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Abstract	
  
The ultimate goal of the nervous systems of all animals is conceptually simple:
Manipulate the external environment to maximize one’s own survival and reproduction.
The myriad means animals employ in pursuit of this goal are astoundingly diverse and
complex, but constrained by common factors. For example, to ensure survival, all
animals must acquire the necessary nutrients to sustain metabolism. Similarly, social
interaction of some form is necessary for mating and reproduction. For some animals,
the required social interaction goes far beyond that necessary for mating. Humans and
many other primates exist in complex social environments, the navigation of which are
essential for adaptive behavior. This dissertation is concerned with processes of
transforming sensory stimuli regarding both nutritive and social information into motor
commands pursuant to the goals of survival and reproduction. Specifically, this
dissertation deals with these processes in the rhesus macaque. Using a task in which
monkeys make decisions simultaneously weighing outcomes of fruit juices and images
of familiar conspecifics, I have examined the neurophysiology of social and nutritive
factors as they contribute to choice behavior; with the ultimate goal of understanding
how these disparate factors are weighed against each other and combined to produce
coherent motor commands that result in adaptive social interactions and the successful
procurement of resources. I began my investigation in the lateral intraparietal cortex, a
well-studied area of the primate brain implicated in visual attention, oculomotor
planning and control, and reward processing. My findings indicate the lateral
intraparietal cortex represents social and nutritive reward information in a common
neural currency. That is, the summed value of social and nutritive outcomes is
proportional to the firing rates of parietal neurons. I continued my investigation in the
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striatum, a large and functionally diverse subcortical nuclei implicated in motor
processing, reward processing and learning. Here I find a different pattern of results.
Striatal neurons generally encode information about either social outcome or juice
rewards, but not both, with a medial or lateral bias in the location of social or juice
information encoding neurons, respectively. In further contrast to the lateral
intraparietal cortex, the firing rates of striatal neurons coding social and nutritive
outcome information is heterogeneous and not directly related to the value of the
outcome. This dissertation represents initial steps toward understanding how social
information and the drive toward social interaction are incorporated with other
motivators to influence behavior, at the neurophysiological level. Understanding this
process is a necessary step for elucidating, treating, and preventing pathologies of social
interaction such as autism spectrum and social anxiety disorders.
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1.	
  Introduction	
  
The importance of social interaction in our daily lives and the lives of all group
living animals cannot be overstated. Indeed, a telling correlation speaks to the profound
impact of social interaction on the development of the brains and cognitive faculties of
social mammals: The size of the neocortex scales with the size of social groups. This
relationship is well-documented for primates (Dunbar 1992; Sawaguchi 1992; Deaner,
Nunn et al. 2000), and is also present in carnivores (Dunbar and Bever 1998), and
cetaceans (Marino 1996).
While there has been some debate as to the direction of causation in this
correlation, it likely runs both ways depending on the timescale one looks at (Deacon
1990; Dunbar 1992). For example, over the timescale of the life of an individual primate
or group of primates, neocortical size likely constrains group size through limits on
cognitive resources. That is, if group size exceeds the abilities of its members to
recognize other members and remember the tone of previous interactions, that group is
likely to fracture into smaller, more cognitively manageable groups.
On the other hand, the brain is the most metabolically expensive organ in the
primate body, consuming up to 20% of all energy while accounting for only 2% of adult
body weight in humans (Clark and Sokoloff 1999). This implies considerable
evolutionary benefits exist to offset the metabolic costs of supporting large brains.
Group-living provides many such benefits, including, but not limited to: (1) Groupliving animals, including primates, share information about the location, availability and
quality of food sources (Eisenberg, Muckenhirn et al. 1972; Wrangham 1977). (2) Groupliving animals cooperate to defend territory and local food sources from other
individuals or groups, and cooperate to displace smaller groups or solitary individuals
from desired territories (Wrangham 1980). (3) Group-living decreases predation risk for
1

its members by increasing the resources available for predator detection (Tilson and
Tenaza 1976; Busse 1977). Thus, on an evolutionary timescale, the benefits conferred by
group-living provide strong selective pressures favoring cognitive abilities necessary to
support sociality and concomitant increases in neocortical volume.
Social interaction is not only important for our day-to-day well-being, but is also
an essential contributing factor to the evolutionary development of our cognitive
abilities and overall intelligence. This dissertation will examine the neural processes that
motivate animals to seek social interaction. I will begin with a general discussion of
reward processing as it relates to non-social motivators and continue with a discussion
of our current understanding of social neuroscience with a specific focus on how it
relates to general reward and attentional processing. Next in chapters 2 and 3, I will
provide detailed reports on two neurophysiological investigations into social reward
and attention I performed as a graduate student. Finally in chapter 4, I will summarize
my findings and relate them to existing theoretical frameworks of reward and attention.

1.1 Neuroscience of Reward
For the purposes of psychology and neuroscience, reward is generally defined as
an object or event that generates approach and consummatory behavior, produces
learning of such behavior, and engages positive emotions and hedonic feelings (Schultz
2010). This is a broad definition and as such, the neuroscience of reward includes all
behaviors crucial for survival and reproduction, including eating, drinking, and mating.
The concept of reward also extends from these elemental processes of survival and
reproduction to diverse reinforcers such as positive social relationships, play, money,
and aesthetics.
Reward-seeking behavior involves two broad processes. The first of which is
establishment and regulation of the motivation to procure and consume rewards. The
2

second involves the creation of mental associations between environmental
circumstances, the manner in which they predict the availability of reward, and the
actions necessary to procure those rewards in a given environment. In sections 1.1.1 and
1.1.2 I will review some of the findings regarding each of these processes in turn.

1.1.1 Metabolic homeostasis and the motivational systems for hunger
and satiety
Currently, one of the best studied motivational system is that which regulates
food intake to maintain metabolic homeostasis. This system is composed of a network of
hormones, neuropeptides and neurotransmitters with complex and multi-level agonistic
and antagonistic interactions operating on both short and long time scales. The
hypothalamus serves a central role in this system as a gateway between the systemic
hormonal and peripheral neural signals generated in response to changes in food intake
and overall metabolic state and the processes of the central nervous system (CNS) that
enable the actions necessary to correct energetic imbalances.
1.1.1.1 Dual center model of hunger and satiety in the hypothalamus
Perhaps the earliest opportunity to glimpse the neural mechanisms of reward
and motivation came in 1840, when a 57-year-old woman died a year after becoming
extremely obese. An autopsy was performed, which found a pituitary tumor large
enough to distort and compress the cerebral peduncles, optic nerves, optic chiasm and a
region of the medial hypothalamus (Mohr 1840). Despite this opportunity, it would be
another 100 years before lesions of the hypothalamus, rather than the pituitary or other
surrounding tissues, would be conclusively demonstrated to be capable of causing
overfeeding and weight gain (Hetherington and Ranson 1940). It was further shown that
while lesions of the medial hypothalamus (specifically the ventromedial nucleus, VMN)
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induced overfeeding and obesity, lateral hypothalamic lesions caused loss of feeding
behavior, up to the point of starvation (Anand and Brobeck 1951; Stevenson 1970).
These findings led to a ”dual center” model of hypothalamic function in which
competing centers located in the lateral and medial hypothalamus controlled hunger
and satiety, respectively (Stellar 1954). This model faced strong criticism for decades;
many of those criticisms were targeted at the lack of specificity of the lesions produced.
For example, Gold et al (1973), argued lesions of the ventral ascending noradrenergic
(NA) bundle next to the VMN, or disruption of the connections of the paraventricular
nucleus of the hypothalamus (PVN), the major loci of hypothalamic NAergic terminals,
were far more effective at inducing hyperphagia than lesions restricted to VMN. The
PVN is a major source of input to the parasympathetic and sympathetic neurons
controlling the gastrointestinal tract. Thus, it was argued, the hyperphagia attributed to
VMN lesions was actually due to general disruption of digestive and alimentary
function, rather than a specific disruption of a motivational center for feeding. Similarly,
lesions of the lateral hypothalamus often disrupted the ascending nigrostriatal bundle,
inducing Parkinsonian-like symptoms that would account for hypophagia more
parsimoniously than interpretations involving a lateral hypothalamic feeding center
(Ungerstedt 1970; Stricker and Zigmond 1976).
The development of cell-specific lesion methods partially refuted criticisms of the
dual center model of feeding and satiety. Lesions of the lateral hypothalamus produced
with kainic acid spare fibers of passage, including the ascending dopaminergic
projections, yet still produce hypophagia (Grossman, Dacey et al. 1978; Stricker,
Swerdloff et al. 1978), corroborating the central role of the lateral hypothalamus in
consummatory motivation.

4

1.1.1.2 Integration of multiple hunger and satiety signals in the hypothalamus
Over the past forty years, the discovery and localization of a diverse set of
hormones, neuropeptides, neurotransmitters and their respective receptors have laid to
rest any doubt as to the importance of the hypothalamus in metabolic homeostasis and
the existence within the hypothalamus of antagonistic systems for hunger and satiety
(reviewed in Elmquist, Elias et al. 1999).
The discovery of the neuropeptides melanin-concentrating hormone (MCH) and
the orexins (also called hypocretins) and their relation to feeding behavior further
supported lesion studies suggesting the lateral hypothalamus is essential for the
motivation to feed. Neurons producing both neuropeptides are found in the lateral
hypothalamus and fiber-staining patterns for both neuropeptides are in good general
agreement with the projection fields of the lateral hypothalamus (Bittencourt, Presse et
al. 1992; Peyron, Tighe et al. 1998; Sakurai, Amemiya et al. 1998). The levels of both of
these neuropeptides rise rapidly with starvation, MCH levels quickly normalize with
feeding, and injection of either into the lateral ventricle induces feeding (Qu, Ludwig et
al. 1996; Sakurai, Amemiya et al. 1998).
The discovery of new metabolic signaling pathways also corroborated the role of
the VMN as a satiety center. One such metabolic signal is leptin. Leptin is a hormone
secreted into the bloodstream by white adipose cells during periods of ample metabolic
substrate availability (Zhang, Proenca et al. 1994). Leptin has anorexic effect when
administered intraperitoneally (Patel and Ebenezer 2008), and mutations in the human
leptin protein or the receptor for leptin result in morbid obesity (Montague, Farooqi et
al. 1997; Clement, Vaisse et al. 1998). Leptin crosses the blood-brain barrier through the
median eminence (the site through which the hypothalamus secretes hormones affecting
the anterior pituitary into the hypophysial portal system (Banks, Kastin et al. 1996)), and
5

is directly adjacent to hypothalamic loci in which lesions produce hyperphagia,
including the VMN. Furthermore, the highest levels of leptin receptor mRNA are found
in the ventromedial areas of the hypothalamus, including the VMN, and systemic
radiolabeled leptin injections indicate the highest levels of leptin binding throughout the
brain are in these areas surrounding the median eminence (Banks, Kastin et al. 1996).
The elucidation of the function of leptin and its sites of action also helped bring
attention to the role of the hypothalamic arcuate nucleus (ArN) as a center for the
integration of hunger and satiety signals. The ArN is also located directly adjacent to the
median eminence, and expresses high levels of leptin receptors (Banks, Kastin et al.
1996). One prominent mechanism through which leptin reduces food intake is through
its effects on secretion of MCH and orexins from the lateral hypothalamus, mediated
through both the VMN and ArN. Reduction in systemic leptin levels induces production
of MCH and orexins while leptin administration during starvation normalizes raised
MCH and orexin levels (Qu, Ludwig et al. 1996; Friedman and Halaas 1998).
Ghrelin serves as a hunger-inducing counterpart of the satiety-inducing leptin.
Ghrelin is similar to leptin in that its secreted peripherally, crosses the blood-brain
barrier, and stimulates the lateral hypothalamus through local ghrelin receptors.
However, ghrelin also acts on the hypothalamus through a pathway from the vagus
nerve via the ascending NA neurons of the nucleus of the solitary tract to the
hypothalamus (Date, Murakami et al. 2002; Date, Shimbara et al. 2006). Ghrelin is
released by endocrine cells of the stomach lining (Ariyasu, Takaya et al. 2001), its
secretion is upregulated during times of negative energy balance, such as fasting, or
anorexia (Otto, Cuntz et al. 2001) and downregulated during times of positive energy
balance, such as feeding, hyperglycemia and obesity (Ravussin, Tschop et al. 2001;
Tschop, Weyer et al. 2001). Furthermore, ghrelin administration intravenously or
6

intraperitoneally directly stimulates feeding (Asakawa, Inui et al. 2001; Date, Murakami
et al. 2002).
In addition to its role as a hormone circulating in the bloodstream, ghrelin also
acts directly as a neuropeptide. Ghrelin producing neurons are located in the ArN
(Kojima, Hosoda et al. 1999; Hori, Kageyama et al. 2008), and directly stimulate the
orexin producing neurons of the lateral hypothalamus. However, ghrelin-containing
nerve fibers are located widely throughout the brain suggesting its role in stimulating
orexin production is only one functional facet of its neuropeptidergic and hungerinducing activity (Toshinai, Date et al. 2003; Kageyama, Takenoya et al. 2010).
Another neuropeptide with important implications in the control of metabolic
homeostasis and food motivation is neuropeptide Y (NPY). One of the most abundant
neuropeptides in the hypothalamus (Leibowitz, Sladek et al. 1988), NPY potently
stimulates feeding behavior, is upregulated in response to ghrelin and antagonizes the
actions of leptin (Nakazato, Murakami et al. 2001; Shintani, Ogawa et al. 2001).
Furthermore, hypothalamic NPY levels are increased by food deprivation (White and
Kershaw 1990) and insulin deficiency, which can be corrected by insulin-replacement
therapy (Williams, Gill et al. 1989; Williams, Lee et al. 1989).
1.1.1.3 Mechanisms of long and short term metabolic homeostasis
While the above findings clearly demonstrate the existence of intricately
interacting and agonistic and antagonist systems of hunger and satiety in the
hypothalamus, the roles of insulin and cholecystokinin (CCK) in these pathways provide
one more level of complexity: Along with leptin, these signaling molecules interact to
differentially regulate short-term hunger and satiety (as would be experienced over the
course of a single feeding session), with respect to long term metabolic state (as
determined by overall body fat levels).
7

CCK is a peptide predominately produced in the duodenum and jejunum in
response to the presence of specific nutrients, especially fat and protein (Hopman,
Jansen et al. 1985). It quickly induces short-term satiety, as at the end of meal. These
effects have a rapid onset, within ~10 minutes of IV injection, and are short-lived, lasting
less than 30 minutes after discontinuation of IV infusion (Greenough, Cole et al. 1998).
CCK acts on the vagus nerve and directly on hypothalamic neurons (Gibbs, Young et al.
1973; Cummings and Overduin 2007). The satiety-inducing effects of CCK are blunted
during times of low leptin (Baile, McLaughlin et al. 1986; Stein, Porte et al. 1986), and
high leptin levels potentiate the satiety-inducing effects of CCK (Matson, Wiater et al.
1997; Emond, Schwartz et al. 1999; Matson and Ritter 1999).
Peripherally, insulin promotes cellular uptake of glucose and the production and
storage of glycogen in muscles, fat and the liver. In addition to these roles, insulin has
central anorexic effects as well. Insulin crosses the blood-brain barrier and binds insulin
receptors prominently located in the hypothalamus (Havrankova, Roth et al. 1978).
Reduced expression or deletion of neuronal insulin receptors results in hyperphagia,
and obesity (Porte, Baskin et al. 2002), and, like leptin, high levels of circulating insulin
potentiate the satiety-inducing effects of CCK (Figlewicz, Sipols et al. 1995; Riedy,
Chavez et al. 1995).
While insulin levels respond rapidly to food ingestion (Polonsky, Given et al.
1988), tonic insulin levels in both the bloodstream and the cerebrospinal fluid (CSF) are
positively proportional to overall body fat levels (Bagdade, Bierman et al. 1967; Woods
and Porte 1977), and long term infusion of insulin into the cerebral ventricles of baboons
induces a dose-dependent decrease food intake and body weight (Woods, Lotter et al.
1979). Leptin levels are relatively unresponsive to individual feeding sessions, but rather
are sensitive to long term caloric balance (Boden, Chen et al. 1996; Kolaczynski,
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Ohannesian et al. 1996), as demonstrated by the findings that long term intravenous (IV)
or intracerebroventricular (ICV) infusions of leptin over the period of weeks reduces
overall body fat levels, but individual infusions do not effect feeding immediately
(within ~1 hour; Campfield, Smith et al. 1995). Thus, the short-lived satiety signal
provided by CCK, which is produced directly in response the presence of nutrients in
the digestive tract, is modulated by insulin, which is responsive to both short- and longterm metabolic state, and leptin, which fluctuates as a function of long-term metabolic
state. This system provides a mechanism through which long-term metabolic factors,
such as overall fat stores, influence the amount of food consumed at single feeding
opportunities.
1.1.1.4 Summary and conclusions
The above discussion illustrates the peripheral systems that monitor overall
metabolic state. The signaling from these systems converge in the hypothalamus which
has been know for over a century to control the motivational aspects of food
consumption. However, the motivation to consume food is not enough to maintain
metabolic homeostasis. When hungry, an animal must translate sensory stimuli from the
environment into actions that result in the acquisition of food. Dopamine (DA) plays a
central role, not only in this process, but in motivation for and acquisition of other
reinforcers, such as drugs of abuse and social interactions.

1.1.2 Dopamine, a general system for motivation
1.1.2.1 Intracranial self-stimulation
Dopamine plays a central role in translation of motivational states to the actions
necessary to satisfy these motivations. The earliest glimpses into the role of dopamine in
reward motivated behavior came with intracranial self-stimulation (ICSS) studies. The
landmark study of Olds and Milner (1954) initiated this work with the finding that rats
9

would work for electrical stimulation of the septal area. Rats working for ICSS show no
obvious states of deprivation and no biological need is met by the stimulation; however,
for some brain areas supporting ICSS, the parameters of acquisition of operant
responding for stimulation were similar to those for natural rewards, such as food.
Furthermore, the rats learn stimulus-response contingencies for ICSS quickly and
performance for ICSS, at some sites, seemed to have no asymptote. These findings
indicated the incentive value of stimulation had no natural biological motivator and no
mechanism of satiety (Olds 1958). Thus, Olds and Milner had tapped into a general
mechanism of motivation that seemed capable, in the artificial circumstances of ICSS, of
operating independently of natural biological drives and their associated homeostatic
systems, such as the hypothalamic regulation of food intake (Olds and Fobes 1981).
The study of ICSS would eventually come to focus on the medial forebrain
bundle (MFB). Although ICSS could be supported by many sites in the brain, including
the hypothalamus, implantation of electrodes in the MFB was found to produce ICSS
with the highest probability, the highest and most stable response rates, and the least
amount of training of any sites in the brain (Olds and Fobes 1981). The MFB is a large
tract of ascending and descending axons sharing efferents and afferents with nearly the
entire brain, including extensive bidirectional contacts with the hypothalamus
(Millhouse 1969; Nauta and Haymaker 1969; Nauta and Domesick 1978; Olds and Fobes
1981).
The NAergic locus coeruleus (Crow, Spear et al. 1972) and serotonergic (5HTergic) dorsal raphe nuclei (Van Der Kooy, Fibiger et al. 1978) were subsequently
found to support ICSS, and both nuclei send ascending projections through the MFB
(Hall, Bloom et al. 1977; Azmitia and Segal 1978). Therefore, NA from the locus
coeruleus (LC) and 5-HT from the dorsal raphe would be considered as mediators of
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ICSS. However, ICSS elicited from either site is weaker and more variable than the
maximal effects obtained from direct MFB stimulation, NA was later shown to be
unnecessary for ICSS in the LC (Corbett, Skelton et al. 1977), and role of 5-HT from the
dorsal raphe in ICSS was discounted after it was found lesions of 5-HTergic neurons left
MFB ICSS partially intact (Olds 1975).
The dopamine (DA)-producing ventral tegmental area (VTA) and substantia
nigra pars compacta (SNc) send massive DAergic projections through the MFB to the
striatum and the prefrontal cortex (PFC). The importance of these projections for
motivational processing was highlighted when both VTA and SNc stimulation were
found to support ICSS (Routtenberg and Malsbury 1969; Huang and Routtenberg 1971;
Prado-Alcala, Kent et al. 1975). Moreover, lesions of DAergic neurons were found to
completely abolish ICSS (Olds 1975). Furthermore, these DAergic sites supported ICSS
with similar consistency and efficacy as the most effective sites along the MFB (Olds and
Olds 1963). These findings brought considerable attention to DA as the mediator of a
general motivational system. Pharmacological work supported this idea, as DA agonists
or antagonists result in the most effective alterations of ICSS behavior (Wise 1989).
1.1.2.2 Dopamine and drug addiction
In 1958 Olds noted:
“The demonstration of strong positive motivation apparently uncoordinated
with drive reduction raises the possibility of a positive feedback system in which
the result of a behavior would lead to more and more of the same behavior. This
would endanger the organism by causing a neglect of other needs” (Olds 1958).

He was in fact, talking about ICSS, and its ability to engage reward systems
independently of natural mechanisms of motivation and satiety. However, this
statement is remarkably close to definitions of drug addiction. These similarities,
together with the central importance of DA in ICSS, presaged much of our current
knowledge of addictive behavior. Drug addiction can be characterized by an
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uncontrollable drive to seek drugs and a decreased drive for natural rewards (Goldstein
and Volkow 2002). In fact, in rats, protracted morphine or cocaine withdrawal depresses
preferences for food or novelty, while simultaneously increasing preferences for the
drug (Harris, Altomare et al. 2001; Harris and Aston-Jones 2001; Harris and Aston-Jones
2003; Aston-Jones and Harris 2004). Increased preferences for drugs, and decreased
preferences for natural rewards have also been reported by human addicts (Jaffe 1990).
The central importance of DA in drug addiction is well known. For example,
cocaine and amphetamines, highly addictive drugs, act primarily on the dopamine
transporter (DAT) and their reinforcing effects are largely mediated by alterations in
dopamine signaling (Mortensen and Amara 2003; Mash 2008), evidenced by the fact
DAT-knockout mice show and attenuated behavioral responses to cocaine and
methamphetamine and a reduced preference for cocaine under self-administration
paradigms (Giros, Jaber et al. 1996); some strains of DAT-knockout mice even
demonstrate a general failure to acquire cocaine self-administration behavior (Thomsen,
Hall et al. 2009).
The importance of DA in motivation for natural reinforcers is also highlighted by
perturbations of natural reward reinforcement caused by methamphetamine. High
doses of methamphetamine have routinely been shown to induce nerve terminal
degeneration and apoptosis in DAergic cells (reviewed in Cadet, Jayanthi et al. 2003),
and this loss of DAergic function likely plays a role in the decreased motivation for
natural reinforcers seen in mice after chronic methamphetamine administration and the
reported loss of interest in natural reinforcers by human addicts. Similarly, long-term
cocaine administration reduces DAergic function in the striatum. Cocaine
administration induces upregulation of surface DAT levels (and a corresponding
decrease in synaptic and perisynaptic DA levels), which is likely partially responsible for
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the observed anhedonic and depressive symptoms of cocaine addicts experiencing
withdrawal (Meiergerd, Patterson et al. 1993).
Ethanol, opiates, and nicotine are drugs of abuse with primary actions on brain
systems other than the DAergic motivational system. Despite this, their reinforcing and
addictive characteristics are still believed to depend on their ability to affect DAergic
transmission. For example, ethanol and morphine, like amphetamine, have been found
to increase the electrically evoked release of striatal DA in vitro (Nestby, Vanderschuren
et al. 1997).
1.1.2.3 Drugs of abuse and natural rewards
The DAergic system perturbed in addiction overlaps considerably with the system
responsible for the motivation to acquire natural rewards. This is evident from the fact
that primary reinforcers, such as food, consistently elicit increased DA transmission in
the NAcc core, NAcc shell, and prefrontal cortex (Bassareo and Di Chiara 1997; Tanda
and Di Chiara 1998; Bassareo and Di Chiara 1999; Carelli and Wightman 2004), and both
cocaine and natural reinforcers elicit phasic responses in striatal neurons (Carelli 2002).
Moreover, in appropriately conditioned animals DA levels in the VTA rise before the
presentation of sucrose (Kosobud, Harris et al. 1994), heroin (Kiyatkin, Wise et al. 1993),
or cocaine (Gratton and Wise 1994)s
Further characterization of the overlap of the motivational systems of addiction
and natural reward is provided by studies of sensitization. Sensitization produced by
injections of amphetamine into the NAcc facilitate acquisition of Pavlovian associations
in tasks utilizing sucrose reward (Harmer and Phillips 1999; Harmer and Phillips 1999).
Similarly, male rats sensitized to amphetamine later exhibit facilitated sexual behavior
toward estrus females, including shorter latency to mount and a greater percentage of
rats copulating (Fiorino and Phillips 1999a). While DA efflux in the NAcc, as measured
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by microdialysis, for both amphetamine-sensitized and control rats goes up from
baseline with the presentation of an estrus female, sensitized rats have a greater
increase, demonstrating cross-sensitization between drugs and natural reinforcers
(Fiorino and Phillips 1999b). Morphine sensitization has comparable effects as sexual
behavior is increased in the presence of stimuli previously paired with morphine, and
morphine injections directly into the VTA increase NAcc DA metabolism and also
increase sexual behavior (Mitchell and Stewart 1990; Mitchell and Stewart 1990).
Furthermore, bilateral lesions of the DAergic projections of the VTA through the MFB in
male rats abolishes pursuit of females and mounting behavior (Hendricks and Scheetz
1973), as well as copulation itself (Hitt, Hendricks et al. 1970; Caggiula, Antelman et al.
1973). Finally, direct electrical stimulation of the VTA also facilitates sexual behavior
(Eibergen and Caggiula 1973).
While these studies emphasize the overlap in the role of DA in the motivation to
seek natural and drug rewards, they bring up an apparent contradiction: Drug exposure
can induce sensitization, corresponding DAergic hyperactivity, cross-sensitization with
natural rewards and an increased drive to seek natural rewards. However, rodent
behavioral assays and the subjective reports of human addicts suggest a defining
characteristic of drug addiction is increased seeking of drug rewards at the expense the
of desire to seek natural rewards (Jaffe 1990; Harris, Altomare et al. 2001; Harris and
Aston-Jones 2001; Aston-Jones and Harris 2004). This apparent contradiction is likely
due, at least in part, to the duration, frequency and amount of drug ingested.
Sensitization (and cross-sensitization with natural rewards) can occur with one single
administration of a drug, and cross-sensitization is most often seen when drug access is
limited and of short duration. However, the general lack of motivation for natural
rewards is an effect of long-term, chronic drug exposure, and corresponding deficits in
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DAergic function. This distinction is highlighted by a study of Ben-Shahar et al (2004), in
which rats were allowed 8 days of access to cocaine. One group had only 1 hour of daily
access, while the other group had 6 hours of daily access. Self-administration levels in
the 1 hour access group remained steady, while self administration in the 6 hour access
group escalated over the course of the period of access. After 14 days of abstinence all
rats were given a single dose of cocaine. The 1 hour access group showed locomotor
sensitization, while the 6 hour access group did not. These behavioral differences were
accompanied by corresponding neural differences. Relative to the 6 hour access group,
the 1 hour access group showed enhanced activation of DAergic and mesocorticolimbic
brain regions, as assessed by c-Fos reactivity. Similar time-dependent factors in the
development of addiction have been reported for other drugs. However, the amount of
drug and duration of exposure required to produce addiction-like behaviors vary
drastically depending on the drug being studied. For example, in one long-term study,
rats given access to ethanol for several weeks took considerable time to develop
addictive behaviors; none of the rats tested developed addictive behaviors after 22
weeks of ethanol access, while nearly all rats showed addictive behaviors after 42 weeks
(Wolffgramm and Heyne 1995).
Differences in timing and duration of drug use help to explain the apparent
contradiction between sensitization of natural rewards induced by drugs of abuse and
the long-term downregulation of DAergic function. However, this leaves open the
question of how drugs of abuse exert their increased motivational influence after chronic
use and protracted withdrawal. The answer lies in the negative reinforcing properties of
drugs of abuse. Drug withdrawal and its corresponding physical symptoms are
generally described in terms of homeostatic responses to the drug of chronic use
(reviewed in Weiss, Ciccocioppo et al. 2001). Drug consumption induces adaptations in
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the CNS that oppose the acute actions of the drug (as with the regulation of surface DAT
seen in response to cocaine, described above). These adaptations can result in the
anxiety, depression, and physical discomfort associated with withdrawal, and these
affective changes can last for considerable periods of time (weeks or longer). Thus, drug
seeking in times of protracted withdrawal is motivated not only by the positive
reinforcement mechanisms of drug administration, but also the negative reinforcement
mechanisms associated with the desire to alleviate the negative symptoms of
withdrawal (Koob and Le Moal 1997).
The ventral bed nucleus of the stria terminalis, (BNST), and the NAergic
projections these areas receive from the A1/A2 nuclei in the caudal medulla are
particularly important in these aspects of negative reinforcement. NA neurons in both
the LC and the A1/A2 nuclei are strongly activated in opiate withdrawal (Aston-Jones,
Shiekhattar et al. 1993; Aston-Jones, Hirata et al. 1997; Koob and Le Moal 1997; Nestler
and Aghajanian 1997), however, the bulk of the NA innervation of the ventral BNST
comes from the A1/A2 nuclei. Injection of beta adrenoceptor antagonists into the ventral
BNST eliminate behavior associated with withdrawal-induced motivation, but leaves
somatic signs of withdrawal intact, and selective lesioning of the NA fiber-bundle from
the A1/A2 nuclei to the ventral BNST has similar effects (Delfs, Zhu et al. 2000). These
findings (reviewed in Aston-Jones and Harris 2004) suggest the NAergic activity in the
ventral BNST plays an important role specific to the motivational aspects of withdrawal,
and not the physically-unpleasant symptoms. However, 5-HT levels in the NAcc also
appear to play a role in the negative reinforcing aspects of drug withdrawal. Like DA,
NAcc 5-HT levels are reduced during cocaine withdrawal (Weiss, Markou et al. 1992;
Parsons, Koob et al. 1996). However, unlike DA, treatments increasing global 5-HT or
specifically increasing 5-HT in the NAcc have shown promising results for decreasing
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cocaine and morphine craving in withdrawal (Batki, Manfredi et al. 1993; Kampman,
Volpicelli et al. 1996; Handelsman, Rosenblum et al. 1997; Kampman, Rukstalis et al.
2000; Harris, Altomare et al. 2001; Harris and Aston-Jones 2001).
1.1.2.4 Dopamine as a common currency of appetitive motivation, not a common
currency of reward or hedonics
On the basis of ICSS and pharmacological findings involving perturbations of
DAergic function, Wise (1982) proposed the anhedonia hypothesis of DA function,
which posited a central role for DA in the subjective experience of pleasure, and
attributed many of the results of perturbing DA function directly to altered subjective
experiences of pleasure. From its inception, the anhedonia hypothesis included
motivational aspects of DA function, however, its most contentious component has
been, and remains, the idea that DA is essential to the experience of pleasure. Many
researchers have challenged this assertion and proposed alternate models of DA
function in which do not posit a direct role of DA in pleasure.
Arguments for the direct role of DA in the experience of pleasure revolve mainly
around behavioral paradigms in which operantly trained rats or mice show decrements
in responding due to DA antagonism only after experiencing the reward under DA
antagonism, commonly referred to as “extinction mimicry”. In these paradigms subjects
are operantly trained to respond for reward, then given a dose of DA antagonists below
the threshold for motor impairment. Initially, operant responding is normal, and it is
only after the subjects receive the reward under the influence of DA antagonists that
operant responding declines. Furthermore, these declines are, in many respects, similar
to declines that would be seen under an extinction paradigm. Thus, the argument is
made that the experience of reward under DA antagonism is effectively similar to
reward omission, and therefore, DA is important for the actual hedonic processing of the
reward. See Wise (2008) for review.
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One prominent challenge to the anhedonia hypothesis is the incentive salience
model of DA function, proposed by, and most prominently argued by Berridge and
colleagues (Berridge and Robinson 1998; Berridge and Robinson 2003; Berridge 2007).
This model focuses on a distinction between ‘wanting’ and ‘liking’ and uses orofacial
expressions as a key metric of the difference. Human infants, apes, monkeys rats and
rice exhibit similar patterns of orofacial movements in response to pleasant or
unpleasant tastants (Grill and Norgren 1978; Berridge 2000; Steiner, Glaser et al. 2001).
Massive lesions of the mesolimbic DAergic system do not affect orofacial responses to
pleasant tastants, nor do several other DAergic manipulations (Berridge, Venier et al.
1989; Pecina, Berridge et al. 1997; Kaczmarek and Kiefer 2000). Opioid, cannabinoid, and
benzodiazepine manipulations, however, can all modulate orofacial measures of ‘liking’
(Berridge and Pecina 1995; Coonfield, Hill et al. 2002; Ferraro, Hill et al. 2002; Jarrett,
Limebeer et al. 2005), suggesting these systems all play a role in subjective experiences of
pleasure, but DA does not. Furthermore, human studies have reported DA antagonists
do not blunt the subjective euphoria produced by drugs of abuse (Gawin 1986; Brauer
and De Wit 1997; Nann-Vernotica, Donny et al. 2001; Wachtel, Ortengren et al. 2002),
and several human studies assessing ‘wanting’ versus ‘liking’ suggest DA
manipulations have a greater effect of subjective ratings of the former (Leyton, Boileau et
al. 2002; Volkow, Wang et al. 2002; Evans, Pavese et al. 2006).
The role of DA according to incentive salience models is in mediating the
‘wanting’ aspects of reward, and not the ‘liking’ aspects. This is supported by several
findings regarding the effort animals will exert to acquire reward after DA
manipulations. For example, low doses of DA antagonist can suppress the number of
lever presses an animal will perform for food or water, but not the amount of food or
consumed when it is delivered freely (Salamone 1986; Ljungberg 1990; Koch, Schmid et
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al. 2000). Moreover, rats given haloperidol (a nonspecific DA receptor antagonist) and
put in a T-maze with high and low density food reward options will still choose the high
density option, but not when a barrier that must be climbed is placed in the way.
Control rats readily climb the barrier (Salamone, Cousins et al. 1994). See Salamone and
Correa et al (2007) for a review of similar findings.
The incentive salience model deals with the problem of “extinction mimicry” by
positing DA antagonists interfere, not with the hedonic experience of reward, but with
reassignment of motivational salience to a conditioned stimulus (CS), upon receipt of the
unconditioned stimulus (UCS). This process is dubbed “reboosting” (Berridge and
Valenstein 1991; Berridge 2007)
1.1.2.5 Dopamine, reward prediction errors and learning
The incentive salience hypothesis fits well with findings regarding the temporal
dynamics of phasic DAergic cell firing. In a landmark study, Schultz and colleagues
(1997) found DAergic cells of the VTA and SNc exhibit phasic bursts of firing in
response to an unexpectedly delivered appetitive UCS. However, that response quickly
diminishes when the UCS is paired with a reliable CS, and the DAergic cell firing burst
is transferred in time to accompany the CS. Furthermore, the size of the response to a
reliable CS is proportional to the magnitude of the reward the CS predicts. If the UCS is
unexpectedly omitted, the tonic firing of DAergic cells temporarily ceases at the time the
reward was expected to occur, and if the UCS is better than expected DAergic firing at
the time of UCS delivery exhibits a phasic burst. These characteristics of DAergic cell
firing are nearly identical to a reward prediction error (RPE) term described in a model
of Pavlovian conditioning by Rescorla and Wagner (1972). Further, the phasic responses
of DAergic neurons also match the characteristics that would be expected of a RPE in
more complicated learning situations, including associative blocking and conditioned
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inhibition situations (Waelti, Dickinson et al. 2001; Tobler, Dickinson et al. 2003). Thus
DA is believed to represent the neural instantiation of RPE (Montague, Hyman et al.
2004).
The importance of a DAergic RPE signal for learning is supported by many
observations. According the Rescorla-Wagner model, the amount of learning on any
given trial is proportional to the difference between the expected and actual outcome,
and so is the DA signal. The DAergic nuclei of the midbrain are also well situated
anatomically to broadcast a general learning signal to the rest of the brain, with major
terminal fields in the amygdala, striatum and PFC, areas known to be important for
learning. Furthermore, recent molecular and cellular work demonstrates DA modulates
mechanisms of long-term potentiation (LTP) and long-term depression (LTD), especially
at the glutamatergic corticostriatal synapse (Berke 2003; Wickens, Reynolds et al. 2003;
Kelley 2004; Kelley 2004), and manipulations of DA function in the PFC, striatum or
amygdala soon after learning can disrupt memory consolidation and later performance
(Packard and White 1991; Baldwin, Sadeghian et al. 2002; Baldwin, Sadeghian et al. 2002;
Andrzejewski, Spencer et al. 2005).
1.1.2.6 Summary
For the reasons outlined in the preceding sections, several conclusions about the
actions of DA can be reached: (1) DA does not likely play central role in the actual
hedonic processing of rewards. (2) DA has a central role in the motivation to acquire
natural and drug reinforcers. (3) DA also plays a central role in learning about the
environmental contingencies and behaviors necessary to acquire rewards (although see
Berridge 2007 for counter arguements).
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1.2 Social reward and attention
1.2.1 Commonalities in social and non-social reward processing
Several lines of evidence suggest the processing of social reward shares many
substrates with more general reward processing. For example, Hayden et al. (2007)
demonstrated in humans that the rewarding aspects of the opportunity to look at
another person follow many of the same economic principles as non-social rewards such
as money and food. Social rewards are discounted as a function of the time until they
can be obtained, are tradable for other rewards (for examples of this phenomenon in
monkeys, see Deaner and Platt 2003; Klein, Deaner et al. 2008; Watson, Ghodasra et al.
2009), and reinforce work. Moreover, as with nonsocial rewards, arbitrary visual stimuli
predicting visual social rewards can come to have positive valence of their own through
repeated pairings (Bray and O'Doherty 2007), and attractive faces elicit similar bloodoxygenation level dependent (BOLD) signals in the ventral striatum as other rewards
such as drinks and money (Aharon, Etcoff et al. 2001; Bray and O'Doherty 2007).
To further highlight the role of DA social reward processing, I will briefly
describe the effects of DA manipulations on pair bond formation in the vole. However,
because my experimental work dealt specifically with visual social rewards and
attention, that will be the focus of the rest of this discussion. Specifically, I will focus on
the processes which motivate us, and other social animals to orient to conspecifics, and
factors influencing social orienting choices such as dominance relationships and signals
of sexual attractiveness and availability.
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1.2.2 The role of dopamine in pair-bonding
Perhaps one of the most important aspects of human social interaction are the
long-term relationships formed between sexual partners. These relationships are clearly
rewarding and form the nucleus of human family structure and child-rearing.
Furthermore, stable, long-term relationships are important for our overall health and
well being. Paired individuals, particularly stably married individuals, live longer than
single people, a fact that is found across demographic groups (House, Landis et al. 1988;
Lillard and Waite 1995), have better immune and cardiovascular health, as well as
generally better psychological health (Waltz, Badura et al. 1988; Kiecolt-Glaser and
Newton 2001). Despite this importance, little is known about the neural mechanisms
that motivate the establishment of long-term pair bonds or the mechanisms involved in
their maintenance. This is partly due to the difficulty of investigating these neural
mechanisms in humans, and limited number of animal species that form long-term
monogamous pair bonds that could serve as potential experimental models. One
prominent exception is the prairie vole (Microtus ochrogaster). This rodent forms lifelong, monogamous relationships (Getz and Mcguire 1993), and as such, has become the
favorite animal model for investigating the neurobiology underlying this process.
Although the neuropeptides arginine-vasopressin (AVP) and oxytocin (OT) are
known to play important roles in pair-bonding behavior, I will focus on the role DA
plays in forming and maintaining monogamous relationships in the prairie vole as this
is especially illuminating in light of its role in non-social reward.
Pair bonding in the prairie vole reliably occurs after just 24 hours of cohabitation
and mating, and not with 6 hours of cohabitation without mating (Williams, Catania et
al. 1992; Insel, Preston et al. 1995; Insel and Young 2001). Upon formation pair-bonds are
accompanied not only by associated affiliative behavior, but also selective aggression
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toward non-partner conspecifics (Winslow, Hastings et al. 1993; Insel, Preston et al. 1995;
Wang, Hulihan et al. 1997). These social behaviors rely on DA function in the NAcc,
specifically in the shell region. NAcc DA activity is increased in both male and female
prairie voles immediately after mating (Gingrich, Liu et al. 2000; Aragona, Liu et al.
2003) and local injection of haloperidol (a non-specific DA receptor antagonist) blocks
mating-induced partner preferences in both sexes, while apomorphine (a non-specific
DA receptor agonist) injection facilitates pair-bonding in only 6 hours in the absence of
mating (Wang, Yu et al. 1999; Aragona, Liu et al. 2003).
Receptor subtype-specific pharmacology has further dissected the role of NAcc
in mating, pair-bond formation and selective aggression toward non-partners.
Dopamine type 2-like (D2R) receptor blockade in the NAcc shell alone is capable of
inhibiting post-mating pair-bonding in both sexes (Gingrich, Liu et al. 2000; Aragona,
Liu et al. 2006), while dopamine type 1-like receptor (D1R) antagonism in the NAcc shell
prevents mating and disrupts D2R-mediated formation of pair-bonds (Aragona, Liu et
al. 2006). Finally, pair bonding results in a selective upregulation of D1R receptors in the
NAcc and antagonism of D1Rs, but not D2Rs in the NAcc inhibits displays of selective
aggression toward strangers in pair-bonded males (Aragona, Liu et al. 2006). Taken
together, these results highlight the importance of DA, especially in the NAcc shell, in
the formation and maintenance of pair-bonding. D2R stimulation is particularly
important in the initial formation of pair-bonds, while D1R stimulation is particularly
important in aggression toward non-partners, a behavior believed to be essential for the
maintenance of pair-bonds (Aragona and Wang 2009).
These studies serve to highlight the general nature of DA in reward processing.
Not only is it essential for learning about and providing the motivation to acquire
rewards such as food and drink in the context of simple conditioning paradigms, but
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also seems to have a prominent role in sexual behavior and other social behaviors as
complex as long-term pair bonding.

1.2.3 Social attention
1.2.3.1 Introduction
In addition to increasing social group size, and concomitant increase in
neocortical volume, a hallmark feature of primate evolution is increasing reliance on
vision to guide behavior. Such visually-guided behaviors include the discovery and
selection of high-quality foods, recognition and pursuit of receptive mates, and
identification and solicitation of potential allies, as well detection of predators and
avoidance of social threats. This is true for humans (Yarbus 1967) as it is for monkeys
(Ghazanfar and Santos 2004), and even animals in other clades such as birds (Zeigler
and Bischof 1993), bees, and wasps (Papaj and Lewis 1993). As a direct result, animacy
strongly predicts how much an object attracts visual inspection (Buswell 1935; Yarbus
1967; Shepherd and Platt 2008).
For these reasons, when confronted with a visual scene in the laboratory while
lacking a predefined task or instruction, we generally look toward objects with social
importance, namely individuals, their faces, and especially their eyes ((Yarbus 1967;
Birmingham, Bischof et al. 2007; Fletcher-Watson, Findlay et al. 2008); see (Keating and
Keating 1982; Kyes and Candland 1987; Guo, Robertson et al. 2003) for replication in
nonhuman primates). This orienting bias arises almost immediately after the stimuli
appear, within as few as 120ms, and is evident in the first glance (Kirchner and Thorpe
2006; Fletcher-Watson, Findlay et al. 2008). Two cues seem to drive fast identification of
animate objects: faces, particularly the paired concentric circles comprising the eyes
(Emery 2000; Cerf, Harel et al. 2008), and irregular motion (Scholl and Tremoulet 2000).
Eyes may be especially important not just as a potent indicator of animacy, but also as
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an indicator of affective, attentional and intentional state (Darwin 1872; Emery 2000;
Adolphs, Gosselin et al. 2005).
While no single aspect of social orienting behavior is fully understood
mechanistically, in primates both ancestral subcortical and more derived neocortical
circuits likely play important roles. Specifically, subcortical circuits (e.g. from superior
colliculus (SC) through pulvinar to amygdala) serve as an ‘early warning’ system
providing a crude but fast description of animate objects (Adolphs 2002; Vuilleumier
2002) and the foci of their attention (Kawashima, Sugiura et al. 1999; Akiyama, Kato et
al. 2007; Hoffman, Gothard et al. 2007). Complementing this system, neocortical circuits,
perhaps developing under the guidance of subcortical systems (Sewards and Sewards
2002; Johnson 2005), further facilitate social attention. These include processing of social
identity and expression in the fusiform gyrus and superior temporal sulcus (Tsao and
Livingstone 2008), and decoding the gaze of others in the superior temporal sulcus
(Perrett, Smith et al. 1985; De Souza, Eifuku et al. 2005; Calder, Beaver et al. 2007),
posterior parietal (Saxe 2006; Calder, Beaver et al. 2007; Shepherd, Klein et al. 2009) and
inferior frontal cortex (Saxe 2006; Vecera and Rizzo 2006).
1.2.3.2 Social information reinforces attention
For vision to effectively guide behavior an animal must decide where to look,
how long to look there, and whether to spend time in continued observation or instead
devote visual processing to online guidance of other behaviors such as feeding or
locomotion (e.g. see Shepherd and Platt 2008). The rich literature on neural mechanisms
of visual orienting decisions sheds light on how the brain accomplishes this task.
Neurons in several brain areas in the visual orienting system signal the predicted value
of orienting toward a particular visual target for fluid rewards (LIP (Platt and Glimcher
1999; Roitman and Shadlen 2002; Sugrue, Corrado et al. 2005), prefrontal cortex but not
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FEF (Leon and Shadlen 1999), SC (Ikeda and Hikosaka 2003)). Modulation of neural
responses to targets by their value is commonly interpreted as a mechanism that biases
the visual orienting system to shift gaze to the most important among potential objects
in the visual scene (Gold and Shadlen 2002; Platt 2002). While these types of studies have
yielded useful insight into the neural mechanisms underlying decision-making more
generally (see Glimcher 2003 for review) they are limited in the sense that the expected
rewards are typically food or juice, while in the natural world the “reward” for orienting
is useful visual information (Platt 2002). Indeed, one of the most fundamental, and often
overlooked, aspects of social behavior is the intrinsic reinforcement that motivates
attention to others.
To explore the contribution of social information value to visual orienting, we
took advantage of the natural tendencies of monkeys and other primates, including
humans, to look toward other individuals and the objects of their attention (Emery 2000;
Deaner and Platt 2003). We specifically tested the idea that value-based scaling of neural
target signals extends spontaneously, in the absence of training, to socially-informative
stimuli (Klein, Deaner et al. 2008). The orienting behavior of male rhesus macaques and
the responses of neurons in the lateral intraparietal area (LIP) were simultaneously
studied using a “pay-per-view” orienting choice task. Monkeys first fixated on a central
square on a dark computer monitor, then two yellow squares were illuminated, one in
the response field of an LIP neuron being recorded, and the other directly opposite.
Choosing the target in the response field was rewarded with a drop of juice and a
picture of a familiar monkey while choosing the other target is rewarded only with juice.
The relative amount of juice reward associated with the two targets and identity of the
monkeys in the pictures were varied across conditions.
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We estimated the incentive value of social images in terms of how much they
augmented or decreased the desirability of a particular juice reward (cf. Deaner, Khera
et al. 2005). Generally, male monkeys value orienting to images of high-ranking males
and female sexual signals (i.e., these images substitute for fluid rewards), but do not
value orienting to images of subordinate males (i.e., monkeys must be paid extra juice to
view these images). Importantly, LIP neurons responded most strongly when monkeys
chose to view images of dominant male faces or female sexual signals, but responded
weakly when the expected outcome was the face of a subordinate male. This scaling of
attention-related neuronal activity by social reward value precisely paralleled valuebased scaling of neuronal activity by fluid rewards.
There are at least two important theoretical implications of this finding. First, it
indicates that the sensitivity of neurons in the visual orienting system to conditioned
juice rewards generalizes to more naturalistic, socially-relevant outcomes. Second, juice
value and social value are encoded simultaneously and in the same manner by LIP
neurons, suggesting that sundry information about the value of attending to different
objects and events in the environment is collapsed into a common currency before it
reaches LIP. Furthermore, it seems clear that this common currency represents
importance rather than valence. In our pay-per-view task, monkeys preferred to orient to
both female sexual signals and the faces of dominant males. After choosing to orient to
dominant male faces, however, they rapidly looked away — likely because direct eye
contact between macaques is a threat and potential provocation (van Hoof 1967; Hauser
1997). This finding suggests different motivations for looking at sexual signals and high
status faces. While sexual signals initiate approach behavior for obvious reasons,
orienting to the faces of dominant males is likely motivated by threat assessment that
may initiate retreat. LIP neurons nonetheless responded strongly to both types of
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images, suggesting a role in orienting to socially relevant stimuli rather than signaling
the pleasure derived from doing so.
We speculate that the common currency of target value observed in LIP will be
observed in other areas associated with visual orienting. This supposition is based on
two arguments: First, the similarities in fluid reward coding discovered in the brain
areas mentioned above implies a redundant representation of orienting value across the
visual orienting system. The second argument is an appeal to parsimony: Dividing
attention across more than one object or location in space is inherently difficult (Posner,
C.R. et al. 1980; Eriksen and Yeh 1985) and potential motor plans may interfere with one
another unless they can be whittled down to a single coherent action. Thus, a
representation of orienting value that generalizes across affective valence and outcome
modality would most efficiently guide attention and orienting within natural
environments, in which energetic, social, sexual, and other factors must be balanced to
adaptively guide behavior (Platt 2002)
1.2.3.3 Assessment of orienting value
Despite a dearth of research directly addressing how social information could be
incorporated into a common currency of value used to guide attention, several studies
utilizing varied, but non-social, outcomes suggest the importance of the orbitofrontal
cortex (OFC) and striatum in this process. Several authors have argued that the OFC
transforms reward and punishment information into a common currency of subjective
value along which any arbitrary options can be compared (Montague and Berns 2002;
Kringelbach, O'Doherty et al. 2003; Padoa-Schioppa and Assad 2006).
Electrophysiological studies in the OFC have demonstrated neurons in this area signal
several types of information essential to computing a common currency for decision,
including information related to subjective preference among different fluid rewards
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(Tremblay and Schultz 1999; Padoa-Schioppa and Assad 2006; Padoa-Schioppa and
Assad 2008), flavor-specific satiety (Critchley and Rolls 1996), and aversive outcomes
(Hosokawa, Kato et al. 2007)
These observations suggest that OFC neurons link predicted rewards to state
variables, including both internal (i.e. motivation and satiety) and external (i.e.
alternatives, opportunity costs) factors that impact the subjective value of action. In an
important contrast to the value-related modulations of neuronal activity in brain areas
such as LIP (Platt and Glimcher 1999; Sugrue, Corrado et al. 2004) and the SC (Ikeda and
Hikosaka 2003), OFC neurons in primates encode the abstract value of available options
largely independently of the visuospatial and motor contingencies of the task (PadoaSchioppa and Assad 2006; Padoa-Schioppa and Assad 2008), at least at the time the
choice is made (Tsujimoto, Genovesio et al. 2009). The coding scheme in the OFC of
other species, such as rats, however, may include information such as location as well
(Feierstein, Quirk et al. 2006; Roesch, Calu et al. 2007)
OFC is well-situated anatomically to pass abstract value information to executive
and motor systems that translate this information into the spatially specific
representation of target value observed in LIP, the SC and other areas, both directly and
via projections to the ventral striatum, which in turn projects via thalamus to other areas
of cortex (Haber 2003). Several lines of evidence demonstrate that this circuitry encodes
behaviorally relevant social information, in addition to other types of rewards. For
example, neuroimaging studies have demonstrated the OFC and VS respond to socially
reinforcing stimuli such as beautiful or smiling faces (Aharon, Etcoff et al. 2001;
O'Doherty, Winston et al. 2003), while OFC lesions in both humans (Hornak, Bramham
et al. 2003) and monkeys (Butter, Snyder et al. 1970; Myers, Swett et al. 1973) disrupt
interpersonal behavior. Similarly, neuroimaging studies have demonstrated both the
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ventral and dorsal striatum respond to more complex social information such as
cooperation with a human partner in a trust game (Rilling, Gutman et al. 2002) or the
opportunity to punish a traitor (de Quervain, Fischbacher et al. 2004). See (Krueger,
Grafman et al. 2008) for a review of social economic games and their neural correlates.
1.2.3.4 Socially-cued attention
Attending to another animal can potentially yield several types of useful
information, such as species, gender, age, health, and affective state. One of these
signals—gaze direction—is remarkable in that it redirects attention from the observed
individual toward the locus of their attention. Even for the least social of animals,
observed gaze direction likely betrays the movement trajectories of both predators and
prey. Moreover, because group-living animals share at least a minimal goal set—eating
similar foods, avoiding similar predators—the behavioral states of other animals can
provide useful information. Reading the intentions of other animals can help localize
food sources and coordinate group movements, while reading the attention of other
animals can speed threat-detection and anti-predator behavior (cf. Giraldeau 1997).
Finally, group-living animals in complex societies may learn about the intentions and
dispositions of others by integrating their gaze behavior and emotional state. In human
societies gaze plays such a strong role in regulating social communication (Argyle and
Cook 1976; Tomasello, Carpenter et al. 2005) that gaze following may substantially
influence language acquisition during development (Tomasello and Farrar 1986; Brooks
and Meltzoff 2005). For all of these reasons, group-living animals should both have a
tendency to attend and ‘mirror’ the attentional state of others, and their visual attention
systems should likewise be informed by social signals that transmit information about
the attention and behavioral intentions of others (Perrett and Emery 1994).
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Our sensitivity to the gaze of others is two-fold: more urgently, we sense when
we are being watched; more subtly, we sense the referent of observed gaze within our
shared environment, discriminating between distal regions which are, or are not, the
focus of another’s attention. There is overwhelming evidence that the first manner of
sensitivity to gaze direction—sensitivity to being watched—is both innate (observed
within several days of birth (Macchi Cassia, Simion et al. 2001; Farroni, Csibra et al.
2002)) and widespread (e.g. fish (Coss 1979), primitive primates (Coss 1978), lizards
(Burger, Gochfeld et al. 1992), birds (Ristau 1991)). The second manner of sensitivity to
gaze direction, however—the use of gaze as a referential cue—remains somewhat
mysterious. It is clear that both humans (Friesen and Kingstone 1998; Driver, Davis et al.
1999; Langton and Bruce 1999) and many animals (reviewed Emery 2000; see also
Bugnyar, Stowe et al. 2004; Kaminski, Riedel et al. 2005; Shepherd and Platt 2008) follow
the gaze of others with their own. Furthermore, the shared psychophysical features of
gaze following in humans and macaques indicate that the behaviors share similar neural
mechanisms (Deaner and Platt 2003).
While gaze following appears fairly reflexive in humans and other primates
(Friesen and Kingstone 1998; Driver, Davis et al. 1999; Deaner and Platt 2003), its
sensitivity to social context suggests that the underlying mechanisms are not strictly
modular but rather deeply enmeshed with other aspects of social information processing
(Mathews, Fox et al. 2003; Bayliss and Tipper 2006; Bayliss and Tipper 2006; Putman,
Hermans et al. 2006; Shepherd, Deaner et al. 2006; Deaner, Shepherd et al. 2007). For
example, just as they will sacrifice more juice to look at dominant males (Deaner, Khera
et al. 2005; Klein, Deaner et al. 2008), rhesus monkeys also are more likely to follow their
gaze (Shepherd, Deaner et al. 2006). There also appears to be important individual
variation in socially-cued orienting. For example, males typically follow gaze less than
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females, suggesting that sex hormones may influence development of this system
(Bayliss, di Pellegrino et al. 2005; Deaner, Shepherd et al. 2007). Decreased social
orienting of high-status monkeys relative to low-status monkeys may also point toward
a suppressive role of testosterone (Shepherd, Deaner et al. 2006). Likewise, failure to
seek or respond to joint attention in autism is a crucial diagnostic feature of the disorder,
and is much more prevalent in males than females (APA 1994).
Several brain areas have been identified as especially important for attention to
the gaze of others. First, neurons near the superior temporal sulcus (STS) in monkeys
and humans are selective for dynamic features of facial expression, including gaze
direction (monkey electrophysiology, (Perrett, Rolls et al. 1982; Perrett, Smith et al. 1985);
human imaging, reviewed (Allison, Puce et al. 2000)), and the most anterior of these
neuronal populations appears to be sensitive to the explicit direction in which
individuals look (monkey electrophysiology, (De Souza, Eifuku et al. 2005); human fMRI
adaptation, (Calder, Beaver et al. 2007)). Second, neurons in the amygdala are sensitive
to gaze direction ((human imaging, (Kawashima, Sugiura et al. 1999); monkey
electrophysiology, (Hoffman, Gothard et al. 2007)) and may mediate attention to the eye
region (Adolphs, Gosselin et al. 2005). Moreover, lesion of STS (Akiyama, Kato et al.
2006) and amygdala (Akiyama, Kato et al. 2007) disrupt both gaze perception and gaze
following. Finally, the posterior parietal cortex may contribute to the redirection of
attention by observed gaze. Neurons in posterior parietal cortex are sensitive to the
direction of observed gaze (human fMRI adaptation, (Calder, Beaver et al. 2007)), are
activated during perspective-taking tasks (human fMRI, Saxe 2006; note Mitchell 2008),
and, in monkeys, mirror the direction of gaze of observed monkeys (Shepherd, Klein et
al. 2009). The functional contributions of parietal cortex to gaze following and joint
attention await confirmation through reversible inactivation or focal lesion techniques in
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monkeys. Identifying the neural mechanisms of gaze following, and in particular
disentangling the role of reflexive and reward-mediated processes, is a fundamental and
active research area in the clinical, comparative, developmental, and neuroscientific
study of social cognition (e.g. reviewed (Frischen, Bayliss et al. 2007; Nation and Penny
2008; Nummenmaa and Calder 2009)
1.2.3.5 Detection, Deception, and Covert Attention
Since many social animals follow the gaze of others, overtly attending to desired
objects may impose substantial costs in competitive interactions, either by revealing rare
resources or making behavior predictable. The costs and benefits of social signaling
with the eyes may lead to an evolutionary arms race favoring deceptive orienting
behavior. While humans may have evolved especially readable eyes (Kobayashi and
Kohshima 2001; Tomasello, Hare et al. 2006), primate gaze comprehension is often more
obvious in competitive than cooperative contexts (Hare and Tomasello 2004). For
example, the ability to covertly attend to objects and events in the environment while
overtly fixating on something else could help to render intentions obscure. With some
difficulty, humans clearly can divide their attention amongst multiple locations in a
scene (Shaw and Shaw 1977). Macaques are often trained in the laboratory to attend
peripheral targets without moving their eyes; but to our knowledge, covert attention has
never been systematically studied in other animals. The ability of macaques to divide
their attention may have evolved to solve the social problem of hiding intent (Moore and
Fallah 2001). Neurophysiological studies demonstrate that covert and overt attention
depend on overlapping brain systems, thus reinforcing the notion that covert attention
evolved in some species from more ubiquitous mechanisms underlying overt orienting
(Moore and Fallah 2001). Further comparative studies of covert and overt attention in
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species that naturally deal with differing degrees of social complexity will be necessary
to fully test these ideas.
1.2.3.6 Conclusion
Social interaction is a foundation of our way of life, and the yardstick by which
we measure its quality, but the fundamental mechanisms that guide our social relations
have deep evolutionary roots. We extract key information from the social environment
by orienting toward important individuals and subsequently to the objects of their
attention. This orienting bias arises both through reflexive subcortical pathways shared
by most vertebrates, and through more subtle, nuanced, and context-dependent
pathways in primates and presumably other mammals and birds. These orienting biases
play an important role in human cognition and behavior, including language
acquisition, and are vulnerable to disruption in disorders such as autism and social
anxiety. Understanding individual and species differences in the neural mechanisms
that mediate social attention, the genetic origins of these differences, and their
implications for differences in social behavior and social structure will require further
comparative study. Fortunately, since social attention is both easy to trigger and simple
to measure, the future looks bright for major advancement in understanding this
fundamental component of social cognition.
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2.1 Summary
Animals as diverse as arthropods (Tibbetts and Dale 2004), fish (Kidd 2006),
reptiles (Martins 2004 ), birds (Stein 2006), and mammals, including primates (Ghazanfar
and Santos 2004), depend on visual information about conspecifics for survival and
reproduction. For example, mate localization often relies on vision (Rowland 1979) and
visual cues frequently advertise sexual receptivity or phenotypic quality (Ghazanfar and
Santos 2004). Moreover, recognizing previously encountered competitors or individuals
with pre-established territories (Bates 1970) or dominance status (Ghazanfar and Santos
2004; Tibbetts and Dale 2004) can eliminate the need for confrontation and the associated
energetic expense and risk for injury. Furthermore, primates, including humans, tend to
look toward conspecifics and objects of their attention (Emery 2000; Deaner and Platt
2003) and male monkeys will forego juice rewards to view images of high-ranking males
and female genitalia (Deaner, Khera et al. 2005). Despite these observations, we know
little about how the brain evaluates social information or uses this appraisal to guide
behavior. Here we show that neurons in the primate lateral intraparietal area (LIP), a
cortical area previously linked to reward-guided attention and eye-movement planning
(Platt and Glimcher 1999; Sugrue, Corrado et al. 2004), signal the value of social
information when this assessment influences orienting decisions. In contrast, social
expectations had no impact on LIP neuron activity when monkeys were not required to
make a choice. These results demonstrate for the first time that parietal cortex carries
abstract, modality-independent target value signals that inform the choice of where to
look.
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2.2 Results and discussion
Neurons in LIP, as well as other areas including the prefrontal cortex (Leon and
Shadlen 1999), posterior cingulate cortex (McCoy, Crowley et al. 2003), and SC (Ikeda
and Hikosaka 2003), signal the value of fluid rewards expected for orienting to a visual
target. Such reward modulation is commonly interpreted as a mechanism that biases the
visual orienting system to shift gaze, and possibly covert attention (Bendiksby and Platt
2006), to the most important among potential targets. Despite the attractiveness of this
idea, it is difficult to imagine a natural situation in which a saccade would be rewarded
immediately with a drop of juice. Moreover, simply training monkeys to make eye
movements in response to visual and auditory stimuli for fluid rewards alters neural
activity in LIP (Grunewald, Linden et al. 1999; Toth and Assad 2002) and other cortical
areas (Lauwereyns, Sakagami et al. 2001). These observations raise the possibility that
reward-related modulations in LIP, as well as other areas, observed in previous studies
may have reflected, at least in part, changes in neuronal responses related to the use of
fluid rewards to motivate conditioned orienting behavior rather than the intrinsic,
adaptive value of looking at a particular object in the visual scene.
To address these issues, we probed whether the value of visual information
provided by looking at a particular target modulates parietal neuron activity in the same
way that fluid rewards do. Given the importance of visual social cues to primates
(Ghazanfar and Santos 2004; Deaner, Khera et al. 2005), we hypothesized that neural
activity in LIP would reflect the value of visually acquired social information. To test
this hypothesis, we recorded responses of LIP neurons while monkeys performed a
visual choice task that permitted us to quantify the value monkeys place on different
classes of visual information (Deaner, Khera et al. 2005).
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On each choice trial, two adult male rhesus macaques (Macacca mulatta) chose
between two targets with a gaze shift. Choosing one target (T1) delivered juice
(measured in ms of open solenoid time, see Experimental Procedures and (McCoy and
Platt 2005); choosing the other target (T2) delivered juice and the display of an image
(Fig. 2.1a). Images were drawn from pools of photographs of the faces of familiar male
monkeys, the hindquarters of females, and a gray square. The substitutability of social
and fluid rewards was estimated by varying the amount of fluid delivered for T1 and T2
choices across blocks of trials—a variation on the method of constant stimuli (Fechner
1966)—and then calculating the point of subjective equivalence (PSE) (Fig. 2.1b and c,
see also Experimental Procedures and (Deaner, Khera et al. 2005). The sign-inverted PSE
served as our measure of image value: positive values indicate image sets monkeys
would forego fluid to see, whereas negative values indicate image sets monkeys
required fluid overpayment to view.
Consistent with previous results (Deaner, Khera et al. 2005), monkeys
differentially valued images of other monkeys based on social status and reproductive
salience (Fig 2.1d). Specifically, when data from both subjects were collapsed, monkeys
significantly preferred female hindquarters (13.8±2.7 ms (S.E.M.), two-tailed t-test
against 0, p<10-4, n=31 image blocks), showed a significant aversion to subordinate
monkeys (-13.0±4.4 ms, p<0.01, n=20), were indifferent to the gray square (1.7±2.2 ms,
p=0.45, n=44) and showed a trend toward valuing dominant monkeys (6.5±3.4 ms,
p=0.07, n=25). While preferences for faces of dominant males did not achieve
significance when tested against neutrality (image value = 0), they were preferred to
subordinates (two-tailed t-test, p < .005), indicating differential preferences for male
faces based on status.
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Our published data indicate that once male monkeys choose to look at an image,
they continue to view female hindquarters for longer than the faces of dominant or
subordinate males (Deaner, Khera et al. 2005) and these findings were replicated here
(Fig. 2.5). We interpret this to indicate that male macaques value the opportunity to see
female hindquarters and the faces of dominant males because they predict potential
reward and threat, respectively (cf. Deaner, Khera et al. 2005). These data indicate that
monkeys choose to look at stimuli that carry valuable social information for guiding
behavior, independent of their hedonic properties.
LIP neurons were also sensitive to the value of images displayed for orienting to
targets in their response fields (RFs). Fig. 2.2a shows the average activity of an example
LIP neuron for all trials in which T2 was in the RF and the monkey chose to look at it,
plotted as a function of image class but unsorted with regard to fluid outcome. Firing
rate clearly mirrored the monkey’s behavioral preferences for different classes of images.
Fig. 2.2b quantifies this relationship by showing the average firing rates for each image
class for four 200 ms epochs measured on these trials. The activity of this neuron was
modulated by fluid value in a similar fashion (Fig. 2.2c and d) when the data were
collapsed across image classes.
Population-level analyses yielded the same result. We selected neurons on the
basis of possessing a spatially specific increase in activity following target or saccade
onset in a delayed saccade task used to map the RF of each neuron encountered.
Consistent with prior studies (Gnadt and Andersen 1988; Platt and Glimcher 1998),
about 40% of neurons (34/82) met this criterion. We next analyzed the activity of these
34 neurons (15 from monkey D, 19 from monkey S) during trials in which the monkey
choose to look at T2 using two-way ANOVA. We predicted that if LIP neurons encode
the independent contributions of social image value and fluid value to the decision to
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orient to a particular target, then this analysis would reveal main effects of each variable
but no interaction. Fig. 2.3a shows firing rates for each epoch separated into bins of high,
medium, and low fluid and image value (see Experimental Procedures). A two-way
ANOVA revealed a significant (p<.001) main effect of image value on firing for every
epoch, as well as a main effect of fluid value (p<.005) for the post-target and pre-saccade
epochs, but no interaction between the two factors for any epoch (p>.33). Thus, LIP
neurons appeared to encode the integrated value of orienting to a particular target,
derived from both fluid and social outcomes.
Next, we plotted average firing rate as a function of time segregated by image
class and collapsed across all juice reward sizes (Fig. 2.3b, for a corresponding plot
segregated by fluid value see Fig. 2.6). Firing rate increased with both increasing image
preference and increasing fluid rewards. Linear regression of firing rates against image
value revealed significant positive correlations for all epochs (Fig. 2.3c, black symbols).
When the effect of fluid value on average neural response was examined, a similar
relationship was observed (Fig. 2.3d, black symbols). The same regressions were also
performed on a data set restricted to trials in which the fluid payoffs for orienting to T1
and T2 were equal (Fig. 3c, gray symbols). Similarly, Fig. 2.3d (gray symbols) shows the
effect of fluid outcome on firing rates for the data set restricted to image blocks in which
image value was neutral (±5 ms). Even in these restricted cases, the LIP population
response encoded both the social value and the fluid value of a visual target. We also
performed a multiple regression analysis on the firing rates of each neuron using image
value, fluid value, saccade latency, amplitude and peak velocity as independent
variables. By this analysis, the firing rates of 44% of our neurons were significantly
positively correlated with image value in one or more epoch; 27% were positively
correlated with fluid value. We interpret these results to demonstrate that LIP maintains
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an abstract representation of the expected value of orienting to a visual target,
independent of the modality or hedonic qualities of the expected outcomes. Social
rewards, social threats, and the expectation of a large squirt of juice all evoked enhanced
firing by neurons in LIP.
The above analyses were performed on choice trials. For the majority of cells
(30/34), we also included randomly interspersed single target trials (20%-40%) (see
Experimental Procedures). Fig. 2.4a plots average activity for the population of 30 LIP
neurons recorded with interspersed single target trials with T2 as the target. In contrast
with choice trials, there was significantly less modulation by image value in single target
trials (ANCOVA: trial type X image value interaction: p<10-4 for every epoch). Our
single cell example showed the same effect (Fig. 2.7).
These data invite the hypothesis that LIP neurons convey information about the
relative and not absolute value of orienting to a target (cf. Dorris and Glimcher (2004);
but see Bendiksby and Platt (2006)), irrespective of whether value is computed on social
or fluid expectations. The small modulation apparent in interspersed single target trials
presumably reflects the fact that the number of targets on a trial was unknown prior to
target onset. To explore this idea, we tested a subset of neurons (n = 18; 9 in each
monkey) in blocks made up exclusively of single target trials (Experimental Procedures).
Under these conditions, there was no modulation of firing rate by social image value
(Fig. 2.4b). Similarly, modulation by juice value was abolished in both interspersed and
blocked single target trials (Fig. 2.8). To directly illustrate the loss of modulation when a
choice was not required, Fig. 2.4c and 2.4d show the effects of image value on average
neural response for the 11 neurons for which we were able to gather data on both choice
trials and blocked single target trials. While the firings rates of this subset of neurons
maintained a significant positive relationship to image value in choice trials, only the
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post-saccade epoch (p = 0.04) showed this relationship in blocked single target trials.
Together, these data corroborate previous findings that fluid value modulation of LIP
activity only occurs when there are two or more potential targets for saccades (Sugrue,
Corrado et al. 2004), and extends these findings to social image value.

2.3 Conclusions
Our results demonstrate, for the first time, that neurons in LIP, a cortical brain
area previously linked to visual attention (Colby and Goldberg 1999), saccade planning
(Gnadt and Andersen 1988; Quian Quiroga, Snyder et al. 2006), and reward-guided
oculomotor decision-making (Platt and Glimcher 1999; Sugrue, Corrado et al. 2004),
signal the value of social information when this assessment is used to guide orienting
decisions. In contrast, social expectations had no impact on LIP activity when monkeys
were instructed to make the same movement to view the same images. Importantly, LIP
neurons reflected the summed behavioral value of orienting to a particular target,
integrated from expected social rewards and threats, as well as expected fluid rewards,
associated with that choice. Together, these results suggest that LIP neurons signal the
relative value of the panoply of rewards and threats associated with looking at different
locations in the visual world. Our results are not easily explained by other factors. Most
importantly, LIP neurons do not reflect target value when there is no opportunity to
choose where to look. Thus, increases in general motivation or arousal due to enhanced
reward expectations cannot be invoked to explain value-based modulations of firing rate
in LIP. Similarly, changes in saccade metrics that accompany changes in reward
contingencies, such as increased velocity or amplitude, or decreased latency, cannot
explain value-based modulation in LIP. When these factors were included in a multiple
regression analysis, 44% of neurons were positively modulated by image value. The lack
of reward related modulation in LIP when only one target was available is consistent
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with the previous suggestion that LIP represents target value relative to the sum of the
value of all other available targets (Dorris and Glimcher 2004).
Our data also indicate that LIP neurons convey information about overall target
value rather than the specific hedonic qualities of the outcome expected from orienting.
It seems reasonable to conclude that monkeys find looking at female hindquarters
rewarding, since they continue to fixate them for longer than any other stimulus, but
actually find looking at high-ranking males threatening since they look away from them
more quickly (Fig 2.5 and (Deaner, Khera et al. 2005)). Despite this clear difference in the
hedonic properties of female hindquarters and high-ranking male faces, monkeys chose
to look at both classes of stimuli at similar frequencies. These observations suggest that
LIP has access to behaviorally relevant, but hedonically positive and negative,
information associated with particular locations in the visual field.
We also not that LIP neurons would likely encode the value of any non-social,
but behaviorally relevant visual stimulus in a manner similar to that described here.
Thus, LIP does not encode social value per se, but only the abstract value of orienting to
a particular target. Nonetheless, LIP must incorporate the value of social information
into this abstract representation. Given the importance of visual social information to
primates (reviewed in Ghazanfar and Santos 2004), and the social-rank dependent
viewing behaviors observed here (Figs. 1d and S1) and elsewhere (Haude, Graber et al.
1976; Deaner, Khera et al. 2005), we find it unlikely that non-social factors motivated the
behavior observed in this and previous (Deaner, Khera et al. 2005) studies.
Finally, our data demonstrate that the representation of target value in LIP is
important for orienting decisions in natural contexts, and not simply an artifact of
experimental paradigms typically used to study neural function, in which eye
movements are immediately rewarded with fluid. Our results also suggest that LIP
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reflects value-related information from social and non-social sources equivalently, a
prerequisite for executing final orienting decisions in an environment with many diverse
factors competing for attention. Determining the precise neuroanatomical source of the
common currency of value, as well as how such a currency is computed and applied to
target locations, constitutes an important goal for future studies of the neural basis of
decision-making.

2.4 Experimental Procedures
2.4.1 Subjects and Housing
Subjects were two adult male rhesus macaques (Macaca mulatta) housed in a
colony of 10 males and 4 females. All males were pair housed while females were cohoused. Dominant and subordinate status were determined relative to the cagemate by
unidirectional submissive displays (Deaner, Khera et al. 2005). The dominance
relationships of each pair were stable for at least a year before the beginning of the study
and remained unchanged for the duration of the study. Our subjects consisted of one
dominant (monkey S) and one subordinate (monkey D). All animals were originally
reared in social groups. To maintain motivation, subjects’ water access was restricted
outside of the experimental session. All procedures were approved by the Duke
University Institutional Animal Care and Use Committee and were designed and
conducted in compliance with the Public Health Service’s Guide for the Care and Use of
Animals.

2.4.2 Surgical and training procedures
In an initial sterile surgical procedure, a head restraint prosthesis and scleral
search coil (Fuchs and Robinson 1966; Judge, Richmond et al. 1980) were implanted
using standard techniques described in detail elsewhere (Dean, Crowley et al. 2004).
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After a 6-week recovery period, animals were habituated to head restraint and trained to
perform oculomotor tasks for fruit juice rewards. In a second sterile surgical procedure,
a stainless steel recording chamber (Crist Instruments) was implanted over area LIP,
3mm caudal and 12mm lateral to the intersection of the midsaggital and interaural
planes. The chamber was kept sterile with regular antibiotic washes and sealed with
replaceable sterile caps (Crist Instruments). After all surgeries, animals received
analgesics for 3 days and antibiotics for 10 days.

2.4.3 Behavioral techniques
Using the scleral search coil technique (Judge, Richmond et al. 1980), horizontal
and vertical eye position were sampled at 500 Hz (Riverbend Instruments). Alternately,
for a minority of the data (seven neurons from monkey D), eye position was sampled at
60 Hz by infrared camera (Arrington Research). Custom software (Ryklin Software) was
used for recording eye position data, spike timing data, and visual stimuli presentation.
Visual stimuli were presented over a dark background on a 24 inch CRT monitor (60 Hz
refresh rate, 1024x768 resolution, placed 45 cm directly in front of the monkey).
A previously described choice task was used to examine the value of social
images (Deaner, Khera et al. 2005). Trials began with a 500 Hz tone sounded for 300 ms
immediately followed by the illumination of a centrally located yellow square (fixation
onset). Subjects were required to fixate this target within 300 ms, and maintain fixation
(±5°). After a variable period of 300-450 ms, two peripherally located targets identical to
the central target appeared. One target (T2) was located in the response field (RF) of the
neuron being studied; the other target (T1) was located the same distance from the
central target but directly opposite T2. After a 300-500 ms variable delay, the central
target was extinguished, cuing the monkey to make a saccade to T1 or T2 and maintain
fixation (±10o) for 500 ms. Upon completing the trial successfully, the monkey received a
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squirt of juice delivered through a tube connected to a solenoid; the amount of juice the
monkey received was controlled by the duration of solenoid open time. When the
monkey chose T2, he was rewarded with a juice squirt and the opportunity to view an
image for 500 ms; when he chose T1 he received only juice. Juice delivery upon a
successful saccade to either target was accompanied by a broadband noise burst of 300
ms duration. The amount of juice received for choosing each of the targets varied from
125 to 175 ms such that the average between the targets was always 150 ms. The volume
of juice delivered was a linear function of open solenoid time (McCoy and Platt 2005)
over the ranges used in this experiment, with 150 ms corresponding to 0.16 ml. Monkeys
typically completed 1200-2200 trials per session.

2.4.4 Choice blocks
We employed a nested block design in which 3-5 smaller blocks of constant juice
values composed a larger image block in which all images viewed were drawn from the
same image pool (Fig. 1b). Juice blocks were 30-50 trials. Image blocks were typically 90150 trials. The orders of image and juice blocks were varied pseudorandomly. We
excluded the first five trials following any reward contingency change from all analysis
because image and fluid reward contingency changes were not signaled.
In addition to the choice trials, single target trials were randomly interspersed to
promote target sampling. These trials were identical to the choice trials in terms of
timing, target placement, juice rewards, and image presentation. In these trials only one
peripheral target appeared and the monkey was only rewarded for shifting gaze to that
target. Single target trials made up 20-40% of all trials for 30/34 neurons, and 0% for the
remaining four neurons.
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2.4.5 Single target blocks
Some neurons (18, 9 neurons from each monkey) were tested in blocks made up
entirely of single target trials (50% T1 and 50% T2). These trials were identical to the
single target trials described above, but the block structure differed. Two types of blocks
were used. In juice-varying blocks, the gray square was used as the image for 120-180
trials while juice delivered for each target varied symmetrically around 150 ms in a
pseudorandom order, changing every 30-50 trials. In image-varying blocks, juice values
were held constant at 150 ms for each target while the image category presented for a
correct saccade to T2 varied in a pseudorandom order, changing every 30-50 trials.
Typically, two juice- and two image-varying blocks were performed for each cell, in
pseudorandom order. The first five trials after any reward contingency change were also
excluded from analysis in single target blocks.

2.4.6 Stimuli
Images were produced from a 4.0 megapixel digital camera (Nikon CoolPix
4600). Twenty pictures from each of the familiar male monkeys composed each face
image pool. Only images with a neutral facial expression were used. Each face image
pool contained 5-6 images in which the monkey’s gaze was directed at the camera; gaze
was averted in the remaining images. The head was cropped from the background, and
the image was resized to 115x115 pixels (5o). Mean luminance was adjusted to match the
gray square (also 115x115 pixels). Two hindquarter pools each consisted of 20 images
from all 4 females. Hindquarter images were normalized in the same manner as face
images. In each image block, images were chosen from the corresponding image pool
randomly with replacement.
Data were also collected from similar pictures of the faces of four familiar female
monkeys. However, behavioral preferences and neural data for female faces were
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inconsistent from day to day. We believe this may be related to the position of the
females in their estrus cycle at the time of the experiment. While previous experiments
(Deaner, Khera et al. 2005) monitored the cycle position at the time the pictures were
taken and found no effect, cycle position of the female monkeys at the time of the
experiment may have affected behavioral preferences, as our subjects and female
monkeys were housed in the same room. Unfortunately, we have no way to reconstruct
this information; therefore these data are not included in the discussion.

2.4.7 Recording techniques
Electrophysiological recordings were conducted using standard techniques.
Single electrodes were lowered until the waveform of a single neuron was isolated (BAK
Electronics) and a computer recorded action potentials at 25 kHz. We identified LIP
neurons by anatomical location and spatially specific visual or movement period activity
in memory saccade trials (Gnadt and Andersen 1988; Platt and Glimcher 1997; Platt and
Glimcher 1998; Platt and Glimcher 1999). Neurons were recorded 8–12mm lateral and 3–
7mm caudal to stereotaxic 0,0 and were located between 2 and 10mm ventral to the
cortical surface based on travel of the micropositioner. Delayed and memory saccade
trials were used to select a position for T2 inside the neuron’s response field.

2.4.8 Estimation of image value
The value of each image pool was estimated as described elsewhere (Deaner,
Khera et al. 2005). Image value was derived from a cumulative normal function fit to
relative juice payoff for choosing T2 plotted against the frequency of orienting to T2. The
point of subjective equality (PSE) was taken as the juice value at which the monkey
would be indifferent between T1 and T2 (Fig. 1). Sign reversed PSEs were taken as
image value. Image values were calculated for each image block. Image blocks in which
the cumulative normal fit explained less than 25% of the variance in the choice data were
47

excluded from analyses involving image values (r2 = 0.57 ± 0.33 S.D. for all image blocks,
r2 = 0.70±0.23 for surviving blocks). Thirty-six of 153 blocks were excluded based on this
criterion. Image values were constrained to values between -40 and +40 ms. To correct
for day to day variation in bias for a particular target location, normalized image values
were created by subtracting a sign reversed PSE created for all image blocks for that
session from the image value for each image block. This normalized image value was
used in all analyses. Behavioral data in the pay-per-view task has been previously
collected from each monkey and published elsewhere. However, the data presented in
Figs. 1 and S1 are unique to this study.
PSTHs were created from successful trials ending with gaze shift into the RF of
the neuron being studied. For display, data for PSTHs were collapsed into 50 ms bins.
For Fig. 3a, data were placed into bins of high, medium and low juice value based on the
relative value of T2 (i.e. data from trials in which fluid reward for T2 was higher than T1
were placed in the high juice value bin). Data were divided into image value bins such
that the median of each bin was as close as possible to its corresponding juice bin.
Statistical analyses were performed with Statistica 6.1.
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2.5 Figures

Figure 2.1: Task set-up and behavioral data analysis.
(A) Choice task. The monkey first fixates a central square (300-450 ms). Next,
two peripheral response targets (T1 & T2) appear. T2 always appeared in the response
field (RF) of the neuron being recorded; T1 appeared directly opposite T2. After a
second delay (300-500 ms), the central square disappeared, and the monkey was free
to shift gaze to either T1 or T2. If he chose T2, he was rewarded with juice and an
image was displayed for 500 ms (image shown not to scale); T1 choices were rewarded
only with juice. Single target trials were identical except that only one target appeared
and only gaze shifts to that target were rewarded. (B) Example block design. Three to
five smaller blocks of varying fluid values (30-50 trials) comprised each larger image
block (90-150 trials). (C) Estimating social image value. For each pool of images, the
frequency of choosing T2 was plotted against the difference in fluid rewards (T2-T1,
measured in ms of open valve time). These data were fit with a cumulative normal
function. The point on the abscissa where this function crossed 0.5 on the ordinate
was taken as the point of subjective equality (PSE). The sign-reversed PSE served as
our measure of image value. Example psychometric functions derived from a single
session for hindquarter (red) and subordinate face (green) image blocks. (D) Monkeys
differentially valued different classes of images (one-way ANOVA, main effect of
image class: Monkey S (closed bars), ( F(3, 72)=8.0, p<.001): Monkey D (open bars), (F(3,
40)=5.5, p<.005)). Error bars represent S.E.M.
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Figure 2.2: Single LIP neurons encode social image value and fluid value.
(A) Average activity of a single LIP neuron separated by image class and
averaged for all trials in which the subject chose T2, aligned on peripheral target
onset (left) and saccade onset (right). (B) Average firing rates (±S.E.M) plotted against
image value for the same neuron in four 200 ms epochs on trials in which the subject
chose T2 (Spearman rank R-values, n = 88 trials). Spearman rank order correlations
were used because image values for this dataset were not normally distributed
(Shapiro-Wilk’s W = 0.73, p<0.01). * indicates p < 0.02. (C) Same format as (A). Data
are separated by difference in fluid payoff between T2 and T1. (D) Same format as
(B). Firing rates plotted as a function of the difference in fluid payoff between T2 and
T1. * indicates p<0.05, also by Spearman rank correlation.
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Figure 2.3: The LIP population response simultaneously reflects image and
fluid value during target choice.
(A) Data from all trials in which the subject chose to view the image (T2) were
placed into nine bins based on the fluid and image value of the trial. Two-way
ANOVA revealed a main effect (p<0.001) of image value bin on firing rate for every
epoch, juice value bin on firing rate (p<0.005) for post-target and pre-saccade epochs,
and no interaction (p>0.33) for any epoch. (B) Average firing rate for 34 neurons
plotted against time for all trials in which the subject chose to view the image (T2) in
the neuron’s response field, and separated by image class. (C) Firing rates plotted as a
function of image value in four 200 ms epochs. Data are binned for display, but
regressions were performed on raw data. Black symbols represent regressions
performed on all data in which the subject chose to view the image; gray symbols
represent the same analysis restricted to trials in which the fluid payoff for choosing
T1 was equal to T2. (D) Firing rates plotted as a function of the difference in fluid
payoff between T2 and T1. Data are binned for display, but regressions were
performed on raw data. Black symbols represent regressions performed on all data in
which the subject choose view the image, gray symbols represent the same analysis
restricted to trials in which the image value calculated for that block was greater than
-5 and less than 5 ms. * indicates p < 0.05, ** indicates p<10-3. Error bars represent
S.E.M.
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Figure 2.4: LIP neurons encode the relative value of social targets.
(A) Firing rates on interspersed single target trials for entire population of
neurons studied with such trials (n = 30). Same format as Fig. 3b. (B) Firing rates of the
entire population of neurons studied with blocks of single target trials, for trials
using T2. Same format as Fig. 3b. (C,D) Firing rates plotted as a function of image
value for the 11 neurons tested in both choice trials (C), and single target blocks (D).
Data were binned for display, but regressions were performed on raw data. *
indicates p<0.05, ** indicates p < 0.005. Error bars represent S.E.M.
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Figure 2.5: Viewing time.
Length of time fixation was maintained within a 7° window around image
(±S.E.M.). Images were displayed for 500 ms. Viewing time depended on image class
for both monkeys (monkey S, one-way ANOVA, main effect of image class F(3,
=60.6,
p<10-5: monkey D, (F(3, 2769)=141.3, p<10-5). Both monkeys viewed hindquarters
3731)
significantly longer than any other image class (two-tailed t-tests, all comparisons,
p<.001)
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Figure 2.6: LIP population response to fluid value during target choice.
Average firing rate for 34 neurons plotted against time for all trials in which
the subject chose to view the image (T2) in the neuron’s response field, and separated
by fluid value. Data are collapsed across all image classes.
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Figure 2.7: Single LIP neurons do not encode social value in single target trials.
(A) PSTH from the same neuron in Fig. 2.2, constructed from interspersed
single target trials with T2. Conventions as in Fig 2.2a. (B) Average firing rate plotted
as a function of image class for four 200 ms epochs. Conventions as in Fig. 2b. All pvalues > 0.5
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Figure 2.8: The LIP population response does not reflect expected fluid value
in single target trials.
(A,C) PSTHs constructed from interspersed single target trials (A) and blocked
single target trials (C), with T2. Conventions as in Fig. 2.3b. (B,D) Average population
firing rate plotted as a function of the difference in fluid value between T1 and T2, for
four 200 ms epochs. Conventions as in Fig 2.3d. Data were binned for display, but
regressions were performed on raw data. All p values > 0.1.
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3.1 Abstract
Neurophysiological, lesion, and neuroimaging studies have implicated the
striatum in the motivational control of behavior, and neuroimaging studies in particular
have identified the ventral and medial striatum as crucial for representing the
motivational aspects of social interaction. Despite this evidence, whether an how striatal
neurons encode motivationally salient social information remains unknown. To address
this gap, we probed the activity of single neurons in the striatum in monkeys choosing
between distinct sets of social and fluid rewards. Monkeys showed preferences for some
social stimuli over others, as indicated by their choices, how quickly they responded and
how long they looked at images of other monkeys. Here we show for the first time that a
population of striatal neurons carries information about distinct classes of social images.
Surprisingly, these neurons encoded social information in a heterogeneous manner
unrelated to preferences and unrelated to responses to fluid rewards. Furthermore, we
find non-overlapping populations of neurons carry information about fluid and social
outcome with social outcome information being carried predominately in the medial
striatum while fluid outcome information is predominately carried in the lateral
striatum. Our findings demonstrate that social and nutritive information are maintained
independently in the striatum, even when both influence decisions leading to the
execution of a single action.

3.2 Introduction
Making adaptive social decisions depends on possessing reliable information
about others. Not surprisingly, humans and some nonhuman primates, like rhesus
macaques, are motivated to acquire information about other individuals, including their
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identity, social status, and reproductive quality (Bates 1970; Rowland 1979; Ghazanfar
and Santos 2004). Endorsing the importance of this process, deficits in social interaction
attend disorders characterized by impaired social motivation, such as autism spectrum
disorders (Leekam, Lopez et al. 2000; Kylliainen and Hietanen 2004; Spezio, Adolphs et
al. 2006). Surprisingly, the neuronal mechanisms that evaluate social stimuli and
motivate subsequent approach or avoidance behavior remain poorly understood.
Neuroimaging studies have repeatedly implicated the striatum in processing a
diversity of reinforcers, including juice (O'Doherty, Deichmann et al. 2002; McClure,
Berns et al. 2003; O'Doherty, Dayan et al. 2003; O'Doherty, Buchanan et al. 2006), money
(Delgado, Nystrom et al. 2000; Preuschoff, Bossaerts et al. 2006), sexual visual stimuli
(Redoute, Stoleru et al. 2000) and drugs of abuse and their associated cues (Breiter,
Gollub et al. 1997; Stein, Pankiewicz et al. 1998; Febo, Segarra et al. 2005; Franklin, Wang
et al. 2007; McClernon, Kozink et al. 2009). Neuroimaging studies have also implicated
distinct portions of the striatum in processing social reinforcers as simple as attractive
faces (Aharon, Etcoff et al. 2001; Bray and O'Doherty 2007; Smith, Hayden et al. 2010)
and as complex and context-dependent as cooperation (King-Casas, Tomlin et al. 2005),
trustworthiness (Singer, Kiebel et al. 2004), altruism (Fehr and Rockenbach 2004), and
altruistic punishment (de Quervain, Fischbacher et al. 2004). Furthermore, some
neuroimaging studies utilizing money and juice (Valentin and O'Doherty 2009), money
and emotionally-valenced social stimuli (Rademacher, Krach et al. 2010), or money and
social reputation (Izuma, Saito et al. 2008) indicate that overlapping areas of the striatum
represent information about disparate types of rewards independent of modality.
Most of these studies find a positive monotonic relationship between the
desirability of an outcome and activity in various parts of the striatum, as inferred from
imaging data (but see O'Doherty, Buchanan et al. 2006). Such findings endorse a simple
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model in which activity levels in the striatum specify reinforcer strength or utility
independent of the modality of the reward. Electrophysiological studies, by contrast,
have revealed far more heterogeneous encoding of reward information by individual
neurons in the striatum, belying any simple monotonic transfer function of neuronal
activity to reinforcer value (Carelli 2002; Carelli and Wondolowski 2003; Watanabe,
Lauwereyns et al. 2003; Lau and Glimcher 2008). Whether or not individual neurons in
any region of the striatum respond to socially-motivating information, and if so, how
this information is encoded, remains completely unknown.
To address this gap, we probed the activity of single neurons in the rhesus
macaque striatum while monkeys chose between distinct sets of social and fluid rewards
(cf. Deaner, Khera et al. 2005; Klein, Deaner et al. 2008; Watson, Ghodasra et al. 2009).
Previous work from our laboratory using the same task demonstrated that monkeys
value some classes of social stimuli, such as the reproductive signals of females and the
faces of dominant males, over others and that neurons in the lateral intraparietal cortex
(LIP), a brain area important in visual attention and saccade planning (Platt and
Glimcher 1999; Sugrue, Corrado et al. 2004; Janssen and Shadlen 2005; Hanks, Ditterich
et al. 2006), signal both the social and fluid value of orienting to a particular point in
space (Klein and Platt 2008). Such a “common currency” of value may be computed in
the striatum and relayed to premotor areas, like LIP. By contrast, our findings
demonstrate that topographically-segregated populations of neurons in the striatum
encode distinct information about social or fluid reinforcers. These data may constrain
striatal-based models of reinforcement, learning, and decision-making.

59

3.3 Results
3.3.1 Monkeys value distinct classes of social information
Two rhesus macaques performed a two-alternative choice task while we
recorded neurons in the right anterior striatum. On each trial, monkeys indicated their
choice by shifting gaze to one of the targets. Choice of the left target (referred to as the
image target, contralateral to the recording site) yielded a fruit juice reward followed by
the presentation of a picture of a familiar monkey. Choice of the right target (referred to
as the blank target) yielded only juice (Figure 3.1A). Images were drawn from pools
containing photographs of the faces of familiar dominant male monkeys, faces of
familiar subordinate monkeys, hindquarters of familiar female monkeys, and a gray
square, which served as a visual control. Image and juice outcomes were varied in a
nested block design in which 3-5 juice blocks made up a single image block. To estimate
the subjective value of each image class during each image block, we plotted the
proportion of image choices against the difference in juice payoff between the image
target and the blank target, and fit these data with a cumulative normal curve. We
defined the point of subjective equality (PSE) for this curve as the projected point at
which the monkey would be indifferent between the options (Methods, section 3.5.3,
Figure 3.1B). Reversing the sign of the PSE yielded an estimate of subjective image value
in the same units as juice reward (ms of open juice valve time, see Methods, section
3.5.3). Positive image value estimates indicate the image class added reinforcing value to
the juice reward, whereas negative image value estimates indicate that the image class
subtracted reinforcing value from the juice reward.
Image values varied significantly across for the four image categories (Figure
3.1C; one-way ANOVA, image value x image category, p < .05). Although these effects
were modest relative to the size of the juice rewards, post-hoc tests revealed a significant
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preference for female sexual signals (two tailed t-test against 0, p < .04), and a significant
preference for the faces of dominant monkeys compared to subordinate monkeys (twotailed t-test, p < .05). These results are in general agreement with previous studies
(Deaner, Khera et al. 2005; Klein, Deaner et al. 2008; Watson, Ghodasra et al. 2009) and
indicate information about social status and reproductive state influence the choice of
where to look.
To further explore the effects of social images on orienting behavior, we analyzed
where monkeys looked after choosing to see the image. Figure 3.1D shows the average
distance from the center of the picture for the duration of image display. Again,
consistent with previous results (Deaner, Khera et al. 2005; Klein, Deaner et al. 2008),
monkeys chose to view images of female hindquarters for longer durations than male
faces or the gray square. We interpret the confluence of image value and looking times
as reflective of different informational and hedonic profiles for the four classes of
images; that is, monkeys chose to view images of female hindquarters and faces of males
because they predict potential reward and threat assessment, respectively.
Finally, we analyzed the time it took monkeys to indicate their choice (reaction
time) as a function of juice volume and image category and also as a function of
estimated image value (Figures 3.1E and 3.1F, respectively). A two-way ANOVA with
image category and juice volume as factors revealed significant main effects of both,
with a significant interaction (p < .005 in all cases). When reaction time data were split
into quartiles based on estimated image value, we obtained a similar result (p << .001 for
main effects of juice outcome, image value and interaction). Overall, monkeys were
faster to choose targets with higher juice values and slower to choose targets associated
with either the most preferred or most undesirable image outcomes.
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3.3.2 Neurons in the striatum encode salient social information
We recorded 151 neurons in the anterior striatum of two monkeys (114 from
monkey Ot, 37 from monkey Os). The anterior to posterior extent of recording was 16 to
27.5 mm interaural relative to stereotaxic 0 (Figure 3.2). Since our focus was on the
representation of social information by neurons in the striatum and how such
information might be encoded, all analyses are restricted to trials in which the monkey
chose the image target.
To examine the relationship between neural firing and the desirability of each
choice, we performed Spearman rank correlation analyses of normalized average firing
rate for each neuron as a function of juice volume, image category and estimated image
value quartiles, for each of four 500 ms epochs: ±250 ms from the time of acquisition of
the initial central target; ±250 ms from saccade onset; ±250 from juice delivery or image
presentation; and 250-750 ms after juice delivery or image presentation (see Methods,
section 3.5.6.1 for normalization procedure and justification). The means of the
distribution of R values for all comparisons were not significantly different from 0 (p >
.2) Histograms of the regression coefficients for each neuron during each epoch are
shown in Figure 3.6. These results indicate firing rates in our population, as a whole, are
not directly proportional to outcome desirability.
Given the apparent diversity with which neurons in the striatum responded to
social images and juice rewards, we next employed a sliding window ANOVA analysis
that did not make assumptions about the way information might be encoded by neurons
(Methods, section 3.5.6.2). Figure 3.3A and 3.3B show the peristimulus firing rates of
several example neurons that showed significant modulation by image category or juice
volume, along with the estimated recording location of each neuron in the striatum
(insets). Gray shading represents time windows in which there was significant
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modulation by the variable of interest. This analysis revealed that 36% of neurons were
significantly modulated by image class and 30% of neurons were significantly
modulated by juice value at any point in the trial, whereas only 6% of cells were
influenced by both image and juice outcomes, only slightly above what would be
expected by chance.
Next, to investigate whether neural firing rates coded monotonically for value,
we examined the average firing rate for each image category across all significant
windows for all cells showing significant modulation by image class. By ordering these
averages from least to greatest, we were able to plot the number of cells exhibiting each
possible “coding scheme” (Figure 3.3C). We repeated this analysis for juice value (Figure
3.3D) and image value quartiles as well (Figure 3.8). These analyses indicate that, even
for our subpopulation of neurons showing significant modulation by social or fluid
outcomes, there was little evidence of a monotonic relationship between outcome value
and firing rate.
Figure 3.4A shows the proportion of cells modulated by image category, juice
value or both in four 500 ms epochs during the trial. Figure 3.4B, C, & D show the
proportions of cells with significant modulation by each variable in the caudate, ventral
striatum and putamen, respectively. These results indicate that striatal neurons fire
differentially based on image or juice outcome, do so in a heterogeneous manner, and
typically respond to either social or juice outcomes but not both, belying any simple
monotonic coding of utility or desirability as might be inferred from neuroimaging data.
Previous fMRI studies in human subjects have reported a medial striatal BOLD
signal encoding social reward (pictures of attractive members of the opposite sex)
(Aharon, Etcoff et al. 2001; Bray and O'Doherty 2007) and a lateral putamen BOLD signal
encoding juice reward (O'Doherty, Deichmann et al. 2002; McClure, Berns et al. 2003;
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O'Doherty, Dayan et al. 2003; O'Doherty, Buchanan et al. 2006). We looked for a similar
topography of information encoding in our population of neurons. To do this, we
examined the percentage of variance explained by either juice outcome or image
category in our two-factor sliding window ANOVA, a measure of the strength of firing
rate modulation explained by each variable. We repeated this analysis for each cell at
each 100 ms window, moving in 5 ms steps (Sokal and Rohlf 1969; Warden and Miller
2007). Figure 3.5A and 3.5C show the results of these analyses for image category and
juice value when neurons were ordered from medial to lateral recording position along
the ordinate. Position along the medial to lateral axis was significantly negatively
correlated with variance explained by image category and significantly positively
correlated with variance explained by juice outcome during all epochs (Figure 3.5B and
D). Thus, while the firing rates of individual cells do not reflect the often reported
positive relationship of striatal BOLD response to outcome desirability, the topographic
localization of BOLD signals related to social and juice reward outcomes reported
previously is corroborated in our study.
The effects of image category on choice behavior (Fig 3.1C) were significant, but
relatively modest compared to previous studies (Deaner, Khera et al. 2005; Klein, Deaner
et al. 2008), and image category ranked by overall image preference (i.e. subordinate <
gray < dominant < hindquarters) explained only a small portion of the variance in image
value (Spearman’s R = 0.148, p<.005, data not shown). Therefore, we next probed
whether image value might be a better predictor of neural firing rates than image
category. To do this, we repeated our 2-factor sliding window ANOVA analysis on
firing rate using juice value and image value quartiles as independent factors rather than
juice value and image category. These two analyses allow a direct comparison of the
explanatory power of image category versus image value because the number of factors
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and levels in each factor are identical. Figure 3.7 depicts the gain in variance explained
obtained by replacing the model including juice + image value with the model including
juice + image category. During all epochs the variance explained by image category was
significantly higher than that explained by image value, while the variance explained by
juice value in the two models were indistinguishable. These findings suggest that
striatal neurons encode social information in a categorical manner rather than as a
function of value. To test this idea further, we created plots analogous to figures 3.3C
and 3.3D depicting the heterogeneity of coding patterns for our juice + image value
analysis (Figure 3.8A and B). We found fewer neurons significantly encode image value
than image category (26% compared to 36%), but similar numbers of cells encode juice
outcome (29% compared to 30%). Finally, neurons that did encode image value did so in
a heterogeneous manner similar to that observed for image category.

3.4 Discussion
Here we report for the first time that individual neurons in the primate striatum
respond to images of other individuals and, further, discriminate between different
classes of visual social information. The decisions made by monkeys in this study
required simultaneous evaluation of social information and juice rewards. While we
found a similar proportion of neurons responded to the magnitude of juice reward and
social image category, these two populations were largely non-overlapping. Previous
electrophysiological studies in rodent (Carelli 2002) and primate (Bowman, Aigner et al.
1996) ventral striatum found similarly non-overlapping populations of neurons encoded
information about cocaine and natural, nutritive rewards (i.e. food and water).
Furthermore, a recent electrophysiological study in macaque caudate found nonoverlapping populations of neurons encoded the magnitude of available juice rewards
versus the magnitude of the actual received juice reward (Lau and Glimcher 2008).
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Our findings demonstrate similar independent channels in the striatum for
visual social information and juice rewards, topographically organized across the medial
to lateral extent of the anterior striatum. We speculate that the identity of individual
neurons within these channels may be highly flexible and dependent on task, context
and motivation. We base this hypothesis on the observation that neurons in the rodent
ventral striatum that respond selectively to cocaine and cocaine associated cues do so
upon the first exposure to cocaine (Carelli and Wondolowski 2003), and both the
proportion of cells responsive to cocaine and cocaine seeking behavior increase with
prolonged abstinence (Hollander and Carelli 2005). Thus the individual identities and
proportions of juice and image category selective cells observed here may depend on
factors including motivation, training, satiety, and the salience and hedonic value of the
social stimuli. This plasticity notwithstanding, we believe that the medial to lateral
organization of visual social and nutritive information coding is a general property of
primate striatum given similar topography reported in human neuroimaging studies in
a wide array of tasks (Aharon, Etcoff et al. 2001; O'Doherty, Deichmann et al. 2002;
McClure, Berns et al. 2003; O'Doherty, Dayan et al. 2003; O'Doherty, Buchanan et al.
2006; Bray and O'Doherty 2007).
We further demonstrate that individual striatal neurons represent information
about social and juice outcomes in a heterogeneous manner. While several human
imaging studies have reported striatal BOLD activation scales proportionally with the
desirability of social, nutritive or monetary outcomes (but, for exceptions see O'Doherty,
Buchanan et al. 2006; Seymour, Daw et al. 2007; Zink, Tong et al. 2008), the firing rates
striatal neurons in our study were not typically related to volume of juice delivered or
image value in a monotonic fashion. In fact, the responses of neurons in our population
were better described by image category than by image value. Since our estimate of
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image value was derived from the animal’s choices, reward, classically defined as the
property of a stimulus that reinforces behavior, is not necessarily the best construct for
describing the activity of striatal neurons. Thus, previous descriptions of the striatum as
a dedicated ‘reward-processing’ center are likely overly simplistic. Instead, we suggest
the striatum represents social and other behaviorally relevant information in a more
complex and diverse manner, even when that information does not, or only weakly,
influences choice.
There are at least two possible and non-mutually exclusive explanations for the
discrepancy between reports of striatal BOLD signals scaling positively with outcome
desirability and the neurophysiologic results reported here. First, the BOLD signal may
derive from synaptic potential reflecting inputs rather than the spiking of local neurons
(Goense and Logothetis 2008). Second, traditional fMRI analysis involves spatial
smoothing of the BOLD signal which could belie underlying heterogeneity of coding by
constituent neurons. Indeed, a recent fMRI study employing multivariate pattern
classification analyses without spatial smoothing revealed anticipatory BOLD signals at
the level of individual voxels scaled either positively or negatively with monetary value
in the orbitofrontal cortex (Kahnt, Heinzle et al. 2010), despite the fact that previous
studies employing standard spatially-smoothed fMRI analyses reported that BOLD
response in the orbitofrontal cortex varies as a positive monotonic function of monetary
outcome (O'Doherty, Deichmann et al. 2002; Gottfried, O'Doherty et al. 2003).

3.5 Methods
3.5.1 Animal subjects
Subjects were two adult male rhesus macaques (Macaca mulatta) housed in a
colony of 10-12 males. All monkeys were paired housed with auditory and visual
contact with the rest of the colony. Dominant and subordinate status were previously
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determined relative to cagemate (Klein, Deaner et al. 2008) by unidirectional submissive
displays in a controlled confrontation test (Deaner, Khera et al. 2005). All animals were
originally reared in social groups. To maintain motivation, monkeys’ access to water
was restricted outside of the experimental session. All procedures were approved the
Duke University Institutional Animal Care and Use Committee and were designed and
conducted in compliance with the Public Health Service’s Guide for the Care and Use of
Animals.

3.5.2 Surgical and training procedures
In an initial sterile surgical procedure, a head restraint prosthesis was implanted
using standard techniques described in detail elsewhere (Dean, Crowley et al. 2004).
After a 6-week recovery period, animals were habituated to head restraint and trained to
perform oculomotor tasks for fruit juice rewards. In a second sterile surgical procedure,
a plastic recording chamber (Crist Instruments) was implanted over the right anterior
striatum. The chamber was kept sterile with regular antibiotic washes and sealed with
replaceable sterile caps. After all surgeries, animals received analgesics for 3 days and
antibiotics for 10 days.

3.5.3 Behavioral Procedures
Horizontal and vertical eye positions were sampled at 1000 Hz by an infrared
eye-monitoring camera system (Eyelink 1000). A computer running either Gramalkn
version 332 (Ryklin Software), or Matlab (The Mathworks) with the Psychophysics
(Brainard 1997) and Eyelink (Cornelissen, Peters et al. 2002) toolboxes controlled stimuli
presentation and eye position data collection. A solenoid valve controlled the duration
of juice delivery. Juice delivery duration ranged from 90 – 210 ms. Volume of fluid
delivered was linearly related to open solenoid time over this range (juice volume (ml) =
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open time (ms) * 0.0018 - 0.106, R2 = 0.994). A typical medium juice reward (150 ms)
corresponded to 0.16 ml.
A previously described pay-per-view choice task, with slight modifications, was
used to examine the value of social images (Deaner, Khera et al. 2005; Klein, Deaner et
al. 2008; Watson, Ghodasra et al. 2009). Trials began with the appearance of a centrally
located yellow square. Subjects had 300 ms to fixate this cue (fixation acquired).
Subjects were then required to maintain fixation (±2.5 O) for 400-600 ms (randomly
drawn in 50 ms increments), at which point the central cue disappeared while two
peripheral targets appeared 15O to the right and left. The subject indicated his choice by
shifting gaze to one of the targets within 350 ms and holding fixation on that target for
400-600 ms (randomly drawn in 50 ms increments). If the subject chose the left target
(contralateral to the recording chamber), he received a juice reward, immediately
followed by the presentation of an image for 500 ms; if he chose the right target, he
received a juice reward followed by 500 ms of blank screen. All trials were followed by a
1000-1500 ms intertrial interval. To promote target sampling, single target trials were
randomly interspersed with choice trials. These trials were identical to choice trials
except only one peripheral target appeared and only gaze shifts to that target were
rewarded. Single target trials made up 10-20% of trials.
Reward contingency changes were made in a nested block design. 3-5 smaller
juice blocks of constant juice value made up a larger image block in which all images
were drawn from the same image category pool. Juice blocks were typically 30-60 trials
while image blocks were typically 90-250 trials.

3.5.4 Stimuli
Images were produced by digital camera (> 4.0 megapixel). For the dominant,
subordinate and hindquarter image categories, images were randomly drawn from
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pools of 80 images. Dominant and subordinate image pools contained an equal number
of pictures of the faces of 4 dominant or subordinate monkeys. The head was cropped
from the background and resized to 7O squares. Only pictures with neutral facial
expressions were used. The hindquarter image pool contained 80 images of four female
monkeys. Hindquarter images were cropped and resized in the same manner. The gray
square image pool consisted of a single 7O gray square.

3.5.5 Behavioral Analysis
3.5.5.1 Estimation of Image Value
Image values were calculated as previously reported (Deaner, Khera et al. 2005;
Klein, Deaner et al. 2008). For each image block, the frequency of choosing the image
target was plotting against the difference in juice outcome between the image and blank
target. These data were fit with a cumulative normal curve. The point of subjective
equality (PSE) was taken as the point on this fitted curve on at which the subject was
indifferent between the two targets. Sign-reversed PSEs were taken as image value. To
correct for side biases, image values were normalized by subtracting a sign-reversed PSE
created from all data in that behavioral session from each image value. This normalized
image value was used in all analyses. Image blocks in which the cumulative normal fit
explained less than 25% of the variance were excluded from analysis involving image
value. 59/418 blocks were excluded based on this criterion. Image values were
constrained to values between ±40 ms. 7/359 blocks were constrained in this manner.
3.5.5.2 Reaction time analyses
To correct for overall differences in reaction time between our subjects, reaction
times were normalized by dividing by the average reaction time across all conditions for
that subject. Raw reaction times were 183.34 ± 28.81 for subject Ot, and 186.30 ± 33.74 for
subject Os (ms, ± 1 standard deviation). Reaction times less than 75 ms were deemed
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anticipatory and removed from this analysis. Likewise, reaction times over two standard
deviations from the mean were removed.

3.5.6 Neurophysiological techniques
Spike data were aligned to 4 trial events (acquisition of initial fixation, saccade
onset, juice delivery onset, and image onset) and placed in 5 ms bins. Spike data from
four epochs were analyzed: ±250 ms from fixation onset; ±250 ms from saccade onset,
250 ms before to 750 ms after juice onset and 250 ms before to 750 ms after image onset.
Because the juice onset and image onset epochs overlapped, only data aligned to juice
onset were presented in analyses involving juice outcome and only data aligned to
image onset were presented in analyses involving image outcome.
3.5.6.1 Firing rate normalization
Due to the block structure of our trials there was a potential for low frequency
changes in tonic firing rate or isolation conditions to appear as differences due to image
category. To mitigate this potential confound, firing rate data from all trials were
normalized by dividing raw firing rates by the average whole trial firing rate (including
intertrial interval) for that image block. This normalized firing rate was used in all
analyses. The mean raw firing rate of all cells across the whole trial was 3.76
spikes/second.
3.5.6.2 Sliding window ANOVA analyses
To test for neural sensitivity to juice or image outcomes, we employed a sliding
window 2-factor ANOVA analysis with normalized firing rate as the dependent variable
and image category outcome and juice outcome as categorical predictors.
ANOVAs were performed on 100 ms windows moving in 5 ms steps. A neuron
was deemed to be significantly modulated by juice or image at a particular time step if
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that time step belonged to a continuous time interval in which the p value in each
sliding window was less than .05. The size of the continuous time interval was set
individually for each neuron by randomizing the data with respect to image and juice
outcome 1000 times, performing the sliding window analysis on the randomized data
sets and setting the threshold number of consecutive windows such that fewer than 50
of the 1000 randomized data sets contained a false positive window for each factor at
any point in the trial.
For the plots in Figure 5, proportion variance explained by juice or image
outcome was taken from the sliding window ANOVA analyses and defined as: (total
sum of squares - within group sum of squares) / (total sum of squares) (Sokal and Rohlf
1995; Warden and Miller 2007).

72

A

Outcome

Choice
Go Cue

Fixation

B

Juice +

Juice

Proportion Image Choice

3.6 Figures
1
0.8

Hindquarters
Dominant
Gray Square
Subordinate

0.6
0.4
0.2
OT20080724, n = 479

0

-50

0

50

Image Value
(ms of juice)

C

6
4
2

D

Hindquarters
Dominant
Gray square
Subordinate

0
−2

One−Way ANOVA: p = 0.048

−4

Distance from Image
center (degrees)

Juice difference
(Image − Blank, ms of juice)
12
10
8
6
4
2
−0.2

0

0.2

0.4

0.6

Time (ms)
Hindquarters
Dominants
Gray Square
Subordinates

1.06
1.04
1.02
1
0.98
0.96
Low

Medium

F
Normalized
Reaction Time

Normalized
Reaction Time

E

High
MedHigh
MedLow
Low

1.06
1.04
1.02
1
0.98
0.96
Low

High

Juice Outcome

Medium

High

Juice Outcome

Figure 3.1: Monkeys value social information
(A) Choice task. Monkeys began the trial by fixating a central target. After holding
fixation 400 – 600 the central target disappeared and two peripheral targets appeared
15O to the left and right of center. If the monkey shifted gaze to one of these targets
within 350 ms, he was then required to hold fixation on that target for 400-600 ms,
after which juice was delivered (100-200 ms). If he chose the left target (contralateral
to the recording site), immediately following juice delivery an image appeared
centered the site of the chosen target for 500 ms. For non-image choices (right), 500 ms
of blank screen followed juice delivery. 10-20% of trials were single target trials,
which were identical except that only one target appeared and only
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(Figure 3.1 Continued)
movements to that target were rewarded. (B) Estimating social image value. For
all choice trials, the frequency of choosing the image was plotted against the
relative juice volume delivered for that choice. These data were fit with a
cumulative normal function. The point of subjective equality (PSE) was taken
as the point on this function corresponding to 50% choice frequency. PSEs
were sign reversed to obtain image value. Example psychometric functions
from four image blocks of one behavioral session are shown. (C) Monkeys
differentially valued different image classes (data pooled across all sessions).
(F (3, 355)= 2.67). (D) Viewing duration varied with social image class. For image
target choices, the average distance of gaze from the center of the image is
plotted as a function of time. Vertical lines depict image onset and offset. The
horizontal line is placed at half the height (or width) of the image (3.5O).
Shading represents SEM. Due to a data collection error, looking time data is
restricted to 36 of 71 behavioral sessions. E,F) Reactions times were inversely
related to juice value and directly related to image valence. Reaction times
separated by juice outcome and image class (E), or juice outcome and image
value quartiles (F). Image value quartile boundaries: [-8.47, -0.09, 8.20 ms].
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Figure 3.2: Recording locations
A) Coronal slice MRI of monkey Os with recording chamber and grid
attached. Plane of the slice is at the center of the recording chamber (~22 mm anterior
of interaural 0). Red square highlights the area of recording. B) Recording locations
overlaid on an outline of the striatum (adapted from Paxinos, Huang et al. 2000).
When multiple units were recorded in the same session, locations have been
staggered slightly (< 0.5 mm) for visualization.
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Figure 3.3: Striatal neurons respond to social images in a heterogeneous manner
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(Figure 3.3 Continued)
A) Example neurons showing differential firing rates for image class, but not
juice value. Average normalized firing rates separated by image class or juice value
are plotted for 500 ms or 1000 ms epochs aligned to acquisition of fixation target,
saccade onset and juice or image onset. Gray bars indicate times of significant firing
rate differences by sliding-window ANOVA analyses (Methods, section 3.5.6.2). B)
Example neurons showing differential firing rates for juice value, but not image class.
C, D) Heterogeneous population coding of image class and juice value. For each
neuron that significantly differentiated image category or juice level during any
epoch, the average firing rate for each image category or juice level during all
significant time windows was calculated and ordered from least to greatest. The
number of cells with each possible ordering is plotted.
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Figure 3.4: Population coding of social image class and juice value
A) Whole population. Proportions of cells encoding juice outcome, image
outcome, and both for each of four epochs (fix = ± 250 ms from acquisition of fixation;
saccade = ± 250 ms from saccade onset; early outcome = ±250 ms from juice or image
onset; late outcome = 250-750 ms after juice or image onset), by sliding window
ANOVA analyses (Methods, section 3.5.6.2). Inset: depiction of classification into
anatomical subregions shown in B, C, and D. B, C, and D) Proportions of neurons
encoding juice, image and both for caudate, ventral striatum and putamen,
respectively.
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Figure 3.5: Topography of social and fluid information coding the primate striatum
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(Figure 3.5 Continued)
A) Pseudocolor plots depicting the proportion of variance in firing rate
explained by image category, aligned to three trial events. Neurons are ordered from
medial to lateral recording position. B) Average variance explained by image category
for three epochs regressed against medial-lateral recording position. All regressions
maintained significance at the p < .002 level when outliers (± 2 standard deviations
from the mean) were removed from analysis. C) Pseudocolor plots depicting the
proportion of variance in firing rate explained by juice outcome. Conventions as in
(A). D) Average variance explained by juice outcome regressed against medial-lateral
recording position. All regressions maintained significance at the p <.002 level when
outliers were removed from analysis. E) Average variance explained by juice outcome
regressed against average variance explained by image category
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Figure 3.6: Population firing rates are not monotonically related to outcome.
A) The Spearman correlation coefficients of regressions of firing rate by image
category (ordered according to overall preference, i.e. subordinate < gray < dominant
< hindquarters) for each cell and each of three epochs are shown in histograms. Solid
vertical lines are placed at zero; dashed vertical lines are placed at the mean of the
distribution. Filled bars represent significant correlation coefficients at p < .05. B)
Histograms of the correlation coefficients of firing by juice outcome regressions. C)
Histograms of the correlation coefficients of firing by image value quartile
regressions. None of the means of the distributions were significantly different from
zero.
Furthermore, these analyses were repeated on subsets of the data divided by
anatomical region (as illustrated in the inset of Figure 3.4A) or by a median split
based on mediolateral recording position. This resulted in 45 additional comparisons,
of which only one yielded a distribution mean different from zero. (Image value
quartile versus firing rate, in the ventral striatum, during the saccade epoch: p = .008,
mean = -0.041, no correction for multiple comparisons). Data not shown.
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Figure 3.7: Striatal neurons encode social information category rather than
social information value
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(Figure 3.7 Continued)
A) Pseudocolor plots depicting variance explained by image value subtracted
from variance explained by image category. Warm colors indicate image category
explains more variance than image value. B) Average differences in variance
explained by image value and image category were calculated for each neuron and
each epoch. Histograms depict the distribution of those differences. In each epoch,
image category explained significantly more variance than image value (t-tests against
zero). C) Pseudocolor plots depicting the difference in variance explained by juice in
the juice outcome + image value model versus the juice outcome + image category
model. D) Histograms of those differences. None were significantly different from
zero.
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Figure 3.8: Heterogeneity of image value coding in the striatum
A) Image value coding schemes. Conventions as in figure 3.3C, created from
the sliding window ANOVA analyses including image value quartile and juice
outcome as independent factors. Although fewer neurons significantly coded image
value, those that did were similarly heterogeneous. (H = high image value quartile;
mH = medium high; mL = medium low; L = low image value quartile.) B) Juice
outcome coding schemes as determined by sliding window ANOVA analysis
including image value quartile and juice outcome as independent factors.
Conventions as in figure 3.3D.

84

4.	
  Conclusions	
  
4.1 Overview
The contents of this dissertation deal with the rather broad goals of
neurophysiologically characterizing the processes that motivate social animals to seek
social interaction. While numerous studies deal with these processes in humans using
neural imaging techniques (see (Van Overwalle 2009) for review of general social
processes studied through imaging, and see (Krueger, Grafman et al. 2008), for review of
imaging social interactions during economic games)), only a handful have addressed
these issues at the level of single cells, employing neurophysiology. Given the emergent
nature of this field of study, many questions remained unanswered. However, the
results of the studies presented in chapters 2, 3 and the appendix of this thesis provide
initial insight into the neurophysiology of social attention and reward, and suggest
beneficial directions future research could take. I will now present summaries and
conclusions that can be reached based on my research into mechanisms of social
attention and reward processing in LIP and the striatum, and prominent outstanding
questions in these areas not addressed by my research.

4.2 LIP and topographic salience maps
4.2.1 Summary: common currency of salience in LIP
The network of brain areas that contribute to nutritive reward-guided saccadic
decision-making has been extensively studied. Several of these areas contain neurons
with receptive fields (RFs) that topographically represent visual space. Common to these
topographic areas is the finding that neurons respond to the appearance of potential
saccade targets in their RFs, and to the generation of saccades to their RFs. Furthermore,
these responses are (generally) positively related to the reward value expected for the
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execution of the saccade (supplementary eye fields: (Amador, Schlag-Rey et al. 2000;
Coe, Tomihara et al. 2002), dorsolateral PFC: (Leon and Shadlen 1999; Kobayashi,
Lauwereyns et al. 2002), LIP (Platt and Glimcher 1999; Sugrue, Corrado et al. 2004),
posterior cingulate cortex (McCoy, Crowley et al. 2003), superior colliculus (SC): (Ikeda
and Hikosaka 2003)). The similarity and seemingly redundant nature of reward- and
attention-related modulation found in these areas has stimulated straightforward
theoretical models in which higher relative neural activity from the subset of neurons
topographically representing the area of visual space associated with immediate reward
serve to bias orienting to that region of space (Gold and Shadlen 2001). However, these
models are based on highly-artificial experimental paradigms in which eye-movements
are immediately rewarded with food, water or juice. Eye movements are not typically
rewarded immediately with nutritive outcomes, and simply training monkeys to make
eye movements in response to auditory or visual cues for fluid rewards can alter neural
activity in LIP (Grunewald, Linden et al. 1999; Toth and Assad 2002) and other sensorymotor integration and association areas such as the PFC (Lauwereyns, Sakagami et al.
2001). Therefore, the results of chapter 2, which demonstrate the value of visual social
information expected for orienting to a particular region of visual space is also
represented by topographically-specific increases in firing rate in LIP provide important
support for these models under conditions of more naturalistic visuomotor reward. That
LIP represents the value of naturalistic social visual information suggests the
topographically-specific increases in firing rate observed in response to expected fluid
reward represent an adaptation of a natural orienting system to artificial experimental
conditions.
Two similarities in the representation of social and non-social motivators in LIP
suggest this natural system, at least at the level of LIP, biases eye movements based on
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the overall salience of a particular region of space combined across all factors that
contribute to that salience. First, juice outcome value and image value are represented in
an additive and simultaneous manner in LIP both at the level of individual cells (figure
2.2), and the population (figures 2.3 and 2.6). Second, for both social and fluid outcomes,
LIP firing rates are proportional to visual target salience relative to the sum of the
salience of all other available targets; i.e. for both social and juice outcomes, LIP firing
rates scale with target salience only when another target is present for comparison
(figures 2.4, 2.7, 2.8; Sugrue, Corrado et al. 2004). This finding also holds at the level of
individual cells (figure 2.7) and the population (Figures 2.4, 2.8).
Furthermore, the common currency of salience represented in LIP is not only
collapsed across social and non-social outcome modalities, but the hedonic properties of
the outcome as well. Based on looking times (figures 2.5 and 3.1D), it seems reasonable
to assume monkeys choose to look at hindquarters because they are hedonically
positively valenced, while they choose to look at dominant faces even though eye
contact with dominant monkeys is aversive. However, both classes of images are
ecologically salient (Chance 1967; Hrdy and Whitten 1987; Van Noordwijk 2001), and it
is this salience, not hedonic value, that is represented in LIP.
The experiments described in the appendix of this thesis provide further support
that LIP reflects the overall salience of particular regions of space in a common currency.
These experiments took advantage of the fact that macaques (Emery 2000; Deaner and
Platt 2003), like humans (Friesen and Kingstone 1998; Driver and Driver 1999),
instinctively and reflexively orient their attention in the direction other individuals are
looking. In this study, macaques fixated a central cue, which was then replaced with a
picture a familiar conspecific gazing toward, or directly away from the response field
(RF) of an LIP neuron being recorded. Next, a visual target appeared either in the RF or
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directly opposite the RF, and the monkey had to execute a saccade to this peripheral
target to receive a juice reward. The direction of gaze was completely non-predictive of
target location, but monkeys still followed that gaze, as evidenced by faster reaction
times when the target location was congruent with the direction of gaze. Although gaze
cue direction had no relationship to the juice outcome of the trial, a subpopulation of LIP
neurons represented observed gaze into their response field with increases in firing rate.
These gaze-direction specific positive modulations of firing rate had a similar timecourse
as actual gaze following behavior, suggesting LIP represents the inherent salience
attributed to a region of space by the gaze of others, irrespective of any expected social
or non-social expected outcome.

4.2.2 Future directions: topographic maps and social reward
How and whether the salience of visual social information is represented in other
regions of the topographically-mapped visual attention and visuomotor network
remains to be tested. It is tempting to speculate the findings in LIP presented here will
be found to generalize to the rest of the topographic oculomotor system. For example,
one could present a strong argument the SC should represent overall salience, including
visual social factors, in a common currency similar to LIP. LIP exerts its influence on eye
movements through direct projections to the SC (Lynch, Graybiel et al. 1985), both
structures have a causal role in eye movement generation (Carello and Krauzlis 2004;
Hanks, Ditterich et al. 2006), and both show similar, though not identical,
topographically-specific increases in firing rate based on expected fluid rewards
(Horwitz and Newsome 2001; Horwitz and Newsome 2001; Ikeda and Hikosaka 2003).
To assume visual social information, when it influences eye-movement decisions, is
represented differently in the SC than nutritive reward information would require
postulating the existence of separate systems, with independent access to the SC, that
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guide socially-motivated and non-socially-motivated visual orienting decisions. It is far
more parsimonious to presume both structures represent the overall salience of a
particular region visual space and work synergistically to orient gaze to that region of
space.
However, the existence of separate systems, with separate access to the visual
attention and oculomotor output functions of the SC, has been proposed. Examining the
visual and delay-to-saccade responses of the SC, Ikeda and Hikosaka (2003) found two
classes of reward-modulated neurons. The first they dubbed ‘gain-type’ neurons: These
neurons phasically respond to the presentation of a saccade target in their RF, and the
magnitude of this phasic response is larger for rewarded than unrewarded trials. The
second they dubbed ‘bias-type’ neurons: These neurons exhibit a build up of activity
before the presentation of a visual cue when the cue in the RF is associated with a
reward. Previous work from this group found reward-related pre-cue bias responses in
the caudate (Takikawa, Kawagoe et al. 2002) and SNr neurons (Sato and Hikosaka 2002),
similar to that of SC bias-type neurons. Moreover, the prevalence of bias-type neurons is
highest in the intermediate layer of the SC, where projections from the SNr are known to
terminate (Graybiel 1978; Hikosaka and Wurtz 1983). On the other hand, the phasic
response of gain-type SC neurons occurs with a shorter latency than the visual responses
in the caudate and SNr. On the basis of these findings, Ikeda and Hikosaka speculate SC
bias-type responses are mediated through nigrotectal projections, while gain-type
response are mediated through corticotectal projections.
While the independence of the inputs to gain- and bias-type SC neurons remains
speculation, it casts doubt on the idea that the common currency of salience observed in
LIP is simply propagated, as-is, through the rest of the topographically-organized visual
attention and oculomotor network. Indeed, the substantial differences found in the
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representation of visual social salience in LIP (chapter 2) and the striatum (chapter 3),
along with the unique projections of both areas to the SC, suggest each is likely making
unique contributions to SC processing and the subsequent execution of oculomotor
commands. The differential influence of social image category or value and fluid value
on saccade reaction times reported in figure 3.1E and F further bolsters this idea. In
general, higher firing rates in the SC are correlated with faster saccades; however,
reaction times in my data are positively correlated with social outcome salience and
negatively correlated with fluid outcome salience. These results suggest the SC may
actually differentially represent social and non-social salience.
This, in turn, highlights the importance of understanding how naturalistic social
visual salience is represented throughout the topographically-organized oculomotor
network. Although LIP represents a collapsed common currency of salience, the
assumption cannot be made the SC, FEF, SEF, posterior cingulate, and other
topographically-organized areas of visuomotor and visual attention network do the
same. Therefore, I propose each of these areas should be investigated independently in
terms of naturalistic, social visuomotor reward. Potentially, any differences discovered,
however subtle, could yield insights into the creation of the common currency of
salience observed in LIP. These discoveries could have important implications regarding
disorders involving social interaction, most prominently autism-spectrum disorders.

4.3 The striatum and social reward
4.3.1 Motor interpretations
While the findings of a common currency of salience in LIP fit well with existing
models of LIP function, the findings regarding social information processing in the
striatum, presented in chapter 3, are more difficult to frame in terms of existing models
of striatal function. Aside from the discrepancies between my data and striatal imaging
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data regarding social reward (discussed in chapter 3), my data are also difficult to
interpret in terms of neurophysiologically-based models of striatal function.
The first potential interpretation of my striatal results that deserves attention is
perhaps the simplest. Eye-movement related neurons in the striatum are most
commonly found in the caudate (Hikosaka, Sakamoto et al. 1989), while striatal neurons
related to licking and other orofacial movements are most prevalent in the ventral
putamen (Cho and West 1997). These findings could be used to explain the medial-tolateral segregation of social image versus juice coding neurons found in chapter 3. As
licking is required to consume juice rewards and eye movements are required to procure
visual social information, the mediolateral topography of social versus non-social
outcome coding could be explained in terms of the motor requirements of the rewards
employed in my study.
However, a purely motor explanation of my findings regarding juice outcome is
unsatisfactory for several reasons. First, while it is possible some of the neurons coding
juice in the lateral striatum during the outcome epochs of the trial represent neurons
specific to the motor action of licking, neurons related to licking decrease their lickingspecific response with training (Tang, Root et al. 2009). Our subjects have been
extensively overtrained on tasks such as the pay-per-view task that involve executing
eye movements for juice reward. Second, the heterogeneity of firing rates in relation to
volume of juice delivered (Figures 3.3 and 3.8) suggests the firing of these neurons is not
simply related to the volume of juice delivered and hence, the amount of licking
required to imbibe the reward. Third, the observed lateral location of juice outcome
coding neurons is present in the fixation and saccade epochs, presumably before any
licking occurs.
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A purely motor explanation of social image coding in the medial striatum is
similarly unsatisfactory. Saccade-related caudate neurons respond to expected juice
rewards (figure 3.4) and do so independently of the parameters of the saccade required
to obtain the reward (Hikosaka, Nakamura et al. 2006; Lau and Glimcher 2007) and
maximal encoding of social image in both the caudate and ventral striatum was
observed in the outcome epochs, after the execution of the saccade (figure 3.4B and
3.4D). Therefore, the social information conveyed by medially located striatal neurons
likely reflects the some aspect of the inherent reward or salience of that social
information, and not simply saccade-related motor commands.

4.3.2 Functionally distinct regions of the striatum
The combination of striatal lesioning techniques and careful behavioral
manipulations have revealed the existence of distinct regions in the striatum with
differential contributions to reward-guided behavior. Rats with lesions of the ventral
striatum (VS) exhibit reduction in the effort they are willing to exert to obtain reward
(Berridge and Robinson 1998), and deficits in Pavlovian learning and Pavlovianinstrumental transfer (Parkinson, Willoughby et al. 2000; Parkinson, Dalley et al. 2002;
Corbit, Janak et al. 2007). However, VS lesions leave instrumental performance intact
(Parkinson, Dalley et al. 2002). Lesions of the dorsomedial striatum (DMS), impair
action-outcome learning in instrumental conditioning. When reward contingencies are
manipulated through degradation or devaluation, DMS-lesioned rats are not sensitive to
these changes (Yin, Knowlton et al. 2005). Lesions of the dorsolateral striatum (DLS)
impair habit-formation. Under some conditions, normal instrumentally-conditioned rats
lose sensitivity to manipulations of reward contingencies with extensive training; i.e.
they act on established stimulus-response associations rather than stimulus-outcome
associations. However, lesions of the DLS prevent this transfer from action-outcome
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associations to stimulus-response associations. DLS lesioned rats retain sensitivity to
manipulations of reward contingencies in conditions in which normal rats would be
acting on habit (stimulus-response associations) (Yin, Knowlton et al. 2006).
Thus, the VS, DMS, and DLS have distinct roles in goal-directed behavior; the VS
is particularly important for Pavlovian and incentive salience processes, the DMS is
particularly important for learning instrumental action-outcome associations, and the
DLS is essential for creating stimulus-response associations, or habits, in situations when
the action-outcome contingencies remain stable over long periods of time. These distinct
functional roles of striatal subregions are in good agreement with the anatomy of
cortical inputs to the striatum. The VS receives input from limbic structures
(orbitofrontal and insular cortices and amygdala), the DMS receives its heaviest input
from the dorsolateral prefrontal cortex, and the DLS receives its primary cortical input
from somatosensory and motor cortices (reviewed in Voorn, Vanderschuren et al. 2004),
and lesions to cortices projecting to a particular subregion of the striatum can have
similar effects on goal-directed behavior as lesions to that area of striatum (Balleine,
Killcross et al. 2003; Corbit and Balleine 2005; Ostlund and Balleine 2005; Ostlund,
Winterbauer et al. 2009). (The functional specialization of the subregions of the striatum
is reviewed in (Haber 2003; Yin, Ostlund et al. 2008; Balleine, Liljeholm et al. 2009)).
Unfortunately, the interpretation of my striatal data in light of the distinct
functional roles played by subregions of the striatum is less than straightforward. The
mediolateral segregation of social image and juice reward responsive neurons could be
interpreted in terms of the action-outcome learning mediated by the DMS and the
stimulus-response or habit formation mediated by the DLS. My monkey subjects have
been exposed to hundreds of thousands of pay-per-view trials over the course of my
experiments and the experiments of other members of my laboratory. However, tasks
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employing social stimuli make up only a small portion of the total experimental trials
completed by these subjects over the course of their experimental careers. The vast
majority of experiments employing my subjects involved only juice rewards. It could
therefore be argued the lateral bias of juice sensitive neurons in the striatum could be
associated with habitual, stimulus-response associations formed on the more extensively
overtrained juice contingencies, while the medial bias of social image outcome sensitive
neurons reflects a less habitual, at least relative to juice responses, and more actionoutcome mediated response. The reaction time data presented in figure 3.1 could be
interpreted to provide support for this idea. Reaction times are fastest when juice
outcomes are highest, and slowest when social image salience is highest. Decisions made
on the basis of juice outcome are fast, easy, and habitual, while decisions made on the
basis of social image outcome are slower and more deliberative, implying consideration
of the outcome and not a simple habitual response.
This interpretation could hold some truth, but it is problematic for several
reasons. First, human imaging studies employing juice or social rewards have
uncovered a similar mediolateral segregation of striatal regions sensitive juice and social
outcomes (Aharon, Etcoff et al. 2001; O'Doherty, Deichmann et al. 2002; McClure, Berns
et al. 2003; O'Doherty, Dayan et al. 2003; O'Doherty, Buchanan et al. 2006; Bray and
O'Doherty 2007), and there is no reason to believe the human subjects performing for
fluid rewards were any more habituated to the experimental tasks then the subjects
performing socially-rewarded experimental tasks. Second, despite having performed
hundreds of thousands of trials for juice rewards, my monkeys are exquisitely sensitive
to changes in juice reward contingencies. Changes in juice reward contingencies in the
pay-per-view task are not signaled to the monkey, who learns about new contingencies
only through trial and error. Despite this, monkeys adjust their behavior according to
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the new contingencies within one or two trials. This sensitivity to changing reward
contingencies suggests monkeys make decisions in the pay-per-view task based on
action-outcome associations and not habitual stimulus-response associations.
This presents an apparent conundrum. In the pay-per-view task, monkeys are
extremely sensitive to changes in juice reward contingencies suggesting action-outcome
associations and not habits, guide choices based on juice outcome, but the
preponderance of neurons representing information about juice outcome is in the lateral
striatum, which lesion work suggests is particularly important for habitual and not
action-outcome guided behavior. The resolution to this apparent conundrum is, of
course, that the pay-per-view task is poorly suited to probe action-outcome versus
stimulus-response guided behavior. In the pay-per-view task, as well as most
experimental tasks used to examine reward-guided eye movement behavior in
monkeys, reward contingencies change much more frequently than in the outcome
devaluation and contingency degradation tasks used in lesion studies to dissociate
action-outcome and habit guided behavior. However, the juxtaposition demonstrates the
importance of expanding current action-outcome and habit-based models of striatal
function to accommodate broader experimental findings.
One potential step toward accomplishing this goal revolves around expanding
the theoretical role of the DLS to include the processing of easy decisions as well as
habitual behavior. Whatever its validity, the idea monkeys performing the pay-per-view
task process fluid outcome contingencies more habitually than social image outcome
contingencies is not based on differential sensitivities to changes in juice versus social
outcome contingencies. Rather, it is based on the relative levels of cognitive effort (as
inferred from reaction times) that accompany social and fluid contributions to decisions.
It is intuitively appealing that easy decisions and habitual behavior should have some
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relation and overlap, and it is possible a similar functional segregation in the striatum
exist for easy versus difficult decisions. However, previous experiments, such as the
lesions studies mentioned above, define habit by its lack of sensitivity to changes in
outcome. Decisions, even easy decisions, are based on action-outcome contingencies.
Whether the DLS can support the processing necessary for stereotyped, rapid decisions
remains to be tested.

4.4 Final thoughts
The neurophysiologic study of social attention and reward is still in its youth,
and as such many questions remain unanswered. However, the early forays presented
here hint at the potential value of further investigation. Given the importance of social
factors in our evolutionary history and day-to-day well being, understanding the
neurophysiology of social reward is immensely important in its own right, but will also
serve as a tool to help extend, validate, or refute models of general decision-making and
reward processing.
Furthermore, understanding how the processes that motivate the choice of where
to look are impacted by social factors will likely have important implications for
understanding the etiology of, and advancing treatments for autism spectrum disorders.
When freely viewing faces, people with autism do not fixate the eyes nearly as much as
neurotypical controls (Neumann, Spezio et al. 2006). The eyes are extremely important
for conveying emotion and intention, and by not viewing the eyes, people with autism
miss important social information. Missing this information could have a causal role in
the development of abnormal social behavior observed in autism
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Appendix:	
  Mirroring	
  of	
  attention	
  by	
  neurons	
  in	
  macaque	
  
parietal	
  cortex
A.1 Abstract
Macaques, like humans, rapidly orient their attention in the direction other
individuals are looking. Both cortical and subcortical pathways have been proposed as
neural mediators of social gaze following, but neither pathway has been characterized
electrophysiologically in behaving animals. To address this gap, we recorded the activity
of single neurons in the lateral intraparietal area (LIP) of rhesus macaques to determine
whether and how this area might contribute to gaze following. A subset of LIP neurons
mirrored observed attention by firing both when the subject looked in the neuron’s
preferred direction and when observed monkeys looked in the neuron’s preferred
direction, despite the irrelevance of the monkey images to the task. Importantly, the
timing of these modulations matched the time course of gaze-following behavior. A
second population of neurons was suppressed by social gaze cues, possibly subserving
task demands by maintaining fixation on the observed face. These observations suggest
that LIP contributes to sharing of observed attention and link mirror representations in
parietal cortex to a well-studied imitative behavior.

A.2 Introduction
People naturally and intuitively share attention with each other. In a laboratory
setting, people respond more quickly to targets that are the object of another’s attention,
even when this social cuing is brief or consistently misleading (Friesen and Kingstone
1998; Driver, Davis et al. 1999; Langton and Bruce 1999). Monkeys’ attention also
follows the gaze of others (Emery, Lorincz et al. 1997), and the similar magnitude and
time-course of gaze following by rhesus macaques and humans (Deaner and Platt 2003)
implicates shared neural mechanisms. The ability to follow gaze is believed to be an
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important foundation for theory of mind (Baron-Cohen 1994; Perrett and Emery 1994);
thus, the neural processes governing gaze following are relevant both to the evolution of
social cognition (Tomasello and Farrar 1986; Hare and Tomasello 2004; Tomasello,
Carpenter et al. 2005) and to clinical disorders, such as autism, associated with social
attention deficits (Baron-Cohen, Campbell et al. 1995; Pelphrey, Sasson et al. 2002;
Pelphrey, Morris et al. 2005; Ristic, Mottron et al. 2005). Though gaze following involves
automatic “mirroring” of other’s mental states, mirror neurons (di Pellegrino, Fadiga et
al. 1992; Rizzolatti and Craighero 2004) for visual orienting have not previously been
identified.
Current evidence suggests that identification of where other individuals are
looking is accomplished by neurons along the superior temporal sulcus (STS) (Puce,
Allison et al. 1998; Wicker, Michel et al. 1998; Hoffman and Haxby 2000; Tsao, Freiwald
et al. 2003) and in the amygdala (Kawashima, Sugiura et al. 1999; Hoffman, Gothard et
al. 2007). In primates, signals from these brain areas (Tsao, Freiwald et al. 2003) ramify to
multiple targets in the visual orienting system, including, within one or two steps,
posterior parietal cortex (7A and lateral intraparietal area LIP (Seltzer and Pandya
1991)), prefrontal cortex (supplemental and frontal eye fields, SEF and FEF (Seltzer and
Pandya 1989)), and subcortical visual areas (pulvinar nucleus of the thalamus
(Romanski, Giguere et al. 1997) and SC (Fries 1984)). Neuroimaging studies indicate that
perception of faces with averted gaze activates populations of neurons in the STS region
(Allison, Puce et al. 2000; Calder, Beaver et al. 2007) and the amygdala (Kawashima,
Sugiura et al. 1999), as well as the parietal cortex (Calder, Beaver et al. 2007). These
observations invite the simple hypothesis that gaze-following behavior is mediated by a
relatively straightforward system, beginning with the STS and proceeding directly to the

98

attention- and gaze-control networks. Although intuitively appealing, this model raises
several important questions.
First, gaze-following behavior fits poorly into existing models of attention
(Friesen and Kingstone 1998; Driver, Davis et al. 1999), which dichotomize the
underlying mechanism as either reflexively driven by exogenous stimuli or
endogenously guided by internal goals (Jonides 1981; Muller and Rabbitt 1989). While
there is some evidence that specific neural circuits mediate these processes ((Corbetta
and Shulman 2002) c.f. (Carpenter 2000; Bisley and Goldberg 2003)), the precise
contributions of neurons within different brain areas to exogenous, endogenous, and
social attention—and, indeed, whether these processes are distinguishable at the
neuronal level—remain unclear.
Second, the fastest reported gaze-following behavior in monkeys is evoked at
very short latencies (100 ms after gaze cue onset; see Shepherd, Deaner et al. 2006),
requiring the processing stream that discriminates gaze direction and relays this
information to visual orienting areas to operate quite rapidly. Thus, while
neuroimaging techniques can identify cortical areas sensitive to the direction of
observed gaze, their temporal resolution is too coarse to determine whether these areas
are capable of mediating fast gaze-following behavior. To date, the neural correlates of
social gaze-evoked attention have only been explored using brain imaging or
neuropsychological techniques in humans (Hietanen, Nummenmaa et al. 2006;
Hietanen, Leppanen et al. 2008; Materna, Dicke et al. 2008).
Finally, current neurophysiological models of visual orienting behavior posit
some form of temporal integration mechanism (Carpenter 2000; Roitman and Shadlen
2002; Bisley and Goldberg 2003). In such models, visual orienting is evoked when
neuronal activity associated with shifting gaze to a particular location reaches a
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threshold level of firing. One appealing feature of such models is that they capture
within a single framework the relationship between the strength of the neuronal
response and both reaction time and the likelihood of orienting (Gold and Shadlen
2002), thus providing a good description of the relationship between orienting decisions
and neuronal activity in brain areas associated with attention, including LIP (Ganguli,
Bisley et al. 2008). It is currently unclear whether social gaze cues influence LIP neurons
in a manner consistent with these models.
In principle, these questions could be addressed by recording the activity of
neurons in this putative social attention processing stream during spontaneous gaze
following in controlled laboratory conditions (c.f. Deaner and Platt 2003; Shepherd,
Deaner et al. 2006). To begin addressing these questions, we probed the impact of social
gaze cues on the firing rates of LIP neurons in monkeys performing a simple visual
orienting task, in which monkeys were required to maintain fixation on a monkey face
with averted gaze, and then to shift their own gaze toward a peripheral target randomly
illuminated either within or outside the direction of observed gaze. Previous studies
have linked LIP activity to both covert and overt orienting of attention, with neuronal
activity tracking visual saliency, saccade likelihood, and target value (Colby and
Goldberg 1999; Platt and Glimcher 1999). Our primary goals were to determine whether
LIP neurons are sensitive to observed gaze direction and, if so, whether this sensitivity
could mediate gaze-following behavior. We were particularly interested in whether the
response dynamics were quick enough to mediate the rapid behavioral responses
observed in a standard gaze-following probe (Figure 1) (Friesen and Kingstone 1998;
Deaner and Platt 2003; Shepherd, Deaner et al. 2006). To our knowledge, no prior studies
have linked the responses of single neurons to gaze-following behavior or reported the
latency at which observed gaze direction is signaled by neurons in the brain. Though
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several prior studies have contrasted eye-contact with averted gaze (e.g. Perrett, Smith et
al. 1985), we found only one (De Souza, Eifuku et al. 2005) that explicitly reported deictic
signals (signals that “point out” specific spatiotemporal targets); the study was not
optimized to examine the latency at which these signals arose.
We found that activity in 30 of 106 neurons recorded in LIP (28%) was
modulated by social gaze cues, even when these cues were presented outside their
classical response fields, and despite the fact that optimal behavior in the task would
completely ignore the cues (c.f. Deaner and Platt 2003). Of these, roughly half (43%)
mirrored observed gaze, becoming more active both while directing attention toward a
region of space and while observing other monkeys do the same. Moreover, the
temporal dynamics of neuronal responses to social gaze cues predicted the time-course
of gaze-following behavior. Other neurons were suppressed by gaze cues toward their
response field, and may have acted to suppress task-irrelevant behavioral responses to
observed gaze. These findings suggest that LIP plays a role in behavioral responses to
gaze, e.g. gaze following and shared attention. While confirming a causal relationship
would require techniques such as reversible inactivation or microstimulation, these
correlational findings support a role for LIP in social mirroring of both orienting
behavior and associated attentional states.

A.3 Results
Overall, monkeys followed gaze during physiological recordings, initiating
saccades faster when a photographed monkey had also looked toward the target. Gazefollowing behavior was strongest at short delays between cue onset and target
appearance, as we have previously reported (Deaner and Platt 2003; Shepherd, Deaner
et al. 2006). Monkeys showed significant gaze following for the shortest three cue
durations (Figures A.1b; ANOVA, average normalized saccadic reaction time per
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neuron, by congruence X cue duration, p=0.00001. Post-hoc t-test of neuron-wise effect
size at 100ms, p=3*10-10; at 200ms p=0.0002; at 400ms, p=0.03; at 800ms, p=0.8). We have
previously reported individual differences in both gaze-following magnitude and time
course associated with dominance status (Shepherd, Deaner et al. 2006), but the current
study was not optimized to detect these differences and could not fully resolve them
(ANOVA; congruence X subject identity, p=.0001; congruence X cue duration X subject
identity, n.s.). All four monkeys showed stronger gaze following behavior at shorter (<
400 ms) than longer (>= 400 ms) social cue durations (paired t-test, p=.0023), consistent
with earlier reports (Shepherd, Deaner et al. 2006). Due to their consistency and their
rapidity (Deaner and Platt 2003; Shepherd, Deaner et al. 2006), these fast gaze-following
responses are of the greatest interest for the current study of neuronal response
dynamics. Monkey Niko showed the strongest fast gaze following (mean = 4.0 ms;
contributed 29% of neurons); followed by Sherry (mean = 2.5 ms; contributed 47% of
neurons), Dart (mean = 2.1 ms; contributed 8.5% of neurons), and Otto (mean = 0.63 ms;
contributed 15% of neurons).
In total, 153 neurons were recorded, of which 106 were confirmed post-hoc to
strongly differentiate between targets located in their estimated response fields (“in RF”)
and those reflected through the origin (“outside RF”) (t-test with Bonferroni-corrected
α=.05/153, over the interval 20-120 ms following target onset). Although faces
subtended only the central 5º of visual space, were static, were presented outside the
classical response field of the recorded neurons, and were irrelevant to the task of
orienting for fluid rewards, the firing rates of some neurons were systematically
modulated by observed gaze direction (Figure A.2). For example, Figure A.2a presents
data for a neuron that increased firing following presentation of a monkey face gazing
towards the right side of the monitor—the same direction preferred by the neuron when
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the subject oriented to a visual target during simple response field mapping trials. By
contrast, other neurons fired more strongly when the observed monkey face was gazing
away from the classical response field (Figure A.2b).
Thirty (28%) of 106 neurons differentiated faces looking toward from those
looking away from their RF (Figure A.3a, see also Figure A.4). About half of these
neurons showed systematic increases in firing rate (n=13), while the other half showed
systematic decreases in firing rate (n=17), in response to faces gazing toward the RF.
The distribution of neurons significantly enhanced, significantly suppressed, or failing
to significantly differentiate gaze did not differ significantly across individuals (chi2,
n.s.). Thus, area LIP appears to spontaneously receive information about where other
individuals are looking, despite the fact that monkeys were not trained to discriminate
these cues or associate them with rewards, and despite the fact that face cues did not
predict the location of saccade targets and thus were irrelevant to the task.
We next compared the time course of LIP social gaze cue sensitivity to the time
course of behavioral gaze following. Looking exclusively at those trials in which a
spatially-neutral gray square appeared, rather than a directional gaze cue, we found that
LIP population activity was negatively correlated with saccade latency from 148 ms
prior through 115 ms after the time of cue offset / target onset (all trials, Figure A.3b;
neutral only, Figure A.5). This finding is consistent with past observations of ramping
LIP activity reaching a threshold approximately 100-50ms prior to initiation of a gaze
shift toward the neuronal response field (Roitman and Shadlen 2002; Ipata, Gee et al.
2006). Note these correlations do not necessarily imply that peak firing rates correlate
with saccade latency—rather, we suspect these correlations may reflect a change in the
latency of a short, stereotyped burst of activity which, in turn, correlates with saccade
latency. Based on these data, in order for LIP to directly mediate gaze-following
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behavior, neurons in this area must be sensitive to social gaze cue direction in the 250ms
time window surrounding target onset and during subsequent saccade preparation.
In this experiment, as in earlier studies (Deaner and Platt 2003; Shepherd, Deaner
et al. 2006), gaze-following behavior developed quickly, then faded. Intriguingly, we
found that social gaze cues directed toward the RF most strongly excited neurons at
latencies 100-500ms after cue onset. In fact, nearly all neurons significantly enhanced by
social gaze cues toward their RF differentiated between toward-RF and away-from-RF
gazing faces in the period from 250 to 400 ms after cue presentation (Figure A.3a, see
also Figure A.4, rightmost panels). Thus, socially-cued enhancements in LIP activity
occurred in roughly the same time period in which we observed the strongest gazefollowing behavior (Figure A.3). The temporal dynamics of socially-cued modulation
differed between gaze-activated and gaze-deactivated neurons (K-S test, p=10-9, Figure
5.4, rightmost panels). While socially-cued suppression was uniform across the central
cue period (K-S test versus uniformity, p>0.1), socially-cued enhancement was
significantly clustered in time (K-S test versus uniformity, p=10-11). This pattern
suggests that while social-gaze enhanced neurons contribute to gaze-following behavior,
social-gaze suppressed neurons act to maintain fixation across the cue period and thus
increase the likelihood the monkey will successfully complete the task.
To refine our understanding of social attention effects in LIP, we contrasted the
latency with which neurons signaled image onset, the latency with which they
distinguished social gaze cues from neutral gray squares, and the latency with which
they distinguished social gaze cue direction (Figure A.4). We looked both at overall
population responses and at subpopulations that were significantly enhanced or
suppressed by image onset, image type, and cue direction, respectively. We found that
latencies increased systematically: Image-independent responses to cue onset plateaued
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after 50 ms, presumably reflecting an overall change in luminance of the display. By
contrast, distinctions between social gaze cues and a gray square control image arose
between 60 ms (for those neurons that preferred large gray square) and 100 ms (for those
neurons that preferred faces). Finally, distinctions between social gaze cue directions
arose last, with gaze-cued enhancements beginning between 100-200 ms and gaze-cue
suppression remaining fairly constant during the cue fixation period. These results are
consistent with LIP receiving feed-forward information from successively higher levels
of the visual system, with directional social gaze signals arriving relatively late. These
findings are also consistent with the idea that LIP mediates both social salience
assessment (Klein, Deaner et al. 2008) and oculomotor reward contingencies related to
task demands (Platt and Glimcher 1999). We speculate that gaze-cue enhanced neurons
signal the increased value of acquiring information about regions of space where other
monkeys are looking. By contrast, we speculate that gaze-cue suppressed neurons
contribute to active fixation required for successful task performance; in order to
correctly complete the trial and receive juice reward, any overt gaze following must be
suppressed, and fixation maintained, throughout the entire cue period.

A.4 Discussion
This report unifies past literature on mirror neurons, thought to participate in the
imitation and interpretation of observed action (di Pellegrino, Fadiga et al. 1992;
Rizzolatti and Craighero 2004), with literature on gaze following, thought to mediate the
sharing of attention between individuals (Baron-Cohen 1994; Friesen and Kingstone
1998; Driver, Davis et al. 1999; Tomasello, Carpenter et al. 2005). Mirror neurons are
motor neurons that discharge not only during enactment but also during observation of
a particular behavior (di Pellegrino, Fadiga et al. 1992; Rizzolatti and Craighero 2004).
LIP, while not classically a motor area, is active in gaze-related sensorimotor
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transformations (Gnadt and Andersen 1988; Platt and Glimcher 1997; Snyder, Batista et
al. 1997; Snyder, Batista et al. 2000), and its activity contributes to both overt (Thier and
Andersen 1998) and covert shifts of attention (Colby and Goldberg 1999; Bisley and
Goldberg 2003) and to maintenance of attention at fixation (Schiller and Tehovnik 2001;
Ben Hamed and Duhamel 2002). We here report that neurons in LIP respond not only
when monkeys orient attention toward their response fields but also when other
monkeys are observed orienting in the same direction. These effects are detectable
despite the irrelevance of social gaze cues to the behavioral task and despite the fact that
faces were presented outside the neurons’ classical response fields. We find further
support for gaze mirroring in the common modulation of gaze-following behavior
(Shepherd, Deaner et al. 2006; Deaner, Shepherd et al. 2007) and mirror system activity
(Kilner, Marchant et al. 2006) by social relevance. Though only a small population of
LIP neurons demonstrated mirroring behavior in this experiment, this number is
consistent with past studies of mirror neurons in other areas. For example, in their initial
description of mirror neurons in area F5, di Pellegrino et al. identified 29 of 184 (16%) as
having visuomotor mirror properties (di Pellegrino, Fadiga et al. 1992).
Furthermore, we report that those neurons excited by gaze toward their response
field were most strongly activated during the period in which the strongest gazefollowing behavior was observed. Moreover, the pattern of neuronal activation
associated with socially-cued attention was broadly consistent with integrate-tothreshold models describing both exogenous and endogenous control of visual orienting
(Carpenter 2000; Gold and Shadlen 2002; Roitman and Shadlen 2002). This evidence
supports the notion that LIP neurons may contribute to the reflexive sharing of attention
(neurotypical humans: (Friesen and Kingstone 1998; Frischen, Bayliss et al. 2007), other
species: (Emery 2000; Deaner and Platt 2003; Itakura 2004), clinical relevance: (Klin,
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Jones et al. 2002; Ristic, Mottron et al. 2005)). Although social gaze cue effects on
neuronal activity were small, they were statistically significant even when driven merely
by small, static, repetitive digital pictures. While previously-described mirror neurons
in other areas are activated by the observation of specific behaviors performed by
human actors (di Pellegrino, Fadiga et al. 1992; Rizzolatti and Craighero 2004), LIP
neurons here responded to the observation of static images of macaque faces presented
on a computer monitor. Because gaze is intrinsically dynamic and because averted gaze
postures are rarely maintained, these cues depicted a sustained attentional state and
thus implied a recent gaze shift. We anticipate neuronal responses would be even more
robust for dynamic social gaze cues, paralleling the phasic responses observed in other
mirror neurons during observation of real-world movement (di Pellegrino, Fadiga et al.
1992; Rizzolatti and Craighero 2004); furthermore, we note that because we chose to use
static images, low-level visual motion cannot account for the observed behavioral or
neuronal responses.
We note several factors that militate for caution in interpretation of these results.
While our data show that LIP neurons are sensitive to social gaze early enough to
mediate fast gaze-following behavior, we cannot confirm a causal role (Dinstein,
Thomas et al. 2008). Indeed, the activation of LIP neurons in response to observed gaze
comes somewhat late in the preparatory window for 100ms-cue-duration saccades,
despite the fact that gaze following of these cues is nearly as strong as gaze following of
cues presented for 200ms. We cannot currently exclude the possibility that activity in
other brain areas also contributes to these fast gaze-following responses. In fact,
modulations in the activity of LIP neurons may result from inputs from subcortical or
frontal circuits that process social gaze cues. In this view, the observed modulations in
LIP activity reflect the integration of social gaze cue information with calculations of
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salience (Colby and Goldberg 1999) or reward (Klein, Deaner et al. 2008) associated with
acquiring behaviorally useful visual information. Alternatively, LIP may act to bind
together observed conspecifics with the objects of their attention, operating in an
analogous fashion to the spatial binding of co-activated response fields across saccades
(Duhamel, Colby et al. 1992).
Indeed, though Calder and colleagues have reported activation in human
parietal cortex that differentiates the direction of observed gaze ((Calder, Beaver et al.
2007), see also (Hietanen, Nummenmaa et al. 2006; Materna, Dicke et al. 2007)), other
evidence suggests this is not the only pathway through which gaze following may
operate. For example, Vuilleumier and colleagues demonstrated that spatial neglect
associated with parietal lesions in humans is ameliorated when social gaze cues are
directed into the neglected hemifield (Vuilleumier 2002). This observation suggests
either that an intact parietal cortex is unnecessary for gaze-following behavior, or that
the intrinsic saliency of social stimuli, like other motivational manipulations (see
Mesulam 1999), can override parietal dysfunction. It is important to note, however, that
the lesions in that study likely spared portions of the parietal lobe, perhaps including the
human homolog of LIP; the results thus cannot rule out the possibility that areas
homologous to LIP were intact and active in mediating the described gaze-following
behavior. Conversely, lesions of right superior temporal gyrus (Akiyama, Kato et al.
2006), amygdala (Akiyama, Kato et al. 2007), or orbitofrontal cortex (Vecera and Rizzo
2004) each have been reported to disrupt gaze-following behavior. A subordinate role
for LIP in gaze following would be consistent with the time-course of microstimulationevoked saccades across the gaze control network: stimulation of LIP is 20-40ms slower to
evoke saccades than stimulation of the frontal eye fields (FEF) or the superior colliculus
(SC): FEF, 15-25 ms (Robinson and Fuchs 1969; Bruce, Goldberg et al. 1985); LIP, 30-50
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ms (Shibutani, Sakata et al. 1984; Kurylo and Skavenski 1991; Thier and Andersen 1998);
SC, 13-20 ms (Robinson 1972; Stanford, Freedman et al. 1996). Furthermore, our
observation of a population of neurons suppressed by social gaze cues suggests that in
this task, LIP actively regulated the prepotent gaze-following response.
Monkeys were trained extensively on this task, in which gaze direction is
uncorrelated with future target location, and premature attempts to follow gaze abort
fixation and preclude reward (c.f. Deaner and Platt 2003): Under these conditions,
optimal behavior would be produced by total suppression of gaze following. Because
LIP has been implicated in both exogenously and endogenously cued attention
(Corbetta and Shulman 2002), it may seem unsurprising that neurons in this area also
signal socially-cued attention. As mentioned, however, gaze following is both faster than
endogenous attention and more perceptually demanding than exogenous attention. As a
result, gaze following has been hypothesized to rely on specialized mechanisms distinct
from those mediating either endogenous or exogenous attention (Baron-Cohen 1994). In
contrast with this hypothesis, our findings indicate that gaze-following behavior is
influenced by one of the same systems governing both endogenous and exogenous
orienting, and appears to be processed in a manner consistent with existing models of
orienting behavior (c.f. Carpenter 2000; Roitman and Shadlen 2002; Bisley and Goldberg
2003). Nonetheless, we recognize that further study will need to better quantify the
dynamics of gaze mirroring throughout the attentional control network, and to disrupt
this mirroring through targeted inactivations. By tracing neuronal activity from purely
perceptual representations of gaze direction through behavioral readouts of attentional
state, we may reveal not only how we read the intentions of others, but how we connect
with the minds that animate them.
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A.5 Methods
A.5.1 Subjects
Four pair-housed male rhesus monkeys (Macaca mulatta) from our colony at the
Duke University Medical Center served as subjects. All animals were originally reared
in naturalistic social groups. To enhance motivation, subjects’ water access was
controlled outside of the experimental session. All procedures were approved by the
Duke University Institutional Animal Care and Use Committee and were designed and
conducted in compliance with the Public Health Service’s Guide for the Care and Use of
Animals.

A.5.2 Recording
All experiments were conducted using a PC computer running custom software
(ryklinsoftware.com). Monkeys viewed stimuli on a dark background on 24” CRT
monitor positioned at approximately 45 cm distance. Eye position was monitored using
a magnetic search coil surgically implanted beneath the conjunctiva of one eye and
sampled at 500 Hz (Fuchs and Robinson 1966; Judge, Richmond et al. 1980) or via an
Eyelink II optical gaze-tracking system. Head position was maintained with a surgically
implanted stainless steel prosthesis (Crist) (cf. (Dean, Crowley et al. 2004)).
To permit electrophysiological recordings, macaques were additionally
implanted with a stainless steel recording chamber (Crist) over posterior parietal cortex
(LIP) (c.f. Platt and Glimcher 1997; Klein, Deaner et al. 2008). Prior to each session, the
chamber was aseptically opened, rinsed thoroughly with sterile saline, and fit with a
plastic grid (Crist) (c.f. Dean, Crowley et al. 2004). A 23-gauge hypodermic guide tube
containing a tungsten steel 7-12MΩ electrode (Frederick Haer) was inserted through the
grid; an X-Y micropositioner (Crist) and hydraulic microdrive (Kopf) were then mated to
electrode and chamber. Electrophysiological recordings were amplified and filtered of
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line noise and search coil system interference (passband ~500-5k Hz). Action potentials
were identified in hardware (BAK, PLEXON) by time and amplitude criteria or by
template-based spike sorting. The electrode was then lowered until visual or saccaderelated activity was recognized on an audio monitor. As the monkey performed
visually- and memory-guided saccade trials, the electrode was lowered further at 2.520µm/s until the waveform of at least one neuron could be isolated and its response
field (RF) localized. Data was recorded by custom software (ryklinsoftware.com) and
imported into Matlab for further analysis by custom scripts. All surgical procedures
were performed aseptically, followed with appropriate analgesics and antibiotics, and in
all other ways followed standard protocols described previously (Deaner and Platt 2003;
Klein, Deaner et al. 2008).

A.5.3 Task
Once a neuron had been isolated and spatially characterized, macaque subjects
performed a modified Posner cuing task (Posner 1980; Deaner and Platt 2003; Shepherd,
Deaner et al. 2006) in which they first fixated a central target, followed by a static,
centrally-presented social gaze cue. Each cue image consisted of a photograph of a
familiar macaque gazing either toward or away from the mapped response field;
photographs were 115 pixels square and subtended approximately 5º. To minimize the
impact of low-level stimulus features on behavioral and neural responses, we used two
techniques: in half of the sessions, cue images were reflected across the vertical meridian
to generate a feature-balanced set of social cues toward or away from the response field;
in the other half, sets of approximately sixteen different cue images were chosen looking
toward or opposite the response field, minimizing the contribution of any idiosyncratic
visual features to deictic gaze responses. Gaze-modulated neurons were observed
under both conditions. The direction faced by the cue image was randomly determined
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on each trial, and in each session cue images were selected so that one of the pair faced
the response field of the neuron. Randomly, in one third of trials, a neutral gray square
appeared instead of a social gaze cue; this allowed an independent measure of how LIP
activity predicted saccade response time. After a variable duration (100, 200, 400, or 800
ms), the gaze cue abruptly offset, and a target appeared randomly either in the same or
the opposite hemi-field as cue gaze. Target locations were chosen so that one target was
in the response field of the neuron, while its complement was reflected through the
origin to the spatially opposite location; gaze directions and target locations were
independently randomized across each session. Subjects shifted gaze from fixation to
this peripheral target as quickly as possible and maintained fixation for at least 300 ms to
receive a juice reward.

A.5.4 Analysis
Gaze following was operationalized as a decrease in reaction time to
congruently-cued versus incongruent stimuli (Deaner and Platt 2003; Shepherd, Deaner
et al. 2006). Normalization in Figure A.1b was achieved by subtracting the mean RT
toward each target for a given cue duration and recording session; error bars represent
standard error across sessions. Spikes were recorded continuously from 100ms prior to
task onset until task completion, and were convolved with a 10ms Gaussian smoothing
window to preserve fine latency information while enhancing statistical power at low
firing rates (Ipata, Gee et al. 2006). To determine the relationship between neuronal
activity and decreases in reaction time, we measured, for each neuron, the correlation
between the ms-to-ms activity and decreased latency (calculated by subtracting the time
of saccade onset from the time of target presentation).
Latency information was further analyzed by re-binning into 10ms bins from
100ms prior to cue presentation through the end of the cue period, and comparing spike
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counts using Matlab’s ranksum function (equivalent to a Mann-Whitney U-Function,
e.g. as used in (Coe, Tomihara et al. 2002)). Three latencies each were tracked, using two
different metrics. First, we checked all bins of all neurons to find which, if any,
significantly differentiated (a) cue images relative to fixation baseline (b) faces relative to
a neutral gray square (c) faces looking toward the RF relative to those looking away.
Bins that were significantly positive were distinguished from those that were
significantly negative. We then applied the following latency metrics: first, we looked at
the raw sum of neurons with significantly increased and with decreased firing rates
across time, and recorded when either sum was above the binomial expectation (twotailed alpha=0.05). Second, we separately analyzed neurons that showed significant
increases and decreases in activity, and tracked the time course of significant
modulations across time for each of these subpopulations.
Neurons were considered significantly sensitive to a variable if they passed a
permutation test designed as follows: the total number of bins significantly
increased/decreased by a particular variable during the cue period had to exceed the
97.5th percentile total modulated by the presumably meaningless contrast of odd versus
even trials. This threshold was set by permutation test, rather than by binomial
distribution, to control for statistical dependencies between adjacent timepoints in a
given recording session. For comparison of cue period activity to baseline, a slightly
different permutation was appropriate: the threshold number of significant bins had to
exceed the 97.5th percentile observed when ongoing activity was compared to a
randomly-determined 100ms time window. Dynamics of socially-cued modulations
were tested by Kolmogorov-Smirinov (K-S) test over the time window 50-700 ms into
the cue period.
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A.6 Figures

Figure A.1: Visual orienting task and behavioral dynamics.
(A) The impact of social gaze cues on the activity of single neurons in area LIP
was probed while monkeys shifted gaze to a peripheral target after viewing an image
of a familiar monkey looking toward the RF or away from it. Macaques first fixated a
central yellow square (±3°) for 200-500 ms. The yellow square was then extinguished
and a monkey face, shown here in inset, was illuminated centrally for a variable
duration (100, 200, 400 or 800 ms). If the monkey maintained fixation, the face was
extinguished and a peripheral yellow square simultaneously illuminated at one of
two fixed positions located symmetrically within, or opposite, the measured neuronal
RF. Gaze shifts to the peripheral target within 350 ms were rewarded with a small
squirt of juice. (B) Gaze following was observed after short (≤400ms) face viewing
durations. The average normalized saccade latency observed across all neurons and
cue durations are here plotted for congruent (red) and incongruent (blue) cue
conditions. Normalization was to the average response latency for all cue conditions
for each given neuronal recording session, cue duration, and target location. Error
bars represent SEM across sessions. Both the main effects of cue validity and cue
duration were significant, with the interaction significant at p=10-5. Effect size was
significant by t-test at 100, 200, and 400ms (p=3*10-10, 0.0002, and 0.03 respectively).
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Figure A.2: Single LIP neurons are sensitive to social gaze cues.
(A) Example neuron showing firing rate enhancement by social gaze directed
towards the RF. (B) Example neuron showing firing rate suppression by social gaze
directed towards the RF. Response field plots (left panels) illustrate firing rates for
saccade targets across the visual field, recorded during an independent set of simple
or delayed-saccade mapping trials. Schematic of cue image and target locations are
superimposed on this map at scale; cue images did not intrude into the neurons’
classical response fields. Right panels show neuronal activity as a function of time,
synchronized to cue onset, target onset, and saccade onset, respectively. Cue and
target location are indicated by color (red for cues gazing toward the response field;
blue, away) and line thickness (thick lines for saccades toward the response field;
thin, away). Gaze modulations were robust across time for both neurons.
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Figure A.3: Population responses to social gaze cues anticipate gaze-following
behavior
(a) Neural cue responses: Significant neuronal responses to observed gaze direction in
10ms bins. Neurons enhanced by social gaze cues (red) are temporally clustered in the
time windows for which gaze-following behavior is strongest, while those
suppressed by social gaze cues maintain tonic decreases in activity throughout the
fixation period (b) Task dynamics: cue fixation, saccade preparation, and saccade
latencies are shown for each cue duration. Green bars illustrate the duration of the
cue fixation period, red curves indicate correlation of LIP activity with decreased
saccade latency, and black curves indicate saccade onset density as a function of time.
Thus, the red curves indicate the moment-to-moment correlation of observed LIP
activity with decreased saccade latency, and range from nearly 0 to as high as 0.2
approximately 30-50 ms prior to saccade initiation. Similarly, the black curves indicate
when saccades were observed to begin, with a peak of approximately 2% occurring in
any given one-ms bin. (c) Saccade latency distributions: differential saccade-onset
density for congruently-cued versus incongruent trials show early gaze following
which later fades. We here attempt to indicate exactly when gaze following is first
evidenced in behavior. To do this, we separately generated histograms of saccade
onset time for congruent and incongruent responses—analogous to black curves in
the above panel. We then integrated these curves and examined the difference
between these cumulative histograms, to illustrate the precise times at which
congruent saccades occur faster than incongruent. Thus, positive deflections indicate
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(Figure A.3 Continued)
that more responses have occurred to congruently-cued than incongruent trials, and
negative deflections indicate the opposite. In summary, while suppressed neuronal
responses are fairly uniform, the excitatory neuronal responses (panel a) are maximal
while the 100-400ms cue responses are being generated (panel b) and during the time
period in which the largest behavioral effects are observed (panel c).
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Figure A.4: The LIP population develops sensitivity to lower- before higherlevel visuosocial cue dimensions.
Columns plot, from left to right, the time course of significant modulation by
(A) image fixation, (B) image type, and (C) social gaze cue direction. Population
responses first differentiate image onset, then social images, and lastly respond to
deictic signals. This holds whether looking across the population (black, D–F); at only
neurons that significantly preferred image onset, social images, or cues toward
response field (RF) (red, G–I); or at only neurons significantly suppressed by image
onset, social images or gaze cues (blue, J–L). On these lower plots (G–L), arrows mark
the time at which the population response became significant (2-tailed _, P_0.05).
Across all contrasts, suppressive neurons (blue, J–L) appeared to be activated earlier,
but with lower temporal coherence. Most crucially, the responses of gaze-activated
neurons differed significantly from those of gaze-suppressed (KS test, P _ 10_9), and
only socially-cued modulations in gaze-activated neurons clustered significantly in
time [KStest, P _ 10_11 for activated (I) vs. P _ 0.1 for suppressed (L)].
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Figure A.5: Population activity predicts decreased saccade latency.
Firing rates in neutrally-cued trials predicted decreased reaction times both (A) during
the cue period, and (B) during saccade preparation. Using only trials in which a gray
square appeared rather than a social gaze cue, firing rate strongly predicted decreased
saccade latency near the end of a cue duration (before 100, 200, 400, and 800 ms).
However, peak correlations were achieved during the period intervening between
target onset and saccade onset. These correlations were pronounced only when the
target appeared in the RF of the neuron (thick lines). Thus, additional neuronal
activity in lateral intraparietal area (LIP) would result in gaze following primarily if it
occurred immediately before target onset or during saccade preparation.	
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