Knutson, 2008). In the present study, enhanced ventral striatal activation
was not accompanied by a decrease in reaction times. Although a null finding cannot
provide conclusive evidence, this may be taken to indicate that motivational aspects
were unaffected. However, previous correlational research suggests an association
between high levels of testosterone and increased motivational and competitive drive
towards appetitive goals (Archer, 2006; Mazur & Booth, 1998), and results from
placebo-controlled administration studies converge with these findings (Aarts & van
Honk, 2009; van Honk, et al., 2004). Moreover, the MID task used in this study does
not entail passive anticipation of reward, but contains a motivational component
because the receipt of reward is dependent upon the response. Such instrumental
requirements have been shown to enhance anticipatory responses in the ventral
striatum (Bjork & Hommer, 2007), although ventral striatal responses also occur
without (Cooper & Knutson, 2008; Dreher, Kohn, & Berman, 2006). In line with this
motivational account of ventral striatal activation, responses in this region to foodrelated stimuli have been shown to be increased when participants are in a state of
hunger (LaBar et al., 2001). Moreover, ventral striatal responses in a MID task similar
to the present study were enhanced in nicotine-deprived smokers (Wilson, Sayette,
Delgado, & Fiez, 2008). These observations converge with notions that DA pathways
are primarily involved in motivation, exertion of effort, and behavioral activation
(Alcaro, Huber, & Panksepp, 2007; Salamone, Correa, Farrar, & Mingote, 2007). Such
activational functions likely play a role not only in attainment of natural rewards, but
also in drug-seeking behavior (Vezina, Lorrain, Arnold, Austin, & Suto, 2002), and may
thus contribute to the development of AAS dependency. In sum, although only future
research can provide a definitive answer to the question which aspect of reward
processing is affected by testosterone, we think that it is likely that testosterone
primarily enhances (preparation for) appetitive goal attainment (i.e., “wanting”) in an
instrumental context.
The correlations between self-reported intrinsic appetitive motivation and
ventral striatal BOLD responses found in this study are consistent with this view.
These correlations revealed a larger testosterone-induced increase in participants
with low BAS scores. Further testing revealed that this effect was mainly carried by a
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positive correlation between BAS scores and ventral striatal response during reward
anticipation, which was found exclusively in the placebo condition. This finding is in
direct correspondence with two recent studies that showed positive associations of
similar measures of appetitive motivation with ventral striatal responses to
anticipation of monetary reward (Hahn, et al., 2009) and images of food (Beaver, et al.,
2006). Thus, our findings indicate that testosterone elevation overrides this reduced
appetitive response in low BAS individuals, increasing their responses to a level close
to high BAS individuals. This interpretation is in line with previous behavioral studies
that have shown that low BAS individuals tend to make less risky choices in economic
and gambling paradigms (Scheres & Sanfey, 2006; van Honk, Hermans, Putman,
Montagne, & Schutter, 2002), and that administration of testosterone can counteract
this inclination (van Honk, et al., 2004). Conversely, it appears that testosterone does
not affect ventral striatal function in high BAS individuals. The most likely explanation
for this is that these individuals were already at an optimal level in the placebo
condition, although there is a possibility that these individuals would reach a
supraoptimal state at even higher testosterone levels. In sum, although inferences
about individual differences should be made with caution given the small sample size,
our findings suggest that individuals at the low end of the BAS spectrum may be
particularly sensitive to androgen fluctuations.
The current timing and method of administration of testosterone allows for
multiple pathways to be involved in the effects found in this study. Previous research
has shown that sublingual administration of testosterone as used in this study exerts a
delayed effect upon sexual arousal as measured by vaginal vasocongestion (Tuiten et
al., 2000). Moreover, effects have been shown in behavioral tasks (e.g., Aarts & van
Honk, 2009; Eisenegger et al., 2010; Van Honk et al., 2004) and in psychophysiological
measures (e.g., Hermans et al., 2007; Hermans et al., 2006) using the same sublingual
timing and administration. This four hour delay would allow for slow genomic effects,
both by direct actions of testosterone or metabolites such as dihydrotestosterone
(DHT) on intracellular androgen receptors and after aromatization to estradiol.
Indeed, research has shown that both DHT (Rosellini, Svare, Rhodes, & Frye, 2001)
and estradiol (Jorge et al., 2005) have reinforcing properties similar to testosterone
(DiMeo & Wood, 2006b), and there is evidence in humans showing menstrual cycle
dependent changes in reward processing that are likely associated with estradiol
(Dreher et al., 2007). Although genomic effects presumably contribute strongly to
effects of androgens on sexual behavior (Wood, 2008), nuclear androgen receptors
are relatively scarce in NAcc and VTA (Stumpf & Sar, 1976), suggesting that other,
non-genomic, effects may be implicated. Especially 3α-diol, which is a further
metabolite of DHT, is known to act as a potent neurosteroid in modulating GABAa /
benzodiazepine receptor complexes (GBRs; see Frye et al., 1996). In agreement, it has
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been shown that androgen receptor blockers fail to attenuate conditioned place
preference. Moreover, such effects are blocked by GBR antagonists, and potentiated by
GBR agonists (Frye, 2007). Thus, both genomic and non-genomic mechanisms of
action may contribute to reinforcing effects of testosterone, but the exact pathways
remain to be fully clarified (Triemstra, Sato, & Wood, 2008).
An important question is to what extent actions on mesolimbic incentive
processing circuits may contribute to the development of AAS dependence. AAS are
tailored to maximize anabolic effects, but clearly still have androgenic and reinforcing
potency (Ballard & Wood, 2005). Studies of prolonged AAS use in athletes have
revealed classic signs of dependence, with hypomanic symptoms during use and
depression related to withdrawal, although findings were not always consistent and
not all studies are well controlled (Wood, 2008). The present findings, in combination
with a growing animal literature showing effects of AAS on mesolimbic DA pathways,
suggest that AAS and classic drugs of abuse share a common mode of action producing
the reinforcement that helps establish the circle of addiction. Nonetheless, such
conclusions should be drawn with caution as it is certainly true that AAS do not
exhibit the addictive potency that the typical drugs of abuse do (Wood, 2008).
One limitation of the current study that should be considered is the fact that
only women were tested. There are some indications that effects of androgens may
differ in men and women. For instance, AAS are known to be used more by men
(Yesalis, Kennedy, Kopstein, & Bahrke, 1993), more by those with high endogenous
testosterone levels, and more around the age at which endogenous testosterone peaks
(Wood, 2008). These findings suggest that circulating androgens enhance efficacy of
exogenous androgens. Indeed, experimental support has been found for this notion
(DiMeo & Wood, 2004). AAS are nonetheless also taken by women, even though
negative side effects such as a deepening of voice and facial hair are likely more
problematic to women (Yesalis, et al., 1993). Symptoms of dependence moreover
appear similar in men and women (Gruber & Pope, 2000). In addition, female
hamsters have been shown to self-administer testosterone intracerebroventricularly
(Triemstra & Wood, 2004). Taken together, these findings suggest that effects of
androgens differ between sexes in size rather than direction. Although further
research into sex-specific effects of androgens in humans is warranted, we therefore
think it is unlikely that a qualitatively different result would be obtained in men.
Another limitation that needs to be mentioned is that the majority of women that
participated in this study used oral contraceptives. Although this ensures more stable
hormone levels across the two test sessions, it cannot be excluded that oral
contraceptives alter the effects of exogenous testosterone.
In conclusion, the present study demonstrates enhancing effects of testosterone
administration on neural activity related to appetitive goal attainment in mesolimbic
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incentive processing circuits, most notably in individuals with low self-reported
intrinsic appetitive motivation. These findings may have implications for our
understanding of the mechanisms underlying the development of AAS dependency,
which represents an increasing public health risk and burden on society.
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summary Data from both rodents and humans show that testosterone reduces fear.
This effect is hypothesized to result from testosterone’s down regulating effects on the
amygdala, a key region in the detection of threat and instigator of fight-or-flight
behavior. However, neuroimaging studies employing testosterone administration in
humans have consistently shown increased amygdala responsiveness. A possible
explanation for these findings is that no study to date has investigated specifically how
testosterone affects the amygdala response to stimuli that signal the presence of
environmental threat, such as fearful faces. Such responses have most consistently
been associated with anxious traits. In the present study, we therefore used functional
Magnetic Resonance Imaging combined with a single administration of 0.5 mg
testosterone in 12 healthy women to assess testosterone’s effects on amygdala
responses to dynamic fearful (and happy control) faces. Our results show that both
stimuli activate the amygdala. Importantly, testosterone increased the amygdala
response to both stimuli, and to an equal degree. Thus, testosterone appears not to
reduce fear by attenuating the amygdala response towards signals of threat. A
possible explanation for our findings is that testosterone selectively increases
activation of the basolateral amygdala, but not the central nucleus, which is involved
in the generation of autonomic responses associated with fear. Post-hoc analysis of
the current data do concur with this explanation by showing basolateral, but not
central amygdala activation. This is in accordance with previous studies that show
that testosterone affects fear responses rather than background anxiety.
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introduction
Over the last decade, knowledge on the role of the steroid hormone testosterone in
human social and emotional behavior has greatly increased. Working from models
based on effects of testosterone in mostly rodents, efforts have been made to index the
effects of testosterone in humans (Bos, Panksepp, Bluthe, & Honk, 2012; Eisenegger,
Haushofer, & Fehr, 2011). One of the results of these efforts is the finding that
testosterone, known to reduce fear in rodents (Aikey, Nyby, Anmuth, & James, 2002),
has comparable effects in humans (Hermans et al., 2007; Hermans, Putman, Baas,
Koppeschaar, & van Honk, 2006; van Honk, Peper, & Schutter, 2005). In these studies,
a single administration of testosterone resulted in reduced startle potentiation in
response to threat of mild electric shock (Hermans, et al., 2006), reduced sympathetic
autonomic nervous system responses to threatening pictures (Hermans, et al., 2007),
and reduced automatic attention for fearful faces, which signal environmental threat
(van Honk, et al., 2005; Whalen et al., 2004). However, the neural mechanism by
which testosterone exerts these fear-reducing effects is currently unknown.
A key structure implicated in anxiety and the detection of salient
environmental features including threat, is the amygdala (Davis & Whalen, 2001).
Through its target regions such as the hypothalamus and the periaquaductal gray
(PAG), the amygdala is tightly linked to networks involved in fear responses and the
initiation of fight-or-flight behavior (Price, 2003). Considering this role, it is not
surprising this region is very sensitive to emotional facial expressions (Phelps &
LeDoux, 2005). Particularly dynamic facial expressions have been shown to elicit
robust amygdala activation (Sato, Kochiyama, Yoshikawa, Naito, & Matsumura, 2004;
van der Gaag, Minderaa, & Keysers, 2007). Also, amygdala responses to fearful faces
presented outside of focal attention are enhanced in highly anxious, but healthy,
individuals (Bishop, Duncan, & Lawrence, 2004), and especially in females (Dickie &
Armony, 2008). Therefore, dysregulation of the amygdala has been proposed to
underlie the etiology of mood and anxiety disorders. Indeed, patients suffering from
mood and anxiety disorders show exaggerated amygdala responses to emotional faces
compared to controls (Drevets, 2003; Monk, 2008), in particular towards fearful faces
(Labuschagne et al., 2010). Moreover, the amygdala is an important target of
testosterone, as it is rich in androgen receptors (Sarkey, Azcoitia, Garcia-Segura,
Garcia-Ovejero, & DonCarlos, 2008), as well as in aromatase, which converts
testosterone into estradiol (Biegon et al., 2010). Finally, males show faster attenuation
of the amygdala in response to fearful faces accompanied by lower autonomic stress
responses compared to females, who have lower baseline testosterone levels
(Williams et al., 2005). Based on these findings, it can be hypothesized that
testosterone exerts its fear-reducing properties by reducing amygdala responses to
environmental threat cues.
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However, studies investigating the effect of testosterone on the amygdala performed
so far show positive correlations between endogenous testosterone levels and
amygdala responses to facial stimuli (Derntl et al., 2009; Manuck et al., 2010; Stanton,
Wirth, Waugh, & Schultheiss, 2009). Also, studies employing a single administration of
testosterone, which in contrast to correlational methods can give causal insight, show
increased amygdala responses to faces after testosterone administration (Hermans,
Ramsey, & van Honk, 2008; van Wingen et al., 2009). These findings are not in favor of
the hypothesis that testosterone reduces fear by inhibiting the amygdala response.
However, such findings may also be explained by the fact that the studies by Hermans
et al. (2008) and van Wingen et al. (2009) did not use prototypical innate human
danger cues. For instance, Hermans et al. used angry and happy faces, while van
Wingen et al. presented fearful faces simultaneously with angry faces, making it
impossible to distinguish amygdala responses to these two expressions. Fearful faces
have been shown to elicit stronger amygdala responses than angry faces (Whalen et
al., 2001). This difference may be due to the fact that fearful faces signal the presence
of environmental threat without themselves providing information about its source. It
has been argued that this ambiguity drives the amygdala response (Davis & Whalen,
2001; Whalen, 1998). In contrast, angry faces are less ambiguous because the angry
face itself represents the source of threat (Adams, Gordon, Baird, Ambady, & Kleck,
2003), and in particular social threat (Hermans, et al., 2008; van Honk et al., 2001).
For these reasons, amygdala responses to the expression of fear are more suitable to
probe neural processes underlying anxiety (Bishop, et al., 2004; Whalen, et al., 2001).
The present study therefore aimed to assess the effect of testosterone on the
amygdala response specifically to fearful faces.
In a counterbalanced placebo-controlled crossover design, 12 healthy women
were sublingually administered 0.5mg of sublingual testosterone. Functional Magnetic
Resonance Imaging (fMRI) was used to measure neural responses to dynamic happy
and fearful emotional faces, of which the happy facial expressions serve as a control
condition (van Marle, Hermans, Qin, & Fernández, 2009). Happy and fearful faces
were presented in separate blocks to investigate the responses in our a priori region
of interest, the amygdala, to both emotional expressions. This design allowed us to
answer the question of whether testosterone decreases fear by reducing amygdala
responses towards signals of threat.
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methods
subjects Twelve healthy, adult women with normal or corrected-to-normal vision
(age range 18-25; mean age 20.4) were tested in a double-blind, placebo-controlled,
fully counterbalanced crossover design. Exclusion criteria were: history of endocrine
or psychiatric disorder, left hand dominance, habitual smoking, current pregnancy,
irregular sleep patterns, history of closed-head injury, and presence of metal objects
in the body. Use of (recreational) psychotropic drugs within 2 weeks of testing was
not allowed. Nine women used standard estrogen/progestagen oral contraceptives.
For the remaining three women, testing was restricted to the pre-ovulatory phase in
order to control for (minor) variations of androgen levels throughout the menstrual
cycle (see also Hermans et al., 2008). Written informed consent was obtained from all
participants and the study protocol was approved by the ethical review board of the
University Medical Center Utrecht in accordance with the declaration of Helsinki. All
participants received financial compensation.

testosterone administration The testosterone sample consisted of 0.5 mg of
testosterone, 5 mg of the carrier cyclodextrine, 5 mg of ethanol, and 0.5 ml of water.
The placebo sample was identical to the drug sample only without containing
testosterone. Both testosterone and placebo were administered sublingually under
supervision of the experimenter. Extensive prior research established that 0.5 mg of
testosterone in young women, without exception, results in an approximate 10-fold
increase in blood levels of testosterone 15 minutes after administration, and a return
to baseline in 90 minutes (Tuiten et al., 2000). The behavioral and physiological
effects of the administration, as demonstrated by enhanced vaginal pulse amplitude,
peaks 4 hrs after intake (Tuiten, et al., 2000). Several studies using diverse emotional
and cognitive measures have successfully replicated behavioral effects after this 4 hrs
delay (for a review, see Bos, et al., 2012). Therefore, the same 4 hrs delay was used in
the present study. For detailed description on how the administration relates to the
physiological testosterone levels in females and the generalizability of the data to
males, see Bos et al. (2010).

procedure All participants were invited to the laboratory twice with an interval of at
least one week and procedures were identical on both days. Appointments were made
4 hours before the scan sessions. All participants were instructed not to eat within 1.5
hours prior to the appointment and were allowed only to drink water. After arrival,
participants received the 0.5 ml drug sample, and were instructed to keep it under the
tongue without swallowing for a full minute. They then received instructions on the
scanner procedure and after this, participants were free to leave the laboratory and
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were requested to return 3.5 hours later. They were instructed to avoid physically or
psychologically straining activities within this time. After standard MRI safety
screening, participants were positioned in a supine position on the scanner bed. Ear
plugs were used to attenuate scanner noise, and foam pads were placed inside the
head coil to restrict movement. Instructions and task images were back-projected
onto a translucent screen positioned near the participants’ feet, which was visible
through an angled mirror mounted onto the head coil. The scanner room was dimly lit
throughout data acquisition.

dynamic facial expression task (DFET) The DFET consisted of blocks of facial stimuli
which dynamically changed from neutral to full expressions. There were eight blocks
of happy expressions, eight blocks of fearful expressions, and eight blocks of baseline
fixation. Each block lasted 26.7 s. Blocks were presented in a mirrored design avoiding
covariation of task regressors with linear drift, in the following order:
XFHXFHXFHXFHHFXHFXHFXHFX (X=fixation; F=fearful; H=happy), with blocks of F
and H switched in a counterbalanced fashion across participants. To control for
attention, participants were instructed to press a button each time the fixation cross
appeared. Stimuli were greyscale ovals containing the faces from chin to forehead of 8
actors taken from a standardized set of faces controlled for luminance and contrast
(Ekman & Friesen, 1976). Morphing sequences were computer generated animations
consisting of of four frames (at 55%, 70%, 85%, and 100% of emotional expression)
with a total duration of 133 ms (created using WinMorph 3.01). Animations of each
actor were repeated seven times within each block (i.e., 7*8=56 animations per block,
476 ms SOA). Prior studies using dynamic emotional faces have demonstrated robust
amygdala activation (van der Gaag, et al., 2007; van Marle, et al., 2009), also when
compared to static faces (Sato, et al., 2004). After the DFET, participants performed a
monetary incentive delay task which is reported elsewhere (Hermans et al., 2010).

scanning parameters All scans were obtained using a 3 Tesla Philips Achieva MRI
scanner (Philips Medical Systems, Best, The Netherlands) with a Quasar dual gradient
set and an eight channel phased array head coil. Whole brain T2* weighted 3D EPI
images were acquired with two-dimensional SENSitivity Encoding (SENSE; see
Pruessmann, Weiger, Scheidegger, & Boesiger, 1999) acceleration. The following
parameters were used: TE/TR: 23/34 ms, FA 12°, FOV (anterior-posterior, inferiorsuperior, left-right): 224*256*128 mm, voxel size: 4 mm isotropic, volume acquisition
time: 784 ms. Volumes were acquired in sagittal orientation (coverage ear-to-ear),
with frequency encoding in the foot-head direction. SENSE was applied in anteriorposterior and in left-right directions with acceleration factors R=2 and R=1.8,
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respectively (see Neggers, Hermans, & Ramsey, 2008). This fast and short TE
sequence was designed specifically to minimize signal dropout and image distortion
due to magnetic field inhomogeneity around air-tissue interfaces. 816 such images
were acquired for each session of the dynamic face task. For each scan session, one
additional (geometrically identical) image was acquired with a larger flip angle (27°),
which yields increased T1 weighting and hence higher grey-white matter contrast.
This image was used as an intermediate to improve registration between functional
and anatomical images. A T1-weighted high resolution fast field echo structural scan
was obtained once for each participant using the following parameters: TE/TR: 2.3/25
ms, flip angle 30°, FOV 256*150*204 mm, voxel size: 1 mm isotropic, volume
acquisition time: 6 min 42 s.

fMRI data processing and analyses MR scans were analyzed using using SPM2
(www.fil.ion.ucl.ac.uk/spm; Wellcome Department of Imaging Neuroscience, London,
UK). Motion correction was performed on all functional scans using 6 parameter rigid
body transformation and sum of squared differences minimization. To facilitate
registration of functional images with structural scans, we first registered the
functional scans to the 27° flip angle scan. This scan was subsequently used to
perform cross-modal registration (six parameter rigid body transformation with
mutual information maximization) with the T1 weighted structural image.
Subsequently, all images were normalized into standard (MNI152) space using affine
transformations and non-linear deformations, and resampled into 4 mm isotropic
voxels using 4th degree B-spline interpolation. Finally, all images were smoothed
using an 8 mm FWHM gaussian kernel to accommodate residual between subjects
variance in (functional) anatomy.
Statistical analysis of fMRI data was performed within the general linear
model framework using multi-session models (testosterone and placebo) for each
participant. Both face conditions (happy vs. fearful faces) were modeled separately as
a box-car regressor for each session. These regressors described the onset and
duration of the blocks with morphing faces, and were subsequently convolved with
the canonical hemodynamic response function included in SPM2. High pass filter cutoff was set at 1/128 Hz. After estimating these models, maps of the beta values for
both contrasts in the two sessions were subjected to second level random effects
analyses testing the null hypothesis of zero difference across participants with
random field theory based family wise error (FWE) corrections as implemented in
SPM. Alpha was set at P < 0.05, corrected, throughout. For our main region of interest
(amygdala), a small volume correction (SVC) was used that was based on an
anatomical mask of this region derived from the AAL template (Tzourio-Mazoyer et
al., 2002). Outside of this ROI, only statistical differences exceeding a whole-brain
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FWE correction were considered significant. Statistical parametric maps resulting
from
these
analyses
were
superimposed
(using
MRIcron:
http://www.sph.sc.edu/comd/rorden/mricron/) onto a high resolution T1-weighted
image of a single individual transformed into MNI152 space. For visualization
purposes, thresholds for these images were set at P < .001, uncorrected. To further
investigate and visualize effects of testosterone administration, parameter estimates
of both left and right amygdala were extracted using MarsBar (Brett, Anton,
Valabregue, & Poline, 2002) based on the anatomical mask described above.
Finally, a post-hoc analysis was performed to give insight into the location of
the testosterone-induced activation within the amygdala. For the contrast of
testosterone > placebo, a SVC was used for anatomically defined ROIs of the bilateral
sub-regions of the amygdala based on the cytoarchitectonic probability maps of the
basolateral amygdala (BLA), the central-medial amygdala (CMA), and the superficial
amygdala (SFA) (Amunts et al., 2005).

results
The contrast for the main effect of presentation of emotional faces (happy and fearful
faces combined versus rest) across both sessions showed strong bilateral activation in
a large part of the occipital lobe and fusiform gyrus, both involved in processing of
visual information (see table 1; figure 1 left panel). The same contrast yielded
activation in the left amygdala, the right hippocampus, bilateral precentral gyrus,
temporal pole, and the triangular and orbital regions of the inferior frontal gyrus. Also
the bilateral amygdala was significantly activated in this contrast (p < 0.05; SVC).
Although there was strong activation for the main contrast of stimulus versus rest, no
differential activation was found when comparing the two stimulus types. When
looking at the effects of drug, a main effect of testosterone administration was
observed in the left amygdala (table 1; figure 1 right panel), which responded more
strongly to the facial expressions after testosterone compared to placebo (p < 0.05;
SVC). No interaction of drug with stimulus type survived the threshold of p < 0.05
whole brain FWE-corrected, or by SVC for the bilateral amygdala. To illustrate in what
way testosterone administration affects amygdala activation, averages of the
extracted parameter estimates for the different conditions, which were extracted
based on an anatomical mask of the amygdala, are plotted in figure 2. In concurrence
with the statistical parametric mapping analysis, figure 2 shows stronger activation
after testosterone for both emotion conditions in the left amygdala. Thus, the two
different facial expressions yielded comparably strong activation, and testosterone
administration increased this activation in the left amygdala for both happy and
fearful faces.
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Finally, the post-hoc analysis investigating the activation in the sub-regions of the
amygdala showed a significant activation for the contrast testosterone > placebo in
the bilateral BLA (t(11) = 4.21, p < 0.005) and SFA (t(11) = 4.94, p < 0.001), but not the
CMA (t(11) = 2.58, p > 0.05).

table 1. peak T values and corresponding MNI coordinates for significantly activated voxels
experimental effect

peak voxel location

region

peak T-values

x

y

z

main effect: emotion > rest
inferior occipital gyrus

L

-40

-72

-8

16.94*

calcarine sulcus

R

20

-96

4

15.47

hippocampus

R

24

-28

-8

7.78*

precentral gyrus

L

-52

-4

48

6.83*

R

48

-4

52

6.44*

L

-40

24

-36

6.32*

R

40

24

-32

5.53*

temporal pole

IFG, triangular part

L

-44

16

24

5.69*

R

52

40

12

5.59*

postcentral gyrus

R

52

-20

56

5.51*

IFG, orbital part

R

28

24

-24

5.44*

superior frontal gyrus

R

16

28

60

5.43*

middle temporal cortex

L

-60

8

-20

5.43*

medial superior frontal cortex

R

12

64

28

5.42*

amygdala

L

-20

0

-20

5.38*

R

28

0

-16

4.74**

L

-20

-4

-12

4.94**

main effect: testosterone > placebo
amygdala

R, right; L, left; IFG, inferior frontal gyrus
*whole brain FWE corrected a p <0.05, ** small volume corrected at p <0.05
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figure 1. Coronal, sagittal, and axial
slices
with
accompanying
MNI
coordinates of the Y-, X-, and Z-axis of
the t-maps for the main effects of faces
vs. rest and testosterone vs. placebo.
The t-maps are thresholded at P < 0.001
uncorrected for illustration purposes
and overlaid onto a T1-weighted
canonical image.

figure 2. Parameter estimates extracted
from the anatomically defined bilateral
amygdalae in the placebo and
testosterone condition, for happy and
fearful faces.
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discussion
In this study we investigated by which mechanism testosterone reduces fear in
humans, and tested the specific hypothesis that testosterone would reduce amygdala
activation in response to a prototypical innate human danger cue: the fearful face.
Contrary to the hypothesis, testosterone administration increased the amygdala
response to fearful faces.
Although this finding does not confirm our hypothesis, it is in agreement with an
earlier study that showed a positive correlation between endogenous testosterone
levels and amygdala activation in response to (static) fearful faces (Derntl, et al.,
2009). Moreover, it corresponds with previous testosterone administration studies
that have shown increased amygdala responses to emotional faces (Hermans, et al.,
2008; van Wingen, et al., 2009). Extending these previous observations, our study
shows that testosterone even increases the amygdala response that is most strongly
related to anxious traits, namely the response to the danger cue of a fearful face. Thus,
it is unlikely that testosterone reduces fear by reducing the amygdala response
towards threat-related stimuli.
The present data raise the question how testosterone, if not by reducing
activation of the amygdala, reduces fear, and what explains the increased amygdala
activation towards fearful faces after testosterone administration. One relevant aspect
of testosterone with regard to these questions was brought to light by the studies
investigating the fear reducing effect of testosterone in humans. These studies
showed, namely, that this hormone selectively targets the fear response (Hermans, et
al., 2006; van Honk, et al., 2005). For instance, Hermans et al. showed that
testosterone specifically reduces the cue-specific fear potentiation of the startle reflex,
but does not affect baseline startle responses (Hermans, et al., 2007; Hermans, et al.,
2006). This effect of testosterone is unlike that of anxiolytics such as benzodiazepines,
which reduce baseline startle rather than fear potentiated startle (Baas et al., 2002;
Grillon, 2002). Baseline startle is a measure that is proposed to relate to consciously
experienced anxiety, which concurs with the common use of benzodiazepines in
patients suffering from anxiety disorders. In contrast, fear potentiation of the startle
reflex, which is targeted by testosterone, is a response that is triggered by a discrete
threat cue. Moreover, in the study by van Honk et al. testosterone only reduced fear
responses to fearful facial expressions presented below the threshold of conscious
perception, while it did not affect conscious measures of anxiety (van Honk, et al.,
2005). Together, these studies demonstrate that testosterone may reduce fear rather
than anxiety, a distinction that might aid the interpretation of our current data.
A distinction in fear-related processes can also be found in the different
subregions which together encompass the amygdala. Of these subregions, the
basolateral amygdala (BLA) is mostly an input region for sensory information, while
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the central-medial amygdala (CMA) is an output region, projecting downstream to
brainstem regions such as the PAG (Price, 2003). Thus, the CMA is most strongly
related to the generation of autonomic fear responses, while BLA responses are more
related to fear learning (Davis & Whalen, 2001; Phelps & LeDoux, 2005). Recent
rodent data show that the functions of these subregions are not only dissociated, but
that the BLA is even capable of reducing CMA output (Macedo, Martinez, AlbrechetSouza, Molina, & Brandao, 2007; Tye et al., 2011). This implies that fear reduction
induced by testosterone might not be inconsistent with increased activation of the
BLA. In a post-hoc analysis we performed to provide more insight into the location of
our effect within the subregions of the amygdala, we found that the increased
activation of the amygdala was limited to the BLA and superficial amygdala (SFA), and
did not encompass the CMA. This finding provides tentative evidence that
testosterone affects the BLA more strongly than the CMA, and provides for a possible
explanation for how this hormone can reduce fear while at the same time increasing
activity in (parts of) the amygdala.
A limitation of the current study is that the paradigm used was specifically
designed with dynamic emotional expressions to elicit robust amygdala activation. It
could be that the strong amygdala activation obscured subtle differences between
emotional expressions induced by testosterone administration that have been found
with static faces in previous studies (Hermans, et al., 2008). Moreover, future research
should measure neural responses to fear-inducing stimuli concomitantly with
autonomic nervous system measures of fear. Such a setup can give more direct insight
into the question how increased BLA responses relate to reductions in fear.
In this study, we tested the hypothesis that testosterone would decrease
amygdala activation in response to fearful faces. In contradiction to this hypothesis,
testosterone increased the amygdala response to fearful faces, suggesting that
testosterone does not reduce fear by down regulating the amygdala response. A
possible explanation for the current findings is that testosterone selectively increases
activation of the BLA, but not the CMA. This explanation is consistent with previously
reported findings showing that testosterone reduces cue-specific fear responses
rather than background anxiety.
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summary Parental responsiveness to infant vocalizations is an essential mechanism
to ensure parental care, and its importance is reflected in a specific neural substrate,
the thalamocingulate circuit, which evolved though mammalian evolution subserving
this responsiveness. Recent studies using functional Magnetic Resonance Imaging
(fMRI) provide compelling evidence for a comparable mechanism in humans by
showing thalamocingulate responses to infant crying. Furthermore, possibly acting on
this common neural substrate, steroid hormones such as estradiol and testosterone,
seem to mediate parental behavior both in humans and other animals. Estradiol
unmistakably increases parental care, while data for testosterone are less
unequivocal. In humans and several other animals, testosterone levels decrease both
in mothers and fathers during parenthood. However, exogenous testosterone in mice
seems to increase parenting, and infant crying leads to heightened testosterone levels
in human males. Not only is the way in which testosterone is implicated in parental
responsiveness unresolved, but the underlying mechanisms are fully unknown.
Accordingly, using fMRI, we measured neural responses of 16 young women who
were listening to crying infants in a double blind, placebo-controlled, counter
balanced, testosterone administration experiment. Crucially, heightened activation in
the testosterone condition compared to placebo was shown in the thalamocingulate
region, insula, and the cerebellum in response to crying. Our results by controlled
hormonal manipulation confirm a role of the thalamocingulate circuit in infant cry
perception. Furthermore, the data also suggest that exogenous testosterone, by itself
or by way of its metabolite estradiol, in our group of young women acted on this
thalamocinculate circuit to, provisionally, upregulate parental care.
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introduction
Mammals are, more than their evolutionary ancestors, dependent on parental care. In
reptiles or amphibians, young must often be on the outlook of being eaten by their
own parents, but mammalian reproductive success depend to a larger extend on
supply of warmth, food, protection, and care (Farmer, 2000; MacLean, 1985). In the
light of the dependency on maternal care, specific neural and endocrine mechanisms
developed to ensure enhanced metabolism for bodily warmth and food supply, as well
as improved vocal communication to assure protection and care (Nelson & Panksepp,
1998; Pedersen, 2004). The thalamocingulate circuit, which is absent in species which
do not depend on parental care such as reptiles, evolved in early mammalian species
and is proposed to be critical for parental behavior, including responsiveness to infant
vocalizations (MacLean, 1985; Panksepp, Herman, Vilberg, Bishop, & DeEskinazi,
1980; Panksepp, Nelson, & Bekkedal, 1997). Animal research shows that damage to
forebrain structures, including the thalamocingulate circuit, leads to disturbed
parenting in both sexes and to lower infant survival rates (Insel & Young, 2001;
MacLean, 1990).
Disturbed reaction to infant vocalizations after forebrain lesions may
underlie dysfunctional parenting, as vocal communication is essential for most
mammalian species to elicit maternal care and bonding (Herman & Panksepp, 1981;
Newman, 2007). Crying is the human homologue of the separation call, the most
fundamental of infant vocalizations, which subserves a similar role in mother-infant
bonding (Christensson, Cabrera, Christensson, Uvnas-Moberg, & Winberg, 1995;
Winberg, 2005). Recent research in humans using functional Magnetic Resonance
Imaging (fMRI) indicates that besides this similarity in function, the neural substrates
of cry responsiveness have also been maintained throughout evolution.
In several studies, heightened neural activation in the thalamocingulate
circuit and related forebrain structures has been observed when parents and nonparents listened to infant crying (Swain, Lorberbaum, Kose, & Strathearn, 2007). More
specifically, Lorberbaum et al. (1999; 2002) showed cry responsiveness in mothers
when listening to an unfamiliar child in the anterior and medial cingulate gyrus (ACC,
MCC), the thalamus and hypothalamus, orbitofrontal cortex (OFC), insula, amygdala,
and the auditory cortices, although the amygdala was also activated in response to
control sound. Seifritz et al. (2003) extended these finding by comparing cry
responsiveness in parents and non-parents, both male and female. Again, unfamiliar
cry sounds were used. Overall, the crying stimuli vs. control sounds only elicited
activation of the auditory cortices. Nonetheless, interesting interactions were found
when comparing both sexes and parental status. Women showed an unexpected
deactivation of the ACC while parents relative to non-parents demonstrated
heightened activation of the MCC, insulae, the temporoparietal junction (TPJ), and the
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amygdala. However, in a recent study, Sander et al. (2007) looked again at sex
differences in non-parents and found more activation of the ACC and the amygdala in
females, as compared to males. Together these findings demonstrate that although the
specific patterns of activation are strongly dependent on sex, parental status and
contrasts between the stimuli that are used, the involvement of the thalamocingulate
circuit and prefrontal areas in infant cry perception is evident (Newman, 2007;
Panksepp, et al., 1997).
From evolutionary perspective, it can be predicted that not only the neural
circuits but also the endocrine mechanisms that acts on these circuits are homologues
in mammalian species. Especially in rodents, parental care and bonding is strongly
under hormonal control (Curley & Keverne, 2005; Insel & Young, 2001; Nelson &
Panksepp, 1998). The steroid hormones testosterone and its metabolite estradiol, for
instance, have both been implicated in mammalian parental behavior (WynneEdwards & Reburn, 2000). Estradiol acts in concert with the neuropeptide oxytocin,
which strongly facilitates lactation in mother-infant bonding after parturition (Carter,
1998). The actions of testosterone on parenting behavior, are not well understood. In
most male and female mammals including humans, testosterone levels decrease
during parenting (Fleming, Corter, Stallings, & Steiner, 2002; Gray, Parkin, & SammsVaughan, 2007; Storey, Walsh, Quinton, & Wynne-Edwards, 2000; Wynne-Edwards &
Reburn, 2000), however, exogenous testosterone in male mice seems to potentiate
parental behavior, presumably by conversion to estradiol (Trainor & Marler, 2002).
Moreover, heightened testosterone responses towards infant crying compared to
control sounds in fathers (Fleming, et al., 2002) points at an action preparatory
response to the crying infant. In mothers, cortisol elevations and changes in heartbeat
in response to crying have been reported (Furedy et al., 1989; Giardino, Gonzalez,
Steiner, & Fleming, 2008), perhaps reflecting a comparable action preparedness. It is
unknown however, if behavioral responses towards infant crying in both sexes share a
comparable underlying endocrinology. A recent study provides for insights into the
neuroendocrine mechanisms underlying maternal bonding, showing that mothers
have a heightened neural response in the thalamocingulate circuit after vaginal
delivery compared to cesarean section when exposed to infant cry stimuli (Swain et
al., 2008). This heightened neural response might be the effect of the oxytocin release,
which occurs during vaginal delivery, but is absent during cesarean section. Other
mechanisms, such as interactions of oxytocin with steroid hormones, cannot be
excluded however. To what extent, and by which specific mechanisms hormones
modulate cry responsiveness and shape adequate human parental behavior is still far
from understood.
To gather a first direct evidence into a possible role of testosterone in female
cry responsiveness, and to see by which neural mechanisms the hormone may act on
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the brain, we have administrated testosterone in a placebo-controlled, cross-over,
within subject design to 16 healthy young woman (Hermans, Ramsey, & van Honk,
2008), and performed functional Magnetic Resonance Imaging (fMRI) measurements
of their blood oxygenation level dependent (BOLD) response to crying infants.
Our main aim was to scrutinize the effect of testosterone on mammalian carecircuits in young females during infant crying. We critically tested whether
testosterone up- or down regulates activity in the thalamocingulate circuit, to get
more definitive insights given the conflicting evidence from the literature (Fleming, et
al., 2002; Trainor & Marler, 2002; e.g. Wynne-Edwards & Reburn, 2000). Additionally,
after both testosterone and placebo we indexed subjects’ subjective feelings towards
the crying stimuli and the control sounds (pleasantness, intensity, and emotionality).
Herewith we share resulting insights into the role of testosterone in responses to
separation distress in human females and elucidate the neural circuits involved.

methods
subjects 16 right handed healthy young women participated in the study; mean age
20.8 (SD 2.0). All participants were students recruited at the university campus of
Utrecht University. We controlled for menstrual cycle-related hormonal fluctuations
by including only women who used single phase oral contraceptives and performed
scans during days of pill administration. Participants had no history of psychiatric,
neurological, or endocrine abnormalities. Participants did not smoke and used no
medication other than oral contraceptives. None of the participants reported a history
of pregnancy. The experimental protocol was approved by the Ethics Committee of the
University Medical Centre Utrecht and was in accordance with the declaration of
Helsinki. Participants gave written informed consent prior to participation and
received payment afterwards.

testosterone administration The testosterone sample consisted of 0.5 mg of
testosterone, 5 mg of the carrier cyclodextrine, 5 mg of ethanol, and 5 ml of water. The
placebo sample was identical to the drug sample only without containing testosterone.
Both testosterone and placebo were administered sublingually under supervision of
the experimenter. Extensive prior research established that 0.5 mg of testosterone in
young women, without exception, results in an approximate 10-fold increase in blood
levels of testosterone 15 minutes after administration, and a return to baseline in 90
minutes (Tuiten et al., 2000). The behavioral and physiological effects of the
administration, as demonstrated by enhanced vaginal vasocongestion, peaks 4 h after
intake. Several studies using diverse emotional and cognitive measures have
successfully replicated behavioral effects in females after this 4 h delay (Hermans,
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Putman, & van Honk, 2006; Hermans, et al., 2008; van Honk, Peper, & Schutter, 2005;
van Honk & Schutter, 2007). Therefore, the same 4 hrs delay is used in the present
study.

experimental design and behavioral task The experimental setup of this study
follows a randomized, counterbalanced, cross-over, 2 X 2 factorial design with the
within subject factors of drug (testosterone, placebo) and condition (crying, control
sound). Based on previous research on the neural correlates of infant crying (Sander,
et al., 2007; Seifritz, et al., 2003), we constructed a block design task including three
conditions: infant crying, control sound, and a control condition wherein no sound
was presented. Block duration was 25 seconds, with 6 blocks of each condition.
Stimuli were presented using Presentation software (Neurobehavioral systems,
Albany, CA). Crying sounds of infants ranging from 1 to 5 months were taken from an
online sound effects library (www.audionetworkplc.com) and were adapted using
online available software (www.audacity.com) to create 6 different sound files with
durations of 25 seconds. Control sound files were created using Matlab 7.5 (The
Mathworks, Natick, MA) by segmenting the cry stimuli into 5 ms sound files which
were randomized and reassembled. Afterwards, the control files were overlaid with
the volume intensity modulations of the cry stimuli. This led to control sounds no
longer recognizable as crying, but with comparable volume and audio spectral
properties. Furthermore, to control whether participants attended to the stimuli
throughout the experiment, 9 sine-wave tones (1 kHz, 100 ms) were randomly
presented (Sander, et al., 2007) in response to which participants were instructed to
press a button. Participants were given a MRI compatible buttonbox and headphones,
and were instructed to attend to the sounds they would hear. Before scanning, the
sine-wave tone was presented once to check sound volume.
After scanning, a questionnaire was filled in by the participants to measure
how emotional the stimuli were experienced. Subjects were asked to rate the
intensity, emotionality, and the pleasantness of the stimuli on a visual analog scale.

scanning parameters Scanning was performed on a 3 Tesla Philips Achieva MRI
scanner (Philips Medical Systems, Best, The Netherlands). Blood oxygen level
dependent (BOLD-) response was measured with T2*-weighted sagittal whole-brain
images obtained throughout the task. A PRESTO sequence (Neggers, Hermans, &
Ramsey, 2008; Ramsey et al., 1998) was used with the following parameters: 23 ms
echo time, 16 ms repetition time; 224 mm x 224 mm x136 mm field of view; flip angle
of 9°. 555 scans with a volume acquisition time of 0.813 s were obtained, each
comprised of 39 sagittal slices; voxelsize 3.5 mm isotropic. Combining 3D scanning
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with echo shifting and SENSE (sensitivity encoding) in two directions allows very fast
whole brain scanning to increase the number of observations, yielding more detection
power (Neggers, et al., 2008). Furthermore, the scan sequence as described above
uses both parallel imaging acceleration (SENSE; see Pruessmann, Weiger, Scheidegger,
& Boesiger, 1999) and in-plane segmentation (van Gelderen et al., 1995) (two shots
per k-space plane), allowing for a shorter echo-train length (reducing distortion
artifacts) as well as a lower echo time (reducing signal dropout), in regions
susceptible for artifacts (e.g. ventral prefrontal areas, amygdalae) as compared with
conventional 2D-EPI sequences.
Subsequently a high resolution T1-weighted anatomical scan with the
following parameters was acquired for co-registration and normalization purposes:
4.7 ms echo time, 9.5 ms repetition time, 240 mm x221 mm x160 mm field of view,
266 sagittal slices, flip angle of 8.0°, voxelsize 0.6 mm isotropic.

procedure Participants were scanned at the same time of day on two separate days
with an interval of at least a week. Before administration participants were tested for
pregnancy using a standard clinical urine HCG detection test, and were screened on a
questionnaire for alcohol and drug use. Afterwards, the fMRI procedure was explained
to the participants who were given the opportunity to ask questions. 4 h prior to fMRI
data acquisition participants received testosterone or placebo administration due to
the delay in physiological effects as explained above.
After administration
participants were instructed to refrain from physically and psychologically intensive
tasks. Before being asked to lie in the MRI scanner, participants were screened using a
MRI-checklist and a metal detector. Participants were instructed to position
themselves on the scanner bed as comfortably as possible and to try to relax. Head
movement was refrained by rubber cushions which were placed between the RF-coil
and participants head. Further instructions during the scan session were given by
intercom. On both days, the questionnaire was filled in after the scan session. After the
second session, participants were debriefed and given payment.

fMRI data processing and analyses Preprocessing and subsequent analyses were
performed with SPM5 (http://www.fil.ion.ucl.ac.uk/spm). Functional scans were
motion corrected to the first dynamic scan by using a least squares approach and six
parameter rigid body spatial transformations. Functional volumes were then
coregistered to the anatomical scan by the same six parameter rigid body
transformations based on maximization of mutual information. Brain extraction was
performed on the individual anatomical scans within SPM5 by segmenting gray and
white matter and applying the gray and white matter maps as a mask for the
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anatomical scans. Extracted brains were used in further preprocessing steps leading
to better fit during coregistration. Subsequently, functional volumes were normalized
to a standard brain template (MNI) using 12 parameter affine transformations and
subsequent non-linear deformations and were resliced at 2 mm isotropic voxelsize.
Smoothing with an 8 mm full width at half maximum gaussian kernel was applied to
the normalized functional volumes.
A general linear model (GLM) was applied to the data to investigate the main
effects of the applied stimulus (effect of the cry sounds) and its interaction with
testosterone administration. Within both sessions, neural responses to exposure of
the cry sound and the morph sound are modeled using a 25 s boxcar function
convolved with a hemodynamic response function (hrf) as implemented in the SPM5
software. Additional regressors of no interest which are entered into the analyses to
reduce unexplained variance in the data include the realignment parameters, a
discrete cosine transform high pass filter with a cut-off of 128 s and a hrf-convolved
onset of the sine-wave tone to which participants had to respond. The contrast maps
of cry vs. baseline and morph vs. baseline in both sessions were entered in a second
level factorial ANOVA, with drug (testosterone vs. placebo) and stimulus (cry vs.
morph) as within subject factors.
The statistical threshold for all the calculated linear contrasts was set at p <
0.05 Family Wise Error (FWE) corrected. For both main effects and interactions with
drug administration, small search volumes were defined, based on anatomical regions
described in previous literature (Swain, et al., 2007). These regions of interest include
the thalamus, the anterior and posterior areas of the cingulate cortex, insula, and the
amygdala. For correct statistical thresholding, small volume corrections were applied
to the bilateral anatomical masked regions as defined in the automated anatomical
labeling (AAL) template (Tzourio-Mazoyer et al., 2002). Due to the large extent of the
anterior and posterior areas of the cingulate cortex, small volume corrections within
the cingulate regions were based on the locations of peak t-values for the neural
responses to crying reported in the literature (Lorberbaum, et al., 2002; Swain, et al.,
2008) with a spherical search radius extending 15 mm, but restricted to the cingulate
regions as defined in the AAL template. For display purposes only, a p <0.001
uncorrected threshold was applied.
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results
behavioral data Paired sample t-tests for the number of correct responses within the
different experimental blocks, and the reaction times to the control task, were all nonsignificant for the difference between testosterone and placebo (p-values all > 0.4).
The subjective ratings of the stimuli that were presented during scanning,
which were obtained after the scan session on both days, show that the cry stimuli
were experienced as more ‘emotional’ (t(15) = 3.38, p < 0.005), more ‘natural’ (t(15) =
2.46, p < 0.05), and more ‘intense’ (t(15) = 2.28, p < 0.05). This validates our
assumption that the cry stimuli were of greater emotional saliency compared to the
control sound. Furthermore, we were interested whether testosterone would affect
the subjective ratings after the scan session. The data show that testosterone
significantly affected how ‘emotional’ and how ‘pleasant’ the crying was experienced
by the participants (F(1,15) = 5.46, p < 0.05), which was mainly caused by higher
ratings of pleasantness (t(15) = 2.08, p = 0.055).

imaging data: analyses of main effects The main contrast for both crying and
control sound compared to rest yielded strong bilateral activation in the temporal
cortices with peak values in the superior temporal gyrus (table 1).
The pattern of activation extended posteriorly and included bilateral Heschl’s gyrus,
medial temporal gyrus and the Rolandic operculum. Also, a small cluster of voxels was
found activated in the right motor cortex. Furthermore, analyses of our ROI for the
contrast of both sound conditions vs. rest revealed heightened activation in the right
thalamus, the left amygdala, and the bilateral insula.
To investigate what regions were activated specifically in response to crying,
we looked at the contrast of crying vs. morph sound. This contrast showed strong
activation of the auditory cortices although located more anterior compared to the
contrast of both conditions vs. rest (see top panel figure 1). The peak voxel on both
sides is located in the superior temporal gyrus (see table 1), with the cluster of
activation extending bilaterally into the medial temporal gyrus and the superior
temporal pole. No activation other than these survived the threshold of p < 0.05 whole
brain FWE corrected. Further ROI analyses in the aforementioned areas of interest for
the cry vs. morph contrast equally did not reveal significant differences in activation.
These regions thus responded to both infant crying and control sound but did not
differentiate between conditions.
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table1. Peak values, MNI coordinates and corresponding Z values for significantly activated clusters
experimental effect
region

peak voxel location

cluster size

Z

x

y

z

R superior temporal gyrus

70

-14

10

2076

7.65*

L superior temporal gyrus

-56

-22

4

1584

7.50*

R precentral gyrus

54

6

50

5

4.70*

R thalamus

12

-14

-4

5

3.44**

R insula

42

-18

4

82

5.22***

38

-28

18

2

3.60**

-44

-14

2

2

4.19**

-40

-18

-2

1

3.88**

-20

-8

-16

1

3.06**

R superior temporal gyrus

72

-24

0

585

6.62*

L superior temporal gyrus

-58

-6

-2

710

6.51*

R thalamus

6

-24

8

68

3.71**

R posterior cingulate

8

-18

42

8

3.36**

R insula

36

4

6

78

4.01**

L cerebellum

-28

-48

-38

26

5.12*

main effect: sound > rest

L insula

L Amygdala
main effect: cry > control sound

interaction: sound x drug

*Whole brain FWE corrected a p <0.05, ** Small volume corrected at p <0.05, *** Small volume corrected at p
<0.001

imaging data: analyses of interactions with testosterone Our main interest of the
current study was the effect of testosterone administration on cry responsiveness.
Therefore, we tested whether drug administration interacted with stimulus type. The
positive drug x stimulus interaction clearly showed significant effects within our areas
of interest. The interaction demonstrates heightened activation in response to crying
compared to control sound in the thalamus, the posterior cingulate cortex, and the
insula in the testosterone condition when compared to placebo (table 1, see figure 1
lower panel). Besides activation of the RIO, a whole brain analysis also revealed
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heightened activation of the left cerebellum. Furthermore, all these activations were
confined to the right hemisphere. Other ROI defined in the method section (e.g.
amygdala, ACC) did not show significant for the interaction between stimuli and drug.

figure 1. Axial slices with accompanying MNI coordinates of the Z-axis for the t-maps of the main effect of crying
vs. control sound on top, and the interaction between testosterone administration and sound condition below.
Both pictures were thresholded at p < 0.001 uncorrected. t-Maps were overlaid onto a T1-weighted canonical
image; STG, superior temporal gyrus; CER, cerebellum; THA, thalamus; INS, insula; MCC, medial cingulate cortex.

discussion
The main aim of the present study was to test whether, and by what way, testosterone
modulates the neural circuitry underlying maternal care. The results clearly show that
this is the case, as testosterone administration leads to enhanced activation in the
right side of the thalamocingulate circuit when compared to placebo. Furthermore,
testosterone administration in young females also increased activity in the right insula
and the left cerebellum in response to crying compared to control sound. Besides
heightened neural activation, testosterone also affected the subjective responses to
the stimuli, as under testosterone the crying was rated as more emotional and less
unpleasant.
This exact heightened neural reactivity in response to crying induced by
testosterone administration could be the effect of multiple neurobiological
mechanisms. In the light of mother-infant bonding, a potential underlying mechanism
is testosterone acting on the thalamocingulate circuit after it is metabolized to
estradiol. In the central nervous system, aromatase metabolizes testosterone to
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estradiol, which subsequently is also critical for the synthesis of the neuropeptide
oxytocin (Choleris, Devidze, Kavaliers, & Pfaff, 2008; Cornil, Ball, & Balthazart, 2006).
Estradiol and oxytocin act in concert to promote mother-infant bonding, and are
known to target the thalamocingulate circuit (Insel & Young, 2001; Kendrick, 2000).
As noted in the introduction, in mice, conversion of testosterone to estradiol by
aromatase after testosterone administration stimulates parental behavior (Trainor &
Marler, 2002). Furthermore, Swain et al. (2008) demonstrated more activation in the
thalamus in response to infant crying in mothers who were exposed to high doses of
oxytocin during delivery. Another neurobiological mechanism that could relate to the
current findings is the more direct effect of testosterone on vasopressin, a peptide
strongly related to oxytocin, the synthesis of which is mediated by testosterone (de
Vries, 2008). Recent findings show that vasopressin also is an important regulator of
maternal behavior (Bosch & Neumann, 2008). Although studies using different
methods are warranted to elucidate the specific neurobiological mechanisms behind
mother-infant bonding, our finding of heightened activation of the thalamus and the
structurally connected cingulate cortex (MacLean, 1990) gives ground for further
speculation on the importance of hormonal mechanisms in human maternal bonding.
Besides the thalamocingulate circuit, the right insula was also affected by
testosterone in the cry condition. Activation of the insula is reported in the previous
studies using infant cry stimuli (Lorberbaum, et al., 2002; Seifritz, et al., 2003; Swain,
et al., 2008) adding to the growing view of the insular cortex as an emotion processing
structure (Craig, 2009; Wager & Barrett, 2004). More specifically, Craig (2009)
postulates a model of the insula as a structure wherein interoceptive and emotional
salient information is integrated in the more posterior parts of the insula. Input of
emotional information in the posterior parts leads to a subjective state of awareness
subserved by its more anterior parts. The notion that several fMRI experiments point
at the insula as an important region in the neural substrate for maternal bonding
(Bartels & Zeki, 2004; Lenzi et al., 2009; Noriuchi, Kikuchi, & Senoo, 2008), adheres to
such an insular model for emotional awareness. Furthermore, it concurs with our
current findings. Why activation of the insula is specifically affected in the
testosterone condition is not clear. It might be that the heightened activation was
caused by communication between the thalamus and the insular cortex, which are
known to be bi-directionally connected (Augustine, 1996). The thalamus and the
insula were both activated only in the right hemisphere, which does point in this
direction.
The last region showing enhanced responsiveness towards crying in the
testosterone condition is the left cerebellum. While in the traditional view of the
cerebellum its role is restricted to motor processes, recent anatomical studies
challenge this view as the cerebellum is connected via thalamic pathways to diverse
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cortical regions not involved in motor processes (Strick, Dum, & Fiez, 2009).
Furthermore, experimental studies in humans demonstrate a potential role of the
cerebellum in emotional processing and regulation (Schutter & van Honk, 2005), a
view that corresponds with our findings and with previous studies on maternal
behavior which report cerebellum activation (Swain, et al., 2007). The activation in
the left cerebellar hemisphere is contralateral to the insular and thalamocingulate
activation, which might indicate that the activation is the result of thalamic output,
known to be cross-wired with the cerebellum (Allen & Tsukahara, 1974). A direct
effect of hormones on the cerebellum might also be proposed, since the cerebellum is
sensitive to prenatal testosterone levels (Peper et al., 2009) and shows estrogen
receptor activation in adult rats (Ikeda & Nagai, 2006). This potential mechanism of
hormonal effects in cerebellum emotion processing awaits thorough investigation.
Overall, the effects of testosterone reported in the present study, are
restricted to the right hemisphere. This right sided asymmetry coincides with
previous studies of responsiveness to infant vocalization (Lorberbaum, et al., 2002;
Seifritz, et al., 2003), and different explanations for the asymmetry have been
provided. One explanation put forward is based on the infant carrying hypothesis (for
a review, see Harris, 2009). From this hypothesis, which describes the observation
that most women tend to carry their infant on the left arm, a right hemispheric
dominance in maternal bonding has been proposed (Sieratzki & Woll, 1996).
However, a right sided asymmetry in neural responses is not consistently found in
studies on maternal bonding (Swain, et al., 2007). Furthermore, another question
regarding the left hand carrying hypothesis is how it relates to other theories on
hemispheric asymmetry, such as models based on the underlying valence of emotion
(Silberman & Weingartner, 1986), or especially models based on approach and
withdrawal related behaviors (Craig, 2005; van Honk & Schutter, 2006).
Our effects of testosterone administration on the thalamocingulate circuit in
response to children crying, especially when discussed in terms of aromatase to
estradiol or vasopressin synthesis, suggest that the hormone might presently have
predisposed for enhanced maternal care. However, subjects were in the MRI scanner
and did not act on the stimuli, they only reported on subjective feelings towards the
crying and control sounds afterwards. We thus do not have behavioral data at present
solidly supporting our suggestion that testosterone may have prepared for increased
maternal care after testosterone administration. There was nonetheless a near
significant (p= 0.055) increase in the rating of pleasantness of the crying stimuli after
testosterone administration, which in the literature is seen as predisposing for a more
helpful attitude towards the crying child (Giardino, et al., 2008). Limitations of the
current study are firstly the use of exclusively young non-parental women to study
hormonal effect on maternal care-circuits. We expect comparable, or perhaps even
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stronger hormonal modulation in mothers responding to their own infants, but this
assumption needs to be scrutinized in further research. Secondly, it would be of
interest in future studies to also investigate these mechanisms in males, especially
with respect to testosterone.
In conclusion, the current study is not only of interest for being the first to
show hormonal modulation of human neural responses towards infant crying, but also
for providing a new perspective on the literature regarding maternal bonding in
humans. Enhanced activation of the thalamocingulate circuit and its structurally
connected insula and cerebellum after testosterone administration, compared to
placebo, sheds light on endocrine mechanisms known from animal research. Insight
into these evolutionary ancient mechanisms still hold relevance for the understanding
of human social-emotional behavior such as maternal bonding. Mother-infant
bonding, the most evolutionary fundamental form of social bonding might underlie
empathy in its broadest sense as known today. The current finding that these
mechanisms are under influence of hormonal control is of great relevance for the
understanding of human social-emotional behavior, and for the way we envision
behavior of humans in relation to other animals (Panksepp, 2005).
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summary Trust plays an important role in the formation and maintenance of human
social relationships. But trusting others is associated with a cost given the prevalence
of cheaters and deceivers in human society. Recent research has shown that the
peptide hormone oxytocin increases trust in humans. However, oxytocin also makes
individuals susceptible to betrayal as under influence of oxytocin subjects perseverate
in giving trust to others they know are untrustworthy. Testosterone, a steroid
hormone associated with competition and dominance is often viewed as an inhibitor
of sociality, and may have antagonistic properties with oxytocin. The following
experiment tests this possibility in a placebo-controlled, within-subjects design
involving the administration of testosterone to 24 female subjects. We show that
compared to the placebo, testosterone significantly decreases interpersonal trust, and,
as further analyses established, this effect is determined by those who give trust
easily. We suggest that testosterone adaptively increases social vigilance in these
trusting individuals to better prepare them for competition over status and valued
resources. In conclusion, our data provide unique insights into the hormonal
regulation of human sociality by showing that testosterone downregulates
interpersonal trust in an adaptive manner.
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introduction
The hormonal regulation of human social relationships has recently been approached
by several disciplines, including psychology, economics and neuroscience
(Baumgartner, Heinrichs, Vonlanthen, Fischbacher, & Fehr, 2008; Delgado, 2008;
Hermans, Ramsey, & van Honk, 2008; Kosfeld, Heinrichs, Zak, Fischbacher, & Fehr,
2005; van Honk, 2009). Of the many important findings, the discovery that oxytocin
increases interpersonal trust (Kosfeld, et al., 2005), as well as the perseveration of
trust toward the untrustworthy (Baumgartner, et al., 2008), has been of considerable
interest given current debates about the evolution of prosocial behavior in humans
and other animals (Delgado, 2008). Here we investigate whether testosterone, a
hormone associated with success in competition for resources and dominance
(Archer, 2006), and an alleged inhibitor of sociality (van Honk, 2009), may counteract
the role of oxytocin in interpersonal trust. More specifically, we investigate whether,
and in what way, testosterone administration in humans decreases interpersonal trust
with unfamiliar others.
Humans are highly social and cooperative animals, whose social relationships
importantly rely upon trust. Without trust, suspicion spreads through human social
interaction, allowing fear to threaten relationships by instilling vigilance for treachery
and betrayal. Compared with other animals, humans are much more likely to trust and
cooperate with genetically unrelated and unfamiliar others, and these differences
might constitute social adaptations that underlie their evolutionary success (Kosfeld,
et al., 2005). Trust has, however, a downside: naïve, trusting humans run a much
greater risk of being misguided and deceived by others. In the same way that we have
evolved capacities to help others, we have also evolved capacities to deceive and
cheat. Thus, those who are willing to believe what others say, or fail to probe the
motivations underlying their actions, may fall prey to considerable economic and
social costs.
Although humans are essentially social animals (Adolphs, 2009), competition
for resources also underlies the evolution of our species. It is thus critical to
understand both the evolutionary and moment-to-moment dynamic between
competition and trust, as both have played a critical role in both the construction and
destruction of society (Diamond, 1997).
Recent research in humans using an economic exchange task has shown that
administration of oxytocin, a peptide hormone known for its role in attachment and
bonding (Insel & Young, 2001), increases interpersonal trust in an economic game as
evidenced by higher monetary allocations to unfamiliar others (Kosfeld, et al., 2005).
Other studies have also shown, however, that oxytocin induces perseverative trust:
following oxytocin administration, subjects continue to allocate substantial amounts
of funds to untrustworthy others, despite being told that their opponents had
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repeatedly violated their trust (Baumgartner, et al., 2008). These results highlight the
janus-face of trust: high levels of interpersonal trust are beneficial in social
interactions, but may place individuals at great personal risk (Diamond, 1997).
Testosterone, a steroid hormone with potentially toxic consequences for
human sociality (van Honk, 2009), might counteract the maladaptive aspects of trust.
Testosterone has been associated with social dominance and success in competition
(Archer, 2006), and may restrain interpersonal trust to insure social scrutiny for
status and economic concerns. Indeed, testosterone levels in humans correlate
positively with financial gain on the stock market, and as such, appear predictive of
economic shrewdness (Coates & Herbert, 2008). These results, however, are only
correlational and thus do not clarify testosterone’s relation with interpersonal trust.
To explore the possible causal role of testosterone in trusting behavior, and in
particular, to test whether testosterone decreases interpersonal trust in humans, we
investigated the effect of a single administration of testosterone to healthy volunteers
in a trust experiment. In a double blind, counterbalanced design, we sublingually
administered either 0.5 mg of testosterone or a placebo to 24 adult females on two
separate days (72 hr interval between treatments). Only women participated because
the parameters (quantity and time course) for inducing neurophysiological effects
after a single sublingual administration of 0.5 mg of testosterone have been
established in women (Tuiten et al., 2000), but are unknown in men (for details; see
Methods and Materials).
We used facial trustworthiness evaluations as a measure of interpersonal
trust to control for the inherent rewarding properties of economic exchange tasks.
The association of testosterone with reward and risk-taking is very strong, and could
potentially interfere with the measure for trust in an economic exchange task
(Kosfeld, et al., 2005; van Honk, 2009). Importantly, trustworthiness judgments of
non-familiar faces is not only a highly validated procedure (Adolphs, Tranel, &
Damasio, 1998; Todorov & Duchaine, 2008) unconfounded by reward, but these
judgments are also highly correlated with investments in an economic-trust task (van
't Wout & Sanfey, 2008). A recent study showed higher trustworthiness ratings to
unfamiliar others after oxytocin administration compared to placebo, demonstrating
the validity of using a comparable paradigm for measuring trustworthiness
(Theodoridou, Rowe, Penton-Voak, & Rogers, 2009). For these reasons the
trustworthiness task is our method of choice for measuring the effect of testosterone
administration on subjects’ interpersonal trust levels.
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materials and methods
subjects The Ethics Committee of the University Medical Centre Utrecht approved the
protocol of our experiment wherein 24 healthy young women (mean age 20.2)
participated. All women received testosterone and placebo, in randomized order, with
a 72-hr latency between sessions. Subjects had no (history of) psychiatric disorders,
neurological or endocrine abnormalities. They did not smoke and used no medication
other than contraceptives. We controlled for influences of hormonal change due to
menstrual cycle by only including women who used single-phase contraceptives, and
testing them during the 3-week period they were on these contraceptives and not
during menstruation (see also Aarts & van Honk, 2009). In this 3-week contraceptive
period menstrual-cycle influences are virtually absent. Moreover, any effects of the
contraceptives would be equal during the placebo or testosterone condition.

substance administration The drug samples consisted of 0.5 mg of testosterone, 5
mg of (the carrier) cyclodextrine, 5 mg of ethanol, and 5 ml of water. Testosterone was
omitted from the placebo samples, and both testosterone and placebo were
administered sublingually. Previous experimental research established the time
course of changes in blood levels of testosterone and physiological responsiveness in
typical young women after a single sublingual administration of 0.5 mg of
testosterone (Tuiten, et al., 2000). A 10-fold increase in total testosterone was
observed 15 min after intake with testosterone levels returning to baseline within 1.5
hr (Tuiten, et al., 2000). It was also shown that this single administration of
testosterone significantly elevated vaginal pulse amplitude in healthy young women
which peaks around 4 hours. Thus, physiological effects after single sublingual
administrations of 0.5 mg testosterone peak 2.5 hours after the testosterone level in
the blood has returned to baseline. Note, that vaginal pulse amplitude, a centrallydriven response evoked by erotic material, is the only physiological measure known to
possess a non-habitual nature, thus allowing multiple measures throughout the day
(Tuiten, et al., 2000; van der Made, Bloemers, Yassem, et al., 2009). There is no
method available to assess the time course of effects of testosterone in human males,
while in females the present time-course method may have unique applicability in the
treatment of sexual dysfunction (van der Made, Bloemers, van Ham, et al., 2009; van
der Made, Bloemers, Yassem, et al., 2009). Crucially, the reliability and generalizability
of behavioral effects after a 4-hr delay has been successfully established in more than
20 studies, addressing both sexual, social and emotional behaviors in young typical
women (e.g. Bos, Hermans, Montoya, Ramsey, & van Honk, 2010; Eisenegger, Naef,
Snozzi, Heinrichs, & Fehr, 2010; Hermans, Putman, & van Honk, 2006; Hermans, et al.,
2008; van der Made, Bloemers, Yassem, et al., 2009; van Honk, Peper, & Schutter,
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2005; van Honk & Schutter, 2007; van Honk et al., 2001). Therefore, in the present
protocol, a 4-hour delay between testosterone administration and measurement of
mood and the trustworthiness ratings was again used.

physiological levels and potential neuroendocrine mechanisms The 10-fold
increase in testosterone levels that our method induces (Tuiten, et al., 2000) seems
rather high in the light of increases seen in treatment studies. However, it is important
to note that there are important differences between the chronic treatments, which do
not consider a time course of effects, and our single administration approach. Our
single sublingual administration of 0.5 mg testosterone produces an increase in
absolute levels of testosterone in most cases higher than that seen with chronic
treatment, but within and during a very short period. Crucially, it is conjectured by
van der Made et al. (van der Made, Bloemers, Yassem, et al., 2009) that this increase
will not produce a proportional increase in the free fraction of testosterone; the
amount of testosterone reaching the brain will be much less. A sex hormone binding
globulin (SHBG) saturation threshold mechanism has been postulated: The increase of
testosterone into the body will first bind to SHBG (and to albumin, to a smaller
extend), before being able to produce an increase in the free fraction (van der Made,
Bloemers, Yassem, et al., 2009). The increase of testosterone produced by the
sublingual 0.5 mg administration method does not compare to the 10-fold increase in
total testosterone in the blood, but would be large enough to pass this putative SHBG
threshold, resulting in a short increase in the free testosterone fraction. This short
increase, however, is responsible for cognitive, affective, and behavioral effects
observed a few hours later, which have been reported in numerous studies in human
females, as noted above.
generalizability of effects to males The parameters (quantity and time course) for
inducing neurophysiological effects after a single-sublingual administration of 0.5 mg
of testosterone are thus known in women, but not in men. Nonetheless, based on
findings from our correlational research on testosterone and human social behavior in
which we used males and females, we expect the effects of testosterone
administration to be similar for males and females (van Honk, et al., 2001; van Honk et
al., 1999). Moreover, we have repeatedly shown that testosterone administration in
females results in more male-typical social behavior (Hermans et al., 2007; van Honk
& Schutter, 2007). Finally, others have shown that testosterone administration in
females (Eisenegger, et al., 2010) seems to increase status seeking behavior, and this
findings agrees with correlations between endogenous testosterone levels and statusrelated behaviors shown in men (for a review, ), and women (Cashdan, 1995; Dabbs &
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Hargrove, 1997; Josephs, Newman, Brown, & Beer, 2003; Josephs, Sellers, Newman, &
Mehta, 2006). This adds to the growing evidence that testosterone plays an important
role in female social behavior (Mehta, Jones, & Josephs, 2008; Mehta, Wuehrmann, &
Josephs, 2009; Newman, Sellers, & Josephs, 2005; Wirth & Schultheiss, 2007). In sum,
the relation between testosterone and social behavior apparently has much
communality in human males and females.

behavioral experiment The stimuli in the trustworthiness task consisted of 150
grayscale frontal pictures of unfamiliar faces with neutral emotional expressions, of
which 100 were adapted from Adolphs et al. (Adolphs, et al., 1998) and 50 were taken
from
the
Psychological
Image
Collection
at
Stirling
(PICS:
http://pics.psych.stir.ac.uk/). For our within-subject design we created two sets of 75
stimuli which were matched based on trustworthiness ratings in a previous study
with 36 healthy adult subjects (Baas et al., 2008).
On each test day all stimuli of one set were presented once, in random order,
both sets being counterbalanced with administration order. Pictures were presented
in the middle of a 17" LCD display subtending a visual angle of approximately 8o on a
gray background. Directly below the stimulus a visual-analogue-scale was presented
ranging from (left to right) 'very untrustworthy' to 'neutral' to 'very trustworthy'. For
each stimulus, subjects were presented with the question 'How trustworthy do you
think this person is?' and answered by clicking on the scale with a mouse cursor. After
the response to each trial, a button appeared with the description 'next'; the subject’s
response to the scale could be adjusted until this button was clicked, and then
disappeared. For each presentation trial, the scale was reset to the 'neutral' position.
The stimuli were presented using software written in E-prime (Psychology Software
Tools, inc). Subjects performed trustworthiness ratings once on each set,
counterbalanced with order of administration.
For data analysis, the scale positions were coded from -100 (very
untrustworthy) to 0 (neutral) to +100 (very trustworthy) in steps of 1. These scores
were averaged for each subject and both test sessions to obtain individual measures of
trustfulness in testosterone and placebo conditions.
testosterone saliva measurement Salivary sampling was chosen to obtain baseline
testosterone levels. Salivary testosterone has proven to be a reliable noninvasive
biomarker not only in the social (Dabbs & Hargrove, 1997; Josephs, et al., 2003; Mehta,
et al., 2008; Newman, et al., 2005; van Honk, et al., 1999) and clinical sciences
(Arregger, Contreras, Tumilasci, Aquilano, & Cardoso, 2007; van der Made, Bloemers,
van Ham, et al., 2009), and has also been successfully applied in economic research
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(Coates & Herbert, 2008; Sapienza, Zingales, & Maestripieri, 2009). Salivary sampling
avoids possible confounding influences induced by (anticipation of) blood sampling
procedures, which in humans are known to induce substantial stress, and increases in
stress hormones such as cortisol (Hubbard, Kalimi, & Liberti, 1997). Our sampling
method was based upon Granger et al. (Granger, Shirtcliff, Booth, Kivlighan, &
Schwartz, 2004), which has been successfully applied in several previous studies (e.g.
Coates & Herbert, 2008; Hermans, et al., 2008).
Testosterone in saliva was measured after diethylether extraction using a
competitive radio-immunoassay employing a polyclonal antitestosterone-antibody
(Dr. Pratt AZG 3290). [1,2,6,7-3H]-Testosterone (TRK402, Amersham Nederland B.V.)
was used as a tracer following chromatograﬁc veriﬁcation of its purity. The lower
limit of detection was 10 pmol/l and inter-assay variation was 16.1; 11.5; and 5.1% at
21; 100 and 230 pmol/l respectively (n=4,5,5). Samples of two subjects were
contaminated and showed out of normal range levels and were therefore not included
in further analysis.
Our analyses showed that testosterone levels measured from saliva before
administration did not differ between the testosterone and placebo administration
condition in the complete group (F(1,21) = 2.19; NS), and also not in the high trusting
subject group, which was accountable for our effects (F(1,11) = 1.27; NS).
Furthermore, differences in baseline testosterone levels between subjects' placebo
and testosterone condition (entered as a covariate in the original analyses) did not
explain any variance in the effects of testosterone administration on trust, neither in
the complete group (F(1,20) = 0.42; NS), nor in the high trusting group (F(1,10) =
1.24; NS). Finally, low trusting subjects compared to high trusting subjects did not
show higher baseline testosterone levels in their placebo (F(1,20) = 0.72; NS) or
testosterone condition (F(1,20) = 0.87; NS) in the experiment. Thus, our findings on
testosterone administration cannot be attributed to variation in baseline testosterone
levels in subjects between conditions, or to differences in baseline testosterone
between conditions in general. Finally, testosterone baseline levels can also not
account for our exclusive effect in the high trust group.
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figure 1. Testosterone induced a significant
decrease in interpersonal trust in the total group
(n=24).
A
repeated-measures
ANOVA
(testosterone-placebo) showed (F(1,23) = 4.56, *P
= 0.044). White bars represent placebo (P), black
bars represent testosterone (T), and error bars
represent standard error of the mean (SEM).

figure 2. Plot of the baseline trust ratings,
correlated against the effect of testosterone on
trust judgments. The points on the left side of the
graph, representing subjects who displayed low
interpersonal trust in baseline measures, are
clustered around zero for an effect of
testosterone, indicating that their behavior was
not affected by hormone treatment. In contrast,
in the subjects displaying high interpersonal
baseline trust, represented by the points on the
right side of the graph, testosterone significantly
decreased interpersonal trust.

results
In agreement with our hypothesis, we show a significant overall reduction in
trustworthiness ratings after testosterone compared to placebo (F(1,23) = 4.56, P =
0.044) (Figure 1). This significant reduction has an effect size of Cohen’s d = .36. To
address the possibility of individual differences, we applied a linear regression to
examine whether subjects’ individual basic trust levels (observed from their ratings in
the placebo condition) predicted testosterone-induced changes in trustworthiness.
This analysis yielded a statistically significant correlation (r = - 0.66, P = 0.001; Figure
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2), with individuals’ baseline trust levels explaining 43% of the variance in the effect
of testosterone on interpersonal trust. To better qualify this effect, we applied a
median split on the 24 basic-trust levels to create groups of 12 high and 12 lowtrusting subjects. Analyses (Figure 3) showed no effects in low-trusting subjects
(F(1,11) = 0.79, NS), but high-trusting subjects presented a substantial reduction in
interpersonal trust following testosterone administration (F(1,11) = 10.89, P = 0.007).
The effect sizes of testosterone’s effect in the low and high trust group are respectively
d = .08 and d = .92. Note that the absence of an effect in the low trust group is not
caused by a floor effect. That is, the dependent measure could range from -100 to 100,
which did not restrict the ratings of the faces in the low trust group, since the average
scores ranged from -13.5 to 8.5 and were normally distributed. In sum, testosterone
administration reduced interpersonal trust, but only in subjects who were generally
trusting, and therefore more at risk for deceit.
figure 3. Separate repeated-measures ANOVAs
for the low and high trusting subject groups
showed that low trusting participants were
completely unaffected by testosterone
administration (F(1,11) = 0.79, NS), whereas
high trusting participants showed a sizeable
reduction in the evaluation of facial
trustworthiness (F(1,11) = 10.89, **P = 0.007).
White bars represent placebo (P), black bars
represent testosterone (T), and error bars
represent standard error of the mean (SEM).

To control for potential secondary mood-generated effects of testosterone on
interpersonal trust, we administered the shortened-version of the profile-of-moodstates (POMS) (Shacham, Reinhardt, Raubertas, & Cleeland, 1983) prior to the
trustworthiness task for both the placebo and testosterone conditions; the POMS
includes the subscales tension-anxiety, depression, anger, fatigue and vigour. Paired ttests for the subscales showed non-significant effects (all Ps > 0.24, two-tailed).
Furthermore, subjects were asked after the experiment to indicate or guess the day
they received testosterone. Subjects’ scores were at chance (binomial = 0.84, two-
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tailed) and there was no statistically significant relationship between the subjective
guess of the day of testosterone administration and trustworthiness ratings; an
ANOVA that used testosterone-induced change in trust as a between-subject factor
and correct-versus-incorrect guesses as a between-subject factor was not significant
(F(1,22) = 0.18, NS).
In sum, the effects of testosterone on interpersonal trust are not mediated by
either mood or subjective preconceptions (Eisenegger, et al., 2010); they are pure
effects of the hormone on behavior. Furthermore, as can be seen in Materials and
Methods, testosterone levels which were measured from saliva before the experiment
did not predict the trustworthiness scores, and the individual variance in these
baseline testosterone levels between conditions did also not explain the effect of
testosterone administration on interpersonal trust.

conclusion
Our results license the conclusion that testosterone decreases interpersonal trust, and
in an apparently adaptive manner. The hormone acted selectively on our high trusting
subjects, defensibly to down-regulate their trust to a level more advantageous in the
competition for resources. Our data coincide with correlational evidence showing that
higher testosterone levels predict financial gain on the stock market (Coates &
Herbert, 2008), but seem somewhat at odds with recent findings of more fair
bargaining behavior on the Ultimatum Game after testosterone administration
(Eisenegger, et al., 2010). However, the down-regulation of trust after testosterone
administration at present was restricted to the high trusting, thus most socially-naïve
half of our subject-group, and may for that reason be adaptive in the competition for
status and resources. The Ultimatum Game, on the other hand is an economic
paradigm that measures fairness and not trust (cf. see Kosfeld, et al., 2005), and in the
Ultimatum Game fair offers are logically more often accepted. With fair offers the
proposer takes control over the game and both players make money. In sum, more fair
offers by the proposer in the Ultimatum Game after testosterone administration are
also adaptive for achieving status and resources (Eisenegger, et al., 2010). Hence, the
context (i.e., trusting behaviors against fairness behaviors) in the above cases
obviously defined the-at first sight- differential effects of the hormone, which
ultimately have common ground. In many mammalian species testosterone’s role in
social behaviors is simply confined to motivating aggression in competition for status
and resources. However, in humans the hormone seems to motivate for rational
decision making, social scrutiny and cleverness (Eisenegger, et al., 2010), the apparent
tools for success in a modern society (Archer, 2006; Mazur & Booth, 1998; van Honk,
2009; but see: Zak et al., 2009). Viewed from this perspective, testosterone’s relation
to risk-taking behaviors in humans (van Honk et al., 2004) might also be re-evaluated,
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as success on the stock market cannot be established by unrestrained risk taking, but
requests a fine-tuned grasp of the balance between financial threat and reward
(Coates & Herbert, 2008).
At present, there is little understanding of the neurobiological mechanisms by
which testosterone acts on interpersonal trust. Nonetheless, animal data have shown
that the amygdala is an important target of this hormone in the brain (Koolhaas, Van
Den Brink, Roozendaal, & Boorsma, 1990). Human neuroimaging studies support this
finding by demonstrating the involvement of the human amygdala in the detection of
facial threat (Davis & Whalen, 2001), in social evaluations of faces (Schiller, Freeman,
Mitchell, Uleman, & Phelps, 2009), and specifically, in evaluations of trustworthiness
from faces (Winston, Strange, O'Doherty, & Dolan, 2002). Furthermore, social
evaluations of faces are impaired in patients with bilateral lesions to the amygdala,
and these patients appear more trusting in their interactions with strangers (Adolphs,
et al., 1998). However, the amygdala does not stand alone in the social evaluation of
faces; in particular, the orbitofrontal cortex (OFC), which shows strong connectivity to
the amygdala, also plays an important role in these social processes. Moreover, the
amygdala and OFC are thought to act in concert in the regulation of many social
behaviors (Bachevalier & Loveland, 2006; Emery & Amaral, 2000), while the
communication of these structures is affected by testosterone. In humans,
administration of testosterone induces rapid reductions in the functional connectivity
between amygdala and OFC in response to facial threat (van Wingen, Mattern, Verkes,
Buitelaar, & Fernandez, 2010), and conversely, seems to activate the amygdalabrainstem defense circuit (Hermans, et al., 2008). Interestingly, animal research
shows that testosterone may induce amygdala-brainstem functional connectivity by
acting on the social peptide vasopressin (Huber, Veinante, & Stoop, 2005; Koolhaas, et
al., 1990). Vasopressin, whose expression is regulated by testosterone (de Vries,
2008), increases outputs of the amygdala to the brainstem by acting on distinct
neuronal populations within the amygdala (Huber, et al., 2005).
Oxytocin, the hormone that increases interpersonal trust (Kosfeld, et al.,
2005), acts in a manner opposite to vasopressin, decreasing the outputs to the brain
stem (Huber, et al., 2005; Kirsch et al., 2005), but also increasing the involvement of
frontal cortical regions, such as the OFC (Porges, 2001). Thus, testosterone and
oxytocin seem to act as hormonal antagonists at the level of the amygdala, providing
an adaptive balance in behavioral responses to social cues. In sum, we suggest that
testosterone in the present study may have induced a prefrontal-limbic shift in socialemotional processing by regulating peptide expression in the amygdala (Huber, et al.,
2005; Koolhaas, et al., 1990). This shift towards evolutionary older brain regions puts
the brain in a defensive or vigilant mode (Huber, et al., 2005; MacLean, 1990; Mobbs
et al., 2007; Porges, 2001), and consequently may have down-regulated interpersonal
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trust. A socially vigilant stance is vital for gaining and maintaining dominance or
leadership, and for success in competition for resources (Coates & Herbert, 2008;
Eisenegger, et al., 2010; Mazur & Booth, 1998).
In conclusion, we show that testosterone plays a causal role in reducing
interpersonal trust among unfamiliar individuals. The way in which testosterone
decreased trust is consistent with its role in economic decision making and
competitive interactions. The attribution of trust toward unfamiliar others was
especially decreased in subjects who run the greatest risk of being misled by others,
that is, those who grant trust easily. Consequently, testosterone increased social
vigilance in trusting humans, presumably to better prepare them for the hard-edged
competition over status and valued resources. These results provide insight into the
hormonal regulation of human sociality by showing that the hormone testosterone
down regulates interpersonal trust in an adaptive manner.
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summary Recently, we demonstrated that the steroid-hormone testosterone reduces
interpersonal trust in humans. The neural mechanism which underlies this effect is
however unknown. It has been proposed that testosterone increases social vigilance
via neuropeptide systems in the amygdala, augmenting communication between the
amygdala and the brain stem. However, testosterone also affects connectivity between
the orbitofrontal cortex (OFC) and the amygdala, which could subsequently lead to
increased vigilance by reduced top-down control over the amygdala. Here, in a
placebo-controlled testosterone administration study with 16 young women, we use
functional magnetic resonance imaging to get more insights into neural mechanisms
whereby testosterone acts on trust. Several cortical systems, among others the OFC,
are involved in the evaluation of facial trustworthiness. Testosterone administration
decreased functional connectivity between amygdala and the OFC during judgments of
unfamiliar faces, and also increased amygdala responses specifically to the faces that
were rated as untrustworthy. Finally, connectivity between the amygdala and the
brain stem was not affected by testosterone administration. Although speculative, a
neurobiological explanation for these findings is that in uncertain social situations,
testosterone induces sustained decoupling between OFC and amygdala by a
prefrontal-dopaminergic mechanism, subsequently resulting in more vigilant
responses of the amygdala to signals of untrustworthiness.
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introduction
Humans are a unique species, in that they much more than others animals, cooperate
with and trust genetically unrelated and unfamiliar others. This human behavioral
variation is thought to be a social adaptation, which underlies our evolutionary
success (de Waal, 2010; Hrdy, 2009). However, trusting unfamiliar others can be
hazardous, as humans also stand out in their capacities for deceiving and cheating on
their own kind. For that reason, the readiness to believe the words of others, or what
others pretend, or the failure to grasp their hidden motives may come with substantial
economic and social costs. In sum, interpersonal trust apparently holds highly
rewarding and vastly punishing properties, thus adaptive trusting behavior requests a
refined sense of balance of knowing who to trust and who to be suspicious of.
Interestingly, recent evidence from social neuroendocrinology suggests that
two hormones are in humans in opposite ways involved in setting the delicate balance
for adaptive interpersonal trust. A hormonal promoter of interpersonal trust is
oxytocin. It has been shown that this peptide hormone increases trust in unfamiliar
others measured by facial trustworthiness evaluations (Theodoridou, Rowe, PentonVoak, & Rogers, 2009), and also via monetary transfer to anonymous others in an
economic game (Kosfeld, Heinrichs, Zak, Fischbacher, & Fehr, 2005). Although it must
be noted that these effects of oxytocin might not apply to all individuals, as a recent
study showed that oxytocin can contrariwise hinder trust in people with borderline
personality disorder (Bartz et al., 2011). This finding stresses the importance of taking
into account individual differences when studying the effects of hormones on behavior
(Bartz, Zaki, Bolger, & Ochsner, 2011). Oxytocin’s antagonist in this social domain, and
thus the inhibitor of interpersonal trust is the steroid hormone testosterone. Recently,
we reported that, in the opposite direction to oxytocin, testosterone administration
induces reductions in trustworthiness evaluations of unfamiliar others (Bos, Terburg,
& van Honk, 2010).
Although the neural mechanism whereby testosterone reduces interpersonal
trust is unknown, it is proposed that testosterone might do so by acting on peptide
circuits in the central amygdala (CA) (Bos, Terburg, et al., 2010; Johnson & Breedlove,
2010). The general idea regarding this mechanism is that testosterone acts on
vasopressinergic neurons in the medial part of the central amygdala (Bos, Panksepp,
Bluthe, & Honk, 2012; Huber, Veinante, & Stoop, 2005). The expression of vasopressin,
a peptide phylogenetically and structurally related to oxytocin in the central amygdala
(CA) indeed is androgen dependent (de Vries, 2008; Hermans, Ramsey, & van Honk,
2008; Koolhaas, Van Den Brink, Roozendaal, & Boorsma, 1990). By way of this
amygdalar neuropeptide mechanism, testosterone could increase amygdala output to
brainstem regions such as the periaquaductal gray, and in that way increase social
vigilance (Huber, et al., 2005; Kirsch et al., 2005).
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Notably, there are other pathways by which testosterone can influence social
behavior, as human neuroimaging data show that endogenous testosterone attenuates
prefrontal-amygdala coupling (Volman, Toni, Verhagen, & Roelofs, 2011), and that
exogenous testosterone can reduce connectivity between the amygdala and the OFC
(van Wingen, Mattern, Verkes, Buitelaar, & Fernandez, 2010). Thus, by reduced topdown control of the OFC over the amygdala-brainstem circuit, testosterone might then
lead to an increase in social vigilance (Barbas, Saha, Rempel-Clower, & Ghashghaei,
2003; Bos, Terburg, et al., 2010; Porges, 2001; Van Honk, Terburg, & Bos, 2011).
Increased social vigilance would subsequently lead to reduced trustworthiness,
protecting an individual from loss of status or resources (Bos, Terburg, et al., 2010;
Eisenegger, Haushofer, & Fehr, 2011). By which neurobiological mechanism
testosterone reduces prefrontal-amygdala coupling is unknown, but it could be by
augmenting dopamine synthesis or release (Aubele & Kritzer, 2011; Hermans et al.,
2010; Kritzer & Creutz, 2008). Up-regulation of dopamine function in the prefrontal
cortex (Aubele & Kritzer, 2011; Kritzer & Creutz, 2008) does alter connectivity
between the PFC and the amygdala (Blasi et al., 2009), providing for an alternative
route by which the hormone might increase social vigilance.
Irrespective of the exact mechanism, imaging data does indeed suggest that
the amygdala is involved in the detection of facial trustworthiness (Engell, Haxby, &
Todorov, 2007; Said, Baron, & Todorov, 2009; Todorov, Baron, & Oosterhof, 2008;
Todorov, Said, Engell, & Oosterhof, 2008; Winston, Strange, O'Doherty, & Dolan,
2002), and that patients with bilateral amygdala damage show higher facial
trustworthiness evaluations than healthy controls (Adolphs, Tranel, & Damasio,
1998). The OFC is considered also to be importantly involved in (more elaborate
aspects of) social-emotional evaluation (Kringelbach & Rolls, 2004), and the OFC can
by way of the amygdala rapidly modulate subcortical activation patterns (Davidson,
2002; Mobbs et al., 2007; Wager, Davidson, Hughes, Lindquist, & Ochsner, 2008).
Other brain regions involved in the processing of social threat are the insula and
anterior cingulate cortex (ACC) (Craig, 2009; Kober et al., 2008; Rushworth, Behrens,
Rudebeck, & Walton, 2007), but especially the amygdala seems responsive to signals
of untrustworthiness (Engell, et al., 2007; Todorov, Said, et al., 2008).
In sum, testosterone might act on interpersonal trust via neuropeptide
systems in the amygdala (Baumgartner, Heinrichs, Vonlanthen, Fischbacher, & Fehr,
2008; Hermans, et al., 2008) and directly increase output to the brainstem, or by
decoupling the amygdala from the OFC (Koolhaas, et al., 1990; van Wingen, et al.,
2010), and thereby preclude inhibitory action of the OFC on amygdala-brain stem
circuits (Barbas, et al., 2003; Davidson, 2002; Mobbs, et al., 2007). To get more
insights into these issues, we use functional magnetic resonance imaging (fMRI) in a
placebo-controlled, within-subject design. 0.5 mg of testosterone was sublingually
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administrated to 16 healthy young women (Bos, et al., 2012; Bos, Terburg, et al.,
2010), who performed a validated trust task (Winston, et al., 2002) during both the
placebo and testosterone session. The participants were shown two matched sets of
unfamiliar faces, one set of faces was judged on trustworthiness, while the other set
was judged on age and functioned as control task.

materials and methods
subjects 16 right-handed healthy young women participated in the study; mean age
20.8 (SD 2.0). All participants were students recruited at the university campus of
Utrecht University. We controlled for menstrual cycle-related hormonal fluctuations
by including only women who used single phase oral contraceptives and did not
perform scans during days of menstruation. Only women were included to maintain
comparability with our previous study (Bos, Terburg, et al., 2010) and because
medical ethical approval is restricted to females (for further information see:
substance administration). Participants had no history of psychiatric, neurological, or
endocrine abnormalities. Participants did not smoke and used no medication other
than oral contraceptives. The experimental protocol was approved by the Ethics
Committee of the University Medical Centre Utrecht and was in accordance with the
declaration of Helsinki (2007). Participants gave written informed consent prior to
participation and received payment afterwards.

substance administration The testosterone sample consisted of 0.5 mg of
testosterone, 5 mg of the carrier cyclodextrine, 5 mg of ethanol, and 0.5 ml of water.
The placebo sample was identical to the drug sample only without containing
testosterone. Both testosterone and placebo were administered sublingually under
supervision of the experimenter. Extensive prior research established that 0.5 mg of
testosterone in young women, without exception, results in an approximate 10-fold
increase in blood levels of testosterone 15 minutes after administration, and a return
to baseline in 90 minutes (Tuiten et al., 2000). This 10 fold increase mostly reflects
testosterone that is bound to sex hormone bounding globulin (SHBG) and albumin,
whereas the increase of the free fraction, which passes the blood brain barrier and
exerts its effects in the brain is increased more moderately. Dose dependent
administration of testosterone indeed shows that the increase of free fraction by
testosterone depends on the SHBG level in women (van Rooij et al., 2011). The
behavioral and physiological effects of the administration, as demonstrated by
enhanced vaginal pulse amplitude, peaks 4 hrs after intake (Tuiten, et al., 2000).
Several studies using diverse emotional and cognitive measures have successfully
replicated behavioral effects after this 4 hrs delay (for a review, see Bos, et al., 2012).
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Therefore, the same 4 hrs delay was used in the present study. For detailed
description on the pharmacodynamics of the testosterone administration in females
and the generalizability of the data to males, see Bos et al. (Bos, Terburg, et al., 2010).

testosterone saliva measurement/2D:4D ratio Baseline testosterone levels were
obtained since these have been shown to correlate with amygdala responses to faces
(Derntl et al., 2009; Manuck et al., 2010) as well as with amygdala-prefrontal
connectivity (Volman, et al., 2011). Endogenous testosterone levels were obtained
using saliva sampling according to Granger et al. (Granger, Shirtcliff, Booth, Kivlighan,
& Schwartz, 2004), which has been successfully applied in several previous studies
(Bos, Terburg, et al., 2010; Eisenegger, Naef, Snozzi, Heinrichs, & Fehr, 2010; Hermans,
et al., 2008). Testosterone in saliva was measured after diethylether extraction using a
competitive radio-immunoassay employing a polyclonal antitestosterone-antibody
(Dr. Pratt AZG 3290). [1,2,6,7-3H]-Testosterone (TRK402, Amersham Nederland B.V.)
was used as a tracer following chromatograﬁc veriﬁcation of its purity. The lower
limit of detection was 10 pmol/l and inter-assay variation was 16.1; 11.5; and 5.1% at
21; 100 and 230 pmol/l respectively (n=4,5,5).
The ratio of the length of the second digit divided by the length of the fourth
digit (2D:4D) is a marker for prenatal androgens in humans (Breedlove, 2010), and
has recently been shown to predict the effect of testosterone administration on
cognitive empathy (van Honk et al., 2011). 2D:4D ratio was measured from an image
scan of the right-hand of the subjects, which is a valid method to measure finger
lengths. Lengths of the second and fourth digits were measured from the ventral
proximal crease of the digit to the fingertip using an Adobe® Photoshop tool
(Breedlove, 2010).

procedure Participants were scanned at the same time of day on two separate days
with an interval of at least a week. Before administration participants were tested for
pregnancy using a standard clinical urine HCG detection test, and were screened on a
questionnaire for alcohol and drug use. Afterwards, the fMRI procedure was explained
to the participants who were given the opportunity to ask questions. 4 hours prior to
fMRI data acquisition participants received testosterone or placebo administration
due to the delay in physiological effects as explained above. After administration
participants were instructed to refrain from physically and psychologically intensive
tasks. Before asked to take place in the MRI scanner, participants filled out a
shortened version of the profile-of-mood-states (POMS) questionnaire to obtain an
index of their mood (Shacham, 1983). Afterwards, participants were screened using a
MRI-checklist and a metal detector, and were instructed to position themselves on the
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scanner bed as comfortable as possible and to try to relax. Head movement was
minimized by foam pads which were placed between the RF-coil and participants’
head. Further instructions during the scan session were given by intercom. After the
second session, participants were debriefed and given payment.

experimental design The experimental setup of this study follows a randomized,
counterbalanced, cross-over, placebo-controlled, testosterone administration
paradigm. The trustworthiness task was adapted from Winston et al. (Winston, et al.,
2002), and consisted of two separate runs in both of which participants were shown
60 different unfamiliar facial pictures. During one of the two runs, participants had to
indicate by pressing a button whether a face was trustworthy or untrustworthy.
During the control run subjects had to indicate whether a face was younger or older
than 30 years old. Of the 120 stimuli in the experiment, 75 were taken from a set used
by Adolphs et al. (Adolphs, et al., 1998), and 45 were taken from the Psychological
Image Collection at Stirling (PICS: http://pics.psych.stir.ac.uk/) based on
trustworthiness ratings in a previous experiment (Baas et al., 2008). In the
supplemental material consistency ratings obtained in the current study of the
individual faces are provided. The stimuli were presented using Presentation software
(Neurobehavioral systems, Albany, CA). The facial pictures where shown on a gray
background and for 1 s and followed by an intertrial interval of 2 s consisting out of a
gray background with a black fixation cross in the middle of the screen. Participants
were asked to press the button indicating their judgment after the face had
disappeared. The task also contained 60 null events of 3 s which were identical to the
intertrial intervals. The stimuli and null events were presented in random order. The
trust task and control task were thus identical, only differing in the instruction given
to the participant.

data aquisition Scanning was performed on a 3 Tesla Philips Achieva MRI scanner
(Philips Medical Systems, Best, The Netherlands). Blood oxygen level dependent
(BOLD-) response was measured with functional T2*-weighted sagittal whole- brain
images obtained throughout the task. A 3D PRESTO sequence (Neggers, Hermans, &
Ramsey, 2008; Ramsey et al., 1998) was used with the following parameters: 23 ms
echo time, 16 ms repetition time; 224 x 224x136 mm field of view; flip angle of 9
degrees. 2 runs of 450 scans with a volume acquisition time of 0.813 s were obtained,
each comprised of 39 sagittal slices; voxelsize 3.5 mm isotropic. Combining 3D
scanning with echo shifting and SENSE (sensitivity encoding) in two directions allows
very fast whole-brain scanning to increase the number of observations, yielding
improved contrast-to-noise (Neggers, et al., 2008). The scan sequence was
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constructed specifically to reduce signal loss in regions susceptible for artifacts (e.g.
ventral prefrontal areas, amygdalae), and for that purpose achieved a short echo time
(reducing signal loss), short echotrains (reducing image distortion) and short volume
acquisition times (reducing within-volume acquisition motion artifacts). For this scan,
optimal use was made of SENSE (Pruessmann, Weiger, Scheidegger, & Boesiger, 1999)
and 3D segmented K-space acquisition (van Gelderen et al., 1995).
Subsequently a high resolution T1-weighted anatomical scan with the
following parameters was acquired for co-registration and normalization purposes:
4.7 ms echo time, 9.5 ms repetition time, 240x221x160 mm field of view, 266 sagittal
slices, flip angle of 8.0 degrees, voxelsize 0.6 mm isotropic.

data analyses Preprocessing and subsequent analyses were performed with SPM5
(http://www.fil.ion.ucl.ac.uk/spm). Functional scans of the two runs in both sessions
were motion corrected to the first dynamic scan by using a least squares approach and
six parameter rigid body spatial transformations. Functional volumes were then
coregistered to the anatomical scan by the same six parameter rigid body
transformations based on maximization of mutual information. Brain extraction was
performed on the individual anatomical scans within SPM5 by segmenting gray and
white matter and applying the gray and white matter maps as a mask for the
anatomical scans. Extracted brains were used in further preprocessing steps leading
to better fit during coregistration. Subsequently, functional volumes were normalized
to a standard brain template (MNI) using 12 parameter affine transformations and
subsequent non-linear deformations and were resliced at 2 mm isotropic voxelsize.
Smoothing with an 8 mm full width at half maximum gaussian kernel was applied to
the normalized functional volumes.
A general linear model (GLM) was applied to both runs of the two sessions to
investigate the effects of trustworthiness assessment compared to age assessment,
and the interaction with drug administration. For both sessions, neural responses to
the presentation of the stimuli in the trust run and the control run are modeled using
1 s boxcar function convolved with a hemodynamic response function (hrf) as
implemented in the SPM5 software. A separate GLM was run on the trust assessment
runs in both sessions for the effect of the trustworthiness judgment (untrustworthy
vs. trustworthy) and the interaction with drug. In this GLM the control runs were left
out and two regressors were entered into the analysis, one for the stimuli judged
untrustworthy, and one for the stimuli judged as trustworthy. In both models the
realignment parameters and a discrete cosine transform high pass filter with a cut-off
of 128 s were entered into the analyses to reduce unexplained variance.
For a first group analysis on the neural correlates of trustworthiness judgments,
contrast maps of stimulus vs. baseline from all four runs were entered in a factorial
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2X2 ANOVA with drug administration (testosterone or placebo) and task (trust or
control) as separate factors. For the analysis on the effect of testosterone on trust
assessment, the control task was omitted from the analysis, and only the trust-runs
were entered in a factorial 2X2 ANOVA with drug administration and trust judgment
(trustworthy or untrustworthy) as separate factors. To increase sensitivity, but also
regarding our specific hypothesis for the amygdala, for analysis of drug effects on this
region, percent signal changes within both amygdalae were extracted from the data
based on the automated anatomical labeling (AAL) template (Tzourio-Mazoyer et al.,
2002) using MarsBaR (Brett, Anton, Valabregue, & Poline, 2002). The output values
from MarsBaR of both left and right amygdala were entered in a multivariate factorial
2X2 ANOVA with drug administration and trust judgment as separate factors. Finally,
a connectivity analysis was performed using an anatomically defined bilateral
amygdala as a seed region (figure 4B). The time course of activation in the bilateral
amygdala, which was adjusted for the general effects of the task, was extracted from
the data, and an interaction term for this time course was calculated with the
presentation of a face. Both time course and psychophysiological interaction (PPI)
term were entered in the regression model. Subsequently, contrast maps of the
testosterone and placebo sessions were entered in an ANOVA with drug as a withinsubject factor.
The statistical threshold for all the calculated linear contrasts was set at P <
0.05 Family Wise Error (FWE) corrected. Also, based on previous imaging studies
investigating the effect of testosterone on emotion processing (Bos, Hermans,
Montoya, Ramsey, & van Honk, 2010; Hermans, et al., 2008; van Wingen, et al., 2010),
some anatomical regions of interest were defined, including the inferior OFC, the
anterior cingulate cortex, the insula, and the thalamus. For correct statistical
thresholding, small volume corrections were applied to bilateral anatomically defined
regions based on the AAL template (Tzourio-Mazoyer, et al., 2002). Additionally, due
to the large extent to which the OFC refers, small volume corrections within the OFC
were based on the location of peak t-values for neural responses towards faces as
reported in a previous study investigating the effects of testosterone by Hermans et al.
(Hermans, et al., 2008).
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results
imaging data The first analysis, which addressed the neural correlates of
trustworthiness judgments in general, showed an effect for the contrast of
trustworthiness judgment versus age judgment in the bilateral inferior OFC (whole
brain FWE corrected P < 0.05) and the dorsal anterior cingulate cortex (ACC) (SVC at
P < 0.05) (table 1). The pattern of activation in the inferior OFC encompassed a large
part of Brodmann area 47 (figure 1) and extended to the left superior temporal pole
and anterior insula. No effect of drug administration was found for any contrast in this
analysis. Next we focused on the differences in brain activation between faces judged
as trustworthy versus untrustworthy, rated on an individual basis by the participants
during the trust tasks in both sessions, omitting the control task. Faces rated as
untrustworthy, as compared to those rated as trustworthy, showed stronger
activation in the left inferior OFC, anterior insula, temporal pole, and in the dorsal part
of the left ACC (all ROI small volume corrected at p < 0.05; figure 1). Whole brain
analyses revealed no regions that showed an interaction between drug and
trustworthiness. Because of our a priori prediction about the amygdala, we performed
a more sensitive test for this region by extracting and averaging all data from the
bilateral amygdala based on an anatomical mask. The crucial analysis on the effects of
testosterone administration on the amygdala showed a significant interaction
between testosterone administration and trustworthiness judgment in the left and
right amygdala (F (2,14) =4.15, P < 0.05; figure 2). This effect was driven by an
interaction between testosterone administration and trustworthiness judgment in the
right amygdala (F(1,15)= 7.25, P < 0.05), but not the left amygdala (F(1,15)= 1.11, P =
0.31) A direct T-test within the right amygdala showed enhanced responsiveness in
the testosterone condition, specifically for faces that were judged untrustworthy
compared to trustworthy (t(15) = 3.24, P < 0.01; figure 2), while no such difference
was observed in the placebo condition (t(15) = 0.27, P = 0.79). Subsequently, we
tested the hypotheses that testosterone would reduce functional connectivity between
the amygdala and the OFC, and increase connectivity with the brainstem. To this end,
we examined correlations of activity between the anatomical bilateral amygdala and
the OFC and brainstem during the trust task. There was no effect of testosterone on
the time course of activation during the whole fMRI trust task, but we did find a
psychophysiological interaction with the presentation of the faces. There was a
significant reduction of functional connectivity of the bilateral amygdala with the left
OFC (peak voxel: -24, 58, -2; t = 3.49) in the testosterone condition compared to
placebo (figure 3B). We did however not observe any change in connectivity with the
brainstem. Importantly, this amygdala-OFC decoupling by testosterone occurred in
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response to all unfamiliar faces,
trustworthy or not.

irrespective of whether the face was seen as

figure 1. Coronal slices with accompanying MNI coordinates of the Y-axis of the t-maps for the main effects of
trust vs. control task and untrustworthy vs. trustworthy faces. On the left side the activation is shown in the
inferior OFC, extending to the anterior insula and temporal pole. On the right activation in the dorsal ACC is
shown for both contrasts. The t-maps are thresholded at P < 0.001 uncorrected for illustration purposes and
overlaid onto a T1-weighted canonical image.

figure 2. Extracted parameter estimates are
shown for both amygdalae in the placebo
and testosterone condition for faces judged
trustworthy and untrustworthy. There is a
significant interaction in both amygdalae
between testosterone administration and
trustworthiness judgment (F (2,14) =4.15, P <
0.05), which is most pronounced in the right
amygdala (F(1,15)= 7.25, P < 0.05). A direct
comparative T-test within the right amygdala
showed enhancedresponsiveness in the
testosterone condition, specifically for faces
that were judged untrustworthy compared
to trustworthy (t(15) = 3.24, P < 0.01).
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figure 3. (A) Coronal image of the mask for the bilateral amygdala which was chosen as a seed region in the
connectivity analysis. (B) Frontal part of the axial slice of the prefrontal cortex which shows the region of the OFC
in which connectivity to the bilateral amygdala is significantly reduced after testosterone compared to placebo.
The t-map which overlays a T1-weighted canonical image is thresholded at P < 0.001 uncorrected for illustration
purposes.

behavioral data As expected, we found no effect of testosterone administration on
any of the behavioral measures in the current task. The comparison of the number of
faces judged trustworthy in the placebo compared to the testosterone condition
showed not significant (t(1,15) = 0.41, P = 0.68). In our previous experiment (Bos,
Terburg, et al., 2010), which was specifically designed to detect subtle hormoneinduced effects on social cognition, trustworthiness was assessed on a scale ranging
from -100 (very trustworthy) to + 100 (very untrustworthy). In the current
experiment, participants could only choose between the judgment ‘trustworthy’ or
‘untrustworthy’ (See supplemental material for the trustworthiness scores for all
participants in both conditions). Our trustworthiness fMRI task, as anticipated, is
much less sensitive in measuring behavioral changes in social cognition, but is
properly adapted for detecting neural modulations during these trust judgments
(Winston, et al., 2002). With regard to the control task, testosterone did not have any
effect on age ratings, neither were there effects on reaction times in any task.
Finally, testosterone did not affect participants’ mood, as there was no effect
on any of the POMS scales (see methods and materials). Also, participants’ guesses on
which day they had testosterone did not deviate from chance regarding the true day of
testosterone administration (binominal = 0.18 NS, two-tailed).

testosterone baseline data/2D:4D ratio The raw testosterone baseline ratings were
positively skewed (skewness = 2.24; P < 0.05), and therefore log-transformed. The
participants’ baseline testosterone levels in the placebo condition were unrelated to
the trust judgments or reaction times during the placebo scan session (both P > 0.38).
This concurs with our previous finding, where we did not show this same relation
using a much more sensitive measure for trustworthiness (Bos, Terburg, et al., 2010).
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However, baseline testosterone did predict the response towards untrustworthy faces
in the right amygdala in the placebo condition, indicated by a strong positive
correlation (r = 0.66, P < 0.01; figure 4). In the left amygdala no such correlation was
found (r = 0.22, P = 0.41), and the effect was thus confined to the amygdala, which also
shows the strongest effect of testosterone administration. Furthermore, baseline
testosterone did not predict the effect of testosterone administration on the amygdala,
or interact with the drug administration (all P-values > 0.5). Lastly, testosteronebaseline did change the effect of testosterone on amygdala connectivity when entered
as a covariate in the ANOVA. We also investigated whether the 2D:4D ratio predicted
amygdala activation, or the effect of testosterone on the amygdala, but no such effect
was found. Neither did the 2D:4D ratio predict the effect of testosterone on amygdala
connectivity, nor the behavioral scores.
figure 4. Correlation between baseline
testosterone levels and averaged values
in the anatomically defined right
amygdala towards untrustworthy faces,
both in the placebo condition, showing
that higher levels of testosterone lead
to more amygdala reactivity towards
untrustworthy faces (r = 0.66, P < 0.01).

discussion
Our data demonstrate that a network of brain regions including the bilateral OFC,
temporal pole, anterior insula, and the left dorsal ACC, is implicated in the assessment
of the trustworthiness of unfamiliar faces, and that this network is more strongly
activated in response to untrustworthy faces. Importantly, as hypothesized,
testosterone leads to increased amygdala responses during trustworthiness
evaluations. Baseline testosterone levels correlate with amygdala responses towards
untrustworthy faces, and administration of testosterone heightens responsiveness of
the amygdala to untrustworthy faces, effects defensibly pointing at heightened social
vigilance. Furthermore, expected reductions in functional connectivity between the
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amygdala with the OFC during trust judgments were also observed, but we did not see
any changes in the connectivity between the amygdala and the brainstem (Bos,
Terburg, et al., 2010; Johnson & Breedlove, 2010)
Testosterone reduced amygdala connectivity with the OFC during all facial
(social) evaluations, but activated the amygdala specifically to the faces that were
evaluated as untrustworthy. These findings strongly suggest that the more general
amygdala-OFC decoupling was primary, and underlying to the heightened amygdala
activation in response to untrustworthy faces. That is, by reducing access of, and
therefore modulation by the OFC (Barbas, et al., 2003; Davidson, 2002; Wager, et al.,
2008), testosterone prevents inhibitory action of the OFC on social vigilance, which
subsequently results in increased amygdala responsiveness to untrustworthy faces
(figure 5). This functional mechanism concurs with findings from previous studies
investigating the effect of testosterone administration on amygdala function, which
show increased amygdala responses to angry facial expressions (Hermans, et al.,
2008; van Wingen et al., 2009), and reduced functional connectivity between the
amygdala and the OFC in response to angry and fearful faces (van Wingen, et al.,
2010). These effects of testosterone on the amygdala further show that the extent of
this modulation is not limited to threat detection. Testosterone is also involved in
aggressive and sexual behavior, behavioral repertoires which are both importantly
subserved by the amygdala (Hamann, Herman, Nolan, & Wallen, 2004; Hermans, et al.,
2008). It remains to be investigated if a common neural circuitry underlies these
behaviors, or whether different sub-nuclei of the amygdala are perhaps involved
(Davis & Whalen, 2001).

figure 5. Neural model for the effect of testosterone on interpersonal trust. In in an unfamiliar environment (A),
administration of testosterone reduces amygdala-OFC coupling, possibly by increasing dopamine release (B). Less
coupling removes inhibitory control of the OFC over the amygdala subsequently leading to increased amygdala
responses in a untrustworthy environment (C). (Am = amygdala; OFC = orbitofrontal cortex; T = testosterone)
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An important question is by what neurobiological mechanisms our effects on OFCamygdala connectivity and amygdala activation might be established. A parsimonious
explanation of these effects is that in uncertain social conditions, when meeting
strangers (unfamiliar faces) testosterone decreases the functional connectivity
between OFC and amygdala, which results in increased amygdala activation to the
strangers looking most untrustworthy, because of reduced inhibitory control by the
OFC on the amygdala (Barbas, et al., 2003; Davidson, 2002; Mobbs, et al., 2007).
Although the currently applied methods only allow speculation on the neurobiological
mechanisms, it could be that testosterone affected connectivity between the OFC and
the amygdala by increasing dopamine action in the OFC (Aubele & Kritzer, 2011; Blasi,
et al., 2009; Kritzer & Creutz, 2008). Testosterone also acts on vasopressinergic
mechanisms in the amygdala, but until now, there is no direct evidence that
vasopressin effects amygdala-OFC coupling; two recent neuroimaging studies
investigating the effects of vasopressin administration on emotion processing did not
find connectivity-changes between the frontal cortex and the amygdala (Rilling et al.,
2011; Zink, Stein, Kempf, Hakimi, & Meyer-Lindenberg, 2010). Based on these
findings, the amygdalar neuropeptide mechanism is perhaps not the most plausible
neurobiological mechanisms underlying of our effects of testosterone on
interpersonal trust (Bos, Terburg, et al., 2010; Johnson & Breedlove, 2010). However,
there are several other pathways by which testosterone could also exert effects on the
brain. The hormone acts on androgen receptors, which are densely distributed in the
amygdala, but also located in the prefrontal cortex (Clark, MacLusky, & GoldmanRakic, 1988), and testosterone, more rapidly can induce a diverse array of nongenomic effects even within seconds (Michels & Hoppe, 2008). Furthermore, by fast
local metabolism through aromatase, administration of testosterone may increase
levels of estradiol in the brain (Biegon et al., 2010; Cornil, Ball, & Balthazart, 2006).
Estradiol can induce a host of neural and behavioral effects by acting on estrogen
receptors, and also via fast non-genomic mechanisms (Cornil, et al., 2006; McEwen &
Alves, 1999). It must be noted that fMRI data cannot uncover such neurobiological
mechanisms, hopefully in future research other methods can and will be employed to
investigate these issues.
Notably, we did not find a main effect on the amygdala of untrustworthy
versus trustworthy faces, while this contrast in a previous study did yield activation of
the amygdala (Winston, et al., 2002). However, in subsequent investigations,
researchers have shown that robust amygdala activation towards untrustworthy faces
is difficult to obtain, and have therefore developed more sensitive designs to elucidate
amygdala activation during trustworthiness judgments (Engell, et al., 2007; Said, et al.,
2009; Todorov, Baron, et al., 2008). Furthermore, testosterone at present did not
increase connectivity between the amygdala and the brainstem. Although
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testosterone’s action, that is, the decoupling of the amygdala-OFC circuit, forecasts
vigilance on the brainstem level (Barbas, et al., 2003), the specific stimuli used in the
current study, might also not be threatening enough to elicit robust brainstem
responses (Mobbs, et al., 2007; Van Honk, Terburg, et al., 2011).
Overall, the network of regions that was activated during trust judgments as
compared to the control task, consists of regions that all have an important role in
evaluating emotional information, and show strong overlap with the neural network
important for affective evaluation found in large meta-analyses of imaging data
(Kober, et al., 2008). The same regions are also part of the network importantly
involved in detection of salient information, which is comprised of the orbital
frontoinsular cortex, and the dorsal ACC (Seeley et al., 2007). More specifically, the
strong activation of the lateral OFC fits with the proposed role for this region in
evaluating the punishment or reward value of stimuli (Kringelbach & Rolls, 2004). The
ACC is also importantly involved in evaluation of social information, and based on its
connections with motor-related regions, the ACC has been proposed to be more
involved in adjusting behavior in response to this information (Rushworth, et al.,
2007). While the OFC and ACC are thus important for selection of appropriate
responses towards socially relevant stimuli, together with the anterior insula, these
regions form a network more generally involved in detection of emotionally relevant
information (Seeley, et al., 2007). Within this network, the anterior insula might play a
more affective role, as this region has been proposed to integrate internal bodily
states and motivational components with information from the environment (Craig,
2009), thereby reflecting subjective ‘gut’ feeling, based on which social and emotional
decisions can be made. The pattern of activation during the trust judgments and
during untrustworthy faces also encompassed the temporal pole. Although this region
has not gained much attention in emotion research, it is suggested to be an important
part of emotion-processing networks, since it has tight anatomical connection with
the OFC and the amygdala, and is involved in face recognition, and complex emotional
processing such as mind-reading (Olson, Plotzker, & Ezzyat, 2007). Together, the
activation of these regions in the current task, confirms their important role in the
evaluation of, and acting upon, relevant social-emotional information.
In conclusion, we show that testosterone administration reduces the
functional coupling between the OFC and the amygdala during evaluation of
unfamiliar faces. Furthermore, testosterone administration also resulted in an
increased amygdala response selectively during evaluation of untrustworthy faces,
and concurring correlational data in the latter respect were obtained with
endogenous testosterone levels. We proposed that in social conditions, testosterone
initially induces sustained amygdala-OFC decoupling, provisionally via prefrontaldopaminergic mechanisms, which subsequently, due to breakdown of OFC-inhibitory
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mechanisms, produces heighted responses of the very amygdala to signals of
untrustworthiness (figure 5) (Barbas, et al., 2003; Davidson, 2002; Wager, et al.,
2008). The findings presented here identify a potential neural mechanism by which
testosterone may reduce interpersonal trust (Bos, Terburg, et al., 2010).
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The hormone testosterone has a bad reputation in terms of how it influences our
social behavior. According to the general public, testosterone induces violence and
aggression (Eisenegger, Haushofer, & Fehr, 2011), and in the scientific literature the
hormone is victimized as the chemical source of antisocial and immoral behavior, with
high-testosterone individuals having psychological profiles that compare to
sociopaths (Carney & Mason, 2010). In their passionate and insightful book, Heroes,
Rogues and Lovers: On Testosterone and Behavior (2000), James and Mary Dabbs
show that these views are mistaken. Dabbs and Dabbs argue that testosterone can in
certain conditions motivate rebellious, aggressive and violent behavior but these
conditions will mostly involve social dominance competition. However, in other
conditions, testosterone can motivate behaviors that are extremely prosocial and
altruistic, especially in individuals holding socially protective positions in society, such
as firefighters, police officers and soldiers (Dabbs & Dabbs, 2000). The effects of the
steroid hormone testosterone heavily depend on the social situation, and it is unlikely
that this natural bodily fluid has instant antisocial or prosocial properties. Similarly,
the peptide hormone oxytocin, popularly known as the ‘love-drug’, is not
unconditionally a prosocial hormone. Oxytocin promotes ethnocentrism: its love is
biased to the in-group and can come at the expense of out-group hate (De Dreu et al.,
2010).
In their TiCS review ‘The role of testosterone in social interaction’ Eisenegger
et al. (Eisenegger, et al., 2011) correctly shift the discussion on testosterone and
human behavior away from the simple context of social aggression. They discuss the
steroid as an adaptive social hormone fulfilling a vital role in status-seeking behaviors,
and the subsequent formation of social hierarchies. In this status seeking the authors
distinguish between anonymous social–economical interactions, which are their main
research interest, and direct face-to-face dominance contests, a focus area in our
research. Our behavioral, psycho-physiological and neuroimaging data in this respect
have repeatedly shown that testosterone upregulates social vigilance in response to
status threats, and that in this process the amygdala seems to play a key role (Bos,
Panksepp, Bluthe, & Honk, 2012; van Honk & Schutter, 2007). In this commentary we
would like to propose two distinct neurobiological mechanisms in which interaction
of the hormone and the social environment could increase social vigilance (figure 1).
Firstly, in social confrontations with low threats to status, that is most of human
(economic) interaction, testosterone’s upregulation of dopamine action in the
orbitofrontal cortex (OFC) functionally decouples the OFC and the amygdala (Aubele &
Kritzer, 2011; Blasi et al., 2009). Accordingly, there is loss of OFC inhibition over the
amygdala and the brain runs in a safeguarding mode (Bos, et al., 2012; van Wingen,
Mattern, Verkes, Buitelaar, & Fernandez, 2010) that can have antisocial but also
prosocial outcomes (Dabbs & Dabbs, 2000; Eisenegger, et al., 2011). Testosterone also
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upregulates the gene expression of vasopressin neurons in the amygdala that, when
individuals encounter major threats to status or resources, results in increased
activation in the social alarm pathway to the brainstem. Testosterone by way of this
ultimate mechanism upholds individuals’ readiness to defend status and resources
with physical aggression (Bos, et al., 2012).
In sum, testosterone, in a stepwise manner and under rising status threat,
facilitates a processing shift from the OFC towards the brainstem. This processing
shift can ultimately lead to social aggression and compares to a brain-processing shift
observed in the case of fear of a proximate threat (Mobbs et al., 2007). The
neurobiological processes by which testosterone modulates the social brain can be
strongly comparable in rodents and humans but whereas rodents rigidly dominate
with social aggression utilizing the social alarm pathway, the twofold mechanism
allows for behavioral variation in human dominance contests (Bos, et al., 2012).
Nonetheless, there are several other pathways by which testosterone can act on our
social behavior as also discussed in the review of Eisenegger et al. (2011). That these
manifold mechanisms by which the hormone can act on our social brains depend on,
or are selected by, the social context, throws some light on the vast complexities of
hormone–behavior relations, especially in humans. To advance our understanding of
these multifaceted processes is the great challenge facing the field of social
neuroendocrinology.

figure 1. Actions of testosterone on the brain under increasing status threat. (a) Testosterone’s action on the
brain during low status threat. Testosterone upregulates dopamine action in the OFC that induces decoupling of
the OFC and the amygdala. Consequently, there is impaired inhibitory control of the OFC over the amygdala and
the brain runs in ‘safeguarding mode’. (b) Testosterone’s action on the brain during high status threat. In
addition to the decoupling of the OFC and amygdala, testosterone, by upregulating vasopressin gene expression
in the amygdala, induces hyper-coupling of the amygdala and the brainstem. Under the hyper-coupling of the
amygdala and brainstem the brain is in ‘social alarm mode’. AM = amygdala; Bst = brainstem; da = dopamine and
avp = vasopressin.
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summary During social interactions we automatically infer motives, intentions, and
feelings from bodily cues of others, especially from the eye region of their faces. This
cognitive empathic ability is one of the most important components of social
intelligence, and is essential for effective social interaction. Females on average
outperform males in this cognitive empathy, and the male sex hormone testosterone
is thought to be involved. Testosterone may not only down-regulate social intelligence
organizationally, by affecting fetal brain development, but also activationally, by its
current effects on the brain. Here, we show that administration of testosterone in 16
young women led to a significant impairment in their cognitive empathy, and that this
effect is powerfully predicted by a proxy of fetal testosterone: the right-hand second
digit-to-fourth digit ratio. Our data thus not only demonstrate down-regulatory effects
of current testosterone on cognitive empathy, but also suggest these are
preprogrammed by the very same hormone prenatally. These findings have
importance for our understanding of the psychobiology of human social intelligence.
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introduction
In human social environments, the ability to make sense of and predict other people’s
behavior is crucial for physical and social survival (Frith & Frith, 1999). To meet this
adaptive challenge, humans have a set of evolved cognitive-empathetic mechanisms,
enabling them to accurately infer motives, intentions, thoughts, and emotions of
others, largely from subtle bodily cues (Baron-Cohen, 2003; Hill & Frith, 2003; Realo
et al., 2003). Cognitive empathy is central to social intelligence and occurs
automatically and mostly unconsciously (Sapienza, Zingales, & Maestripieri, 2009). A
major source of information providing cues for cognitive empathy is the eye region of
the face, which contains subtle facial expression. The ability to “read the mind from
the eyes” is sexually dimorphic, with females on average typically outperforming
males (Baron-Cohen, 2003; Sapienza, et al., 2009; Voracek & Dressler, 2006). The
androgen (sex steroid) hormone testosterone is thought to be involved, as
testosterone represents the biggest hormonal difference between the sexes and
affects sociality (Baron-Cohen, Knickmeyer, & Belmonte, 2005; Pennebaker, Groom,
Loew, & Dabbs, 2004). However, testosterone’s action in the brain is both
organizational and activational: first, the hormone preprograms the brain during early
development, and, in later life, it selectively modifies brain processing to facilitate or
inhibit behaviors depending on social context (Sisk & Zehr, 2005). In humans, the fetal
period of prenatal development is considered critical for testosterone’s effects on
brain organization (between weeks 12 and 19 of gestation), whereas the hormone’s
activational effects come into prominence in adolescence and adulthood (deCantazaro,
1998; Sisk & Zehr, 2005).
Interestingly, the androgen theory of autism proposes that fetal programming
of the brain by testosterone negatively affects social intelligence (Baron-Cohen, 2002).
Both cognitive empathy deficits typically seen in autism, and the male-bias of autism,
are indirect evidence consistent with the theory. Moreover, recent studies in which
fetal testosterone was sampled from the amniotic fluid of pregnant women provide
for more direct evidence: in young typically developing children, fetal testosterone is
inversely correlated with eye contact at 12 mo (Lutchmaya, Baron-Cohen, & Raggatt,
2002), social cognition at age 4 y (Knickmeyer, Baron-Cohen, Raggatt, & Taylor, 2005),
and social intelligence including reading the mind from the eyes at age 6 to 8 y
(Chapman et al., 2006).
Fetal testosterone is associated with a fixed somatic marker that can be
indexed after birth: the length ratio of the right hand’s second (i.e., index) to fourth
(i.e., ring) finger (2D:4D ratio). Males on average have a significantly lower 2D:4D
ratio on their right hand and fetal testosterone is thought to underlie this sex
difference, including its variability within the sexes (Honekopp, Bartholdt, Beier, &
Liebert, 2007; Manning et al., 2000). The reliability of 2D:4D ratio as a marker of fetal
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testosterone is substantiated by a large amount of correlational evidence in animals
and humans (Breedlove, 2010; Honekopp, et al., 2007; Manning, et al., 2000).
Moreover, meta-analytic data show that 2D:4D ratio is unaffected by later
testosterone fluctuations or circulating levels of testosterone in adulthood. The ratio is
therefore considered a useful, noninvasive marker of fetal testosterone (Honekopp, et
al., 2007). A recent hormone manipulation demonstrated the validity of the marker in
animals: experimental testosterone elevation in pregnant rats lowered the 2D:4D ratio
of the right paw of their offspring measured in adulthood (Talarovicova, Krskova, &
Blazekova, 2009). Further strong evidence in humans comes from a study showing
that androgen receptor (AR) polymorphisms (i.e., increasing CAG repeats in exon 1),
which produce less effective AR protein, predict less masculine 2D:4D ratios
(Manning, Bundred, Newton, & Flanagan, 2003). Furthermore, higher (i.e., more
feminized) 2D:4D ratios are observed in women with genetic mutations that disrupt
AR function as seen in androgen insensitivity syndrome (Berenbaum, Bryk, Nowak,
Quigley, & Moffat, 2009). In light of the interrelations between AR polymorphisms and
digit ratios, Breedlove recently suggested that, although 2D:4D ratio is typically
discussed in terms of its relationship to prenatal levels of androgens, digit ratio more
accurately reflects total androgen stimulation in terms of prenatal androgen levels
and androgen sensitivity (Breedlove, 2010). Finally, with respect to the androgen
theory of autism, it is important to note that lower (i.e., more masculinized) 2D:4D
ratios have been observed in children with autism or Asperger syndrome, and also in
their first-degree relatives (Manning, Baron-Cohen, Wheelwright, & Sanders, 2001).
There is also strong evidence for the activational effects of testosterone on
human social and emotional behavior. Placebo-controlled testosterone administration
studies in typical young adult women have shown reductions in mimicry and
conscious recognition of emotional facial expressions (Hermans, Putman, & van Honk,
2006; van Honk & Schutter, 2007). However, to our knowledge, there is no such direct
evidence for down-regulatory effects of testosterone administration on social
intelligence or cognitive empathy in particular. Moreover, fetal testosterone might
critically mediate in the activational effects of testosterone on human social behavior.
In nonhuman animals, it has been shown that early organizational effects of
testosterone strongly facilitate the activational effects of the very same hormone in
adulthood (deCantazaro, 1998; Sisk & Zehr, 2005). Testosterone administration in
adult humans might thus impair social intelligence, but especially in those most
primed by the same hormone prenatally. Accordingly, we conducted an experiment to
test whether testosterone administration impairs cognitive empathy, and whether
predicted testosterone induced impairments in cognitive empathy varied according to
the 2D:4D ratio marker of fetal testosterone.
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methods
subjects The medical ethics committee of the University Medical Centre Utrecht, The
Netherlands, approved the protocol of the study. Sixteen typical female volunteers
(mean age, 21 y; age range, 20–25 y) participated in this double-blind, crossover,
within-subjects study. They received a single dose of 0.5 mg sublingual testosterone in
one session and a single dose of placebo in the other session, with a 48-h latency
between sessions. Subjects had no (history of) psychiatric disorders or neurological or
endocrine abnormalities, did not smoke, and used no medication other than
contraceptive agents. We exclusively recruited women because the parameters
(quantity and time course) for inducing neurophysiological effects after a single
sublingual administration of 0.5 mg of testosterone are known in women but not in
men. We controlled for influences of hormonal change related to menstrual cycle by
including only women who used single-phase contraceptives, and testing them during
the 3-wk period they were on these contraceptives and not during menstruation
(Aarts & van Honk, 2009). In this 3-wk contraceptive period, menstrual cycle
influences are virtually absent. This method is vital in our repeated design, because
emotion recognition is highly sensitive to variations in the menstrual cycle (Derntl,
Kryspin-Exner, Fernbach, Moser, & Habel, 2008; Derntl et al., 2008). There is no
evidence for single-phase contraceptives influencing the recognition of emotion from
faces or mind reading specifically. Moreover, any effects of the contraceptives would
be equal during the placebo or testosterone condition.

drug administration procedure The drug samples consisted of 0.5 mg of
testosterone, 5 mg of cyclodextrin (carrier), 5 mg of ethanol, and 5 mL of water.
Testosterone was omitted from the placebo samples, and testosterone and placebo
were administered sublingually. Previous experimental research established the time
course of changes in blood levels of testosterone and physiological responsiveness in
typical young women after a single sublingual administration of 0.5 mg of
testosterone. A 10-fold increase in total testosterone was observed 15 min after
intake, with testosterone levels returning to baseline within 1.5 h (Tuiten et al., 2000).
It was also shown that this single administration of testosterone significantly elevates
vaginal pulse amplitude in healthy young women after approximately 4 h (Postma et
al., 2000). Thus, physiological effects after single sublingual administrations of 0.5 mg
testosterone peak 2.5 h after the testosterone level in the blood has returned to
baseline. Note that vaginal pulse amplitude is a centrally driven response evoked by
erotic material, and the only physiological measure known to possess a nonhabitual
nature, thus allowing multiple measurements throughout the day (Tuiten, et al., 2000;
van der Made, Bloemers, Yassem, et al., 2009). There is no method available to assess
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the time course of effects of testosterone administration in human males, whereas in
females the present time-course method may have unique applicability in the
treatment of sexual dysfunction (van der Made, Bloemers, van Ham, et al., 2009; van
der Made, Bloemers, Yassem, et al., 2009). More important, the reliability and
generalizability of behavioral effects after a 4-h delay has been successfully
established in more than 20 studies that addressed sexual, social, and emotional
behaviors in young typical women (e.g. Eisenegger, Naef, Snozzi, Heinrichs, & Fehr,
2010; Hermans, et al., 2006; Tuiten, et al., 2000; van der Made, Bloemers, Yassem, et
al., 2009; van Honk, Peper, & Schutter, 2005; van Honk et al., 2004). Therefore, in the
present protocol, a 4-h delay between testosterone administration and measurement
of mood and mind reading was again used.

experimental paradigm We used a computerized adaptation of the validated RMET
(http://www.autismresearchcentre.com/tests/eyes_test_adult.asp) as the behavioral
measure of social intelligence (Domes, Heinrichs, Michel, Berger, & Herpertz, 2007;
Sapienza, et al., 2009; Voracek & Dressler, 2006). The RMET measures subtle
variations in the ability to infer other people’s mental states from the eye region of the
face. The RMET is presented on a computer screen as 36 pictures of the eye region
from different faces and a forced choice is required from four alternatives, each of
which is a word that describes a possible feeling or thought this person might have.
These words were presented in both the original English and in Dutch to keep it as
close as possible to the original RMET. Dutch students in general use English as a
second language because much of the teaching is in English. The RMET has no time
constraints and the explanatory booklets that accompany the RMET were also
available to the subjects in English and Dutch.

digit ratio measurement Digit ratio was measured from a scan of the right hand of
the subjects. The use of scanned images is a valid method to measure finger lengths.
When conducting this scan, we ensured that details of major creases could be seen.
Lengths of the second and fourth digits were measured from the ventral proximal
crease of the digit to the fingertip by using Adobe Photoshop. When there was a band
of creases at the base of the digit, measurement was taken from the most proximal
crease.

salivary testosterone measurement Saliva samples were collected just before
administration of testosterone and placebo, and testosterone was measured in saliva.
This was done after diethyl ether extraction with a competitive radioimmunoassay
using a polyclonal antitestosterone antibody (AZG 3290; gift from J. H. Pratt,
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Department of Medicine, Indiana University School of Medicine, Indianapolis, IN).
[1,2,6,7-3H]–testosterone (TRK402; Amersham) was used as a tracer following
chromatographic verification of its purity. Interassay variation ranged from 9% to
16% at 20 to 400 pmol/L (n = 25).

mood measurement The shortened version of the Profile of Mood States (Shacham,
1983) was used to index possible effects of testosterone on anger, anxiety, fatigue,
vigor, and depression. Wilcoxon rank tests detected no significant differences in mood
between the testosterone and placebo conditions (all P > 0.18), replicating earlier
studies that used the same methodology (Eisenegger, et al., 2010; Hermans, et al.,
2006; van Honk, 2009; van Honk, et al., 2005; van Honk & Schutter, 2007; van Honk, et
al., 2004). Given that testosterone had no effects on mood, the observed effects of
testosterone on cognitive empathy cannot be attributed to secondary moodgenerated response biases.

control of belief effects and subjective biases Recent research has established that
beliefs about the effects of the hormone testosterone can influence the performance of
human subjects in experimental conditions in which these subjects think they have
been administered the hormone (Eisenegger, et al., 2010). After the two sessions of
the experiment, subjects were asked to indicate (by forced choice) in which sessions
they think they received testosterone and placebo. Performance was at chance level
(binomial P = 0.80), confirming that subjects were unaware of condition. Furthermore,
we asked them about the possible influences of testosterone on the RMET. Only one
subject guessed the hypothesis correctly, but was wrong about her testosterone and
placebo conditions. The other subjects had no idea about the rationale of the
experiment or thought it involved perceptions of anger or aggression.

results
To investigate effects of testosterone on cognitive empathy, we temporarily elevated
the levels of testosterone in young adult females by using a validated sublingual 0.5mg single-dose testosterone administration technique. We used a crossover, doubleblind, placebo-controlled, within-subjects design with a computerized adaptation of
the
validated
reading
the
mind
in
the
eyes
task
(RMET;
ttp://www.autismresearchcentre.com/tests/eyes_test_adult.asp) as the behavioral
measure of social intelligence (Domes, et al., 2007; Sapienza, et al., 2009; Voracek &
Dressler, 2006). To enable measurement of 2D:4D ratio, subjects’ right hands were
scanned and the 2D:4D ratio was computed from these scans using Adobe Photoshop
as a measurement-precision tool. This was carried out by two experienced raters, who
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used the Millet and de Witte procedure (Millet & Dewitte, 2006), and who remained
blind to the experiment. Statistical analyses are based on nonparametric tests
(Wilcoxon rank tests and Spearman correlations), but additional parametric statistics
are applied for insight in explained variances. The 2D:4D ratios measured by the two
raters were highly correlated [Spearman ρ(14) = 0.96; P < 0.001].
First, we investigated potential activational effects of testosterone on
cognitive empathy. As can be seen from figure 1A, compared with placebo,
testosterone administration significantly impaired the ability to read the mind from
the eyes [Wilcoxon repeated-measures nonparametric test, Z(1, 16) = −2.24; P =
0.013, one-tailed], with 75% of the subjects showing a decrease in performance on the
RMET after testosterone administration. Next, we addressed the relation between
fetal testosterone and cognitive empathy, first at baseline by relating 2D:4D ratio to
mind-reading performance after placebo: nonparametric Spearman correlations over
these variables were not significant [ρ(14) = 0.30; P > 0.25]. However, Spearman
correlations showed that the relation between 2D:4D ratio and the impairment in
cognitive empathy induced by testosterone administration was highly
significant [ρ(14) = 0.85; P < 0.0001].
As can be seen from figure 1B, applied as a regressor (i.e., parametrically),
fetal testosterone exposure (as inferred from 2D:4D ratios) explains more than 50%
of the variance in the effect of testosterone administration on cognitive empathy. To
qualify this effect, we applied a median split on the individual 2D:4D ratio measures to
create groups of high and low fetal testosterone. Wilcoxon repeated-measures
analyses (figure 1C) showed no effects of testosterone administration on cognitive
empathy whatsoever in subjects with low fetal testosterone exposure [i.e., high 2D:4D
ratio; Z(1,8) = 0.00; P = 1]. However, in line with expectations, subjects with high fetal
testosterone exposure (i.e., low 2D:4D ratio) showed a strongly significant reduction
in cognitive empathy after testosterone administration [Z(1,8) = −2.54; P = 0.006, onetailed]. In addition, consistent with the down-regulatory effects of testosterone
administration on mind reading, there was a significant negative correlation between
salivary testosterone and cognitive empathy in the placebo condition [ρ(14) = −0.45; P
= 0.041, one-tailed]. Importantly, however, testosterone levels measured from saliva
(before administration of testosterone or placebo) did not differ between the
experimental conditions, were unrelated to 2D:4D ratio, and did not mediate in our
critical effect of testosterone
administration on cognitive empathy (all P values > 0.40). Finally, none of these
effects were caused by secondary-generated mood changes (all P values > 0.18), and
our data were not confounded by expectations or subjective biases of the participants
with respect to the effects of testosterone in general, or effects of testosterone on
cognitive empathy in particular (all P values > 0.30; Experimental Procedures).
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figure 1. (A) Effect of testosterone
administration on cognitive empathy in
young women: mean and SEM of the
percentage correct responses on the
RMET
after
administration
of
testosterone and placebo (P = 0.013,
one-tailed).
Testosterone
administration impairs the ability to
accurately infer motives, intentions,
thoughts, and emotions from the eye
region of the face of others. (B) Fetal
testosterone exposure (inferred from
2D:4D ratio) predicts the effect of
testosterone
administration
on
cognitive empathy: scatter plot shows
the interaction between the 2D:4D ratio
fetal testosterone marker and the effect
of testosterone (T) administration on
cognitive empathy (P < 0.001). The
group
effect
of
testosterone
administration on cognitive empathy
varies strongly according to individual
2D:4D ratios. (C) Effect of testosterone
(T) administration on cognitive empathy
in subjects with high and low fetal
testosterone exposure (inferred 2D:4D
ratio): Mean and SEM of the effect of
testosterone
administration
on
cognitive empathy in subjects with
relatively low and high 2D:4D ratios,
based on median split. Substantial
effects of testosterone on cognitive
empathy are observed in subjects with
high fetal testosterone exposure (P =
0.006, one-tailed), and no effects are
seen in subjects with low fetal
testosterone exposure (P = 1).
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discussion
We have shown that a single administration of testosterone in female subjects leads to
a significant impairment in the ability to infer emotions, intentions, and other mental
states from the eye region of the face. Our data provide causal evidence for the
hypothesis that testosterone levels negatively influence social intelligence
(Ingudomnukul, Baron-Cohen, Wheelwright, & Knickmeyer, 2007; van Honk, 2009).
Moreover, the 2D:4D ratio fetal testosterone marker predicted more than 50% of the
variance in this effect; i.e., sizable effects of testosterone on cognitive empathy were
seen in only subjects who were highly prenatally primed by testosterone, inferred
from low 2D:4D ratios. Thus, our data convincingly show effects of testosterone
administration on cognitive empathy, and these may depend on fetal testosterone
priming.
There was no relation between the fetal testosterone marker and
performance on the RMET at baseline, which is consistent with recent correlational
data from large groups of adult humans (Sapienza, et al., 2009; Voracek & Dressler,
2006), but not with data from children (Chapman, et al., 2006). Although correlational
studies, which usually include larger subject samples, report associations between the
fetal testosterone marker and economic and social behavior in adult humans (Coates,
Gurnell, & Rustichini, 2009; Sapienza, et al., 2009), the chance of finding such effects
might theoretically be greater in young children as their brains have not yet been
reorganized by the testosterone surges of adolescence (Sisk & Zehr, 2005). Crucially,
however, and consistent with rodent research, we show that fetal testosterone comes
into prominence when its priming is experimentally activated by testosterone
administration in adulthood (deCantazaro, 1998). Indeed, at present, there is also a
negative relation between baseline salivary testosterone levels and social intelligence,
but, consistent with the animal data (deCantazaro, 1998; Sisk & Zehr, 2005), it was
testosterone’s early organizational effect indexed by 2D:4D ratio that predicted the
effects of administration of the very same hormone on behavior.
Recently, some researchers have expressed doubt over the sensitivity of
2D:4D ratio as an individual marker for differences in prenatal androgen exposure
(Berenbaum, et al., 2009). Certainly there is variance in 2D:4D ratio that cannot be
attributed to prenatal testosterone alone, and sex or certain phenotypes cannot be
predicted from individual digit ratios (Breedlove, 2010; Hönekopp & Watson, 2010).
However, 2D:4D ratio is useful for predicting human behavior when comparing
groups, and has proven to be a valuable marker for individual differences in prenatal
androgen exposure in correlational studies (Breedlove, 2010; Honekopp, et al., 2007;
Manning, et al., 2000). This is substantiated by the present findings wherein digit ratio
explained more than 50% of the individual variance in the effects of testosterone on
cognitive empathy. One study into 2D:4D ratio variance examined the relationship
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between fetal steroid hormone levels measured in amniocentesis fluid and the 2D:4D
ratio. The relation between fetal testosterone and 2D:4D ratio only became significant
when fetal estradiol was taken into account (i.e., fetal testosterone:estradiol ratio)
(Lutchmaya, Baron-Cohen, Raggatt, Knickmeyer, & Manning, 2004), suggesting fetal
estradiol and testosterone interactively contribute to 2D:4D ratio (Manning, Scutt,
Wilson, & Lewis-Jones, 1998). This is interesting, but seems inconsistent with the
evidence from rodents showing that testosterone and estradiol are involved in
masculinizing the brain; i.e., in rodents, brain masculinization depends on circulating
testosterone acting on AR receptors and conversely on testosterone converted by the
enzyme aromatase into estradiol acting on estrogen receptors (Zuloaga, Puts, Jordan,
& Breedlove, 2008). Crucially, however, in primates, including humans, brain
masculinization evidently is accomplished primarily via androgens acting directly on
ARs. The stimulatory role of estrogen receptors in masculinizing the human brain is
negligible, because individuals with complete androgen insensitivity syndrome (i.e.,
nonfunctional ARs) show feminized behavior (Imperato-McGinley et al., 1982),
whereas masculine behavior can be observed in men with dysfunctional aromatase
(Grumbach & Auchus, 1999).
In sum, we show that 2D:4D ratio has strong predictive power in estimating
effects of testosterone administration on cognitive empathy in humans. This finding is
consistent with animal data (deCantazaro, 1998; Sisk & Zehr, 2005) and establishes
that 2D:4D ratio might be a useful marker for differing effects of testosterone
administration in humans. Opposite effects (i.e., improvements in cognitive empathy)
have been shown after administration of the “female-type” peptide hormone oxytocin
in healthy young males (Domes, et al., 2007). Furthermore, improvements in cognitive
empathy after oxytocin administration were recently also observed in young males
diagnosed with autism or Asperger syndrome (Guastella et al., 2010), which suggests
that oxytocin may hold some potential for intervention in autism spectrum disorders
conditions. It seems that, depending on conditions, testosterone works
antagonistically on the neuroendocrine system that expresses oxytocin (Carter, 2007;
Geary & Flinn, 2002). Steroid and peptide hormones are known to act
interdependently in the brain, and as hyperfunction of testosterone and hypofunction
of oxytocin has been suggested in autism (Baron-Cohen, 2009; Carter, 2007), an
integrative approach might add to our understanding of this neurodevelopmental
condition (Ingudomnukul, et al., 2007).
In conclusion, we have shown that administration of testosterone in humans
leads to significant impairment in the cognitive empathic ability to infer emotions,
intentions, feelings, and other mental states from the eye region of the face. Moreover,
a proxy of subjects’ fetal testosterone, the right-hand 2D:4D ratio, suggests that
prenatal testosterone priming is crucial in this effect. Here we provide evidence in
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humans that activational effects of testosterone on adult social cognition may depend
on early, prenatal organization by the same hormone, testosterone. Further research
is necessary to establish whether this finding is specific to social intelligence or can be
generalized to other human behaviors in which testosterone plays a role, such as
social dominance or sexual motivation (Ingudomnukul, et al., 2007; Tuiten, et al.,
2000). Nonetheless, our data provide unique insights into the psychobiology of social
intelligence and open up opportunities for further research in human social
neuroendocrinology.
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summary and discussion of the findings
This thesis addressed the following three questions: (1) To what extent is human
social-emotional behavior affected by testosterone, estradiol, oxytocin, and
vasopressin? (2) What are the neural mechanisms underlying the established effects
of testosterone on fear reduction, reward processing, and responsiveness to salient
emotional cues? (3) Do the effects of testosterone extend to more complex forms of
human social emotional behavior, and if so, what are the neuroendocrine mechanisms
involved in these more complex social-emotional behaviors? The first question was
addressed in chapter 2, which consists of a review of all available placebo-controlled
hormone administration studies with testosterone, estradiol, oxytocin, and
vasopressin investigating effects on human social emotional behavior. Together, the
studies reviewed demonstrate substantial hormonal control over human socialemotional behavior. Based on the studies described in the review, we presented a
heuristic model for the effects of the aforementioned steroid hormones and
neuropeptides on behavior, and propose a neuroendocrine mechanism explaining
how these effects on behavior would be brought about (chapter 2, figure 1 and 2). In
sum, testosterone and vasopressin are important in environments that demand
action, and especially when the individual is confronted with social challenges.
Testosterone will adaptively increase vigilance and the motivation to act, either by the
effect of testosterone itself or by acting on vasopressin. Testosterone reduces fear and
initiates approach motivation by acting on reward-seeking pathways in the presence
of desired goals, irrespective of whether the goal is social dominance, sex, or monetary
gain. Testosterone may do this by activating the sympathetic nervous system, and
promote assertive, "courageous" acting-out behaviors, especially when facing
challenges. When acting in concert with vasopressin, testosterone can reduce
prefrontal-amygdala connectivity and increase amygdala output to the brainstem to
initiate fight/flight behavior. The function of vasopressin when confronted with
challenges might be to shift towards less complex forms of stimulus processing,
thereby increasing the focus to deal with threat. In contrast, estradiol and oxytocin
function more distinctly in safe environments where there is no direct need for
vigorous action (Hrdy, 2009; Taylor et al., 2000). By inhibiting amygdala output to
brainstem regions, estradiol and oxytocin give rise to more cognitive control by
prefrontal neural regions, thereby facilitating social bonding through the direct effects
of oxytocin on dopamine reward-seeking systems during social interaction. This exact
prediction is recently confirmed by a study showing decreased amygdala responses
after oxytocin administration, but increased connectivity between the amygdala and
the anterior cingulate, the hippocampus, the precuneus, the supramarginal gyri, and
the middle temporal gyrus (Riem, van IJzendoorn, et al., 2011). This effect is opposite
to that of testosterone (Hermans, Ramsey, & van Honk, 2008; van Wingen et al., 2009),
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which increases amygdala activation and reduces amygdala-orbitofrontal coupling
(van Wingen, Mattern, Verkes, Buitelaar, & Fernandez, 2010). When dealing with
threat, oxytocin furthermore has an important function to reinstate homeostasis.
Estradiol and oxytocin enhance parasympathetic nervous system activity, promoting
calming behaviors and increased provision of care, especially for infants. In primate
evolution, with the shift towards cooperative breeding in human ancestry, this
increased caring response extended to family and group members. OT also reduces
fear, and facilitates social bonding by increasing social proximity. Together, this model
provides a framework for the role of steroids and neuropeptides in human social
behavior.
Working from our heuristic neuroendocrine model, chapters 3, 4, and 5
describe three fMRI studies answering the second question of this thesis,
investigating respectively the neural underpinnings of testosterone’s effect on reward
processing, testosterone’s fear reducing properties, and the effect of testosterone on
responsiveness towards crying infants. In chapter 3, the hypothesis of whether
testosterone would increase NAcc responses in anticipation for reward after
testosterone administration was tested, and in addition, whether motivational traits
would explain variability in the NAcc responses or possibly mediate the effects of
testosterone administration. The results showed that testosterone indeed increased
BOLD responses in the ventral striatum (in which the NAcc is located) during
anticipation for reward after testosterone administration. Furthermore, it was shown
that this effect is mediated by the motivational drive of the participants. The
behavioral activation scale (BAS: Carver & White, 1994), which is a self-report
measure for appetitive motivation, correlates negatively with the effect of
testosterone in the ventral striatum. This effect is caused by a positive relation with
the BAS and ventral striatal responses in the placebo condition which is absent in the
testosterone condition. Thus, people high in appetitive drive have stronger ventral
striatal responses in anticipation for reward, and testosterone administration
increases these ventral striatal responses, specifically in people low in appetitive
drive. The modulatory effect of motivational drive importantly shows that the neural
effect of testosterone can be dependent on personality factors. Furthermore, the main
finding of the study brings forth the suggestion that testosterone acts on dopamine in
the ventral striatum, as effects of testosterone on the NAcc are likely mediated by
dopamine action (Wood, 2008), and anticipatory BOLD responses in the task used in
this study have also been related to dopamine release (Schott et al., 2008). Although
there are diverse neurobiological pathways by which testosterone can influence
human social emotional behavior, this testosterone-dopamine interaction provides for
a candidate mechanism.
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There is ample evidence for the fear reducing properties of testosterone,
demonstrated for instance in rodents (Aikey, Nyby, Anmuth, & James, 2002) and
humans (Hermans et al., 2007; Hermans, Putman, Baas, Koppeschaar, & van Honk,
2006), but the neural mechanisms are still unknown. In chapter 4, we tested the
hypothesis that testosterone would decrease fear by reducing the amygdala response.
Contrary to our hypothesis, the data show that testosterone leads to increased
amygdala responses towards a prototypical innate human danger cue: a fearful face.
Thus testosterone does not seem to reduce fear by decreasing amygdala responses.
Considering the strong increases of amygdala activation, perhaps testosterone
decreases fear by activating specific subregions of the amygdala. While the amygdala
is mostly described as a single structure with a single function, it actually consists of
several sub-nuclei of different structures underlying different functions (Davis &
Whalen, 2001). A recent rodent study shows furthermore that a subregion of the
amygdala, the basolateral amygdala (BLA) can inhibit fear responses by acting on the
central-medial amygdala (CMA), the major output site of this structure (Tye et al.,
2011). The data in chapter 4 show that the increased activation of the amygdala by
testosterone was specific to the BLA and superficial amygdala, and not the CMA, thus
it could be that the increased activation reflects stronger inhibition within the BLA,
thereby reducing fear. Besides providing for ground to speculate on the mechanisms
by which testosterone reduces fear, the findings in this study add to the growing
literature describing a more nuanced view of the amygdala (e.g. Etkin et al., 2004;
Gamer, Zurowski, & Buchel, 2010; Goossens et al., 2009), instead of envisioning this
region as a single structure with a single function.
The effects of testosterone; increased reward sensitivity and reduced fear, of
which the neural mechanisms are described in chapter 3 and 4, fit very well with the
challenge hypothesis, stating that testosterone levels are dependent on environmental
demands (Archer, 2006; Wingfield, Hegner, Dufty, & Ball, 1990). The challenge
hypothesis further states that during parenting, baseline measures of testosterone
should decrease, a prediction recently confirmed in humans (Gettler, McDade, Feranil,
& Kuzawa, 2011). Nonetheless, in rodents parental care can depend on metabolites of
testosterone (Trainor & Marler, 2002), and human fathers show elevations in
testosterone levels towards infant crying (Storey, Walsh, Quinton, & Wynne-Edwards,
2000). The study described in chapter 5 attempted to give insight into these diverse
findings, by subjecting healthy young women without children to infant crying. After
testosterone administration, an infant crying sound yielded stronger activation of the
thalamocingulate circuit, an evolutionary conserved neural substrate subserving
parental care and responsiveness to infant vocalizations (MacLean, 1985). Next to this
heightened neural activation, testosterone also affected subjective responses to the
stimuli, as under testosterone the crying was rated as more emotional and pleasant.
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Although these participants were not mothers, and this is the first study to report such
a finding, we cautiously propose that these responses might reflect beneficial parental
responses. However, this brings forth the question how a positive effect of
testosterone on parenting concurs with long term decreases in testosterone during
parenting (Gettler, et al., 2011; Wynne-Edwards & Reburn, 2000). A recent study that
could shed some light on these findings measured testosterone responses in men
when interacting with a very realistic baby doll that made crying sounds (van Anders,
Tolman, & Volling, 2011). This study showed that testosterone levels decreased in
response to crying sounds when they were accompanied by nurturant responses. In
the absence of these responses, crying only led to increased testosterone levels. This
might imply that the testosterone induced responses we measured in our study
represented increased action preparation towards the crying, a response that in
parents, when interacting with a baby during successful caring behavior should
directly attenuate. After this initial testosterone response to the crying,
oxytocin/estradiol induced soothing mechanisms, reinstating homeostasis, which
could facilitate further caring behavior (Taylor, et al., 2000). Oxytocin administration
in females leads to attenuated amygdala responses, fitting with this explanation.
Overall, this topic is an important avenue of further research, considering the relation
between testosterone and aggression, and that negative responses towards infant
crying by caregivers is a risk factor for child abuse (Crouch, Skowronski, Milner, &
Harris, 2008).
The final subquestion of this thesis is addressed in chapters 6, 7, 8, and 9.
Does the effect of testosterone extend to complex forms of social behavior, or is it
limited to emotional processes? Chapter 6 tested the hypothesis that testosterone
would reduce interpersonal trust, based on the facts that trust behavior relies on
limbic neural circuits involved in emotion processing (Rilling & Sanfey, 2011), and
that oxytocin administration results in increased trust towards unknown others
(Kosfeld, Heinrichs, Zak, Fischbacher, & Fehr, 2005). In the testosterone condition, we
observed a significant decrease of trustworthiness ratings of unknown others. Thus,
testosterone indeed decreased trust, and moreover, we showed that this effect was
caused exclusively by subjects who were generally more trusting. Whereas in high
trusting subjects there was a strong decrease in trust ratings, ratings of participants
low in trust remained equally low. In an additional study described in chapter 7, we
used fMRI in combination with an adapted trust task to investigate what neural
mechanism underlies this effect of testosterone on trust. We hypothesized that
testosterone would target the amygdala during trust judgments, since by acting on
vasopressinergic neurons in the CMA, testosterone can increase output to brainstem
circuits involved in fight/flight responses (Huber, Veinante, & Stoop, 2005; Koolhaas,
Van Den Brink, Roozendaal, & Boorsma, 1990). However, human neuroimaging data
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show that exogenous testosterone can also reduce connectivity between the amygdala
and the orbitofrontal cortex (van Wingen, et al., 2010). This way, reduced top-down
control of the orbitofrontal cortex over the amygdala-brainstem circuit might also lead
to an increase in social vigilance (Barbas, Saha, Rempel-Clower, & Ghashghaei, 2003).
As hypothesized, the data show that the amygdala is implicated in the effects of
testosterone on trust. Specifically, endogenous and exogenous testosterone leads to
increased amygdala responses towards untrustworthy faces, effects defensibly
pointing at heightened social vigilance. We also found the expected reductions in
functional connectivity between the amygdala and the orbitofrontal cortex during all
facial (social) evaluations, irrespective of whether the faces were evaluated as
untrustworthy. These findings strongly suggest that the amygdala-orbitofrontal
decoupling was primary, and underlying the heightened amygdala activation in
response to untrustworthy faces. Thus, by reducing modulation by the orbitofrontal
cortex, testosterone prevents inhibitory control on social vigilance, which
subsequently results in increased amygdala responsiveness to untrustworthy faces.
Based on the interactions between testosterone and dopamine mechanisms in the
prefrontal regions of the brain, we propose that the reduced amygdala-orbitofrontal
coupling might stem from such interactions (Aubele & Kritzer, 2011; Blasi et al.,
2009). However, in this data we did not find increased amygdala brainstem coupling,
which we expected based on our model that testosterone would act on vasopressin in
the CMA to increase output to the brainstem. It might very well be that the effects of
testosterone are dependent on the level of threat. Whereas distal threat triggers
mostly prefrontal neural regions, under the influence of proximate threat activation
shifts to brainstem circuits (Mobbs et al., 2007). Chapter 8 is a theoretical perspective
built upon the trustworthiness imaging findings above. We propose that during
moderate levels of threat, e.g. when encountering unknown others, testosterone might
target prefrontal dopamine circuits. This uncouples the prefrontal cortex from the
amygdala, which hypothetically results in loss of inhibitory control. On the other hand,
when threat levels are high, activation shifts to amygdala-brainstem circuits, and
testosterone perhaps acts on vasopressinergic neurons in the CMA.
The results discussed in chapters 6 and 7 show that the effects of testosterone
on more complex forms of social behavior are opposite to those of oxytocin, consistent
with the model presented in chapter 2. In chapter 9, we tested the prediction that the
effects of testosterone on mindreading are also opposite to those of oxytocin. Using
the reading the mind in the eyes task, a screening instrument to detect high
functioning autism (Baron-Cohen, Wheelwright, Hill, Raste, & Plumb, 2001), Domes et
al. show that oxytocin increases mindreading performance (Domes, Heinrichs, Michel,
Berger, & Herpertz, 2007). Using the same task, we show that testosterone reduces
performance of this capacity in healthy young women. Not only does exogenous
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testosterone administration interfere with identifying complex emotions in others,
this effect is also mediated by prenatal testosterone levels. Prenatal testosterone was
retrospectively measured by a marker of testosterone levels in the uterus: the 2D:4D
ratio from the digits of right hand (Breedlove, 2010). People subjected to higher levels
of prenatal testosterone showed stronger impairments in mindreading after
testosterone administration. In line with these findings, recent structural
neuroimaging work in males revealed that fetal testosterone changes cortical
thickness in sexually dimorphic regions of the brain (Lombardo et al., 2012), regions
that are importantly involved in mindreading, such as the tempero-parietal junction
(Adams et al., 2009). Thus, testosterone affects the higher strata of human social
behavior on several levels, as higher levels of testosterone in the uterus seem to
increase sensitivity for the activational effects of the same hormone later in life.
In the conclusion of chapter 2, we stated that the great challenge for future
research is to disentangle how neuroendocrine mechanisms influence social behavior,
and how these mechanisms interact with the environment, while taking into account
the vast neural complexities that underlie individual mental and behavioral functions,
let alone those that arise from intergroup dynamics. Although modest in its
contributions to this challenge, the studies described in the rest of the thesis do give a
number of new insights into the complexity of socio-endocrine mechanisms. The
neuroimaging data described in this thesis refine our neural model, as we have shown
that the testosterone reduced coupling of the amygdala and the orbitofrontal cortex is
an important mechanism whereby testosterone can increase vigilance, while the effect
of testosterone on the amygdala-brainstem circuits might be restricted to more severe
levels of threat. Also, the data on testosterone’s effects on mindreading show that our
heuristic model of endocrine effects wherein we juxtapose testosterone and
vasopressin with oxytocin and estradiol is fruitful in the higher strata of human social
behavior. While testosterone and oxytocin can be involved in the same behavior, and
act in concert, their functions are directed towards different goals. Testosterone
facilitates successful dealing with threat and social challenges, while oxytocin is more
directed toward in-group bonding, empathy, and affiliation. In healthy subjects, this
results in the opposite effects that these hormones and neuropeptides have on social
cognition and trust behavior, reflected in their actions on the brain; oxytocin
connecting limbic circuits with prefrontal networks to instigate social bonding by
enhancing cognitive control to regulate emotionality (Riem, Bakermans-Kranenburg,
et al., 2011), whereas testosterone does the opposite (chapter7; van Wingen, et al.,
2010).
Based on animal literature (Gleason, Fuxjager, Oyegbile, & Marler, 2009;
Goodson & Kabelik, 2009; Oliveira, 2009), our model in chapter 2 already stresses the
importance of environmental factors modulating hormonal effects. This thesis
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however, also indicates the importance of individual differences mediating the effects
of testosterone. A consideration recently addressed in a review on the effects of
oxytocin (Bartz, Zaki, Bolger, & Ochsner, 2011), the effects of which can also vary
strongly depending on for instance, empathic abilities of individuals (Bartz et al.,
2010). The individual characteristics that modulate testosterone’s effect on human
social functioning which came to light in the studies in this thesis, are the level of fetal
testosterone an individual is subjected to (chapter 9), an approach-related personality
style (chapter 3), and the level of social trust (chapter 6). By carefully mapping out
these individual differences in responsiveness to testosterone, and investigating the
neuroendocrine dynamics that bring them about, this aspect is an important
contribution to our suggested models, adding value to their role as a starting point for
future research.

perspectives
The title of this thesis, ‘to survive and protect’, was chosen since the terms succinctly
describe the role of testosterone as envisioned in this thesis. It importantly describes
that testosterone does not directly target behavior, but more the underlying motives.
In doing so, testosterone can be involved in a host of behavioral repertoires. From
reducing fear and decreasing trust to preparing for action when facing challenge. If
antagonistic to the effects of oxytocin with respect to out-group threat, testosterone
might even provide us with an antidote for in-group protectionism, a recently
discovered aspect of oxytocin’s effect on social bonding (De Dreu et al., 2010). Such an
antidote would be welcome in an era with an increasing demand for global social
cooperation (de Waal, 2010; Nowak & Highfield, 2011). As noted above, one of the
avenues for further research is to scrutinize the exact role of testosterone and related
hormones and neuropeptides in human social behavior, taking into account individual
and environmental factors. But of equal interest are investigations in two areas
adjacent to those discussed in this thesis, one being the neurobiological mechanisms
underlying the effects of hormonal administrations, the second the therapeutic
potential of hormonal steroids and neuropeptides.
In the previous chapters, several neurobiological mechanisms are discussed,
most notably effects of testosterone on dopamine, interactions of testosterone with
neuropeptides, and developmental effects of fetal testosterone. However, these are
just some of the multitude of pathways by which testosterone could influence social
behavior. Some of the pathways that hopefully will be addressed in the future, because
of their relevance to the effects described in this thesis, are non-genomic effects of
testosterone (Heinlein & Chang, 2002), and conversion of testosterone to estradiol by
aromatase (Cornil, Ball, & Balthazart, 2006). Non-genomic effects can be much faster
than genomic effects of androgen receptors, and are therefore important candidates
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for the regulation of social behavior, since these processes are fast. Discerning which
behaviors relate to either the genomic or the non-genomic effects is thus paramount.
Steps in this direction are taken, as a recent study shows that an androgen receptor
polymorphism predicts amygdala responses (Manuck et al., 2010). The aromatase
pathway is also of great relevance, as aromatase can act quickly and estradiol has
diverse effects on social behavior and the brain, also both genomically and nongenomically. With regard to fast effects of aromatase, this gives infinite temporal
flexibility (Balthazart, Taziaux, Holloway, Ball, & Cornil, 2009; McEwen & Alves, 1999).
Considering that aromatase is densely located in regions of the human brain such as
the amygdala (Biegon et al., 2010), it is tempting to suggest that some of the effects
seen after testosterone administration might be caused by local conversion to
estradiol. A further step in scrutinizing this pathway is to find the genes that can
explain variation in the functionality of this cascade. Such a gene is the recently
identified transcription factor RORA, which regulates expression of aromatase
(Sarachana, Xu, Wu, & Hu, 2011). Also, the expression of RORA itself is controlled by
steroid hormones, as it is downregulated by the androgen dihydrotestosterone, and
upregulated by estradiol. Such findings throw new light on recent ideas and findings,
and provide for hypotheses to address on other levels of investigation, such as
whether individual variation in humans in expression of RORA is related to behaviors
that are under control of steroid hormones.
The second direction for future research is the therapeutic potential of the
hormones and neuropeptides discussed in this thesis, of which most attention so far
has been directed to the effects of oxytocin (Meyer-Lindenberg, Domes, Kirsch, &
Heinrichs, 2011; Striepens, Kendrick, Maier, & Hurlemann, 2011). Although clinical
research on psychopathology with hormonal intervention is still in its infancy,
oxytocin is proposed as potentially beneficial for disorders such as: drug abuse,
schizophrenia, borderline personality disorder (BPD), autism spectrum disorder, and
social anxiety disorder (SAD). With respect to testosterone, the disorders of special
interest are BPD, autism, and SAD.
BPD, characterized by disturbed emotion regulation and problems with
interpersonal bonding, seems a good candidate for oxytocin treatment. However,
research shows that contrary to the effects in healthy subjects, oxytocin reduces trust
and cooperation in a social interactive game (Bartz et al., 2011). It might be, that such
divergent effects of oxytocin are caused by developmental differences in this
population. For instance, young children subjected to childhood abuse or neglect have
lower oxytocin responses after interacting with their mother (Fries, Ziegler, Kurian,
Jacoris, & Pollak, 2005), and lower central oxytocin levels later in life (Heim et al.,
2009). Testosterone levels in BPD however seem to be increased compared to healthy
controls (Roepke et al., 2010), and considering that testosterone levels can affect
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oxytocin receptor binding in the brain (Arsenijevic & Tribollet, 1998), these endocrine
abnormalities in BPD deserve more attention.
Also in autism there might be developmental interactions between
testosterone and oxytocin. While oxytocin overall improves the social deficits in
autism patients (Andari et al., 2010; Guastella et al., 2009), part of the underlying
etiology of this disorder is proposed to be higher exposure to fetal testosterone
(Baron-Cohen, Knickmeyer, & Belmonte, 2005). The study in chapter 9 shows that
higher fetal testosterone also increases one’s sensitivity for down regulating effects of
testosterone on social cognition, and furthermore there is evidence that fetal
testosterone changes brain development in sexually dimorphic neural regions
(Lombardo, et al., 2012). Another player in the endocrine cascade of the
developmental trajectory in autism could be the aforementioned transcription factor
RORA. In autistic patients compared to controls, expression of RORA in the prefrontal
cortex was shown to be reduced (Sarachana, et al., 2011). Since RORA regulates
expression of aromatase, and is downregulated by testosterone itself, lessened
expression of RORA could lead to a negative feedback loop where lower levels of
RORA results in accumulating levels of testosterone, which subsequently will put a
brake on RORA. Forthcoming studies in clinical and subclinical populations hopefully
provide for more insight into this fascinating possible mechanism.
Finally, SAD is a disorder in which both oxytocin and testosterone could be
beneficial. Both oxytocin and testosterone can reduce fear, but seem to tap into
different aspects of the fear response. Testosterone reduces fear selectively in
conditions where threat is proximate, leaving background anxiety during a safe
condition in the same experiment unaffected (Hermans, et al., 2006). It seems to act
specifically on the fear response, but does not target conscious measures of anxiety
(van Honk, Peper, & Schutter, 2005). Oxytocin on the other hand, does not reduce cue
specific fear, but reduces background anxiety (Missig, Ayers, Schulkin, & Rosen, 2010).
These distinct effects of oxytocin and testosterone on fear appear to relate to different
neural mechanisms by which they exert their effects. Oxytocin decreases amygdala
activation towards signals of fear in SAD patients (Labuschagne et al., 2010), while
testosterone increases such responses of the amygdala (chapter 4). Thus oxytocin
perhaps reduces more prefrontal mediated, anxiety related behavior in the absence of
proximate threat, by increasing cortical control over the amygdala (McNaughton &
Corr, 2004; Riem, van IJzendoorn, et al., 2011). Testosterone contrariwise, reduces
autonomic cue specific fear responses by acting on amygdala-brainstem circuits in the
face of proximate threat (Mobbs, et al., 2007). With their different mechanisms of
action, clinical studies have to indicate which of the two candidates, or perhaps a
combination of both, is most successful in reducing the symptomatology of SAD.
Studies administering oxytocin to SAD patients have not shown convincing effects
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until now (Guastella, Howard, Dadds, Mitchell, & Carson, 2009; Striepens, et al., 2011).
Studies administering testosterone to social anxiety patients, or testing the specific
effects of testosterone on social anxiety in healthy subjects have not been performed
yet, but are an interesting direction for further research.
Mapping the effects of hormones and neuropeptides on human social
behavior and its underlying neural mechanisms is an endeavor that though only
recently begun, has already led to a large collection of data. In the following decades
this development will certainly progress in the different research domains, ranging
from neurobiology to clinical studies and group dynamics. By interdisciplinary efforts,
we can slowly but steadily disentangle the vast complexities of the human brain, and
the broad spectrum of social-emotional behavioral repertoires it brings forth.
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inleiding
Evolutie heeft de menselijke soort uitgerust met een sterk ontwikkelde neocortex.
Deze neocortex faciliteert visuele verwerking, taalverwerking en productie, en
vaardigheden zoals cognitieve controle en planning van toekomstig gedrag. Omdat
deze vormen van gedrag bij mensen ver ontwikkeld zijn en dus als ‘typisch’ menselijk
gezien worden, zijn met name deze gedragingen onderwerp van studie geweest in de
psychologie. Ook binnen de neurowetenschappen heeft men zich met name gefocust
op dit gedrag en is het onderzoek vooral gericht op de rol van de neocortex in het
verklaren van menselijk gedrag. Echter, vele studies in de afgelopen decennia laten
zien dat de rol van de neocortex bij veel menselijk gedrag zeer beperkt is. Vooral de
sociale neurowetenschappen, welke inzicht trachten te geven in de neurale processen
die ten grondslag liggen aan sociaal gedrag, hebben aan dit inzicht bijgedragen.
Onderzoek binnen dit vakgebied laat zien dat bij menselijk gedrag zoals vertrouwen
(tussen individuen), empathie en moreel gedrag veelal hersengebieden betrokken zijn
die evolutionair gezien veel ouder zijn dan de neocortex. Het gaat hierbij om gebieden
die wij delen met veel andere diersoorten. Deze hersengebieden, zoals het limbisch
systeem en de hersenstam, zijn betrokken bij emotionele processen als vecht- en
vluchtgedrag, maar eveneens bij gedrag wat vaak als typisch menselijk wordt
beschouwd. Waar mensen denken dat hun sociale gedrag voorkomt uit rationele-,
beredeneerde motieven, toont onderzoek aan dat onbewuste emotionele processen de
grootst sturende factor achter dit gedrag zijn. Dit inzicht past zeer goed binnen een
evolutionaire benadering van de hersenontwikkeling. Ondanks dat het meest recent
ontwikkelde deel van het brein bij mensen sterk ontwikkeld is, oefent de rest van het
brein zijn functie uit, zoals deze dat al miljoenen jaren gedaan heeft, en het is door de
evolutie heen niet minder belangrijk geworden. De emotionele basis van menselijk
sociaal gedrag geeft het belang aan van een evolutionair standpunt in het onderzoek
naar de grondslag van dergelijk gedrag. Aangezien de verschillen tussen de menselijke
soort en andere diersoorten slechts gradueel zijn, kan onderzoek bij andere
diersoorten unieke inzichten geven in menselijk gedrag. Omwille van de voortgang
van het onderzoek naar menselijk sociaal gedrag, en de psychologie in het algemeen,
is het innemen van een evolutionair standpunt onmisbaar. Vanuit een dergelijk
standpunt en binnen het vakgebied van de sociale neurowetenschappen, tracht dit
proefschrift inzicht te geven in de hormonale factoren die van invloed zijn op de
neurale processen die ten grondslag liggen aan sociaal gedrag, met speciale focus op
het hormoon testosteron.
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testosteron in sociaal gedrag
Testosteron is een veelvuldig onderzocht hormoon. Een van de redenen hiervoor is
dat testosteron belangrijke effecten heeft op de lichamelijke ontwikkeling en gedrag
en dat deze effecten door de evolutie heen behouden zijn gebleven. Het hormoon
testosteron is betrokken bij de ontwikkeling van de geslachtsklieren. Deze functie
heeft testosteron bij alle tot nu toe bestudeerde gewervelde diersoorten. Dit geldt
eveneens voor diersoorten die een gemeenschappelijke voorouder met de mens
hebben en die 500 miljoen jaren terug leefden. Bij vissen, vogels, knaagdieren en
primaten is testosteron van belang voor de ontwikkeling van secundaire
geslachtskenmerken en voorplanting-gerelateerd gedrag. Zo is testosteron betrokken
bij agressie, bijvoorbeeld wanneer mannetjesdieren in competitie zijn om een
vrouwelijk dier. Tevens werkt testosteron angst-verlagend, zowel in dieren als in
mensen. Het lijkt er op dat de rol van testosteron in de ontwikkeling van
geslachtsklieren geëvolueerd is naar een rol in diverse voortplanting-gerelateerde
gedragingen, aan welke een gedeeld onderliggend neuro-hormonaal substraat ten
grondslag ligt.
Testosteron kan ook nadelige effecten hebben, zo remt testosteron het
immuunsysteem. Dit belemmert het hebben van zeer hoge testosteron niveaus. Op
basis van deze bevinding in combinatie met onderzoek naar hormoonwaarden bij
vogels die afhankelijk van het seizoen broeden, is de ‘challenge-hypothese’ naar voren
gebracht. Deze stelt dat testosteron niveaus adaptief kunnen fluctueren afhankelijk
van de mate waarin een individu wordt blootgesteld aan dreiging en uitdagingen. Zo
zijn bij veel vogels de testosteron niveaus hoog in het voorjaar, wanneer er competitie
tussen mannetjes heerst om vrouwtjes, en laag in de periode daarna, wanneer
mannetjes druk zijn met ouderlijk gedrag en de zorg voor nageslacht dragen.
Onderzoek bij andere diersoorten zoals vissen en mensen, laat zien dat de challengehypothese niet enkel voorbehouden is aan vogels.
Omdat het meeste onderzoek naar testosteron gedaan is bij dieren, is een
belangrijke vraag; in welke mate beïnvloedt testosteron ook het gedrag van mensen?
Sommige onderzoekers beweren dat, als gevolg van de hersenontwikkeling bij
mensen, ons gedrag niet meer door hormonen aangestuurd wordt. Veel van het
menselijke gedrag is echter afhankelijk van oude hersenstructuren die betrokken zijn
bij emotioneel gedrag, gebieden waar hormonen de neurale activiteit sterk kunnen
beïnvloeden. Daarmee is de houdbaarheid van de gevolgtrekking van deze
onderzoekers nog maar de vraag. Recente studies met gebruik van hersenscantechnieken die de activiteit van de hersenen in beeld kunnen brengen, laten duidelijk
zien dat de hersenen van mensen gevoelig zijn voor veranderingen van testosteron
niveaus. Ook menselijk gedrag lijkt gevoelig te zijn voor deze veranderingen. Zo laten
metingen uit speeksel zien dat hoge testosteron waarden samengaan met een
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verhoogde mate van dominant-, seksueel- en agressief gedrag. Deze correlationele
verbanden zeggen alleen niets over de causale relatie tussen de twee maten. Het kan
immers ook zo zijn dat agressief gedrag leidt tot hoge testosteron waarden en niet
andersom. De ethische en praktische aspecten die onderzoek naar agressie tussen
individuen belemmeren, maken dat een causaal verband tussen testosteron en
agressie niet eenduidig is aangetoond. Bovendien is agressief gedrag tussen mensen
relatief zeldzaam en uit het zich eerder in subtiele sociale signalen zoals:
gezichtsuitdrukkingen, lichaamshoudingen en prosodie. Deze verandering in uiting
van agressief gedrag heeft tot het vermoeden geleidt dat de rol van testosteron mee
veranderd is. Waar het effect van testosteron op dominantie bij knaagdieren snel tot
agressie leidt, zal testosteron bij mensen eerder subtiel dominant gedrag versterken.
Deze visie op testosteron past goed binnen het idee van de challenge-hypothese,
waarin een dreiging (naar een individu gericht sociaal dominant gedrag) tot een
verhoging in testosteron zal leiden. Competitieve interacties tussen mannen zorgen
inderdaad voor een stijging van de testosteron waarden, evenals interactie tussen
man en vrouw. Behalve verhoogde testosteron waarden bij competitieve interactie,
voorspelt de challenge-hypothese ook een daling van de testosteronwaarden tijdens
het grootbrengen van kinderen. Een omvangrijke studie bij mensen heeft laten zien
dat de testosteron daalt wanneer mannen kinderen krijgen en verlaagd blijft tijdens
de zorg voor deze kinderen. Tezamen laten deze studies zien dat de challengehypothese -welke het belang van omgevingsfactoren op de effecten van testosteron
benadrukt- een werkbaar model is om de effecten van dit hormoon bij mensen te
beschrijven.
De hierboven genoemde studies zijn met name correlationele studies. Zoals
eerder genoemd geven deze geen inzicht in causale verbanden. Om hier inzichtin te
geven, is het noodzakelijk om toedieningsstudies uit te voeren, die vast kunnen stellen
of testosteron de genoemde effecten verklaart. Er zijn recentelijk meerdere
toedieningswijzen gevalideerd waardoor testosteron succesvol toegediend kan
worden bij gezonde vrijwilligers. Een van de methoden, die in dit proefschrift
toegepast zijn, is de sublinguale toediening van testosteron. De effecten in studies
waarin testosteron wordt toegediend
komen grotendeels overeen met de
correlationele bevindingen. Zo zorgt eenmalige toediening van testosteron bij
vrouwen ervoor dat ze meer seksuele opwinding laten zien bij het kijken naar
erotische beelden; de gevoeligheid voor beloning versterkt; de neurale substraten van
agressie activeert en angst verminderd. Tot zover lijken de studies bij mensen
vergelijkbare effecten te vinden als die bij andere dieren worden gevonden. Er is
echter nog weinig bekend over de neurale mechanismen die de effecten van
testosteron op gedrag veroorzaken, en of deze net als eerder genoemde effecten,
parallellen hebben met de mechanismen bekend bij dieren. Een belangrijke vraag is:
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in welke mate zijn hormonen zoals testosteron van invloed op hogere-orde sociale
processen zoals cognitieve empathie en vertrouwen. Wellicht beïnvloedt testosteron
basale emotionele processen als seksueel gedrag en angst, maar heeft de vergaande
hersenontwikkeling complexer gedrag onafhankelijk gemaakt van hormonale
factoren. Aangezien deze hogere-orde sociale gedragingen gestuurd worden door
hormoon-gereguleerde neurale circuits, kan het zo zijn dat testosteron ook op dit
gedrag een belangrijk effect heeft. Op deze vragen wordt in dit proefschrift getracht
een antwoord te geven.

samenvatting en discussie
De hierboven genoemde vragen die in dit proefschrift behandeld worden, zijn in te
delen in drie deelvragen. (1) De eerste vraag is in welke mate menselijk sociaal gedrag
wordt beïnvloed door endocriene factoren, specifiek de hormonen testosteron en
estradiol en de peptiden oxytocine en vasopressine. (2) De tweede vraag is welke
neurale mechanismen ten grondslag liggen aan de effecten van testosteron op
gevoeligheid voor beloning, vermindering van angst en gevoeligheid voor emotionele
signalen uit de omgeving. (3) Als laatste wordt de vraag behandeld in welke mate
testosteron een effect heeft op hogere-orde sociale gedragingen. Waarbij dit
proefschrift ingaat op de effecten van testosteron op vertrouwen en cognitieve
empathie. Deel uitmakend van deze vraag kijken we ook naar de neurale basis van de
effecten van testosteron op deze maten van complex sociaal gedrag.
(1) Endocriene regulatie van menselijk sociaal gedrag
De eerste deelvraag van dit proefschrift wordt behandeld in hoofdstuk 2, waarin alle
hormoontoedieningsstudies worden besproken en waarin de acute effecten van
testosteron, estradiol, oxytocine en vasopressine worden besproken, die relatie
hebben tot menselijk sociaal-emotioneel gedrag. Uit deze artikelen kan worden
geconcludeerd dat menselijk sociaal gedrag, hoewel niet volledig gestuurd, toch in
belangrijke mate wordt beïnvloed door hormonen. Na een beschrijving van alle
gevonden effecten worden deze geïntegreerd in een heuristisch model, gepresenteerd
aan het einde van hoofdstuk 2. Ook presenteren wij een neuraal model welke de
gedragseffecten op hersen-niveau kan verklaren. Samengevat laten deze modellen het
volgende zien: testosteron en vasopressine zijn met name van belang in een omgeving
waarin een individu wordt geconfronteerd met sociale dreiging. Om hiermee om te
gaan zal testosteron de waakzaamheid verhogen en angst verminderen. Testosteron
zal verder doelgericht gedrag versterken door beloningsgebieden te activeren,
ongeacht of deze doelen seks, status of financieel gewin vertegenwoordigen. In
samenspel met vasopressine kan testosteron deze effecten bewerkstelligen door de
connectiviteit van de prefrontale cortex met de amygdala te verminderen en de output
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van de amygdala naar de hersenstam juist te versterken. Dit kan leiden tot initiatie
van vecht- en vluchtgedrag. Estradiol en oxytocine daarentegen functioneren meer in
een veilige omgeving, waarin ze de output van de amygdala naar de hersenenstam
verminderen en zo meer cognitieve controle van prefrontale hersengebieden over
lagere hersencircuits mogelijk maken. Door deze effecten, samen met de stress
reducerende effecten van oxytocine, versterkt deze peptide verzorgend gedrag, met
name gericht op nageslacht. Maar ook zorgt oxytocine voor een hogere mate van
vertrouwen, sociale binding en empatisch gedrag tussen volwassen mensen. Dit
model, waarin testosteron en vasopressine tegenover estradiol en oxytocine worden
geplaatst, biedt een theoretisch kader waarin de rol van deze hormonen en peptiden
in menselijk sociaal gedrag verder onderzocht en geïnterpreteerd kan worden.
(2) Neurale mechanismen
Hoofdstuk 3, 4 en 5 trachten antwoord te geven op de tweede deelvraag van dit
proefschrift aangaande de neurale mechanismen die ten grondslag liggen aan de
effecten van testosteron op beloningsgevoeligheid, angst en op de gevoeligheid voor
relevante sociale informatie zoals huilgeluiden van baby’s. Op basis van correlationele
studies bij mensen die een verband aantonen tussen beloningsgevoeligheid en
testosteronwaarden, en studies die laten zien dat knaagdieren een
testosterontoediening als belonend ervaren, wordt in hoofdstuk 3 gekeken naar de
hersenmechanismen die bij mensen een mogelijke rol spelen in de relatie tussen
testosteron en beloningsgevoeligheid. De hypothese luidde dat testosteron activatie
zou versterken van het ventrale striatum, waar de nucleus accumbens gelegen is, het
belangrijkste gebied voor motivationeel gedrag. Bij 12 vrouwen is deze hypothese
getoetst met gebruik van functionele MRI (fMRI; functional magnetic resonance
imaging) in combinatie met een placebogecontroleerde testosterontoediening. De
resultaten van dit onderzoek bevestigden de hypothese; testosteron versterkte de
activatie in het ventrale striatum tijdens een taak waarbij de proefpersonen geld
konden winnen. Dit effect was het sterkst bij proefpersonen die lager scoorden op
een vragenlijst voor impulsiviteit en dus minder gevoelig voor beloning zijn. Deze
mensen laten tevens een minder sterk effect in het ventrale striatum zien in reactie op
een mogelijke beloning wanneer zij geen testosteron kregen. Testosteron lijkt de
gevoeligheid voor beloning te versterken door een effect op dopamine in het ventrale
striatum, maar wellicht doet testosteron dit dus selectief in mensen die lager scoren
op impulsiviteit. In hoofdstuk 4 wordt in een vergelijkbare onderzoeksopzet
onderzocht middels welk mechanisme testosteron angst remt. De hypothese in deze
studie was, dat testosteron de activatie van de amygdala zou remmen en zo de
angstrespons zou weten te onderdrukken. De amygdala is immers een essentiële
hersenstructuur in angstgedrag, aangezien deze sterk reageert op mogelijk
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bedreigende signalen uit de omgeving en kan via projecties naar de hersenstam
vecht- en vluchtgedrag aansturen. Tevens laten patiënten met een sociale
angststoornis verhoogde activatie van de amygdala zien in reactie op signalen van
dreiging, zoals een angstig gezicht. In ons experiment hebben we angstige gezichten
laten zien, en hebben we de reactie van de amygdala op deze gezichten vergeleken
met die op blijde gezichten na testosteron- dan wel placebo-toediening. Tegengesteld
aan de hypothese, blijkt testosteron juist de activatie in de amygdala te verhogen in
reactie op angstige gezichten. Dit laat zien dat testosteron angst niet remt door de
activatie van de amygdala te verminderen. Een mogelijke verklaring van dit effect kan
zijn dat testosteron een selectief effect heeft op een deel van de amygdala; de
basolaterale nucleus (BLA). Dit gedeelte van de amygdala is namelijk in staat om de
centrale nucleus van de amygdala, van waaruit de signalen naar de hersenstam
gestuurd worden, te remmen. Een vervolganalyse van onze data laat inderdaad zien
dat de activatie die we vinden de centrale nucleus van de amygdala niet omvat. Een
voorzichtige indicatie dat onze veronderstelde verklaring juist is.
De effecten van testosteron als beschreven in hoofdstuk 3 en 4, passen goed
binnen het eerder genoemde model van de challenge-hypothese. Zoals hierboven
genoemd, past binnen deze challenge-hypothese de daling in testosteronwaarden die
gevonden worden bij vaders. Van dierstudies is echter bekend dat metabolieten van
testosteron noodzakelijk kunnen zijn voor ouderlijk gedrag en vaders laten ook
verhoogde testosteron waarden zien in reactie op geluiden van babygehuil. De studie
beschreven in hoofdstuk 5 tracht inzicht te geven in deze diverse bevindingen
aangaande testosteron en ouderlijk gedrag. Wederom in een vergelijkbare
onderzoeksopzet, werden 16 vrouwen na een testosteron of placebo toediening,
blootgesteld aan geluiden van huilende baby’s in een fMRI scanner. Uit de resultaten
blijkt dat het thalamocingulate circuit, wat essentieel is voor ouderlijk gedrag en
responsiviteit op vocalisaties van pasgeborenen, onder invloed van testosteron
sterker reageert op geluiden van babygehuil. De toediening van testosteron
beïnvloedde tevens hoe de huil-geluiden werden beoordeeld. Onder invloed van
testosteron werden deze geluiden als plezieriger en emotioneler ervaren. Hoewel er
in onze studie geen moeders zijn getest en dit de eerste studie is die een dergelijk
effect laat zien, stellen wij voorzichtig voor dat testosteron wellicht een positief effect
heeft op ouderlijk gedrag. Het is alleen de vraag hoe dit is samen te brengen met de
verlaagde testosteronwaarden bij vaders. Een mogelijke verklaring kan gegeven
worden aan de hand van een recente studie, waarin testosteronwaarden gemeten zijn
bij mannen met de zorg voor een realistische babypop die huilgeluiden maakte. Het
bleek dat de testosteronwaarden omhoog gingen in reactie op babygehuil, tenzij het
gehuil gepaard ging met succesvol troostend gedrag door de mannen. In dat geval
daalde testosteronwaarde juist. Het zou zo kunnen zijn, dat het aanhoren van
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huilgeluiden initieel een verhoging van testosteron bewerkstelligt, wat een adaptieve
reactie op dit gehuil ten goede komt. Tijdens interactie met de baby daalt deze
verhoging weer om verzorgend gedrag te faciliteren. Aangezien de proefpersonen in
onze studie in een scanner lagen en niet konden reageren op het gehuil van de baby,
kan de verhoogde responsiviteit van het thalamocingulate circuit een versterkte
voorbereiding tot adaptief reageren vertegenwoordigen. Samengevat is dit een
belangrijke richting voor verder onderzoek, gezien de relatie tussen testosteron en
agressie en het feit dat negatieve reacties op babygehuil door verzorgers een
risicofactor voor kindermishandeling is.
(3) Vertrouwen en cognitieve empathie
In de laatste hoofdstukken van dit proefschrift wordt de deelvraag behandeld in welke
mate testosteron een effect heeft op hogere-orde sociale processen zoals cognitieve
empathie en vertrouwen en welke neurale processen hier mogelijk aan ten grondslag
zouden kunnen liggen. Het vermoeden dat testosteron een effect op vertrouwen heeft,
is deels afgeleid van de studies die gedaan zijn met oxytocine, wat het vertrouwen in
anderen versterkt, en dus laat zien dat interpersoonlijk vertrouwen te beïnvloeden is
met hormonale manipulaties. Op basis van de rol die testosteron speelt bij het omgaan
met sociale dreiging bij dieren en de antagonistische effecten die testosteron en
oxytocine op de amygdala hebben, veronderstelden wij dat testosteron wellicht een
tegenovergesteld effect op vertrouwen heeft aan dat van oxytocine. Dit is de
vraagstelling die we pogen te beantwoorden in hoofdstuk 6. Om de hypothese te
testen, lieten we 24 vrouwelijke proefpersonen na toediening van testosteron dan wel
placebo, beoordelingen maken van foto’s van onbekende mensen. Uit de resultaten
bleek, conform hypothese, dat de gezichten onder invloed van testosteron als minder
betrouwbaar werden beoordeeld dan onder placebo. Echter, dit gold niet voor alle
proefpersonen. Bij de proefpersonen die gemiddeld de hoogste betrouwbaarheidsbeoordelingen gaven, had testosteron het sterkste effect. Terwijl bij de vrouwen die
een lage gemiddelde score hadden, geen effect van testosteron meetbaar was. Dit
betekent dat testosteron alleen effect had bij vrouwen die zeer vertrouwend zijn en
dus wellicht meer risico lopen om bedrogen te worden. Testosteron lijkt dus adaptief
te werken en enkel de waakzaamheid te verhogen wanneer dat nodig is, maar niet bij
mensen die dat van nature al zijn. In een additionele studie besproken in hoofdstuk
7, hebben we fMRI toegepast met een aangepaste taak om vertrouwen te meten, om
inzicht te geven in de neurale mechanismen onderliggend aan het effect van
testosteron op vertrouwen. De hypothese luidde, dat met name de amygdala een
belangrijke rol zou spelen bij het effect van testosteron op vertrouwen. Immers, de
amygdala is van belang bij het maken van betrouwbaarheid beoordelingen en is
gevoelig voor zowel de effecten van testosteron als die van oxytocine. Testosteron
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kan, in samenspel met vasopressine vecht- en vluchtgedag versterken, wat kan leiden
tot een verminderd vertrouwen. Aan de andere kant heeft testosteron een remmende
werking op de connectiviteit tussen de amygdala en de orbitofrontale cortex. De
orbitofrontale cortex kan op zijn beurt activiteit van subcorticale structuren, zoals de
amygdala, reguleren. Dus ook door vermindering van deze regulatie, kan testosteron
er voor zorgen dat de amygdala sterker reageert op dreigende signalen uit de
omgeving, om vervolgens gedrag te beïnvloeden. Uit de data blijkt dat zowel hogere
basale testosteronwaarden, alswel een toediening van hetzelfde hormoon, resulteert
in sterkere amygdala responsen in reactie op onbetrouwbare gezichten. Verder blijkt
de connectiviteit van de amygdala met de orbitofrontale cortex te verminderen onder
invloed van testosteron in reactie op alle beoordeelde gezichten. Het lijkt er op, dat in
reactie op een onbekend gezicht, testosteron zorgt voor verminderde regulatie door
de orbitofrontale cortex, waardoor in respons op een onbetrouwbaar gezicht een
versterkte reactie van de amygdala meetbaar is. Deze versterkte reactie kan duiden op
een
sterkere
mate
van
waakzaamheid,
die
de
daling
in
betrouwbaarheidsbeoordelingen teweeg brengt. In onze data vonden we echter geen
aanwijzing voor een sterkere connectiviteit tussen de amygdala en hersenstam, wat
we op basis van de literatuur wel hadden verwacht. Het zou zo kunnen zijn, dat voor
dergelijke effecten op de hersenstam een hogere mate van dreiging nodig is, zoals het
blootstaan aan elektrische schokken, een veel gebruikt paradigma. Een model waarin
dit idee verder wordt uitgewerkt, komt aan de orde in hoofdstuk 8.
Hoofdstuk 6 en 7 laten zien dat de effecten van testosteron op complexe
sociale gedragingen tegenovergesteld kunnen zijn aan die van oxytocine. Dit is in lijn
met het model beschreven in hoofdstuk 2. In hoofdstuk 9 testen we de hypothese of
de effecten van testosteron op cognitieve empathie eveneens tegenovergesteld zijn
aan oxytocine. Oxytocine zorgt er immers voor dat mensen betere scores behalen op
de ‘reading the mind in the eyes’ taak; een taak die ontwikkeld is om cognitieve
empathie te meten bij hoog functionerende mensen met autisme. Het experiment, dat
bij 16 jonge vrouwen werd uitgevoerd, laat zien dat testosteron inderdaad de score op
deze taak doet verminderen. Verder blijkt uit hetzelfde experiment, dat dit effect
vooral wordt veroorzaakt door mensen die in de baarmoeder aan meer testosteron
zijn blootgesteld. Dit kan gemeten worden aan de hand van de lengte van de wijs- en
ringvinger (de 2D:4D-ratio). Het lijkt er op dat testosteron in de baarmoeder de
gevoeligheid voor testosteron later in het leven vergroot. Interessant is een bevinding
die recentelijk is gepubliceerd, namelijk dat prenatale testosteron waarden ook een
effect hebben op hersengebieden die betrokken zijn bij dit gedrag. Deze
hersengebieden verschillen tevens bij mannen en vrouwen, net als de vaardigheden
op het gebied van cognitieve empathie.
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Gezamenlijk laten de voorgaande studies zien dat, ondanks de ontwikkeling die het
menselijke brein heeft doorgemaakt, dit orgaan en het gedrag dat het voortbrengt, nog
in belangrijke mate gevoelig is voor de effecten van hormonen. De evolutionaire
corticale expansie heeft voornamelijk geleid tot meer flexibiliteit in gedrag, maar
hormonale mechanismen die we delen met veel andere dieren bepalen vandaag de
dag nog steeds een deel van ons menselijke sociaal emotionele functioneren. Een
conclusie die van invloed kan zijn op de manier waarop wij mensen onszelf zien in
relatie tot andere dieren.

toekomstperspectief
De constatering dat menselijk sociaal gedrag een belangrijke endocriene component
heeft, is een van de belangrijke boodschappen van dit proefschrift. Verder is het van
belang dat de effecten van hormonen op gedrag sterk context afhankelijk zijn en ook
in sterke mate afhangen van individuele verschillen in bijvoorbeeld
persoonlijkheidskenmerken. Het zijn deze twee onderwerpen die in toekomstig
onderzoek zeker meer aandacht verdienen. Het model van de challenge-hypothese,
waarbinnen de effecten van testosteron (met name) in hoofdstuk 2 worden
beschreven, legt een grote nadruk op contextuele factoren die de effecten van
testosteron kunnen beïnvloeden. Ondanks dat hier op theoretisch en
dierexperimenteel vlak het nodige over is geschreven, is hierover vanuit
experimenteel onderzoek met mensen nog zeer weinig bekend. Zoals in dit
proefschrift al te lezen is, zijn de effecten van testosteron eveneens in grote mate
afhankelijk van individuele variatie in de proefpersonen. In de voorgaande
hoofdstukken lezen we dat het effect van testosteron afhankelijk kan zijn van
prenatale blootstelling aan hetzelfde hormoon; van de mate van impulsiviteit, of hoe
wantrouwend iemand is. Het verder uitdiepen van deze complexe interacties tussen
neuro-endocrine systemen, context en individuele eigenschappen is een grote
uitdaging voor toekomstig onderzoek. Zeker wanneer we ons beseffen dat deze
interacties ingebed zijn in de verregaande complexiteit van interactief sociaal gedrag.
Twee andere relevante richtingen voor verdere studies, die aangrenzende
onderzoeksgebieden omvatten aan die beschreven in dit proefschrift, zijn de
neurobiologische mechanismen aan de ene kant en de mogelijke toepasbaarheid van
hormonen en peptiden in de behandeling van psychopathologie aan de andere kant. In
dit proefschrift is in meerdere hoofdstukken gespeculeerd over de neurobiologische
mechanismen die de effecten van testosteron op de hersenen kunnen verklaren.
Enkele hiervan zijn snelle non-genomische effecten die testosteron kan hebben,
omzetting van testosteron naar estradiol via aromatase of effecten van testosteron op
neuropeptiden als vasopressine, en neurotransmitters als dopamine. Dit zijn slechts
enkele van de veelvoud aan mogelijke manieren waarop testosteron de hersenfunctie
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kan beïnvloeden. Welke van deze mechanismen daadwerkelijk relevant zijn met
betrekking tot sociaal-emotioneel gedrag is echter nog volledig onbekend.
Het andere aangrenzende onderzoeksveld waar in de toekomst hopelijk
vooruitgang zal worden geboekt, is mogelijke toepassing van kennis op het gebied van
de neuroendocrinologie op psychopathologie. Immers, in veel psychopathologische
ziektebeelden zijn verstoringen van sociaal-emotioneel gedrag cruciale symptomen.
Twee aandoeningen zijn in dit opzicht met name relevant; de autisme spectrum
stoornis en sociale angststoornissen. In beide gevallen is oxytocine ingezet in een
poging om de symptomen van deze aandoeningen te verminderen. Met betrekking tot
autisme zijn de resultaten van deze studies gematigd positief. Na toediening van
oxytocine verminderen tijdelijk de symptomen van autisme, zoals problemen in het
herkennen van emoties; het vertonen van stereotiep gedrag en moeite met sociaal
leren. Deze vermindering van problematische symptomen is alleen van korte duur.
Het effect van toediening houdt maximaal 1,5 uur aan en is voor therapeutische
doeleinden nog te beperkt. Een onderzoek naar langere termijneffecten van
oxytocine-toediening op de uitkomst van therapie bij patiënten met een sociale
angststoornis leverde geen duidelijk effect op. Oxytocine is wel succesvol in het direct
verminderen van sommige symptomen bij sociale angststoornis. Bij patiënten met
deze aandoening verminderd een oxytocinetoediening succesvol de verhoogde
amygdala-respons die ze laten zien in reactie op sociale dreiging. Met betrekking tot
sociale angststoornissen, is testosteron een interessant onderwerp voor verdere
studie. Vanwege de angst-remmende effecten van dit hormoon, maar ook vanwege de
rol van testosteron bij sociaal dominant gedrag. Wellicht dat testosteron de
symptomen van onderdanigheid die sociale angst kenmerken kan verminderen. Of
testosteron, oxytocine, of wellicht een combinatie van beide hormonen het meest
succesvol is in het verlichten van de symptomen van sociale angststoornis is een
uitdagende onderzoeksvraag voor toekomstige studies. Kortom, op dit moment
bevindt dit onderzoeksgebied zich nog in een fundamenteel stadium en zijn
toepassingen van hormonen als behandelmethoden nog niet mogelijk. Echter,
wanneer farmaceutische ontwikkeling zich richt op ontwikkeling van langer
werkende synthetische hormoonvarianten met eenzelfde werking, is het zeker niet
uitgesloten dat de toekomst hormonale behandelmethoden op zal leveren.
Het in kaart brengen van de effecten van hormonen en neuropeptiden op
menselijk sociaal gedrag en de onderliggende neurale mechanismen is een uitdagende
onderneming die pas recentelijk begonnen is, maar al tot een grote hoeveelheid aan
inzichten heeft geleid. De komende decennia zal deze ontwikkeling zich doorzetten in
de verschillende onderzoeksgebieden, variërend van de neurobiologie tot klinische
studies met patiënten. Met de inzet van verdere interdisciplinaire samenwerkingen
zullen we langzaam maar zeker steeds verder komen met het ontrafelen van de
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complexe werking van het brein, tezamen met het brede spectrum aan sociaal gedrag
dat het voortbrengt.
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