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ABSTRACT: Social neuroscience is an emerging interdisciplinary field
that combines tools from cognitive, cellular, and molecular neuroscience
to understand the neural mechanisms underlying human interactions,
emphasizing the complementary nature of different organization levels
in the social and biological domains. Previous studies focused on the
molecular/neuronal substrates of a variety of complex behaviors, such
as parental behavior and pair bonding. Less is known about the various
factors influencing interindividual differences in reward processing and
decision making in social contexts, both relying upon the dopaminergic
system. This review concerns (1) basic electrophysiological findings and
recent neuroimaging findings showing that reward processing and social
interaction processes share common neural substrates and (2) genetic
and hormonal influences on these processes. Recent research combin-
ing molecular genetics, endocrinology, and neuroimaging demonstrated
that variations in dopamine-related genes and in hormone levels affect
the physiological properties of the dopaminergic system in nonhuman
primates and modulate the processing of reward and social information
in humans. These findings are important because they indicate the neural
influence of genes conferring vulnerability to develop neuropathologies
such as drug addiction and pathological gambling. Taken together, the
reviewed data start to unveil the relationships between genes, hormones,
and the functioning of the reward system, as well as decision making in
social contexts, and provide a link between molecular, cellular, and social
cognitive levels in humans.
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By using classical methods from cognitive neuroscience (e.g., neuropsy-
chology and neuroimaging), as well as molecular and cellular methods, social
neuroscience focuses on how the human brain processes social information.
Social neuroscience emphasizes the complementary nature of different levels
of organization in the social (e.g., relational, collective, societal) and biolog-
ical (e.g., molecular, cellular, system) domains and investigates how multi-
level analyses can foster understanding of the mechanisms underlying human
social interactions. Recent studies have tackled problems such as the molec-
ular/neuronal substrates of a variety of complex behaviors, such as parental
behavior, pair bonding, monogamy, and the neural changes associated with so-
cial experience and social interactions (e.g., evaluation of social status, trust,
cooperation, exclusion).!

Reward prediction and evaluation are crucial functions for survival in a vari-
able environment and are fundamental for complex behavior such as learning
and motivation. The reward system, composed mainly of dopaminergic neu-
rons and their projection sites (structures that include the ventral striatum,
the anterior cingulate cortex [ACC], and the orbitofrontal cortex [OFC]), is
crucial to represent and detect various types of rewards.? Dysfunction of this
brain network seriously impairs reward processing, motivation, and decision
making, as observed in many neurological and psychiatric disorders (patholog-
ical gambling, drug addiction, schizophrenia, Parkinson’s disease). Currently,
basic electrophysiological properties of the reward system are more fully un-
derstood during simple paradigms associating cues and rewards (e.g., classical
conditioning) than during complex adaptive behavior requiring choices in so-
cial contexts. However, recent functional magnetic resonance imaging (fMRI)
studies have started to investigate the neurobiological substrates of more com-
plex reward processing, as well as of social cognition at the system level 3

Advances in molecular genetics, endocrinology, and neuroimaging start to
unravel the relationships between genes, hormonal status, cognition, and func-
tional brain regions and to build new bridges between molecular, cellular, and
social cognitive neuroscience systems levels in humans. This approach is fruit-
ful for understanding the genetic/hormonal influences contributing to individ-
ual differences in normal and pathological conditions involving dysfunctions
of the reward system and of social behavior (e.g., neurodevelopmental disor-
ders, such as autism and schizophrenia, and genetic disorders, such as Williams
syndrome).5

There are important interindividual differences concerning reward process-
ing and decision making.”? It has been hypothesized that genetic variability in
dopaminergic function could be related to these differences. However, exactly
how variations of dopamine-related genes influence the reward system remain
poorly understood. A major question is therefore to identify genetic polymor-
phisms influencing dopamine transmission and to investigate how individual
differences in dopamine transmission affect the response of the reward sys-
tem. Elucidating this question should help to clarify biological mechanisms
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underlying individual differences in reward processing, as well as normal vari-
ability and risk for pathological disorders involving the dopaminergic system.
To bridge the gap between genetics and behavior, recent studies combined
genetics and personality assessment with brain imaging as an intermediate
endophenotype, an approach based on the assumption that brain activation is
causally more directly linked to genotype than is behavior.'?

Similarly, there is a within-subject variability in mood and cognitive func-
tions according to variations in hormone levels. How gonadal steroid hormones
and neuropeptides regulate brain physiology is helpful not only to understand
sex-specific behaviors in health and disease but also to clarify how brain ac-
tivity changes with these factors during social interactions and processing of
reward information. For example, during the menstrual cycle, plasma concen-
trations of gonadal steroid hormones such as estradiol and progesterone vary
systematically, which is associated with cyclic modulations of mood and cog-
nitive abilities,!!'2 and have been shown to modulate the activity of the reward
system.'3

In this article, we will first focus on basic processing of reward information
in nonhuman primates and in humans. Second, we will review recent fMRI
evidence in humans showing that processes involved in social interaction share
common neural substrates with basic reward processing. Finally, we will review
the recent literature on hormonal and genetic influences on reward and social
interaction functions, illustrating the current integration between molecular,
cellular, and brain imaging levels.

BASIC PROCESSING OF REWARD INFORMATION

Seeking rewards and avoiding punishments is a common behavior of ani-
mals, including humans. This behavior is based on the capacity to represent the
value of rewarding and punishing stimuli, which is essential to predict when
they might occur, and to use these predictions to make decisions prospec-
tively.!* Rewards are those stimuli that increase the frequency of behavior
leading to their acquisition.? Three functions of reward have been proposed!>:
they induce learning (positive reinforcement), they induce approach and con-
summatory behavior for acquiring the reward object, and they induce positive
emotions.'> Rewards can serve as goals of behavior if the reward and the con-
tingency between action and reward are represented in the brain during the
action. By contrast, punishments induce avoidance and withdrawal behaviors,
as well as negative emotions. Although animal studies commonly use juice as
the (primary) reward, most human neuroimaging studies have used monetary
(secondary) reward. Several factors may explain why money has been widely
used for the study of the reward system in humans. First, it is motivationally
salient and valued for most people. Second, it is scalable, allowing comparison
across different amounts. Third, it is reversible, allowing comparison between
rewarding (i.e., gain) and aversive (i.e., loss) circumstances.'®
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Electrophysiological Studies on Dopaminergic Neurons in Monkeys

Neurons that respond to rewards and reward-predicting stimuli have been
identified in a number of brain structures receiving projections from midbrain
dopaminergic neurons, such as the ventral striatum, the dorsolateral prefrontal
cortex (DLPFC) and orbital prefrontal cortex, the ACC, and the amygdala.” The
integrity of midbrain dopaminergic neurons is particularly important for the
efficient functioning of this system. Electrophysiological studies in monkeys
indicate that midbrain dopaminergic neurons exhibit two modes of firing: a
phasic signal that varies linearly with reward probability and a sustained signal
that varies highly nonlinearly with reward probability and that is highest with
maximal reward uncertainty (reward probability = 0.5).!7

It has been proposed that the phasic mode of dopamine neuronal activity
codes a reward prediction error, that is, a discrepancy between the reward ob-
tained and the reward that was predicted to occur.>'® Indeed, after learning, if
a reward is not present at the expected time of delivery, or if it is lower than
expected, the firing of dopamine neurons is depressed below their basal rates.
In contrast, unexpected rewards or rewards higher than expected produce a
phasic increase in the firing rate of the dopamine neurons at the time of their
delivery. Moreover, after repeated pairings of a cue followed by a reward, the
phasic activity of dopaminergic neurons shifts from the time of the reward de-
livery to the cue onset. This phasic dopamine signal may be used as a teaching
signal by other structures to learn reward-directed behavior, through the re-
peated comparison between the expected and the actual outcomes. Moreover,
at the time of the conditioned stimulus, this phasic activity increases with the
expected value (product of reward probability and magnitude).!”1

In addition to their phasic activity, dopamine neurons also exhibit a sustained
mode of activity after learning that is maximal with highest reward uncertainty
(i. e., P =0.5). This activity grows from the onset of the conditioned stimulus
to the time of the reward delivery.!” This sustained mode of activity occurring
with maximal reward uncertainty may be related to a specific form of atten-
tion,?’ to motivational processes in the context of reward uncertainty, or to the
expectation of reward information following rules from information theory.?!
According to this theory, the more uncertain the outcome (reward or no re-
ward), the more information it conveys. Thus, monkey electrophysiological
studies have shown that two different modes of dopaminergic activity may
code apparently distinct statistical parameters of reward information: a phasic
mode of activity coding a reward prediction error and a sustained mode of
activity reflecting reward uncertainty.

SMRI Studies on Reward Prediction Error and Reward Uncertainty

A number of fMRI studies have investigated the neural correlates of the
reward prediction error signal. The administration of juice and water in an
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unpredicted manner was found to elicit greater blood oxygen level-dependent
(BOLD) changes in the ventral striatum than administration in a predicted
fashion.?? Also consistent with this reward prediction error theory, the BOLD
signal in the ventral striatum has been found to change through the course
of conditioning experiments.?>2> Before training, the delivery of a reward
generates a positive prediction error response. With training, this prediction
error shifts to the time of the conditioned stimulus, and this prediction error
signal is reflected in striatal activity.>*2° Furthermore, the omission of a reward
at its predicted time of delivery generates a negative prediction error. The
ventral striatum has also been found to be activated when distinguishing the
anticipatory period before the potential reward®® from the outcome phase at
the time of reward delivery.?’ In addition to the ventral striatum, some fMRI
studies also reported that the DLPFC, inferior frontal gyrus and OFC correlate
with the prediction error signal, either related to abstract stimulus-response
associations or to taste reward.??:24:28-30

A recent functional neuroimaging study extends the notions of learning
signals by assessing the neural substrates of a fictive error signal.® This sig-
nal encodes ongoing differences between experienced returns and returns that
could have been experienced if decisions had been different, that is, a learning
signal associated with the actions not taken. The authors used a sequential
investment task in which after each decision, information was revealed regard-
ing whether higher or lower investments would have been a better choice. The
natural learning signal for criticizing each choice was the difference between
the best return that could have been obtained and the actual gain or loss, that is,
the fictive error. Behaviorally, the fictive error was found to be an important
determinant of the next investment. The analysis of the fMRI data revealed
that the fictive error signal produced a response in the ventral caudate that was
not explained by the temporal difference error signal. Taking into account the
fictive error signals into learning models may provide additional insight into
both normal and altered decision making.

Until recently, although a number of studies have investigated the neural
correlates of the prediction error, it was still unclear whether distinct brain
networks code separately the prediction error and reward uncertainty sig-
nals. To answer this question, we have used fMRI to distinguish the phasic
and sustained modes of reward activity in humans.*' Using an event-related
fMRI paradigm that systematically varied monetary reward probability, mag-
nitude and expected reward value, we found that the dopaminergic midbrain
responded transiently both to higher reward probability at the cue and to lower
reward probability at the rewarded outcome, and in a sustained manner to re-
ward uncertainty during the delay period (F1G. 1). These results support the
view that midbrain dopaminergic neurons follow the same basic principles of
neuronal computation in humans and monkeys.

Furthermore, we observed distinct activity dynamics in target regions of
the dopaminergic neurons, the prefrontal cortex responding to the transient
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FIGURE 1. (A). Task design. Four types of “slot machines” were presented pseudo-
randomly on a screen. The probabilities of winning different amounts of money or nothing
were indicated, respectively, by the red and white portions of a pie chart above the slot
machines. Each trial consisted of a brief (1 s) presentation of the cue (stimulus S1, one of
the four slot machines), followed after a fixed delay (14 s) by the outcome S2 (either $0
or a picture of a $10 or $20 bill, lasting 2's). (B). Location of transient (S1 and S2) and
sustained (during delay) brain responses in humans. Left and right. The midbrain and a
prefrontal network covaried with the prediction error signal at the cue S1 and at the time
of the rewarded outcome S2. Middle. Location of sustained midbrain and ventral striatum
activities covarying with the reward uncertainty signal (P =0.5) during the delay period.
Consistent with electrophysiological recordings, the human midbrain region was transiently
activated with higher reward probability at the cue S1, with lower reward probability at the
rewarded outcome S2 and showed higher sustained activity with reward uncertainty during
the delay period. Reprinted and modified with permission from REF3! © (2006) Oxford
University Press.

prediction error signal, and the ventral striatum covarying with the sustained
reward uncertainty signal. Our findings may indicate that dopaminergic pro-
jection sites can distinguish the two signals.3! These targets may also show
independent transient (prefrontal cortex) and sustained (ventral striatum) ac-
tivities and/or may help to shape differentially the phasic and sustained modes
of midbrain firing. Because the development of the mesolimbic/nigrostriatal
dopaminergic pathways occurred earlier than the mesocortical pathway dur-
ing evolution, our findings suggest that specific functional brain networks
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developed to code distinct aspects of the statistical properties of reward
information.>! The absence of activation in the ventral striatum/putamen co-
varying with the prediction error signal could be explained by the fact that
nothing had to be learned in our task.’!

Importantly, our monetary reward task was purposely designed to use a long
delay interval (=14 s) between the cue (slot machine) and the outcome, which
allowed us to disentangle the phasic signal from the sustained activity. This
critical temporal dimension of our task is important to remember when con-
sidering different paradigms and also varying reward magnitude, probability,
and/or uncertainty, which could not fully distinguish phasic and sustained as-
pects. For example, in one fMRI study, the ventral striatum was found more
activated during anticipation (=2 s) of rewards of increasing magnitude but
not of increasing probability,>? while other studies reported increased ventral
striatal activation with both higher reward magnitude and probability.>—3°

Concerning reward uncertainty, stimuli associated with higher uncertainty
(variance) have been reported to elicit increased activity in the lateral OFC.?3
Moreover, in a guessing card task in which subjects were presented with a cue
card and had to decide whether the next card would be higher or lower, activ-
ity in anterior cingulate and orbitofrontal cortices was modulated by outcome
uncertainty during the anticipatory period.*® In a similar paradigm varying
expected reward and risk simultaneously, in which subjects had to place a bet
before actually seeing the first card, the ventral striatum showed both an im-
mediate response with increasing reward probability and a delayed response
related to risk (reward variance).?” Finally, tasks using nonmonetary stimuli
also reported modulation by categorization uncertainty*® and decision uncer-
tainty®® in a network that included prefrontal, parietal, and insular cortices.
The exact reasons for the discrepancies between these findings are certainly
multiple, probably involving timing and task designs, and future studies will
need to address these issues.

Predictive Value Coding in the Orbitofrontal Cortex and the Amygdala

In addition to the ventral striatum and the ventral tegmental area, involved
in coding prediction error and reward uncertainty, distinct functions have been
attributed to other components of the reward system. The two structures most
consistently activated are the OFC and the amygdala, both responding to pri-
mary**# and secondary*** rewards.

For example, the OFC is involved in coding stimulus reward value and in
concert with the amygdala and the ventral striatum is implicated in repre-
senting predicted future reward.'* In monkeys, OFC neurons code the relative
value, rather than the absolute value, of reward.*® These neurons can discrimi-
nate between different rewards, reflecting animals’ relative preferences among
the available rewards rather than physical reward properties, suggesting that
they process the motivational value of rewarding outcomes. Also, neurons in
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the OFC respond to a particular taste or odor when the animal is hungry but
decrease their firing rate after satiation.*’# Similarly, in humans, the OFC
and the amygdala are less activated for devaluated than for nondevaluated cues
for food after consumption of one food to satiation.’® Similarly, the amyg-
dala may play a complementary role in coding reward intensity. Although the
amygdala has been traditionally linked to aversive stimuli, new evidence has
emerged concerning the amygdala responding to both pleasant and unpleasant
stimuli.>!*>? Two recent studies in the olfactory and gustatory domains disso-
ciated responses to valence and intensity of the stimuli and reported that the
amygdala responds to intensity but not to valence of the stimuli, whereas the
OFC showed the opposite pattern.>>>*

Neuroeconomic Approach: From Basic Reward Processing
to Real-Life Purchasing Behavior

There has been a recent explosion in applying game theory and economic
methods to understand how the brain responds to the various influences of
cognitive and emotional bias on the decisions of purchasers, salesmen, savers,
etc. One example is human loss aversion, which reflects that when deciding
between risky options, humans are about twice as sensitive to the possibility of
losing goods or money than to the possibility of winning them. Some studies
suggest that the representation of losses entails emotional processes and conse-
quently engages structures such as the amygdala or the anterior insula.3*3-8
Consistent with this notion, Kuhnen and Knutson investigated why investors
systematically deviate from rationality when making financial decisions.>® Us-
ing event-related fMRI, they investigated whether anticipatory neural activity
would predict optimal and suboptimal choices in a financial decision-making
task and showed that distinct neural systems were engaged during financial
decision making. Using a task that elicited a range of investment behaviors,
including risk-seeking and risk-averse financial choices, they observed that
activation in the nucleus accumbens preceded risky choices and risk-seeking
mistakes, whereas activation of the anterior insula preceded riskless choices
and risk-aversion mistakes. The authors indicate that the relative activation
of each one of these systems may lead to different risk preferences underly-
ing risk-seeking choices (e.g., gambling) and risk-averse choices (e.g., buy-
ing insurance). Moreover, during a purchase paradigm using neuroeconomic
methods to separate distinct components of the purchase decision process in
individual consumers, product preference activated the nucleus accumbens,
whereas excessive prices activated the insula and deactivated the medial pre-
frontal cortex.’® Response in these three brain regions predicted subsequent
decisions to purchase. These results suggest that the brain frames preference
as a potential gain and price as a potential loss, and that activation of brain
structures such as the nucleus accumbens, related to anticipation of potential
gains precedes purchasing decisions. From a neuromarketing perspective, these
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findings have implications for the design of more effective sales strategies, on
the basis that anticipatory activation of the nucleus accumbens by certain re-
ward cues may increase the likelihood that individuals engage in risk-seeking
behaviors. Moreover, diminishing the salience of payments (e.g., credit cards)
or creating the illusion that products have no cost (e.g., rewarding frequent
clients) may also decrease the effect of excessive prices.’®>°

A recent fMRI study challenged the view that loss aversion engages a distinct
emotion-related brain network (e.g., amygdala/insula) and identified a com-
mon brain network whose activity increases with potential gains and decreases
with potential losses.’®®" The authors assessed the brain activation related to
the decision of whether to accept a gamble. They isolated a gain-responsive
network consisting of brain regions previously associated with anticipation and
receipt of monetary rewards, which included the dorsal and ventral striatum, the
ventromedial prefrontal cortex, the anterior cingulate gyrus, the orbitofrontal
gyrus, and the dopaminergic midbrain regions. Most of these areas also showed
decreasing activity as the size of potential loss increased. Interestingly, in the
striatum and the ventromedial prefrontal cortex, the slope of the decrease in
activity for increasing losses was greater than the slope of the increase of ac-
tivity for increasing gains, indicating that loss aversion behavior may be linked
to the brain’s greater sensitivity for losses than gains. These results agree with
those of studies showing increased and decreased activity in the striatum for
experienced monetary gains and losses,?”# and they support the notion that
the same neural structures code losses and gains.

In the context of an organization, money is not the only reward possible. The
intrinsic enjoyment derived by the task, social recognition, the opportunity to
grow, autonomy, and even positive feedback from managers or peers are exam-
ples of rewarding aspects of a job and, as such, affect motivation, satisfaction,
and behavior of the members of the organization. To design suitable reward
plans that can motivate a heterogeneous group of workers, one must account
for differences in the valuation of available rewards. For example, generational
differences are reflected in the rewarding value of different job features, so dif-
ferent rewards might be necessary to attract a technology-savvy and innovative
young worker or to retain an experienced veteran.®!

Taken together, these studies provide important new insights into the func-
tional properties of the reward system and of economic decision making in
humans. They are particularly relevant for several neuropsychiatric and be-
havioral disorders, such as substance abuse and pathological gambling, that
are associated with increased risk taking and impulsive behavior.

NEURAL BASES OF SOCIAL INTERACTION

The strong interdependence showed between humans, even with nonkin,
might have been a key element of our evolutionary success. An example might



52 ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

be the high levels of cooperation that humans express with each other, which
are unmatched in the animal world. The study of social interaction has received
much attention by social sciences and has recently been spotlighted by cognitive
and neural sciences. Using neuroimaging techniques and adaptations of games
used by economists to model social interactions, several studies have assessed
the neural basis of different forms of social interaction such as cooperation,
competition, punishment, and rejection.

Neuroimaging Studies on Cooperation and Competition

Inferring others’ mental states is essential to cooperate and to compete.
Mentalizing is the ability to explain and predict others’ behavior by means of
attributing them independent mental states, such as thoughts, beliefs, wishes,
and intentions, which might be different from ours. One way of assessing the
neural substrates of mentalizing involves comparing subjects while playing
with a human (or believing they do so) versus playing with a computer. These
studies have often reported that the medial prefrontal cortex and the ACC are
crucial in the formation of others’ mental states.*%2:93

Cooperation is pervasive in human societies. In consequence, effective social
interactions must differentiate between those who do and do not reciprocate to
decide whom to approach and whom to avoid. Mathematical models and com-
puter simulations combining biological and economical methods demonstrate
the evolutionary advantage of mutual cooperation.® Recent neuroimaging
studies have explored the neural substrates of cooperation.>%® In one ex-
periment,® subjects competed, cooperated, or played alone in a tokens game
while they were scanned. Competition and cooperation toward a common goal,
compared with playing alone, were found to activate a common frontoparietal
network subserving executive functions, as well as the anterior insula, involved
in the sense of agency and autonomic arousal. Cooperation activated the OFC,
whereas competition activated inferior parietal and medial prefrontal cortices.
According to the authors, activation in the OFC might be indicative of the
socially rewarding properties of cooperation.

Data from other studies suggest that cooperative behavior engages several
brain areas from the reward circuitry. In one study, subjects were scanned
while playing the Prisoner’s Dilemma game, in which two players indepen-
dently choose to either cooperate with each other or not. The amount of money
each one wins depends on his or her choices, so that the highest outcome is
obtained if one defects and the partner collaborates, and the lowest outcome
results the other way around. Mutual cooperation has been found to activate
brain areas involved in reward processing, such as the nucleus accumbens, the
caudate nucleus, and the ventromedial frontal/OFC.% Furthermore, recipro-
cated and unreciprocated cooperation have, respectively, been associated with
positive and negative BOLD responses in the ventromedial prefrontal cortex
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and ventral striatum.%” These results might reflect the rewarding effects of ar-
ranging and/or experiencing a mutually cooperative social interaction. They
also parallel single-neuron recordings showing that unexpected rewards acti-
vate midbrain dopaminergic neurons, whereas omission of an expected reward
reduces the firing rates of these neurons.'® In the Prisoner’s Dilemma game,
defection by the partner after having decided to cooperate might be seen as the
omission of an anticipated reward, which may lead to the reduced activity or
deactivation of the midbrain dopaminergic region and possibly of the targets
to which they project. These effects might reflect the positive and negative
prediction errors related to a reciprocated and unreciprocated cooperation, re-
spectively, that would be used to learn whom we can trust to reciprocate favors
and whom we cannot.

Singer et al. subtly used the Prisoner’s Dilemma game to investigate the
processing of relevant cues that acquired significance through learning in an
interactive context.®® Unlike in other studies, subjects were not scanned during
the game proper but while making judgments based on the sex of people with
whom they had previously interacted during the game. The insula, the OFC, the
left amygdala, and the left putamen showed greater responses to cooperator
faces relative to neutral faces. Defector faces induced increased activity in
the ventromedial prefrontal cortex. Response in several brain regions related
to reward processing, including OFC and ventral striatum, was higher for
unconstrained cooperators than for cooperators that were forced to follow a
predetermined pattern of response. The activation of several reward areas led
the authors to propose that mutual cooperation inherently possesses a rewarding
value.

Neuroimaging Studies on Fairness and Trust

Humans do not always behave rationally about money. Clear evidence comes
from a study using the Ultimatum Game.®® In this game, a proposer makes an
offer to the responder on how a certain amount of money should be split
between them, and the responder can either accept or reject the offer. If the
offer is accepted, each participant gets the amount of money proposed, whereas
ifitisrejected, none of the players gets anything. The reasonable way to play the
game is for the proposer to offer the smallest possible amount of money and for
the responder to accept any proposal, no matter how small it may be, because
a small amount is better than none. Behaviorally, participants accepted all
offers considered fair (those splitting the amount around 50%), but the rate of
rejection increased as the offers were considered less fair. Unfair offers elicited
activation in the anterior insula, DLPFC, and ACC. Moreover, activation in the
anterior insula was correlated with the degree of unfairness of an offer, and
activity therein predicted acceptance of unfair offers. Interestingly, the insula
has been related to the experience of several negative events, such as pain,’’ and
to the evaluation of negative emotions like anger or disgust.”!”> Activation of
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the DLPFC was attributed to the fact that unfair offers require more cognitive
demands to overcome the emotional impulse of rejecting the offer. Finally, ACC
activation was interpreted as detecting the conflict arising between accepting
an unfair (but economically reasonable) offer and emotionally rejecting it.
Authors indicate that activation in the DLPFC and the anterior insula could
be responsible for two opposite demands in the ultimatum game, namely, the
cognitive goal of accumulating money and the emotional goal of resisting
unfairness. This study stresses the importance of emotional states on decision
making.

Many social interactions strongly depend on fairness and trust. Trust is es-
sential for friendship, trade, and leadership, and plays an important role in
economic exchange and politics.”>’* Many employees believe that the out-
comes they receive from an organization should be linked to the contributions
they make to the organization. The reciprocation of trust in an organizational
context could be exemplified by the fact that members will work harder and
exhibit higher commitment if they consider that they are fairly treated. The
perception of members and employees of being treated fairly has been related
to many important outcomes, including employee satisfaction, commitment
to the organization, trust in one’s leader, and task performance, and it has
been considered an important mediator of the positive effects of reward on
motivations, perceptions, attitudes, and behavior of the members.”> Unfair be-
haviors by leaders and managers (e.g., to show who the boss is and assert their
authority) may lead to nonreciprocation by the members of the organization,
culminating in demonstrations and strikes when conflicts cannot be solved
more easily.

Not only do we punish unfair treatment, even when doing so is costly, but
we may also obtain satisfaction from it. Altruistic punishment—the predis-
position to punish social norms violators even when this imposes a cost on
the punisher—is basic for the evolution and maintenance of social cooper-
ation.”®’® The dorsal striatum activates when subjects administer monetary
punishments to defectors.’ Moreover, activation of this region during costless
punishment predicted the cost that punishers were willing to assume to punish
defectors. The more the activation, the more the cost assumed. The authors con-
clude that caudate activation reflects the expected satisfaction from punishing.
A later study reported increased activation in reward-related areas when ob-
serving unfair partners receiving pain induced by a third person.®! The brain
areas reported to be activated in these studies coincide with those activated
by rewarding cooperators,® linking two diametrically opposite behaviors by
means of a common psychological experience: the anticipation of a satisfying
(or rewarding) outcome.®°

Interestingly, in an organizational context, an early study revealed that sub-
jects reported positive affect when deserved sanctions were administered to
a group member.®! Moreover, subjects were more willing to work hard, felt
more satisfied, expected higher levels of group performance, and perceived
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fairer treatment from their supervisors when the supervisors punished a team
member who performed poorly than when a poor-performing team member
received no punishment.®!

In most of the studies concerning social interaction, only one of the two
interacting subjects was scanned. The term hyperscanning refers to the ability
that allows the link between magnetic resonance scanners through the Internet,
so that the activity of two actually interacting agents can be recorded at the
same time.®? Using hyperscanning and a multiround format of the trust game,
King-Casas et al. assessed the neural correlates of trust. Pairs of subjects were
scanned simultaneously, one of them being the investor and the other one,
the trustee.®® The investor is endowed with a certain amount of money, which
he or she can invest in any portion with the trustee. The amount of money
invested appreciates, so that the trustee actually receives, say, three times the
amount invested. Finally, the trustee decides how much of the amount received
he will repay to the investor. At the behavioral level, reciprocity by one player
was the strongest predictor of subsequent increases or decreases in trust in the
other player, as measured by an increased or decreased repayment in the next
round. The analysis of the fMRI data revealed that activation of the trustees’
caudate nuclei was higher in response to benevolent reciprocity, that is, an
increase in the investment as a response to a previous defection of the trustee,
compared with malevolent reciprocity, a reduction in the investment after a
generous repayment by the trustee. Moreover, the activation in the caudate
nucleus dynamically varied with the increases and decreases in the amount of
money returned in the subsequent trial, being higher when trustees increased
the repayment in the next round. The authors conclude that the activity of the
trustee’s caudate nucleus computes information about the fairness of a deci-
sion and the intention to repay that decision with trust. Interestingly, there was
a shift in the peak of the response for the intended increases in trust. In the
initial rounds this peak was observed after the investor’s decision was revealed
and progressively became anticipatory and occurred before the revelation of
the investor’s decision. These results parallel those obtained in monkey neu-
rophysiological studies showing a shift in the phasic response of dopamine
neurons through conditioning from the time of the presentation of the reward
to the time of the presentation of the reward-predicting stimulus.!® In a social
interaction context, this shift might be interpreted as the development of a
reputation for the partner.

Neuroimaging Studies on Social Exclusion

Given the adaptive importance of social bonds for human beings, it has
been suggested that the social attachment system and the physical pain system
share a common neural basis. Confirming this hypothesis, the ACC and the
right ventral prefrontal cortex, both related to the affective aspects of physical
pain, also respond to social pain.3* The ACC, anterior insula, and right ventral
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prefrontal cortex were activated when subjects were excluded from a ball-
tossing game by the other players. Moreover, activation of the ACC and the right
ventral prefrontal cortices correlated positively and negatively, respectively,
with self-reported distress. Activation of these two brain areas was negatively
correlated, which supports the notion that the ventral prefrontal cortex may
implement a self-regulatory mechanism for mitigating the distressing effects
of social exclusion. A later study found a dissociation between dorsal and
ventral aspects of the ACC.% Subjects were scanned while viewing faces and
either forming a first impression (saying whether they liked the person) or
predicting whether the other person liked them. After their judgments, subjects
were given feedback indicating whether the other person liked them. The fMRI
data revealed that the dorsal ACC responded to expectancy violation, that is,
when feedback matched versus did not match the subjects’ first impressions
or predictions. On the other hand, the ventral ACC responded to feedback
type (positive or negative). For the authors, these data agree with a classical
dissociation within the ACC, its rostral and dorsal aspects being responsible
for emotional and cognitive functions, respectively.®

Taken together, these studies indicate a strong link between certain aspects of
social interaction (e.g., cooperation) and the processing of rewards. Similarly,
social exclusion could be related to aspects such as punishment or loss aver-
sion. In fact, the ACC has been reported to be activated during experiencing
both social rejection®*# and financial losses.>”®” However, further studies in-
cluding several aversive outcomes of different natures in the same experiment
are necessary to clarify to what extent these processes share common neural
substrates.

Most economic analyses are based on two major assumptions of human
nature: Individuals are rational decision makers and they have purely self-
regarding preferences. Altogether, behavioral and neuroimaging studies show
that people often violate these assumptions,®® especially in social settings.®’
In fact, emotions play an important role in decision making.”*°! However,
how the violation of these assumptions might affect aggregate entities, like
markets and organizations, is not clear, given that there is still a share of
subjects who do not violate these assumptions. This latter type of subject
shapes aggregate outcomes, making them closer to those predicted by a model
assuming rationality and self-regard by all the agents.%® Furthermore, some
brain regions, such as the medial prefrontal cortex and the anterior insula, may
be characteristic of the interactions between human partners compared with
computer partners, suggesting that decisions made during social interactions
depend on something else than merely economic outcomes.?’

HORMONAL INFLUENCES

Given the fundamental role of the dopaminergic system in reward processing
and social interactions, some researchers have begun to test the hypothesis
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that naturally occurring differences in dopaminergic transmission between and
within subjects may affect these functions. Hormones are a source of both
intraindividual and interindividual differences, some of them directly affecting
the dopaminergic system.

Estrogen and Progesterone Effects on Reward
Processing and Social Decision Making

Behavioral, biochemical, and physiological data in animals show that go-
nadal steroid hormones affect behavior and modulate neuronal activity.’> %>
Estrogen and progesterone receptors are densely expressed in structures of the
dopaminergic reward system, such as the midbrain dopaminergic neurons, the
ventral striatum, and the amygdala.®? Many preclinical data, including behav-
ioral and neurochemical differences between sexes, across the estrous cycle,
and in postovariectomy hormone replacement,’®°” demonstrate the neuroreg-
ulatory effects of estrogen and progesterone on the dopaminergic system.’®%°
These effects are not restricted to the tuberoinfundibular dopaminergic system
involved in control of the anterior pituitary and important for ovulation and
reproductive behavior but also to the mesocortical and mesolimbic dopaminer-
gic systems relevant for cognition, affect, and reward processing. For instance,
estrogen has a neuroprotective effect on the nigrostriatal dopaminergic sys-
tem during methamphetamine-induced neurotoxicity in female rats, but not
in male rats.'” Furthermore, female rats show the highest rates of cocaine
self-administration briefly after estradiol peaks, and administering estradiol to
ovariectomized rats enhances cocaine self-administration.”® 10!

In women, the normal 28-day menstrual cycle is divided into two main
phases. The follicular phase extends from the first day of menses until the 14th
day and is characterized by low levels of progesterone and increasing levels of
estradiol, which reaches a peak at ovulation. The remaining days constitute the
luteal phase, characterized by high levels of progesterone and a second peak
of estradiol in the midluteal phase.'%?

Hormonal changes during the menstrual cycle phases influence spatial and
verbal cognitive abilities,!>103:194 attention,'® mood,'* and vulnerability to
drugs of abuse.'?” In a recent study, we used fMRI and an event-related mone-
tary reward paradigm to investigate the neurophysiological effects of gonadal
steroid hormones on the human reward system.'? Women were scanned during
the midfollicular and luteal phases of the menstrual cycle while performing a
monetary reward task that distinguished neural concomitants of anticipating
uncertain rewards from those of reward outcome. We observed that during
the midfollicular phase, women showed higher activation, relative to the luteal
phase, of the OFC and the amygdala during anticipation of uncertain rewards
(F1G. 2). During reward delivery, we found higher activation in the midbrain,
striatum, and frontopolar cortex during the follicular phase than during the
luteal phase. These data support an increased reactivity of the reward system
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FIGURE 2. Cross—menstrual cycle phase differences in BOLD response during antic-
ipation of uncertain rewards and at the time of the rewarded outcome. (A) Left. Statistical
maps overlaid onto structural MRI showing BOLD fMRI responses greater in follicular than
luteal phase during reward anticipation in the right amygdala and OFC. Right. Distributions
of BOLD signal response for each woman. (B) Greater BOLD response during follicular
than luteal phase at the time of the outcome in midbrain, left amygdala, heads of the caudate
nuclei, left inferior frontal gyrus, and left frontopolar cortex. Reprinted and modified with
permission from REE!3 © (2007) The National Academy of Sciences.

in women during the midfollicular phase, during which estrogen is unopposed
by progesterone.

Moreover, between-sex differences comparing the group of women with a
group of men matched for age and level of education revealed that men acti-
vated the ventral putamen more than women during anticipation of uncertain
rewards, whereas women showed stronger activation of the anterior medial pre-
frontal cortex during reward delivery. Finally, correlational analysis between
the brain activity and the gonadal steroid levels revealed a positive correlation
between activation in the amygdalo—hippocampal complex and the estradiol
level, regardless of menstrual cycle phase. From an evolutionary point of view,
the increased activity observed during the follicular phase may underlie the in-
creased availability, receptivity, and desire during the ovulatory period, which
has been thought to facilitate procreation.'3
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Recent neuroimaging studies have also been able to detect changes in brain
activation related to menstrual cycle phase during negative emotional pro-
cessing. Activity of the anterior-medial OFC for negative verbal stimuli was
increased premenstrually and decreased postmenstrually, whereas the inverse
pattern was observed in the lateral OFC.!%® Another study reported greater
activity during the early follicular phase in response to negative, high-arousing
stimuli in a set of areas involved in the response to stress, including the amyg-
dala, the OFC, and the anterior cingulate gyrus.'?” These studies demonstrate
that generally arousing stimuli may modulate similar brain networks across
the menstrual cycle phases.

At the behavioral level, the effect of the menstrual cycle on social decision
making was recently studied in a group of young women participating in a
mock job scenario.'!” There is evidence that women’s preferences for male
faces shift across the menstrual cycle, with higher preference for relatively
masculine traits in the follicular phase.!!'"!13 Participants had to assign min-
imum, low, high, or maximum status resources to a series of men previously
rated to look either dominant (e.g., squarer jaws, smaller pupil-to-brow dis-
tance) or nondominant. A first analysis revealed that female observers assign
resources of high status to dominant-looking men and resources of low status to
nondominant-looking men. Further analyses showed that during the follicular
phase more high-status resources were allocated to the dominant-looking men
than to nondominant-looking men. Thus, women actively manipulate male sta-
tus cues in a manner that is specific to the different phases of the menstrual
cycle. Awareness of these and other biases, such as the influence of past and
future expected interactions in reward allocation,''* may be useful for trainings
in management and human resources.

Testosterone Effects on Reward Processing and Social Behavior
In men, testosterone levels vary during the day!'>!'¢ and with age, start-
ing to decrease at around 40 years old.''7 Animal studies have demonstrated
a relationship between testosterone and aggression.''® In humans, a role of
androgens in aggression has been inferred from studies in which samples were
selected on the basis of violent behavior.!!” Although there is some evidence in
favor of a positive relationship between testosterone and aggression in humans,
results are not conclusive.!'®12° Dominance, that is, the enhancing of one’s
status over that of other people, which is often expressed nonaggressively, has
also been related to higher levels of testosterone in both men and women. 21122
Testosterone may partly explain the sex differences observed in some cogni-
tive functions. In women, testosterone administration was found to improve
spatial abilities,'?31?* putatively considered male-advantage abilities. Less is
known about testosterone influences on the reward system. Testosterone levels
correlated with brain activation in the OFC and the insula during processing of
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visual sexual stimuli in men,'?* demonstrating that these brain areas respond
to sexual arousal and not merely to a state of general motivational arousal.
Activation of the OFC was interpreted as the neural correlate of an appraisal
process through which visual stimuli are categorized as sexual incentives.
In women, testosterone has also been reported to influence economic deci-
sion making.'?® Administering testosterone produced a more disadvantageous
pattern of decision-making response in the lowa Gambling Task, indicating
reductions in punishment sensitivity and heightened reward dependency. In
this task, subjects must draw a card from one of four available decks with the
objective of gaining as much money as possible. Two of the decks are disad-
vantageous; they produce immediate large rewards, but these are accompanied
by substantial money losses due to more extreme punishments. The other two
decks are advantageous, because reward is modest but consistent and punish-
ment is low. A similar study showed that low cortisol levels were related to
impaired performance on this task in both men and women.'?’

Another study assessed the influence of cortisol on interpersonal trus
Subjects’ cortisol levels were measured before and after psychosocial stress
exposure. Cortisol elevation induced by social stress was negatively correlated
with the scores of General Trust Scale, suggesting that subjects with higher
interpersonal trust have lower activation of the hypothalamic—pituitary—adrenal
axis when exposed to social stress.

t.128

Oxytocin Effects on Social Interactions

Evidence from animal studies indicates that another class of hormone, neu-
ropeptides oxytocin and vasopressin, play an important role in complex so-
cial behaviors, including parental care, affiliation, and pair bonding.!?%13
The study of two species of voles showing distinct reproductive strategies has
provided most of the evidence. Comparative studies of prairie and montane
voles, which are monogamous and polygamous, respectively,!3! have shown
a different pattern of expression of oxytocin and vasopressin receptors in the
brain that appears to be associated with these reproductive strategies.!?% 132
Regions exhibiting such differences are the nucleus accumbens, where prairie
monogamous voles have higher density of oxytocin receptors than montane
voles do, and the ventral pallidal area, a major output of the nucleus accum-
bens, which shows higher density of vasopressin receptors in prairie voles.'°
The functional importance of these receptors is demonstrated by the fact that
oxytocin agonists and antagonists specifically facilitate and block social be-
haviors such as pair bonding in female voles. In male voles, it is vasopressin
that appears necessary for bond formation.!3313% It has been suggested that
these receptors link social information to reward circuits in the brain, provid-
ing a neurobiological mechanism for partner preference formation and social
attachment.!-130
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In humans, oxytocin has been associated with trustworthiness'3”-13% and with
improved ability to infer others’ mental states,'3” both essential for human
social interactions. In a double-blind study,’* participants received either an
intranasal dose of oxytocin or placebo before taking part in a trust game. The
data showed that oxytocin increased investors’ trust, as demonstrated by the
larger amounts of money transferred by the investors in the oxytocin group
than those in the placebo group. Moreover, this effect of oxytocin was specific
to trusting behavior in social interactions, as suggested by there being no
differences in the amount of money transfers between the oxytocin and the
placebo groups when investors faced the same choices as in the trust game
but this time with a random mechanism determining the investor’s risk. Thus,
the effect of oxytocin on trust is not due to a general increase in the readiness
to bear risks; on the contrary, oxytocin specifically affects an individual’s
willingness to accept social risks arising through interpersonal interactions.
The influence of oxytocin on social behavior may be mediated, at least in part,
by its effects on the amygdala, which is a central component of the circuitry of
fear and social cognition and shows a high expression of oxytocin receptors.
Confirming this hypothesis, a recent neuroimaging study reported reduced
fear-induced activation in the amygdala after administration of oxytocin. '3

GENETIC INFLUENCES

The study of the genetic basis of human differences in complex behaviors
appears as one of the most promising fields in neuroscience, favored by the
advances in molecular genetics and in noninvasive functional neuroimaging
techniques.!3® From the point of view of the generalist genes hypothesis, it is
assumed that one gene might affect many traits and that many genes affect a
trait.'*” In social organization, it has become increasingly accepted that traits,
attitudes, and behaviors relevant to the workplace have a genetic component.'4!
Several studies have assessed the genetic influence on some job-related vari-
ables such as leadership role occupancy,'*>!** job and occupational switch-
ing,'** and job satisfaction.'*> These studies have been conducted on twins
and have reported that around 30% of the variance observed in these variables
may be explained by genetic influences.

Both reward processing and social interaction engage brain structures that
lie on the ascending dopaminergic pathways. Thus, an important axis of cur-
rent research is to study the brain influence of genes that affect dopaminergic
transmission, to clarify the biological mechanisms underlying interindividual
differences and vulnerability to pathology related to the dopaminergic sys-
tem.!3%146 Behavioral and neuroimaging studies have explored the relation-
ship between dopamine-related genes and some personality traits and behav-
iors related to reward, and more recently, with reward-related brain activation.
These studies have focused on the genetic variations of dopamine receptors
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(DRs), especially DRD2 and DRD4, and other genes coding for enzymes and
transporters involved in the dopaminergic transmission, such as the catechol-
O-methyltransferase (COMT) and the dopamine transporter (DAT).

At the behavioral level, genetic variations in DRD4 have been related to
novelty seeking'4’'%° and pathological gambling.'*° DRD2 has been related
to drug addiction and reward deficiency syndrome.'>*!%* Neuroimaging
studies have recently begun to assess the effects of dopamine-related genes on
reward processing. Cohen et al. studied the effect of the DRD2 gene in reward
processing by using an fMRI gambling task that allowed them to separate
anticipation and reception of rewards.!> Although they found no differences
during reward anticipation between carriers and noncarriers of the Al allele
of the DRD2 gene, the presence of the Al allele of the gene significantly
affected neural responses at the time of the outcome. Subjects with the Al
allele showed lower response in the medial OFC, amygdala, hippocampus,
and nucleus accumbens during reward outcome. This lower differentiation
between receiving and not receiving rewards agrees with the idea that a reduced
concentration of DRD2 receptors in the reward system reduces sensitivity to
rewards. This finding may explain why individuals with the A1 allele are more
likely to develop addictive or reward deficiency disorders.

Another gene implicated in the dopaminergic transmission is the COMT
gene. This gene codes for the COMT enzyme, which is involved in dopamine
degradation.'3"138 In humans, a functional polymorphism leads to the substi-
tution of the amino acid valine (Val) by methionine (Met) at codon 158.'%° The
enzyme containing Met is unstable at body temperatures and shows signifi-
cantly lower activity than the enzyme containing Val,'®® presumably leading to
higher levels of synaptic dopamine.'>® %! Although somewhat inconsistently,
behavioral studies have linked the Val allele of the COMT with personality traits
such as novelty-seeking!? and risk-seeking!%3 scores. Cognitively, the COMT
genotype has been studied mainly on prefrontal function, the Val allele often
being associated with worse performance in executive functioning.!46:164.165
This finding has received further support from our own'® and other fMRI
studies relating the number of Val alleles to lower prefrontal efficiency (higher
activation for a similar level of performance) during performance of working
memory tasks.!#167 However, the effect of COMT on brain activity depends
on the task at hand.'®® For instance, during the performance of emotional tasks,
BOLD response in the amygdala and prefrontal connected areas correlated with
the number of Met alleles during unpleasant stimuli.'®® Similarly, viewing faces
expressing negative emotions elicits brain activation in the hippocampus and
ventrolateral prefrontal cortex that is related in a dose-dependent fashion to
the number of Met alleles.!””

Another gene involved in dopamine transmission is the gene coding for
the DAT, which terminates dopamine transmission by reuptaking released
dopamine back into the presynaptic neuron. The DAT gene displays a
40-base-pair variable number of tandem repeats, with 9 and 10 repeats being the

151,152
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FIGURE 3. Genetic effects on brain response during reward anticipation. (A) Statis-
tical maps overlaid onto structural MRI showing the effect of COMT genotype on reward
anticipation—related activation in the prefrontal cortex (/eft) and the ventral putamen (right).
Met/Met subjects (less enzyme activity) show highest activation levels, whereas Val/Val sub-
jects show the lowest. (B) (Up) Functional interaction between COMT and DAT genotypes
in the left ventral striatum. (Down) fMRI responses from the left ventral striatum as a
function of reward probability (p-low vs. p-high), magnitude (1€ vs. 5€), and genotype.
In all groups except DAT 10R COMT Met/Met and DAT 9R COMT Val/Val, activation
increases according to probability and magnitude of rewards. The blunted response in DAT
10R COMT Met/Met and DAT 9R COMT Val/Val subjects may reflect suboptimal neural
encoding of rewards. Reprinted and modified with permission from REF.!® ©) (2007) The
National Academy of Sciences.

most common.'”! Although this configuration does not affect the correspond-
ing protein’s structure, it does influence gene expression'’>'’* and protein
availability.'”>!77 Despite the somewhat controversial results, there seems to
be stronger evidence for higher DAT availability and gene expression related
to the 10-repeat allele, which would lead to lower dopamine levels. Moreover,
disruption of the DAT gene in DAT-knockout mice has been shown to alter
their “social” behavior.!”®

A recent study assessed the effect of COMT and DAT genotypes on anticipa-
tion of monetary rewards that varied in probability and magnitude.'? Neuronal
activity in the prefrontal cortex and in the striatum was modulated by the COMT
genotype. Subjects homozygous for the Met allele, and thus with presumably
greater dopamine availability, showed larger responses to anticipated rewards
than those who were homozygous for the Val allele. Activation in the ventral
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striatum was also scaled as a function of both reward probability and magni-
tude, but this activation was affected by neither the COMT nor DAT genotype
independently. However, the results found an interaction effect between the
two genotypes. This effect came from the fact that subjects homozygous for
the Met allele and for the 10-repeat allele and subjects homozygous for the Val
allele and carriers of the 9-repeat allele showed a weakened striatal response to
increasing expected values, suggesting a nonoptimal reward encoding (FI1G. 3).
This observation is consistent with the notion that both very low and very high
dopamine levels are detrimental for some cognitive functions as, for example,
working memory.!”’

In a recent study, we have also observed synergistic effects of COMT and
DAT genotypes.'3® These effects are found in the ventral striatum and the
DLPFC during anticipation of uncertain rewards and in the lateral OFC at
reward delivery. Subjects homozygous for the Met allele and carriers of the 9-
repeat allele exhibited the highest activation, presumably reflecting a functional
change consecutive to higher synaptic dopamine availability.

In conclusion, there is now compelling evidence that genetic variations in
dopamine-related genes modulate the physiological response of the dopaminer-
gic system, which may help explain the interindividual differences commonly
observed in compulsive behavior, such as pathological gambling and drug
addiction, and vulnerability to neuropathologies (e.g., schizophrenia).

CONCLUSIONS

In recent years, the combination of molecular genetics, endocrinology, and
neuroimaging with economic and social theories has provided many data that
help in understanding the biological mechanisms influencing reward process-
ing and social interaction. These studies have demonstrated that genetic and
hormonal variations affecting dopaminergic transmission affect the physiolog-
ical response of the dopaminergic system and its associated cognitive functions,
and that these variations may account for some of the interindividual and in-
traindividual behavioral differences observed in reward processing and social
cognition. Although this review emphasizes biological influences on reward-
related behavior and social interactions, complex behaviors such as social
interactions result from the interplay between genetic and environmental in-
fluences. Genes provide the foundation of behavior, but environmental traits
and early experience play an important role in modulating the expression of
these behaviors through their effect on the underlying physiological mecha-
nisms. '8!

In conclusion, the multilevel analysis used in social neuroscience has now
proved to be a useful approach for assessing the neurobiological mechanisms
underlying variations in social behavior. Identifying the molecular and cellular
markers of reward processing and social interaction provides new insights into



CALDU & DREHER 65

the basic mechanisms underlying interindividual differences in susceptibility
to disorders such as pathological gambling and drug addiction.

10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

. INseL, T.R. & R.D. FERNALD. 2004. How the brain processes social information:

searching for the social brain. Annual Review of Neuroscience 27: 697-722.

. ScHuLTZ, W. 2000. Multiple reward signals in the brain. Nature reviews. Neuro-

science 1: 199-207.

. LOHRENZ, T. et al. 2007. Neural signature of fictive learning signals in a sequential

investment task. Proc. Natl. Acad. Sci. USA 104: 9493-9498.

. McCaBE, K. etal. 2001. A functional imaging study of cooperation in two-person

reciprocal exchange. Proceedings of the National Academy of Sciences of the
United States of America 98: 11832-11835.

. DE QUERVAIN, D.J. ef al. 2004. The neural basis of altruistic punishment. Science

(New York, N.Y.) 305: 1254-1258.

. HAFNER, H. 2003. Gender differences in schizophrenia. Psychoneuroendocrinol-

ogy 28(Suppl 2): 17-54.

. MEYER-LINDENBERG, A., C.B. MERVIS & K.F. BERMAN. 2006. Neural mechanisms

in Williams syndrome: a unique window to genetic influences on cognition and
behaviour. Nat. Rev. Neurosci. 7: 380-393.

. MEYER-LINDENBERG, A. & D.R. WEINBERGER. 2006. Intermediate phenotypes and

genetic mechanisms of psychiatric disorders. Nat. Rev. Neurosci. 7: §18—827.

. TrepEL, C., C.R. Fox & R.A. POLDRACK. 2005. Prospect theory on the brain?

Toward a cognitive neuroscience of decision under risk. Brain Res. Cogn. Brain
Res. 23: 34-50.

YACUBIAN, J. et al. 2007. Gene-gene interaction associated with neural reward
sensitivity. Proc. Natl. Acad. Sci. USA 104: 8125-8130.

DENNERSTEIN, L., C. SPENCER-GARDNER & G.D. BURROWS. 1984. Mood and the
menstrual cycle. J. Psychiatr. Res. 18: 1-12.

ROSENBERG, L. & S. PARK. 2002. Verbal and spatial functions across the menstrual
cycle in healthy young women. Psychoneuroendocrinology 27: 835-841.

DREHER, J.C. et al. 2007. Menstrual cycle phase modulates reward-related neural
function in women. Proceedings of the National Academy of Sciences of the
United States of America 104: 2465-2470.

O’DOHERTY, J.P. 2004. Reward representations and reward-related learning in the
human brain: insights from neuroimaging. Current Opinion in Neurobiology
14: 769-776.

ScHuLTZ, W. 2004. Neural coding of basic reward terms of animal learning theory,
game theory, microeconomics and behavioural ecology. Current Opinion in
Neurobiology 14: 139-147.

KNUTSON, B. et al. 2003. A region of mesial prefrontal cortex tracks monetarily
rewarding outcomes: characterization with rapid event-related fMRI. NeuroIlm-
age 18: 263-272.

FioriLLo, C.D., PN. ToBLER & W. ScHULTZ. 2003. Discrete coding of reward
probability and uncertainty by dopamine neurons. Science. 299: 1898—1902.
ScHuLTZ, W., P. DAYAN & P.R. MONTAGUE. 1997. A neural substrate of prediction

and reward. Science. 275: 1593-1599.



66

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

ToBLER, PN., C.D. FioriLLO & W. ScHULTZz. 2005. Adaptive coding of reward
value by dopamine neurons. Science. 307: 1642—-1645.

PEARCE, .M. & G. HALL. 1980. A model for Pavlovian learning: variations in the
effectiveness of conditioned but not of unconditioned stimuli. Psychol Rev. 87:
532-552.

SHANNON, C.E. 1948. A mathematical theory of communication. Bell Syst. Tech.
J.27: 379-423.

BERNS, G.S. et al. 2001. Predictability modulates human brain response to reward.
J Neurosci. 21: 2793-2798.

McCLURE, S.M., G.S. BERNS & PR. MONTAGUE. 2003. Temporal prediction errors
in a passive learning task activate human striatum. Neuron. 38: 339-346.

O’DoHERTY, JLP. et al. 2003. Temporal difference models and reward-related
learning in the human brain. Neuron. 38: 329-337.

MCcCLURE, S.M., M.K. YORK & P.R. MONTAGUE. 2004. The neural substrates of
reward processing in humans: the modern role of FMRI. Neuroscientist. 10:
260-268.

KNUTSON, B. et al. 2001. Dissociation of reward anticipation and outcome with
event-related fMRI. Neuroreport. 12: 3683-3687.

DELGADO, M.R. et al. 2000. Tracking the hemodynamic responses to reward and
punishment in the striatum. J Neurophysiol. 84: 3072-3077.

FLETCHER, P.C. et al. 2001. Responses of human frontal cortex to surprising
events are predicted by formal associative learning theory. Nat Neurosci. 4:
1043-1048.

PauLus, MLP. et al. 2004. Trend detection via temporal difference model predicts
inferior prefrontal cortex activation during acquisition of advantageous action
selection. Neuroimage. 21: 733—743.

CORLETT, PR. ef al. 2004. Prediction error during retrospective revaluation of
causal associations in humans: fMRI evidence in favor of an associative model
of learning. Neuron. 44: 877-888.

DREHER, J.C., P. KouN & K.F. BERMAN. 2006. Neural coding of distinct statistical
properties of reward information in humans. Cereb Cortex. 16: 561-573.

KNUTSON, B. et al. 2005. Distributed neural representation of expected value. J
Neurosci. 25: 4806-4812.

ABLER, B. et al. 2006. Prediction error as a linear function of reward probability
is coded in human nucleus accumbens. Neuroimage. 31: 790-795.

YACUBIAN, J. et al. 2006. Dissociable systems for gain- and loss-related value
predictions and errors of prediction in the human brain. J Neurosci. 26: 9530—
9537.

TOBLER, PN. et al. 2007. Reward value coding distinct from risk attitude-related
uncertainty coding in human reward systems. J Neurophysiol. 97: 1621-1632.

CRITCHLEY, H.D., C.J. MATHIAS & R.J. DOLAN. 2001. Neural activity in the human
brain relating to uncertainty and arousal during anticipation. Neuron. 29: 537—
545.

PREUSCHOFF, K., P. BOSSAERTS & S.R. QUARTZz. 2006. Neural differentiation of
expected reward and risk in human subcortical structures. Neuron. 51: 381-390.

GRINBAND, J., J. HIRSCH & V.P. FERRERA. 2006. A neural representation of cate-
gorization uncertainty in the human brain. Neuron. 49: 757-763.

HUETTEL, S.A., A.W. SONG & G. MCCARTHY. 2005. Decisions under uncertainty:
probabilistic context influences activation of prefrontal and parietal cortices. J
Neurosci. 25: 3304-3311.



CALDU & DREHER 67

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

62.

O’DOHERTY, J.P. et al. 2002. Neural responses during anticipation of a primary
taste reward. Neuron. 33: 815-826.

KRINGELBACH, M.L. et al. 2003. Activation of the human orbitofrontal cortex
to a liquid food stimulus is correlated with its subjective pleasantness. Cereb
Cortex. 13: 1064-1071.

GOTTFRIED, J.A., J. O’DOHERTY & R.J. DoLAN. 2002. Appetitive and aversive
olfactory learning in humans studied using event-related functional magnetic
resonance imaging. J Neurosci. 22: 10829-10837.

THUT, G. et al. 1997. Activation of the human brain by monetary reward. Neu-
roreport. 8: 1225-1228.

KNuTsON, B. et al. 2000. FMRI visualization of brain activity during a monetary
incentive delay task. Neuroimage. 12: 20-27.

BREITER, H.C. et al. 2001. Functional imaging of neural responses to expectancy
and experience of monetary gains and losses. Neuron. 30: 619—639.

TREMBLAY, L. & W. ScHULTZ. 1999. Relative reward preference in primate or-
bitofrontal cortex. Nature. 398: 704-708.

RoLLs, E.T., Z.J. SIENKIEWICZ & S. YAXLEY. 1989. Hunger Modulates the Re-
sponses to Gustatory Stimuli of Single Neurons in the Caudolateral Or-
bitofrontal Cortex of the Macaque Monkey. Eur J Neurosci. 1: 53-60.

CRITCHLEY, H.D. & E.T. ROLLS. 1996. Hunger and satiety modify the responses of
olfactory and visual neurons in the primate orbitofrontal cortex. J Neurophysiol.
75: 1673-1686.

RoLLs, E.T. 2000. The orbitofrontal cortex and reward. Cereb Cortex. 10: 284—
294,

GOTTFRIED, J.A., J. O’DOHERTY & R.J. DOLAN. 2003. Encoding predictive reward
value in human amygdala and orbitofrontal cortex. Science. 301: 1104—1107.
HAMANN, S. & H. Mao. 2002. Positive and negative emotional verbal stimuli

elicit activity in the left amygdala. Neuroreport. 13: 15-19.

HoMMER, D.W. et al. 2003. Amygdalar recruitment during anticipation of mon-
etary rewards: an event-related fMRI study. Ann N Y Acad Sci. 985: 476—
478.

ANDERSON, A K. ef al. 2003. Dissociated neural representations of intensity and
valence in human olfaction. Nat Neurosci. 6: 196-202.

SMALL, D.M. et al. 2003. Dissociation of neural representation of intensity and
affective valuation in human gustation. Neuron. 39: 701-711.

DE MARTINO, B. ef al. 2006. Frames, biases, and rational decision-making in the
human brain. Science. 313: 684—687.

KUHNEN, C.M. & B. KNuTsoN. 2005. The neural basis of financial risk taking.
Neuron. 47: 763-770.

Kann, I. et al. 2002. The role of the amygdala in signaling prospective outcome
of choice. Neuron. 33: 983-994.

DREHER, J.C. 2007. Sensitivity of the brain to loss aversion during risky gambles.
Trends Cogn Sci. 11: 270-272.

KNUTSON, B. et al. 2007. Neural predictors of purchases. Neuron. 53: 147-156.

Towm, S.M. et al. 2007. The neural basis of loss aversion in decision-making under
risk. Science. 315: 515-518.

REYNOLDS, L.A. 2005. Communicating total rewards to the generations. Benefits
Q. 21: 13-17.

GALLAGHER, H.L. et al. 2002. Imaging the intentional stance in a competitive
game. Neuroimage. 16: 814—821.



68

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

AmobI0, D.M. & C.D. FriTH. 2006. Meeting of minds: the medial frontal cortex
and social cognition. Nat Rev Neurosci. 7: 268-277.

AXELROD, R. & W.D. HaMILTON. 1981. The evolution of cooperation. Science.
211: 1390-1396.

DECETY, J. et al. 2004. The neural bases of cooperation and competition: an fMRI
investigation. Neuroimage. 23: 744-751.

RILLING, J. et al. 2002. A neural basis for social cooperation. Neuron. 35: 395—
405.

RILLING, J.K. et al. 2004. Opposing BOLD responses to reciprocated and unre-
ciprocated altruism in putative reward pathways. Neuroreport. 15: 2539-2543.

SINGER, T. et al. 2004. Brain responses to the acquired moral status of faces.
Neuron. 41: 653—662.

SANFEY, A.G. et al. 2003. The neural basis of economic decision-making in the
Ultimatum Game. Science. 300: 1755-1758.

SINGER, T. et al. 2004. Empathy for pain involves the affective but not sensory
components of pain. Science. 303: 1157-1162.

Damasio, A.R. et al. 2000. Subcortical and cortical brain activity during the
feeling of self-generated emotions. Nat Neurosci. 3: 1049—1056.

PHiLLIPS, M.L. et al. 1997. A specific neural substrate for perceiving facial ex-
pressions of disgust. Nature. 389: 495—498.

DAMasIO, A. 2005. Human behaviour: brain trust. Nature. 435: 571-572.

KOSFELD, M. et al. 2005. Oxytocin increases trust in humans. Nature. 435: 673—
676.

PoDsAKOFF, PM. et al. 2006. Relationships between leader reward and punish-
ment behavior and subordinate attitudes, perceptions, and behaviors: a meta-
analytic review of existing and new research. Organ. Behav. Hum. Decis. Pro-
cess. 99: 113-142.

BowLEs, S. & H. GINTIs. 2004. The evolution of strong reciprocity: cooperation
in heterogeneous populations. Theor Popul Biol. 65: 17-28.

BoyD, R. et al. 2003. The evolution of altruistic punishment. Proc Natl Acad Sci
USA. 100: 3531-3535.

FeHR, E. & S. GACHTER. 2002. Altruistic punishment in humans. Nature. 415:
137-140.

SINGER, T. et al. 2006. Empathic neural responses are modulated by the perceived
fairness of others. Nature. 439: 466—469.

KnNuTsoN, B. 2004. Behavior. Sweet revenge? Science. 305: 1246—1247.

O’REILLY, C.A. & S.M. PUFFER. 1989. The impact of rewards and punishments
in a social context: A laboratory and field experiment. J. Occup. Psychol. 62:
41-53.

MONTAGUE, PR. et al. 2002. Hyperscanning: simultaneous fMRI during linked
social interactions. Neuroimage. 16: 1159—-1164.

KING-CAsas, B. et al. 2005. Getting to know you: reputation and trust in a two-
person economic exchange. Science. 308: 78—83.

EISENBERGER, N.I., M.D. LIEBERMAN & K.D. WiLLIAMS. 2003. Does rejection
hurt? An FMRI study of social exclusion. Science. 302: 290-292.

SoMERVILLE, L.H., T.F. HEATHERTON & W.M. KELLEY. 2006. Anterior cingulate
cortex responds differentially to expectancy violation and social rejection. Nat
Neurosci. 9: 1007-1008.

BusH, G., P. Luu & M.I. PosNER. 2000. Cognitive and emotional influences in
anterior cingulate cortex. Trends Cogn Sci. 4: 215-222.



CALDU & DREHER 69

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

AxITSUKI, Y. et al. 2003. Context-dependent cortical activation in response to
financial reward and penalty: an event-related fMRI study. Neuroimage. 19:
1674-1685.

CAMERER, C.F. & E. FEHR. 2006. When does “economic man‘ dominate social
behavior? Science. 311: 47-52.

LEE, D. 2006. Neural basis of quasi-rational decision making. Curr Opin Neuro-
biol. 16: 191-198.

HASELHUHN, M.P. & B.A. MELLERS. 2005. Emotions and cooperation in economic
games. Brain Res Cogn Brain Res. 23: 24-33.

MELLERS, B., I. Ritov & A. SCHWARTZ. 1999. Emotion-based choice. J. Exp.
Psychol. 128: 332-345.

MCcEWEN, B. 2002. Estrogen actions throughout the brain. Recent Prog. Horm.
Res. 57: 357-384.

MCcEWwEN, B.S. & S.E. ALVEs. 1999. Estrogen actions in the central nervous
system. Endocr Rev. 20: 279-307.

Prarr, D.W. et al. 2000. Estrogens, brain and behavior: studies in fundamental
neurobiology and observations related to women'’s health. J Steroid Biochem
Mol Biol. 74: 365-373.

PraFF, D. 2005. Hormone-driven mechanisms in the central nervous system fa-
cilitate the analysis of mammalian behaviours. J Endocrinol. 184: 447—453.
BECKER, JB. & JH. CHA. 1989. Estrous cycle-dependent variation in
amphetamine-induced behaviors and striatal dopamine release assessed with

microdialysis. Behav Brain Res. 35: 117-125.

BECKER, J.B., T.E. ROBINSON & K.A. LORENZ. 1982. Sex differences and estrous
cycle variations in amphetamine-elicited rotational behavior. Eur J Pharmacol.
80: 65-72.

CRreUTZ, L.M. & M.F. KRrITZER. 2004. Mesostriatal and mesolimbic projections
of midbrain neurons immunoreactive for estrogen receptor beta or androgen
receptors in rats. J Comp Neurol. 476: 348-362.

LyNcH, W.I. et al. 2001. Role of estrogen in the acquisition of intravenously self-
administered cocaine in female rats. Pharmacol Biochem Behav. 68: 641-646.

DruzeN, D. & M. HorsTINK. 2003. Estrogen as neuroprotectant of nigrostriatal
dopaminergic system: laboratory and clinical studies. Endocrine. 21: 67-75.

Jackson, L.R., T.E. ROBINSON & J.B. BECKER. 2006. Sex differences and hor-
monal influences on acquisition of cocaine self-administration in rats. Neu-
ropsychopharmacology. 31: 129-138.

LACREUSE, A. 2006. Effects of ovarian hormones on cognitive function in non-
human primates. Neuroscience. 138: 859—867.

HaLPERN, D.F. & U. TaN. 2001. Stereotypes and steroids: using a psychobiosocial
model to understand cognitive sex differences. Brain Cogn. 45: 392-414.

HAUSMANN, M. et al. 2000. Sex hormones affect spatial abilities during the men-
strual cycle. Behav Neurosci. 114: 1245-1250.

BEAUDOIN, J. & R. MARROCCO. 2005. Attentional validity effect across the human
menstrual cycle varies with basal temperature changes. Behav Brain Res. 158:
23-29.

RusiNow, D.R. & PJ. ScuMIDT. 2006. Gonadal steroid regulation of mood: the
lessons of premenstrual syndrome. Front Neuroendocrinol. 27: 210-216.

JusTICE, A.J. & H. DE WIT. 1999. Acute effects of d-amphetamine during the fol-
licular and luteal phases of the menstrual cycle in women. Psychopharmacology
(Berl). 145: 67-75.



70

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

PROTOPOPESCU, X. et al. 2005. Orbitofrontal cortex activity related to emotional
processing changes across the menstrual cycle. Proc Natl Acad Sci USA. 102:
16060—16065.

GOLDSTEIN, J.M. et al. 2005. Hormonal cycle modulates arousal circuitry in
women using functional magnetic resonance imaging. J Neurosci. 25: 9309—
9316.

SENIOR, C., A. LAU & M.J. BUTLER. 2007. The effects of the menstrual cycle on
social decision making. Int J Psychophysiol. 63: 186—-191.

PENTON-VOAK, L.S. et al. 1999. Menstrual cycle alters face preference. Nature.
399: 741-742.

PENTON-VOAK, 1.S. & D.I. PERRETT. 2000. Female preference for male faces
changes cyclically: Further evidence. Evol. Hum. Behav. 21: 39-48.

JOHNSTON, V.S. et al. 2001. Male facial attractiveness. Evidence for hormone-
mediated adaptive design. Evol. Hum. Behav. 22: 251-267.

ZHANG, Z.X. 2001. The effects of frequency of social interaction and relationship
closeness on reward allocation. J Psychol. 135: 154—164.

GRANGER, D.A. et al. 2003. Salivary testosterone diurnal variation and psy-
chopathology in adolescent males and females: individual differences and de-
velopmental effects. Dev Psychopathol. 15: 431-449.

SwaAB, D.E. et al. 1996. Biological rhythms in the human life cycle and their
relationship to functional changes in the suprachiasmatic nucleus. Prog. Brain
Res. 111: 349-368.

FELDMAN, H.A. et al. 2002. Age trends in the level of serum testosterone and other
hormones in middle-aged men: longitudinal results from the Massachusetts
male aging study. J Clin Endocrinol Metab. 87: 589-598.

ARCHER, J. 1991. The influence of testosterone on human aggression. Br J Psy-
chol. 82(Pt 1): 1-28.

RuBmNow, D.R. & PJ. ScHMIDT. 1996. Androgens, brain, and behavior. Am J
Psychiatry. 153: 974-984.

VAN BOKHOVEN, 1. et al. 2006. Salivary testosterone and aggression, delinquency,
and social dominance in a population-based longitudinal study of adolescent
males. Horm Behav. 50: 118-125.

MAZUR, A. & A. BOOTH. 1998. Testosterone and dominance in men. Behav Brain
Sci. 21: 353-363; discussion 363-97.

GRANT, V.J. & J.T. FRANCE. 2001. Dominance and testosterone in women. Biol
Psychol. 58: 41-47.

PosTt™A, A. et al. 2000. Effects of testosterone administration on selective aspects
of object-location memory in healthy young women. Psychoneuroendocrinol-
ogy. 25: 563-575.

ALEMAN, A. et al. 2004. A single administration of testosterone improves
visuospatial ability in young women. Psychoneuroendocrinology. 29: 612—
617.

REDOUTE, J. et al. 2005. Brain processing of visual sexual stimuli in treated and
untreated hypogonadal patients. Psychoneuroendocrinology. 30: 461-482.

VAN HONK, J. et al. 2004. Testosterone shifts the balance between sensitivity for
punishment and reward in healthy young women. Psychoneuroendocrinology.
29: 937-943.

VAN HONK, J. et al. 2003. Low cortisol levels and the balance between punishment
sensitivity and reward dependency. Neuroreport. 14: 1993—-1996.

TaxkAHASHI, T. et al. 2005. Interpersonal trust and social stress-induced cortisol
elevation. Neuroreport. 16: 197-199.



CALDU & DREHER 71

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

YOuNG, L.J., Z. WANG & T.R. INSEL. 1998. Neuroendocrine bases of monogamy.
Trends Neurosci. 21: 71-75.

YOUNG, L.J. et al. 2001. Cellular mechanisms of social attachment. Horm Behav.
40: 133-138.

WinsLow, J.T. et al. 1993. Oxytocin and complex social behavior: species com-
parisons. Psychopharmacol Bull. 29: 409—414.

INSeL, T.R. & L.E. SHAPIRO. 1992. Oxytocin receptor distribution reflects social
organization in monogamous and polygamous voles. Proc Natl Acad Sci USA.
89: 5981-5985.

INSeL, T.R. & T.J. HULIHAN. 1995. A gender-specific mechanism for pair bond-
ing: oxytocin and partner preference formation in monogamous voles. Behav
Neurosci. 109: 782—-789.

INSEL, T.R. et al. 1995. Oxytocin and the molecular basis of monogamy. Adv Exp
Med Biol. 395: 227-234.

ZAK, PJ., R. KURZBAN & W.T. MATZNER. 2004. The neurobiology of trust. Ann
N'Y Acad Sci. 1032: 224-227.

ZAK, PJ., R.KURZBAN & W.T. MATZNER. 2005. Oxytocin is associated with human
trustworthiness. Horm Behav. 48: 522-527.

DoMEs, G. et al. 2007. Oxytocin improves ‘mind-reading’ in humans. Biol Psy-
chiatry. 61: 731-733.

KirscH, P. et al. 2005. Oxytocin modulates neural circuitry for social cognition
and fear in humans. J Neurosci. 25: 11489-11493.

Hariri, A.R. & D.R. WEINBERGER. 2003. Imaging genomics. Br Med Bull. 65:
259-270.

Kovas, Y. & R. PLOMIN. 2006. Generalist genes: implications for the cognitive
sciences. Trends Cogn Sci. 10: 198-203.

ILiES, R., R.D. ARVEY & T.J. BOUCHARD. 2006. Darwinism, behavioral genetics,
and organizational behavior: a review and agenda for future research. J. Organ.
Behav. 27: 121-141.

ARVEY, R.D. et al. 2006. The determinants of leadership role occupancy: Genetic
and personality factors. Leadersh. Q. 17: 1-20.

ARVEY, R.D. et al. 2007. Developmental and genetic determinants of leadership
role occupancy among women. J Appl Psychol. 92: 693-706.

McCaLL, B.P, M.A. CAVANAUGH & R.D. ARVEY. 1997. Genetic influences on
job and occupational switching. J. Vocat. Behav. 50: 60—77.

ARVEY, R.D. et al. 1989. Job satisfaction: Environmental and genetic components.
J. Appl. Psychol. 74: 187-192.

EGaN, M.F et al. 2001. Effect of COMT Val108/158 Met genotype on frontal lobe
function and risk for schizophrenia. Proc Natl Acad Sci USA. 98: 6917-6922.

BENJAMIN, J. et al. 1996. Population and familial association between the D4
dopamine receptor gene and measures of Novelty Seeking. Nat Genet. 12: 81—
84.

EBSTEIN, R.P. et al. 1996. Dopamine D4 receptor (D4DR) exon III polymorphism
associated with the human personality trait of Novelty Seeking. Nat Genet. 12:
78-80.

ROGERS, G. et al. 2004. Association of a duplicated repeat polymorphism in the 5
’-untranslated region of the DRD4 gene with novelty seeking. Am J Med Genet
B Neuropsychiatr Genet. 126: 95-98.

PEREZ DE CASTRO, . ef al. 1997. Genetic association study between patholog-
ical gambling and a functional DNA polymorphism at the D4 receptor gene.
Pharmacogenetics. 7: 345-348.



72

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

CoMINGs, D.E. et al. 1994. The dopamine D2 receptor gene: a genetic risk factor
in substance abuse. Drug Alcohol Depend. 34: 175-180.

NoOBLE, E.P. 2000. Addiction and its reward process through polymorphisms of
the D2 dopamine receptor gene: a review. Eur Psychiatry. 15: 79-89.

BOWIRRAT, A. & M. OsCcAR-BERMAN. 2005. Relationship between dopaminergic
neurotransmission, alcoholism, and Reward Deficiency syndrome. Am J Med
Genet B Neuropsychiatr Genet. 132: 29-37.

Brum, K. et al. 1996. The D2 dopamine receptor gene as a determinant of reward
deficiency syndrome. J R Soc Med. 89: 396—400.

CoHEN, M.X. et al. 2005. Individual differences in extraversion and dopamine
genetics predict neural reward responses. Brain Res Cogn Brain Res. 25: 851—
861.

AXELROD, J. & R. ToMCHICK. 1958. Enzymatic O-methylation of epinephrine and
other catechols. J Biol Chem. 233: 702-705.

MANNISTO, PT. & S. KAAKKOLA. 1999. Catechol-O-methyltransferase (COMT):
biochemistry, molecular biology, pharmacology, and clinical efficacy of the
new selective COMT inhibitors. Pharmacol Rev. 51: 593—-628.

NAPOLITANO, A., A.M. CESURA & M. DA PrRADA. 1995. The role of monoamine
oxidase and catechol O-methyltransferase in dopaminergic neurotransmission.
J Neural Transm Suppl. 45: 35-45.

LacHMAN, H.M. ef al. 1996. Human catechol-O-methyltransferase pharmacoge-
netics: description of a functional polymorphism and its potential application
to neuropsychiatric disorders. Pharmacogenetics. 6: 243-250.

Lotta, T. et al. 1995. Kinetics of human soluble and membrane-bound catechol
O-methyltransferase: a revised mechanism and description of the thermolabile
variant of the enzyme. Biochemistry. 34: 4202—4210.

CHEN, J. et al. 2004. Functional analysis of genetic variation in catechol-O-
methyltransferase (COMT): effects on mRNA, protein, and enzyme activity
in postmortem human brain. Am J Hum Genet. 75: 807-821.

Tsal, S.J. et al. 2004. Association study of catechol-O-methyltransferase gene
and dopamine D4 receptor gene polymorphisms and personality traits in healthy
young chinese females. Neuropsychobiology. 50: 153—156.

ENocH, M.A. et al. 2003. Genetic origins of anxiety in women: a role for a
functional catechol-O-methyltransferase polymorphism. Psychiatr Genet. 13:
33-41.

DE Frias, C.M. et al. 2005. Catechol O-methyltransferase Vall58Met polymor-
phism is associated with cognitive performance in nondemented adults. J Cogn
Neurosci. 17: 1018-1025.

BRUDER, G.E. et al. 2005. Catechol-O-methyltransferase (COMT) genotypes and
working memory: associations with differing cognitive operations. Biol Psy-
chiatry. 58: 901-907.

CALDU, X. et al. 2007. Impact of the COMT Val108/158 Met and DAT1 genotypes
on prefrontal function in healthy subjects. Neuroimage. 37: 1437—-1444.

BERTOLINO, A. et al. 2006. Additive effects of genetic variation in dopamine reg-
ulating genes on working memory cortical activity in human brain. J Neurosci.
26: 3918-3922.

Hemz, A. & M.N. SMOLKA. 2006. The effects of catechol O-methyltransferase
genotype on brain activation elicited by affective stimuli and cognitive tasks.
Rev Neurosci. 17: 359-367.



CALDU & DREHER 73

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

SMoLKA, M.N. et al. 2005. Catechol-O-methyltransferase vall58met genotype
affects processing of emotional stimuli in the amygdala and prefrontal cortex.
J Neurosci. 25: 836-842.

DRABANT, E.M. et al. 2006. Catechol O-methyltransferase vall58met genotype
and neural mechanisms related to affective arousal and regulation. Arch Gen
Psychiatry. 63: 1396-1406.

GELERNTER, J., H. KRANZLER & J. LACOBELLE. 1998. Population studies of poly-
morphisms at loci of neuropsychiatric interest (tryptophan hydroxylase (TPH),
dopamine transporter protein (SLC6A3), D3 dopamine receptor (DRD3),
apolipoprotein E (APOE), mu opioid receptor (OPRM1), and ciliary neu-
rotrophic factor (CNTF)). Genomics. 52: 289-297.

FUKkg, S. et al. 2001. The VNTR polymorphism of the human dopamine trans-
porter (DAT1) gene affects gene expression. Pharmacogenomics J. 1: 152—156.

MILL, J. et al. 2002. Expression of the dopamine transporter gene is regulated by
the 3 * UTR VNTR: Evidence from brain and lymphocytes using quantitative
RT-PCR. Am J Med Genet. 114: 975-979.

VANNESS, S.H., M.J. OWENS & C.D. KiLTs. 2005. The variable number of tandem
repeats element in DAT 1 regulates in vitro dopamine transporter density. BMC
Genet. 6: 55.

HEmNz, A. et al. 2000. Genotype influences in vivo dopamine transporter avail-
ability in human striatum. Neuropsychopharmacology. 22: 133—139.

JacoBsEN, LK. ef al. 2000. Prediction of dopamine transporter binding avail-
ability by genotype: a preliminary report. Am J Psychiatry. 157: 1700—1703.

VAN Dyck, C.H. et al. 2005. Increased dopamine transporter availability associ-
ated with the 9-repeat allele of the SLC6A3 gene. J Nucl Med. 46: 745-751.

RoDpRIGUIZ, R.M. et al. 2004. Aberrant responses in social interaction of dopamine
transporter knockout mice. Behav Brain Res. 148: 185-198.

TUuNBRIDGE, E.M., PJ. HARRISON & D.R. WEINBERGER. 2006. Catechol-o-
methyltransferase, cognition, and psychosis: Vall58Met and beyond. Biol Psy-
chiatry. 60: 141-151.

DREHER, J.C. et al. Heritable variation in dopamine genes influences hyper-
responsivity of the human reward system. (Unpublished data)

CUSHING, B.S. & K.M. KRAMER. 2005. Mechanisms underlying epigenetic effects
of early social experience: the role of neuropeptides and steroids. Neurosci
Biobehav Rev. 29: 1089-1105.



