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Abstract 
The visual world is full of potentially important information, but only a subset of 

the world can be evaluated at any time. An essential function of the central nervous 

system is to rapidly and adaptively select stimuli to evaluate via attention. Much of the 

time, attention is directed towards stimuli that are relevant for current goals. However, 

targets that have proven important in an organisms’ personal or evolutionary past can 

compete with goal-relevant targets for attention. In humans, one example of this 

attentional superset is faces: faces attract attention even when they are in competition 

with immediate goals. Using a combination of behavioral, pharmacological, and 

electrophysiological techniques in the rhesus macaque, I investigated the physiological, 

neurobiological, and evolutionary determinants of the attentional capture of faces. First, 

I show that the prioritization of faces is evolutionarily conserved in primates. Face 

distractors capture attention in rhesus macaques, a species of old world monkey, 

successfully competing with task goals for limited attentional resources. Importantly, 

the same classes of faces have the greatest attentional draw in both monkeys and 

humans. Further, I describe behavioral evidence that subcortical systems contribute to 

the attentional salience of faces in this species, proving an initial characterization of the 

neural mechanisms that may mediate this effect. Next, I examine the interaction between 

pupil size and vigilance for faces. A focal increase in luminance has long been known to 

provoke pupil constriction, but here I show that the pupil response to a flashed 

distractor is proportional to the allocation of attention to that image. Pupil constriction 

may provide a novel implicit metric of stimulus attention. Face images in particular 

provoked greater pupil constriction than non-face images. Moreover, I also find that 

baseline pupil size is a strong predictor of distractor interference, suggesting that arousal 
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may modulate social vigilance. Therefore, I next examined the role of single neurons 

within dorsal anterior cingulate cortex (dACC) in this process. dACC is a region 

implicated in task performance across a wide variety of tasks, but which also has strong 

connections to subcortical neuromodulatory centers responsible for regulating arousal. I 

find that the dACC discriminates between social and nonsocial distractors, scales with 

distractor attention, and predicts adjustments in arousal and vigilance state on 

upcoming trials. This is consistent with a model in which dACC supports task 

performance through regulating arousal. Finally, I turn to oxytocin (OT), a 

neuromodulatory hormone released during affiliative social interactions that is also 

implicated in regulating arousal. Though typically thought to generally enhance social 

attention, I report multiple circumstances in which OT suppresses, rather than enhances, 

vigilance for faces. This suggests a mechanism through which affiliative social 

interactions can reduce social vigilance, permitting more relaxed social interactions. 

Together, these results highlight an evolutionarily conserved neural circuit important for 

the adaptive, contextual modulation of reflexive face attention, a behavior that is 

compromised in both anxiety disorders and autism. Moreover, these results point to the 

central importance of autonomic arousal in the determination and regulation of 

distractibility.
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A note on terminology 
An interdisciplinary body of previous research that includes work by 

neurobiologists, ethologists, and psychologists motivated this dissertation. One 

challenge in synthesizing this literature is that, across disparate fields and even eras 

within fields, the same terms may refer to distinct concepts. In psychology, the word 

“vigilance” has historically meant sustained goal-directed attention (Broadbent, 1964). 

Conversely, in the ethological literature, “vigilance” refers to the act of breaking from 

ongoing behaviors to scan the environment (Roberts, 1996). For the sake of clarity and 

brevity in the present discussion, I define vigilance along the ethological convention: as 

the act of monitoring the environment for biologically important but task irrelevant 

signals. Other conflicted terms are defined when they are first used in the text.
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1. Introduction 
The behavioral repertoire of primates is vast and flexible. Primates can perform 

multiple tasks simultaneously, achieve multi-stage goals, employ and evaluate 

strategies, adjust their behavior in response to outcomes they did not experience, and 

switch between foraging patches close to optimally. This staggering flexibility does not 

replace, but rather compliments evolutionarily older behavioral processes that address 

the fundamental pressures of natural selection. In order to survive long enough to 

successfully reproduce, an organism must avoid potentially fatal threats. In order to do 

so, that organism must detect cues associated with threat and respond to them rapidly 

and appropriately. Many behavioral responses to threat are automatic across taxa: they 

are inevitably actuated in the presence of the precipitating cues. The reflexivity of these 

behaviors makes them relatively immune to errors of omission compared to more 

complex behaviors. However, sometimes it is maladaptive to break with ongoing 

behavioral goals in order to respond to biological cues, particularly when threat is mild. 

Foraging, for example, requires sustained engagement with the food patch, especially 

for animals that must compete with group-mates for limited food resources. However, 

even while exploiting a high quality patch, it is essential to maintain some level of 

responsiveness to the most salient of biological cues. The ability to sustain attention 

would quickly be selected out of a population without the preserved ability to respond 

rapidly and adaptively to biological cues despite a task-focused behavioral state. There 

are many conceivable ways through which an animal could adjust their vigilance, but at 

its most fundamental level, vigilance is a problem of attention: the selection of a 

particular a particular target for processing, over all alternatives. Studying vigilance 

through the lens of attention may thus provide novel insights. 
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To have sensory organs is to be barraged by sensory stimulation. In order to 

extract information from the barrage, we select one object or location for processing at 

time through attention. In attention research, there are two traditional conceptual 

dichotomies. First, a distinction is made between covert and overt attentional selection. 

Attention can involve an overt act of orienting (i.e. turning the head towards the source 

of a sound or making an eye movement to foveate an object) or a covert process (i.e. 

using selective visual attention to prioritize a region in space without a motor act). Much 

neurobiological and psychological research has focused on the latter, covert type of 

attention. However, in the present document covert and overt attention will be 

discussed together, due to the substantial functional and mechanistic overlap between 

the constructs (see Appendix A). The second dichotomy traditionally drawn in the study 

of attention is that targets can be attentively selected for different reasons: attention can 

be driven endogenously, by internal states and goals, or exogenously, by properties of 

the stimuli. In the example of a foraging animal under threat, the fruit the animal is 

exploiting is endogenously prioritized, while the approaching predator attracts attention 

exogenously. When a stimulus out-competes endogenous priorities and drives attention 

exogenously, it is said to capture attention (Yantis & Egeth, 1996). Unless the 

approaching predator captures the attention of our forager, the forager may not be long 

for this world. 

A stimulus that attracts attention exogenously, regardless of whether it captures 

attention in the strictest sense, has attentional salience. A forager may be drawn to 

particular pieces of fruit, for example, because of their color or location. Though 

attentional salience is often described as a stimulus property, the viewer plays a central 

role in determining the salience of stimuli. A stimulus may be attentionally salient to one 

viewer, because of past experiences with that stimulus predicting reward or 
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punishment, for example, but have little salience for a different viewer. One forager may 

have discovered that the reddest fruits are the best tasting, while a forager with a 

different palate may be attentionally drawn to the greener fruits. Alternatively, all 

members of one species or clade may find a given stimulus feature attentionally salient 

because of the basic organization of their visual system, but the same feature need not be 

salient for a distantly related species with a substantially different visual systems. Thus, 

each animal may be vigilant for slightly different cues. 

That balance between exogenous and endogenous attentional priorities is the 

animals’ state of vigilance. In many circumstances, heightened vigilance is adaptive. 

Deploying too many of your processing resources towards a task is a dangerous 

prospect for an animal that may be subject to predation or conspecific aggression. 

Moreover, insufficient vigilance may result in missed opportunities for positive 

outcomes: an animal may fail to utilize a food source or a mating opportunity through 

being narrowly focused on a specific task. However, high vigilance also has costs. No 

matter the strength of their endogenous priorities, a vigilant animal will have difficulty 

orienting to task-relevant stimuli in a noisy environment. A particularly vigilant forager, 

even a hungry one, will struggle to feed itself for constantly orienting to the slightest 

movement cues. The monitoring of innocuous stimuli as if they were important is clearly 

unnecessarily and significantly costly in terms of time, opportunity, and energy. 

Therefore, it is adaptive for animals to contextually modulate their level of vigilance. 

Despite the clear evolutionary significance of this question, little empirical work has 

addressed the regulation of vigilance. Instead endogenous and exogenous attention are 

typically treated in isolation, as dichotomous processes. In the present document, I break 

from this tradition and explore the insights that can arise from examining the balance 

between endogenous and exogenous attention. 
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Exogenous and endogenous attention are frequently discussed as opposing 

processes because attention can, by definition, only prioritize one stimulus or location at 

a time. However, exogenous and endogenous attention act synergistically in the 

development of orienting movements. When both exogenous and endogenous attention 

favor the same region in space, saccades towards that region are faster than when the 

two processes are in opposition (Markowitz, Shewcraft, Wong, & Pesaran, 2011). Thus, 

exogenous and endogenous attention are mutually influential, at least at the level of 

behavioral expression, and may be best studied not in isolation, but rather as mutually 

influential processes that together determine attention. 

The literature and experiments described in the following chapters explore 

various determinants of vigilance. Historically, laboratory studies of attention have 

neglected the physiology and ecology of the organism, but vigilance is profoundly 

shaped by behavioral and physiological context. Thus, the use of naturalistic stimuli and 

physiological measurements can provide novel insights into how animals regulate their 

vigilance in nature. In Chapter 1, I review the literature as it relates to four intersecting 

questions about vigilance that begin at the level of stimulus, move into physiological 

state, and then to intra and extrapersonal context. First, I ask what stimulus properties 

and neural mechanisms determine whether a given stimulus will tend to capture 

attention. Second, I ask how vigilance determined by the physiological state of the 

organism. Third, I ask how task goals affect vigilance state. Finally, I examine how is 

vigilance modulated by the external, interpersonal context. Following the literature 

review, I present data that address each of these questions in turn. In Chapter 2, I test the 

hypothesis that faces capture attention through an evolutionary ancient competence that 

compliments the complex cortical face detection system. I ask whether faces capture 

attention in the rhesus macaque, a species of old world monkey that diverged from the 
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human lineage 25 million years ago. I also determine whether behavioral evidence 

supports the hypothesis that face images capture attention through a subcortical 

orienting pathway. In Chapter 3, I examine the relationship between pupil size and 

vigilance. I determine that increasing pupil size predicts increasing distraction. I 

consider the relationship between pupil size, autonomic arousal, and norepinephrine. I 

also show that the pupil constriction typically observed in response to a stimulus is 

correlated with distractor interference and modulated by stimulus salience. In Chapter 4, 

I discuss how the dorsal anterior cingulate cortex, an executive control region, responds 

to salient distracting stimuli. This region signals the presence of distracting stimuli, 

scales with their level of attentional interference, and predicts adjustments in pupil size 

in subsequent trials. Finally, in chapter 5, I examine the vigilance effects of oxytocin, a 

neuromodulatory peptide released during affiliative social interactions. This chapter 

reports that oxytocin reduces vigilance generally, but also flattens the salience of stimuli, 

eliminating typical differences between stimulus classes. The latter chapters highlight an 

evolutionarily conserved neural circuit that adjusts vigilance in response to task goals 

and social context. In the conclusion, I discuss the implications of these findings for 

understanding vigilance in animals and distraction in humans. 
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2. Determinants of distractibility 
Previous research in psychology, ethology, and neurobiology has determined 

that distractibility is influenced by several interacting factors: stimulus, physiological 

state, intrapersonal context, and extrapersonal context. We know, for example, that the 

stimulus plays an important role in determining distractibility. A forager is attentively 

tuned to predators if he has survived any length of time: he was born with some 

intrinsic means of detecting and orienting to predators and has acquired others over the 

course of his lifetime. The faces of other individuals are also biologically salient stimuli. 

However it is unclear whether these stimuli have an innate or acquired salience and, 

moreover, what neural mechanisms support this salience. Distractibility is also 

determined by the state or nature of the organism. Intuitively, a forager that has recently 

narrowly escaped predation will be more vigilant than one who has not. Similarly, an 

anxious forager might be more vigilant than his constitutionally calm fellow. However, 

though many have assumed that arousal is related to vigilance, empirical evidence in 

support of this relationship is limited and marked by conflict. Finally, contextual factors 

can influence vigilance. The modulatory effects of social groups on vigilance are well 

documented, but the neural mechanisms that support this effect are unclear. Similarly, 

while task performance or goal state can also be a potent modulator of distractibility, the 

neural mechanisms supporting this effect are unclear. Here, I review the role of 

stimulus, state, and context in determining distractibility from a neuroethlogical 

perspective and highlight the open questions that will be addressed in subsequent 

chapters. 
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2.1 Stimulus salience 
Vertebrates and invertebrates alike will preferentially attend to some stimuli or 

types of stimuli but not to others. The stimuli that evoke exogenous attention are 

attentionally salient. Importantly, even within the broad class of attentionally salient 

stimuli, some stimuli are more salient than others. In the absence of a task, exogenously 

salient stimuli are attended before non-salient stimuli. However, some salient stimuli 

also capture attention even when in competition with a task: they are selected for 

attention instead of the targets that endogenous attention would select (Yantis & Egeth, 

1996). Stimuli can acquire attentional salience through their significance in an 

organisms’ evolutionary past or through their acquired significance over the lifespan. 

Importantly, in either case salient stimuli are salient because they are associated with 

biologically relevant events: they predict important occurrences, objects, or others in the 

environment, particularly the availability of a resource or the potential for threat 

(Franconeri & Simons, 2003). 

2.1.1 Evolutionarily relevance 

Biology places constraints on perception. An organism’s sensory systems 

profoundly shape the information the organism has available to guide behavior. 

Similarly, biology places constraints on behavior: an organism can only generate the 

behaviors that evolution has permitted him to generate. Biology can also place 

constraints on intermediate processes: the translation between sensory input and motor 

output. When these constraints are very strong and a particular releasing stimulus 

almost invariably results in a behavior, the result is called a fixed action pattern 

(Tinbergen & Perdeck, 1950). Fixed action patterns are mechanistically supported by 

“command neurons” or “command systems”: a single neuron or group of neurons with 

some stimulus selectivity that are necessary and sufficient for the generation of a fixed 
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response (Edwards, Heitler, & Krasne, 1999). Attention research has identified a small 

fraction of stimuli that may function as releasing stimuli: they capture attention at the 

expense of other, ongoing goals. However, for the vast majority of stimuli, biology only 

weakly constrains sensorimotor transformation, particularly in increasingly complex 

nervous systems. The very organization of the visual system, for example, can subtly 

bias attention towards particular visual features, imbuing them with visual salience. It is 

important to note here that while the both visual salience and biological salience may be 

described as forms of exogenous attentional salience, visual salience does not necessarily 

mean a stimulus captures attention (Yantis & Egeth, 1999). This section describes how 

biology places constraints on attention, through both biasing sensory processing and 

through hardwired orienting responses. 

2.1.1.1 Biases in sensory processing create salience 

Stimuli can attract attention because of inherent biases in the geniculo-striate 

visual pathway. In cortical vision, visual signals pass through multiple layers that 

function as sequential filters and are hypothesized to contribute in parallel to a unified 

“salience map” (Itti & Koch, 2001). Light input passes through the retina, to the lateral 

geniculate nucleus, and then on to striate (V1) and extrastriate cortex (DeYoe & Van 

Essen, 1988). At each stage in this pathway, some operation is performed on incoming 

visual signals (DeYoe & Van Essen, 1988; Itti & Koch, 2001), and this operation shapes 

the outgoing signals from the region. Retinal ganglion cells, for example, receive input 

from multiple photoreceptors and have center-surround properties: they fire more 

intensely for their preferred stimulus when the area surrounding their central receptive 

fields is different from the area within their central receptive field. From the level of the 

retina forward, then, the edges of objects or stimuli are over-represented compared to 

locations in visual space that do not include edges. Multiple subsequent cortical filters 
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perform similar operations on features as diverse as luminance, orientation, and color, 

depending on the region within early visual cortex. Moreover, these filters incorporate 

the principle of lateral inhibition, in which the activity of one neuron down-regulates the 

activity of its neighbors, allowing representation of a single region in space to 

outcompete other regions. These biases are carried through to all other cortical regions 

that receive this processed visual input, including regions implicated in oculomotor 

selection and attention. Thus, because of the basic properties of the layers of the cortical 

visual system, the rest of the brain prioritizes areas of high local contrast across the 

luminance, orientation, and color channels (Itti & Koch, 2001). 

Behavioral findings confirm predictions of these computational models. The 

density of edges in a region in space is a strong predictor of fixations during 

unconstrained image viewing (Parkhurst, Law, & Niebur, 2002), an observation that 

could be predicted purely on the basis of functional properties of the retina. Local 

contrast, in terms of luminance, orientation, and color is also a strong predictor of gaze 

(Itti & Koch, 2001). Similarly, when an object’s color is underrepresented in its 

surrounding environment, that object appears to pop-out and capture attention (Yantis 

& Egeth, 1999). Intriguingly, gaze during natural scene viewing may provide insight 

into unknown functional properties of the visual system. Parkhurst and Niebur ( 2004) 

showed gaze is directed towards regions with high textural content, while vision 

researchers only recently discovered that V2 is tuned to texture (Freeman & Simoncelli, 

2011). 

However, it is important to note here that while attention is typically drawn to a 

visually salient stimulus, visual salience is not sufficient to capture attention. In order to 

capture attention, a stimulus must outcompete ongoing priorities, and unlike sudden 

onset stimuli (Yantis & Egeth, 1996), feature singletons of the type prioritized by this 
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filtering mechanism do not capture attention when they are irrelevant (Jonides & Yantis, 

1988). Rather, these features increase the probability that a stimulus will be attended, 

without necessarily affecting how effectively it competes with task goals when it is 

irrelevant. Conversely, some stimuli do capture attention by this definition, and may be 

prioritized through other neural mechanisms. 

2.1.1.2 Hardwired orienting responses create salience 

Every animal begins life with some innate or instinctive behaviors that do not 

require learning to perform. Fixed action patterns are the classic examples of these 

behaviors. Mechanistically, fixed action patterns are mediated by neural command 

systems. One well-characterized example of a command system is the crayfish escape 

response system (Edwards, et al., 1999). When a crayfish is touched, that sensory signal 

is fed directly (and indirectly) into to giant fiber neurons, which synapse on primary 

motor neurons. The primary motor neurons, then, innervate the musculature and cause 

the stereotyped abdominal flexion of the escape response (Edwards, et al., 1999). The 

primary motor neurons are also innervated by fast flexor motor neurons: a 

comparatively flexible and complicated premotor system that can enact a more nuanced 

escape response. Because the fixed action pathway is computationally simple and reflex-

like, there is a low likelihood of error in that escape response and the action can be 

performed in milliseconds (compared to tens of milliseconds required for a fast-flexor 

movement). The giant fiber escape response is also relatively stereotyped: it is all-or-

none and occurs at a circumscribed latency following the stimulus. These characteristics 

of the giant fiber escape mechanism may explain why this evolutionarily older pathway 

has persisted in these animals, despite the emergence of a more sophisticated premotor 

system: rather than sacrificing existing competencies, these animals evolved new 

competencies that compliment and regulate evolutionarily older pathways (Jackson, 
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1884). In robotics, this basic design principle has lead to significant advances in systems 

that perform complex goal-directed actions in noisy environments: they are able to 

navigate towards a goal while still responding rapidly and adaptively to their sensory 

environment (Brooks, 1989). 

Though this command system is reflex-like, it is not a reflex. Rather, several 

factors determine whether a stimulus will recruit the fixed action pathway or fast flexor 

pathway. The abruptness of stimulus onset is an important determinant: gradual 

increases in touch elicit fast-flexor escape responses when they reach a certain threshold 

whereas the same magnitude of touch delivered abruptly will recruit the fixed action 

pathway. Intriguingly, the escape response is also modulated by the crayfish’s 

behavioral context: it is reduced during feeding (Bellman & Krasne, 1983) and restraint 

(Krasne & Wine, 1975), and even by the social milleu of the crayfish (Yeh, Fricke, & 

Edwards, 1996). These contexts inform the activity of the fixed action giant fiber neurons 

through altering the excitability threshold at which the behavior is released (Edwards, et 

al., 1999). They do not abolish the response, but rather increase the level of stimulation 

required to provoke a response. Thus, though fixed action patterns are reflex-like and 

can outcompete ongoing activities, these are not simple, peripheral nervous system 

reflexes, but instead fast, low-error pathways that reliably initialize critical behaviors 

when they are needed. 

Some visual stimuli also elicit fixed responses. Stimuli that increase in magnitude 

symmetrically appear to approach the observer. These looming signals elicit defensive 

responses across taxa. An approaching signal has an impending significance that favors 

immediate evaluation, regardless of current goals. The locust has a command system 

that precipitates an escape response, much like the crayfish. However, for the locust the 

releasing stimulus is a visual looming signal. The locust has a pair of bilateral visual 
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neurons that are specialized for the detection of looming signals that synapse directly on 

motor efferents (Santer, Rind, Stafford, & Simmons, 2006). Stimulation of these lobular 

giant movement detectors causes the locust to raise his wings into a diving position 

(Santer, et al., 2006), which is a typical response to predation (Hoy, Nolen, & 

Brodfuehrer, 1989). In increasingly complex nervous systems, pools of command 

neurons evolve to serve the same purpose as their single-neuron forbears (Edwards, et 

al., 1999). In the crab Chasmagnathus, for example, several giant lobular neurons work 

together to release escape patterns (Medan, Oliva, & Tomsic, 2007), each specialized to 

detect a different visual feature of looming stimuli. Escape or defensive responses to 

visual looming stimuli are deeply conserved. 

Moreover, looming defensive responses are also observed rhesus monkeys 

(Schiff, Caviness, & Gibson, 1962) and humans (King, Dykeman, Redgrave, & Dean, 

1992), and these responses bear a striking similarity to the fixed escape responses of 

crabs, locusts, and crayfish. The looming defensive response is observed even in 

newborn rhesus monkeys (Schiff, et al., 1962), in the absence of any learning or previous 

exposure. Defensive responses to looming are also observed in week-old human infants 

(Dunkeld & Bower, 1980) and in adult humans, albeit limited to circumstances in which 

executive attentional control processes are directed elsewhere (King, et al., 1992). Thus, 

like a fixed action pattern in other animals, the looming escape response is innate and 

ubiquitous across primates. Critically, even in monkeys with V1 lesions, which cause 

cortical blindness, defensive responses to looming stimuli presented within the scotoma 

are preserved (King & Cowey, 1992). Thus, like the crayfish, the primate defensive 

response may be mediated by an evolutionarily old reflexive pathway, which sits below 

and compliments a cortical premotor system. 
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In addition to provoking defensive responses, looming stimuli are one of a small 

class of stimuli that truly capture attention. In human adults, looming stimuli interfere 

with search for goal-relevant targets (Franconeri & Simons, 2003; Hillstrom & Yantis, 

1994). Looming cues also provoke movements of the eyes and head in the direction of 

the approaching stimulus, despite competing attentional goals (King, et al., 1992). 

Looming stimuli also have covert attention-like effects on perception. When targets are 

embedded in fields of continuously moving dots, target detection improves selectively 

when those dots are expanding in space (von Muhlenen & Lleras, 2007). Importantly, 

receding movements do not affect attention in the same way (Franconeri & Simons, 

2003; von Muhlenen & Lleras, 2007). Auditory looming stimuli also elicit orienting 

responses: when presented with a sound that increases in intensity, monkeys turn their 

heads towards the source of that sound (Ghazanfar, Neuhoff, & Logothetis, 2002), but a 

decreasing stimulus has no such effect. Moreover, in humans, these auditory cues again 

improve visual perception at the associated spatial location (Leo, Romei, Freeman, 

Ladavas, & Driver, 2011). Both auditory and visual looming cues thus attract covert and 

overt attention, regardless of other goals. 

The sudden appearance of a novel object can indicate an unexpectedly proximate 

object, which has a clear biological significance, much like looming stimuli. Natural 

selection probably favors animals that rapidly orient to these stimuli. Like looming cues, 

sudden onset stimuli are prioritized in visual search even when they are featurally 

irrelevant to the search (Jonides & Yantis, 1988). The sudden onset of peripheral 

auditory or visual stimuli provokes rapid orienting towards the stimulus in many 

animals. In primates, the onset of a peripheral light elicits very fast “express” saccades 

(Boch, Fischer, & Ramsperger, 1984). Express saccades appear in response time 

distributions as a separate mode around 70 ms post-onset in the monkey, and 100 ms in 
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the human (Fischer & Ramsperger, 1986). These saccades require on the superior 

colliculus, a subcortical structure that has both sensory and motor response properties 

(Wurtz & Albano, 1980). Lesions of this structure obliterate express saccades (Schiller, 

Sandell, & Maunsell, 1987). In rats, orienting responses to the source of sound or light 

are similarly absent following superior colliculus lesions, but preserved in animals with 

extensive visual cortex ablation (Goodale & Murison, 1975). Intriguingly, cells that 

selectively respond to visual looming signals have been found in the superior colliculus 

of the cat (Liu, Wang, & Li, 2011) and its non-mamillian homologue, the optic tectum, in 

birds (Sun & Frost, 1998), indicating that this structure may mediate the attentional 

capture caused by both classes of stimuli. 

The superior colliculus receives direct input from the retina via the retinotectal 

pathway (Wurtz & Albano, 1980). The retinotectal pathway is conserved across many 

mammals, including the rat (Linden & Perry, 1983), hamster (Chalupa & Thompson, 

1980), and macaque monkey (Perry & Cowey, 1984; Wilson & Toyne, 1970). In primates, 

the retinotectal pathway seems to overrepresent peripheral, relative to foveal space 

(Perry & Cowey, 1984; Wilson & Toyne, 1970). Of course, the direct retinal projection is 

not the superior colliculus’ only source of visual information, the structure also receives 

input from cortical areas known to contain visual signals (Wurtz & Albano, 1980). 

However, both the looming escape response (King & Cowey, 1992) and orienting 

responses to attention capturing stimuli (Schmid, et al., 2010; Yoshida, Takaura, Kato, 

Ikeda, & Isa, 2008) are preserved after ablation of visual cortex. While retinal input can 

still reach the cortex through direct input from the LGN to extrastriate regions, this 

input is severely reduced after ablation of V1 (Schmid, et al., 2010). However, orienting 

eye movements after V1 lesion are not slower and noisier, as would be expected by a 

damaged pathway, but rather are significantly faster, occur during a shorter range of 
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latencies, and are less subject to online correction (more ballistic) compared to saccades 

to the ipsilateral hemifield (Yoshida, et al., 2008). Thus, it appears that direct retinal 

input to the superior colliculus is responsible for these effects. 

Across mammals, low current stimulation of the superior colliculus results in 

orienting movements of the eye (Robinson & Fuchs, 1969) and head (Freedman, 

Stanford, & Sparks, 1996), but the superior colliculus is also implicated in defensive 

responses. High current stimulation of the superior colliculus results in escape responses 

or defensive reactions in the hamster (Northmore, Levine, & Schneider, 1988). In the 

macaque, pharmacological blockade of GABA receptors in this region, which stimulates 

neural activity, results in defensive responses (Desjardin, et al., 2013). This is paralleled 

by behavioral observations: the same stimulus may cause an orienting response at one 

intensity, but a defensive response at a greater intensity (Turpin, Schaefer, & Boucsein, 

1999). Whether a given stimulus provokes a orienting or defensive response may be 

determined by individual differences in arousal or the involvement of executive 

attentional control: in humans, the same looming stimuli cause both defensive reactions 

orienting responses, depending on these factors (King, et al., 1992). 

Intriguingly, lesions of regions in frontal cortex increase the reflexivity of 

saccades. Lesions of the frontal eye fields (Guitton, Buchtel, & Douglas, 1985) and dorsal 

anterior cingulate cortex (Milea, et al., 2003) increase the likelihood of saccades to stimuli 

that onset suddenly in the periphery during tasks that require those saccades be 

suppressed. Following FEF lesions, these reflexive error saccades are tens of 

milliseconds faster than voluntary saccades (Guitton, et al., 1985). The FEF projects 

directly to the superior colliculus (Stanton, Goldberg, & Bruce, 1988) and combined 

lesions of FEF and superior colliculus block saccade production entirely (Schiller, True, 

& Conway, 1980). These findings in the mammalian visuomotor system strikingly 
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parallel the structure of the twin systems that produce escape behavior in the crayfish. 

The FEF-mediated cortical route allows for slow, flexible saccade production, while the 

superior colliculus-mediated subcortical route is sufficient to detect biologically relevant 

objects and results in faster, more stereotyped saccades. Future work is necessary to 

delineate the relationship between cortical and subcortical pathways during reflexive 

saccade production and suppression. 

2.1.2 Experienced relevance 

In addition biologically constrained prioritization, every individual animal 

develops their own idiosyncratic attentional priorities over the course of their lifespan 

through associations between precipitating events and outcomes. This associative 

process is called conditioning in the psychology literature. The relationship between 

conditioning and attention is bidirectional: conditioned stimuli attract attention but 

attention can also influence conditioning. Conditioning is most easily accomplished 

when an organism already orients to the stimulus that will be conditioned (Pearce & 

Bouton, 2001). In fact, if an organism does not naturally orient to the stimulus that is 

being paired with the outcome, conditioning is impossible (Luria & Vinogradova, 1959). 

Stimuli with biological salience, such as sudden onset stimuli or color singletons, may 

thus be more likely to acquire salience through experience. Therefore, in nature, 

biological salience and experiential salience are synergistic, not independent processes. 

However, the laboratory environment allows the separation of biological salience from 

experienced salience: researchers can use the same stimulus as an unconditioned control 

and a conditioned stimulus for different subjects. Such controls are essential in order to 

isolate experientially acquired attentional salience from other factors. Stimuli can acquire 

conditioned salience in two ways: through past associations with aversive outcomes or 

through associations with appetitive outcomes. 
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Aversively conditioned stimuli can elicit increased spatial attention. When a 

distracting stimulus is associated with white noise, an aversive outcome, it facilitates 

detection of spatially congruent targets and impairs detection of spatially incongruent 

targets compared to unconditioned stimuli (Armony & Dolan, 2002). Aversively 

conditioned stimuli also enhance activity in extrastriate cortex (Armony & Dolan, 2002), 

mirroring known effects of spatial attention (Kastner, Weerd, Desimone, & Ungerleider, 

1998). While the neural mechanisms behind this attentional effect have not been fully 

delineated, aversively conditioned stimuli rely on the amygdala in rats (LeDoux, 1995) 

and humans (LaBar, LeDoux, Spencer, & Phelps, 1995). Intriguingly, aversive 

conditioning reduces the latency of stimulus-provoked signals in the amygdala (Quirk, 

Repa, & LeDoux, 1995). The amygdala is also critically involved in normal attention to 

emotional stimuli in humans (A. K. Anderson & Phelps, 2001). Moreover, the amygdala 

is involved in the fear-enhanced sensory activity in human extrastriate cortex (Morris, et 

al., 1998) and rat auditory cortex (Armony, Quirk, & LeDoux, 1998), classic indices of 

attention. Importantly, though conditioning enhances both early (< 50 ms) and late (500-

1500 ms) activity in auditory cortex, the amygdala is not required for the early 

enhancement of auditory responses, but instead is involved in sustained responses to 

these conditioned stimuli (Armony, et al., 1998). This conclusion matches some 

behavioral observations that threat-related stimuli do not necessarily increase the 

magnitude or likelihood of attentional capture, but rather prolong attentional capture 

compared to other stimuli (Fox, Russo, & Dutton, 2002; Koster, Crombez, Van Damme, 

Verschuere, & De Houwer, 2005). However, interpreting a negative result is difficult and 

a substantial amount of future work is needed to determine what role the amygdala 

plays in directing attention to aversively conditioned stimuli. 
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Associating a stimulus with an appetitive outcome also elicits enhanced attention 

compared to non-reward conditioned stimuli. Moreover, the presence of appetitively 

conditioned stimuli can interfere with task performance. During classical conditioning, 

orienting responses to predictive stimuli can interfere with goal pursuit if the predictive 

stimulus is physically displaced from the rewarded location (Grastyan & Vereczkei, 

1974). Emerging evidence in humans indicates that task-irrelevant but previously 

reward conditioned stimuli interfere with saccade trajectories (Hickey & van Zoest, 

2012) and prolong visual search (B. A. Anderson, Laurent, & Yantis, 2011). Intriguingly, 

multiple studies have now shown that the oculomotor effects of reward conditioning are 

entirely absent in very fast orienting movements, but pronounced in longer latency 

movements (Hickey & van Zoest, 2012; Markowitz, et al., 2011; Schutz, 

Trommershauser, & Gegenfurtner, 2012). However, it is unclear whether these 

observations might hold for stimuli that have been associated with reward over longer 

time scales than the typical few hours of laboratory experiment. Classical conditioning 

procedures in rats, for example, initially increase the body-axis orienting response 

initially, but the response declines over multiple conditioning sessions (Kaye & Pearce, 

1984). Importantly, these human studies have all employed operant rather than classical 

conditioning paradigms: subjects learn about the appetitive outcomes through motor 

selection of the conditioned stimulus. It is thus possible that reward does not alter 

stimulus salience, but rather that reward reinforces the orienting behavior directly. 

Moreover, because previously-rewarded targets are no longer rewarded in the studies, it 

is possible that it is reward extinction, rather than reward, drives the attentional salience 

of a previously conditioned target. Indeed, reward extinction transiently increases 

orienting responses in classically conditioned rats (Kaye & Pearce, 1984). 
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Aversively and appetitively conditioned stimuli may rely on the same 

mechanisms. Intriguingly, the amgydala is also critically involved in appetitive 

conditioning (Everitt, Cardinal, Parkinson, & Robbins, 2003). Like aversively 

conditioned stimuli, reward history enhances stimulus representations in extrastriate 

cortex (Serences, 2008), though it is unclear if this effect is amygdala dependant. 

Aversively and appetitively conditioned stimuli also overlap in representation in the 

lateral intraparietal area (Leathers & Olson, 2012), a cortical oculomotor control center. 

Appetitively and aversively conditioned stimuli thus have similar effects in at least three 

levels of processing relevant for attention: in the amygdala, in primary sensory cortices, 

and in oculomotor control centers. These common neural substrates may reflect a 

unified pathway for the expression of acquired attentional salience. 

2.2 Arousal state 
Arousal is the state of autonomic arousal and physiological reactivity to external 

stimulation (Coull, 1998). Arousal can be low, as in sleep, or arousal can be high, as 

when an animal is stressed or anxious. Mechanistically, arousal state depends on the 

activation of the sympathetic nervous system and arousal is commonly measured 

through physiological measurements of sympathetic nervous system activity (Bradley, 

Miccoli, Escrig, & Lang, 2008). These may include heart rate, galvanic skin response, and 

pupil dilation (Tursky, Shapiro, Crider, & Kahneman, 1969), among others. Arousal state 

depends on both the situation and the animal. A given animal can tend towards being 

highly aroused, as in anxiety (Korchin, 1964). Conversely, any animal may become 

aroused following some precipitating event or context. Pupil size, in particular, has 

proven a strong index of variation in autonomic arousal following a variety of 

environmental challenges (Goldwater, 1972) 
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Arousal is an important determinant of the likelihood of behavioral responses to 

stimuli. For example, the looming escape response in the locust is modulated by the 

locust’s arousal state (Rind, Santer, & Wright, 2008). Similarly, in humans, the startle 

reflex, an eye blink following sudden onset stimuli, is reduced when arousal is low, as 

measured by heart rate deceleration (Anthony & Graham, 1985). Conversely, responses 

to stimuli that provoke startle are enhanced during threat of shock (Brown, Kalish, & 

Farber, 1951). Vigilance may also be modulated by arousal: the threat of predation 

increases vigilance behavior across many phylogenetically disparate species (Hirsch, 

2002; Hunter & Skinner, 1998). However, it remains unclear whether arousal state affects 

the attentional capture of salient stimuli and, if so, in which direction. The relationship 

between arousal and distractibility has been the topic of much theoretical and anecdotal 

research, but this literature is marked by conflict and suffers from a lack of precise 

construct definitions. This lack of precise definitions, in particular, has interfered with 

the translation between theory and empirical evaluation.  However, one general 

statement can be made: two opposing relationships between arousal and distractibility 

have been proposed. 

The relationship between arousal and distractibility was first examined in the 

“cue utilization” literature of the 1950s and 1960s (Easterbrook, 1959). Here, autonomic 

arousal was most closely related to the concept of “drive”, a loosely defined general 

“energizer of performance” (Easterbrook, 1959). In addition to autonomic arousal, drive 

encompassed motivational state, task difficulty, stress, and emotion, all potent 

determinants of the autonomic arousal we study today. “Cue utilization” was also 

broadly defined: the extraction of information from a stimulus, availability for learning, 

and the attention allocated to particular stimuli (Easterbrook, 1959). These terms do not 

perfectly map onto later constructs of arousal and distractibility, but continue to be cited 
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in the modern literature (Aston-Jones & Cohen, 2005). In his seminal 1959 review, James 

Easterbrook proposed that increasing drive resulted in a “narrowing” of cue utilization: 

an increase in the selective utilization of unequivocally informative cues at the expense 

of occasionally or partially relevant ones. Conversely, low drive would result in 

“broadened” cue utilization. Easterbrook (1959) thus proposed a negative linear 

relationship between drive and distractibility. Though his work would influence later 

discussions of the Yerkes-Dodson “law” (Teigen, 1994), Easterbrook did not discuss U-

shaped relationship between cue utilization and drive. Rather, he suggested that drive 

and cue utilization may interact with task difficulty in a U-shaped manner, a statement 

closer to the original Yerkes-Dodson result than to latter descriptions of the law that 

were largely based on the work of Donald Hebb (Teigen, 1994). 

Contemporary researchers had opposing intuitions to that of Easterbrook (1959), 

however. Broadbent (1964) speculated that distractibility might increase, rather than 

decrease with increasing arousal: “[I]t seems to be true that an intense competing 

stimulus may be harmful [for task-relevant signal detection], but only if the observer is 

already in a fairly aroused and alert state.” Here, Broadbent (1964) acknowledged that 

the salience of the stimulus might be an important determinant of the relationship 

between arousal and exogenous attention. Similarly, in description of persons with trait 

anxiety, Korchin (1964) reported that high anxiety made patients “unable to concentrate, 

hyper-responsive, and hyper-distractible”. Indeed, modern empirical work links high 

trait anxiety to increased interference from distractors with task-relevant features 

(Eysenck & Graydon, 1989) and task-irrelevant threatening distractors (Eysenck & 

Byrne, 1992). Wachtel (1967) synthesized these perspectives and suggested a U-shaped 

relationship between arousal and the “focus” of attention. Wachtel suggested that 

increasing arousal predicted increasing attentional focus, up to some point, when 
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attention would become more diffuse. Gary Aston-Jones and Jonathan Cohen 

recapitulated this hypothesis decades later, in influential reviews of primate 

noradrenergic function (1999, 2002). 

Aston-Jones and Cohen proposed a specific extension of the general (and Hebb-

informed) Yerkes-Dodson curve to describe the relationship between norepinephrine 

and task performance (1999; 2002). The tonic activity of cortical norepinephrine is 

associated with arousal: it is reduced in drowsy animals and during grooming and 

feeding, but enhanced during performance of sustained attention tasks (Rajkowski, 

Kubiak, & Aston-Jones, 1994) or when loud noises are presented (Smith & Nutt, 1996). 

Aston-Jones and Cohen (2002) proposed that cortical noradrenergic activity has an 

inverted U-shaped relationship with task performance and further, that this relationship 

is mediated by attention. Specifically, when noradrenergic tone is low they proposed 

that, performance is poor because subjects are non-alert and inattentive to all cues. As 

LC activity increases, it becomes phasic, and time-locked to specific task events. During 

this “phasic mode” they report that subjects are engaged in the task and selectively 

attentive to task-relevant events (Aston-Jones, Rajkowski, Kubiak, & Alexinsky, 1994). 

Conversely, when LC tone is tonically high and phasic peaks are not observed, task 

performance again declines, this time into a state of “distractibility” (1999) or “labile” 

attention (2002). Angela Yu and Peter Dayan (2005) later recapitulated this predicted 

relationship between norepinephrine and distractibility. The paper argued that tonic 

norepinephrine signals unexpected environmental changes in order to regulate the 

balance between top-down goals and bottom-up sensory information in determining 

attentional selection (Yu & Dayan, 2005). The specific proposition was that increasing 

tonic norepinephrine should be associated with increased bottom-up attention, while 

reduced norepinephrine should facilitate top-down attention. 
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However, empirical evidence from perturbatory studies suggests that increasing 

tonic norepinephrine enhances attention to relevant stimuli, rather than to irrelevant 

stimuli (Mason & Iversen, 1979; Robbins, 1984). Delivery of a norepinephrine alpha-2 

agonist in humans decreases the interference of incongruent distracting cues on target 

detection (Clark, Geffen, & Geffen, 1989; Witte & Marrocco, 1997). While an alpha-2 

agonist increases lapses in sustained attention in a quiet environment, it has no effect in 

a noisy environment (Smith & Nutt, 1996). Moreover, blocking cortical norepinephrine 

through lesions of noradrenergic centers increases the interference caused by salient 

stimuli in rats (Carli, Robbins, Evenden, & Everitt, 1983). 

Because the work reviewed by Aston-Jones and Cohen (2002) was not 

perturbatory, but rather correlational, it unclear whether LC neurons cause enhanced 

exogenous attention or rather if the firing of LC neurons is enhanced by exogenous 

attention. LC neurons respond phasically in response to a wide range of stimuli that 

evoke attention (Aston-Jones, et al., 1994; Foote, Aston-Jones, & Bloom, 1980). Moreover, 

it is difficult to distinguish a tonic mode of firing from the accumulation of multiple 

phasic responses (Bouret & Sara, 2005). Thus, an alternative account of this correlation is 

that tonic norepinephrine may increase because of enhanced attention to irrelevant 

stimuli, rather than in order to enhance attention to irrelevant stimuli. This model is 

consistent with both pharmacological and lesion studies. Norepinephrine may function 

to direct attention towards task relevant, rather than irrelevant stimuli, maintaining task 

performance as arousal increases. 

While norepinephrine scales with autonomic arousal, it is not synonymous with 

arousal. Because autonomic arousal and norepinephrine have opposing effects 

distractibility (Coull, 1998) they may work together to maintain behavioral homeostasis. 

Salient, unexpected stimuli that capture attention increase autonomic arousal (Sokolov, 
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1963), in addition to causing cortical norepinephrine release. However, if distraction 

increases with increasing arousal, it could lead to an endless cascade of distraction. This 

is clearly maladaptive in noisy naturalistic environments. Increasing levels of 

norepinephrine in response to a noisy environment may reinforce sustained attention, 

reduce the behavioral impact of salient irrelevant distractors, and provide resistance 

against this cascade in order to permit goal pursuit in a noisy environment. Such 

homeostatic mechanisms are ubiquitous in biology. Intriguingly, executive control 

regions including the dorsal anterior cingulate cortex regulate cortical norepinephrine 

(Aston-Jones & Cohen, 2005; Aston-Jones, Rajkowski, & Cohen, 1999). Activity in these 

regions may then downregulate distractibility through activating norepinephrine 

release. 

2.3 Attentional Control 
The effects of task performance on vigilance have been well characterized at the 

behavioral level in ethology studies. Typically, animals are vigilant for potential sources 

of threat, such as predators and threatening social partners (Treves, 2000). However, at 

least in primates, vigilance is reduced during behaviors that demand sustained attention 

such as foraging (Schaik & Noordwijk, 1989) and grooming (Cords, 1995; Maestripieri, 

1993). Task-directed attention necessarily impedes the detection of task-irrelevant 

stimuli because attentional resources are limited (Broadbent, 1964). Attention can, by 

definition, only be directed to one target at a time. However, beyond direct competition 

for behavioral expression, task performance can also affect vigilance through directing 

processing towards task-relevant stimuli or through changing the state of the organism. 

Task performance diverts attentional resources from task-irrelevant stimuli, even 

when those stimuli are biologically important. Performance of a task that requires 

sustained attention to one sensory modality even interferes with normal startle 
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responses to fear-conditioned stimuli another sensory channel (Anthony & Graham, 

1985). Humans can volitionally direct attention between vision and audition, a process 

that enhances activity in the relevant early sensory cortices, and suppresses it in the 

unattended sensory regions (Shomstein & Yantis, 2004). Shifts of attention between 

sensory modalities involve transient changes in activity frontal and parietal regions 

(Shomstein & Yantis, 2004) that resemble the signals associated with voluntary 

attentional shifts within sensory modalities (Corbetta & Shulman, 2002). 

In addition to biasing processing towards task-relevant sensory channels, task 

performance also biases attention towards task-relevant targets within modalities. In 

vision, the more perceptually similar a distractor is to task-relevant targets, the more it 

attracts attention (Folk, Remington, & Johnston, 1992; Ludwig & Gilchrist, 2003). Task 

sets are held in working memory networks that overlap with oculomotor control regions 

during task performance (LaBar, Gitelman, Parrish, & Mesulam, 1999). Moreover, 

electrophysiological studies confirm that these task-relevant feature sets shape attention 

through directly activating oculomotor control centers such as FEF (Bichot & Schall, 

1999). 

Task performance defines the attentional priorities of an organism, but it also 

modulates arousal state. Performance of a difficult task is associated with increases in 

pupil dilation (Goldwater, 1972; Tursky, et al., 1969), as well as changes in heart rate and 

skin conductance (Tursky, et al., 1969). However, much of this work focused on high-

load tasks, and performance of less stressful tasks can actually sooth arousal. 

Performance of a simple task, for example, decelerates heart rate and reduces startle 

responses (Anthony & Graham, 1985). Additional work is needed to determine how task 

engagement and task difficulty work together to shape vigilance. 
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As arousal increases, task performance degrades (Hancock & Warm, 2003). 

Because failures in task performance frequently increase autonomic arousal (Critchley, 

Tang, Glaser, Butterworth, & Dolan, 2005; Gilzenrat, Nieuwenhuis, Jepma, & Cohen, 

2010), it is critical to have compensatory mechanisms that can override this cascade and 

maintain task performance despite errors (Hancock & Warm, 2003). Intriguingly, the 

endogenous control of autonomic arousal evokes activity in the dorsal anterior cingulate 

cortex (Critchley, Melmed, Feathersone, Mathias, & Dolan, 2002), a brain region in 

which neural activity scales with variables that are fundamental across many disparate 

tasks. For example, dACC scales with performace errors (Ito, Stuphorn, Brown, & Schall, 

2003) and error likelihood (Brown & Braver, 2005; Carter, et al., 1998), declines with time 

on task (Johnston, Levin, Koval, & Everling, 2007), and signals various aspects of 

reward, such as reward delivery (Cai & Padoa-Schioppa, 2012), reward omission (Ito, et 

al., 2003), reward timing (Alexander & Brown, 2011), and unexpected reward outcomes 

(Hayden, Heilbronner, Pearson, & Platt, 2011; Matsumoto, Matsumoto, Abe, & Tanaka, 

2007). Intriguingly, pupil dilation also tracks some of these signals, increasing with both 

error likelihood (Gilzenrat, et al., 2010) and reward expectancy (Bijleveld, Custers, & 

Aarts, 2009). Moreover, stimulation of the dACC region 24 in the monkey results in 

changes in heart rate, blood pressure, and respiration (Smith, 1945). dACC is thus an 

excellent candidate region for examining the interactions between task performance and 

autonomic arousal in regulating vigilance state. 

2.4 Extrapersonal Context 
One of the most frequently reported findings in animal behavior that individual 

vigilance decreases as social group size increases (Roberts, 1996). Traditionally, this is 

interpreted as a “many eyes” effect: vigilance reduced because more individuals can 

detect and orient the group to sources of threat as group size increases (Pulliam, 1973). 
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However, the many-eyes hypothesis does not address the mechanisms through which 

social grouping can reduce vigilance. Larger group sizes mean better access to food 

resources (Roberts, 1996), which might affect health, and in turn the need for vigilance. 

However, larger groups also provide more opportunities for affiliative interactions, 

which may themselves downregulate vigilance. Intriguingly, the physical proximity of 

neighbors is both a common measure of affiliation (Brent, Semple, Dubuc, Heistermann, 

& MacLarnon, 2011) and also may be a more important determinant of predator 

vigilance than group size itself. Vigilance decreases when neighbors are more proximate 

in many species (Roberts, 1996) and controlling for neighbor distance can reduce or 

eliminate the effect of group size on vigilance in some species (Poysa, 1994). 

Another classic result in ethology is that affiliative interactions, including 

proximity, reduce biomarkers of stress (Ray & Sapolsky, 2005). For example, rhesus 

macaques who receive more affiliative social contact, including both physical proximity 

and social touch, have lower cortisol levels (Gust, Gordon, Hambright, & Wilson, 1993). 

Receiving grooming reduces heart rate in monkeys (Aureli, Preston, & de Waal, 1999; 

Boccia, Reite, & Laudenslager, 1989) and even grooming others reduces glucocorticoids 

in at least one macaque species (Shutt, MacLarnon, Heistermann, & Semple, 2007). It 

should come as no surprise then that vigilance is low during grooming in monkeys 

(Cords, 1995; Maestripieri, 1993). Unfortunately, rates of vigilance have only been 

studied in the grooming monkey, not the recipient of grooming, so it is possible that this 

effect is due solely to attentional competition (Maestripieri, 1993). Future work should 

determine empirically whether rates of vigilance are similarly reduced in the groomee, 

who experiences comparatively little attentional competition, though such an effect 

would come as no surprise to anyone who has observed a bout of grooming. Examining 

the time course of these effect would also provide insight into whether grooming 
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suppresses vigilance through direct attentional competition or though neuroendocrine 

changes, which should continue to shape behavior long after the grooming interaction 

ends. 

Among the various neural and endocrine changes that occur during affiliative 

social interactions, the most specific of these is oxytocin, a neuromodulatory peptide that 

is released following receipt of a variety of affiliative social signals including social 

touch (Light, Grewen, & Amico, 2005), eye contact (Nagasawa, Kikusui, Onaka, & Ohta, 

2009), affiliative vocal tones (Seltzer, Ziegler, & Pollak, 2010), and sexual behavior 

(Murphy, Seckl, Burton, Checkley, & Lightman, 1987). Emerging evidence indicates that 

OT release can be modulated by the quality of the relationship between signaler and 

recipient: OT is released during grooming when partners are frequent groomers, but not 

when they are only distantly related (Crockford, et al., 2013). Intriguingly, the effect of 

neighbor distance on vigilance behavior is also modulated by partner familiarity 

(Kutsukake, 2006; MacIntosh & Sicotte, 2009). OT is thus an excellent candidate 

mechanism through which social interaction may shape vigilance. 

There is reason to suspect that OT may have vigilance effects. OT is anxiolytic 

(Uvnas-Moberg, Ahlenius, Hillegaart, & Alster, 1994; Windle, Shanks, Lightman, & 

Ingram, 1997) and has previously been shown to modulate the relationship between 

affiliative social interactions and reduced cortisol levels in humans (Heinrichs, 

Baumgartner, Kirschbaum, & Ehlert, 2003). OT also mediates post-coital sedation in 

male rats (Waldherr & Neumann, 2007). Oxytocin is thus an intriguing mechanism 

through which social interactions might act to modulate vigilance. However, there is no 

direct evidence that OT has any effect on vigilance. Importantly, primates are vigilant 

both for predators, and also for members of their own species, a factor that complicates 

the detection of the many-eyes effect in these species (Treves, 2000). Primates are socially 



 

29 

vigilant for potentially threatening others: specifically for unfamiliar (Kutsukake, 2006; 

MacIntosh & Sicotte, 2009) or dominant others (McNelis & Boatright-Horowitz, 1998). 

This parallels the human literature: humans also prioritize social others for attention, 

particularly threatening others. However, because of methodological differences it is 

unclear whether the attentional prioritization of others in humans is homologous to 

vigilance for conspecifics in other primates. This question, among others, will be 

addressed in the following chapter. 
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3. Faces capture attention in a non-human primate 
Many cues are attentionally salient. These salient stimuli are informative and 

relevant, either in a deep biological sense or because they have previously proved 

predictive of biologically salient events. It should come as no surprise then that social 

animals are attentionally salient for each other. Monitoring others is an important 

component of normal social behavior: it allows animals to avoid agonistic interactions 

and pursue affiliative ones. For primates, the face, in particular, provides substantial 

information about the behavioral state of social partners (Leopold & Rhodes, 2010). In 

humans, reduced attentional prioritization of faces is a marked deficit in autism 

(Chawarska, Volkmar, & Klin, 2010b; Dawson, Meltzoff, Osterling, Rinaldi, & Brown, 

1998; Fletcher-Watson, Leekam, Benson, Frank, & Findlay, 2009). While typically 

developing humans attentionally prioritize face-like stimuli from minutes after birth 

(Goren, Sarty, & Wu, 1975; Johnson, Dziurawiec, Ellis, & Morton, 1991), autistic infants 

do not (Maestro, et al., 2002). These early deficits in social attention may contribute to 

the complex adult symptomatology of the disorder through a developmental cascade 

characterized by reduced experience with social cues (Dalton, et al., 2005). Intriguingly, 

the cortical visual system is poorly developed in humans at birth: infants with visual 

cortex lesions show little visual deficit compared to their healthy peers until at least 2 

months after birth (Dubowitz, Vries, Mushin, & Arden, 1986). Infants must rely on the 

subcortical retinotectal visual pathway for directing gaze towards faces (Johnson, 2005). 

However, there is little empirical evidence that such a pathway plays a role in social 

orienting after the maturation of the cortical visual pathway. Determining what neural 

mechanisms supported the evolution of social orienting may provide insight into this 

debilitating developmental disorder. 
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Unlike autistic subjects, healthy adult humans have a pronounced bias towards 

directing gaze at faces. When viewing photographs of natural scenes, a human observer 

will fixate a face within their first two fixations 98% of the time (Cerf, Harel, Einh√§user, 

& Koch, 2008). Faces also attract covert attention in humans. When face and object cues 

are simultaneously presented before the appearance of a saccade target, target detection 

is faster at the location of the face cue (Bindemann, Burton, Langton, Schweinberger, & 

Doherty, 2007). Even iconic representations of faces are detected more quickly than the 

same features in a non-face configuration (Purcell & Stewart, 1988). Much work on the 

reflexive capture of attention has employed visual search paradigms. In these 

paradigms, serial search processes are inferred from slowed response times as set size 

increases. Conversely, attentional capture is inferred when increasing set size has 

comparatively little effect on response time (Yantis & Egeth, 1996). Visual search studies 

that used faces as targets or distractors have had mixed results. Some studies have 

reported a strong face pop-out effect (Hershler & Hochstein, 2005; Langton, Law, 

Burton, & Schweinberger, 2008; VanRullen, 2006) and other studies have found some 

improved performance for faces but no change in search slopes (Brown, Huey, & 

Findlay, 1997; Nothdurft, 1993). However, it is important to note that physically 

proximate targets compete for representation throughout cortical (Desimone, 1998) and 

subcortical (Dorris, Olivier, & Munoz, 2007) sensory regions. The use of visual search 

paradigms to interrogate the attentional capture of faces may mask real effects through 

enhanced competition for representation (VanRullen, 2006). Nevertheless, the weight of 

evidence in adult humans suggests that faces reflexively capture attention in humans, in 

that they out-compete other attentional goals (Yantis & Egeth, 1996): humans fail to 

suppress gaze to faces even when looking at them interferes with task performance 

(Cerf, Frady, & Koch, 2009; Devue, Belopolsky, & Theeuwes, 2012). 



 

32 

Though faces are clearly a salient class of stimuli for visual, social humans, 

humans were not the first in the primate lineage to rely on visual cues to successfully 

navigate their social environment. Moreover, monkeys also tend to look at faces in 

nature (Guo, Robertson, Mahmoodi, Tadmor, & Young, 2003; Keating & Keating, 1982; 

Nahm, Perret, Amaral, & Albright, 1997). However, it remains unclear whether faces 

capture attention in non-human primates. 

In humans, emotionally expressive faces have a particular attentional benefit: 

threatening faces are easily found in search arrays of non-emotional faces (Hansen & 

Hansen, 1988; Horstmann & Bauland, 2006; Ohman, Lundqvist, & Esteves, 2001) and 

perturb eye movements to goal relevant targets (Schmidt, Belopolsky, & Theeuwes, 

2012), indicating that they have enhanced representations in oculomotor structures 

compared to other stimuli. Fearful faces also bias attention, increasing contrast 

sensitivity at the location in which they are presented (Phelps, Ling, & Carrasco, 2006). 

When presented centrally, both angry (Belopolsky, Devue, & Theeuwes, 2011) and 

fearful faces (Georgiou, et al., 2005) slow performance of a peripheral task. Intriguingly, 

evidence from inhibition of return studies suggests that angry faces may not enhance 

attentional capture, but rather may hold attention, reducing typical inhibition of return 

effects (Fox, et al., 2002). Thus, it is unclear whether reported effects reflect the increased 

attentional capture of emotional faces, or some increase in the attentional dwell time on 

these faces. 

Critically, the fear and threat faces that effectively elicit attention in humans have 

functional homologies to specific facial expressions in the rhesus macaque, a species of 

old-world monkey. In response to agonistic social interactions (Dario Maestripieri & 

Wallen, 1997) and fear-provoking stimuli such as snakes (Mineka, Keir, & Price, 1980), 

macaques display fear grimaces. Conversely, macaques use open mouth threat displays 
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to assert dominance. Thus, fear grimaces are deployed in similar circumstances and 

parallel the purpose of human fearful faces, while open mouth threat displays may be 

functionally related to angry expressions (Hadj-Bouziane, Bell, Knusten, Ungerleider, & 

Tootell, 2008). 

In the present chapter, I address several fundamental open questions about face 

attention. First, I determine whether faces capture attention in the rhesus macaque. In 

experiment 1, I employ face and non-face images as stimuli in an exogenous attention 

task. In this task, distractor images can be congruent, incongruent, or neutral position 

relative to a rewarded target. These distractor images interfere with task performance: 

slowing or speeding response time, depending on their congruence with the target. They 

also interfere with saccades, perturbing either the trajectory of the saccade or through 

capturing overt attention directly through provoking errant saccades. Across each 

behavioral metric, this interference is proportional to the involuntary capture of 

attention that the images cause. If the social stimuli known to be attentionally salient in 

humans cause greater interference than non-face stimuli in the rhesus macaque, this 

experiment will support the hypothesis that the attentional salience of faces is 

evolutionarily determined. Conversely, if macaques do not preferentially orient to faces 

their attentional salience may be a uniquely human characteristic. Importantly, in order 

to maximize the ecological relevance of the stimuli, the distractor images also included 

emotionally expressive faces. Thus, I will also examine the attentional capture of 

emotionally expressive faces in this experiment. 

In experiment 2, I address a second fundamental open question: whether faces 

can be attentionally prioritized through subcortical mechanisms even in a mature visual 

system. During oculomotor tasks, well-trained monkeys make express saccades: rapid, 

ballistic saccades to sudden onset stimuli (Fisher & Boch, 1983). These saccades are 
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apparent in response time frequency histograms as a distinct short latency mode in the 

distribution. Express saccades require the superior colliculus (Schiller, et al., 1987), a 

structure that receives direct retinal input via the retinotectal pathway and projects to 

brainstem eye movement effectors. The frequency of express saccades can be maximized 

with a gap task: a visually guided saccade task wherein a 200 ms gap separates the offset 

of fixation and the onset of an eccentric target (Schiller, et al., 1987). Here, I ask whether 

saccades to face images are disproportionally likely to be express saccades in the rhesus 

macaque. If social images do not affect express saccade frequency, they may only 

capture attention cortically: through biases in representation in extrastriate cortex, for 

example. Conversely, if face images are disproportionately targeted by express saccades, 

faces may also capture attention subcortically. Again, I also examine the additional 

impact of emotionally expressive faces. 

3.1 Results 

3.1.1 Experiment 1: Social interference task 

In order to determine whether faces capture covert and overt attention in the 

rhesus macaque, I developed a modified Posner exogenous cueing paradigm (Posner, 

1980) that used face images and phase scrambled non-face images as distractors (figure 

1). These images were briefly flashed during performance of a visually-guided saccade 

task, in which the monkeys made eye movements towards a rewarded target. 

Quantifying the interference of these distractors on response times and saccades 

provides insight into the covert and overt attentional capture of face images. 
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Figure 1: Social interference task and example stimuli. 

 

I examined behavior across 72 behavioral sessions in 4 monkeys in this task. The 

spatial congruence of the distractors had a strong effect on response time (figure 2, bars 

± SEM; F(1,2) = 730.25 p < 0.01 x 10-32). Spatially incongruent distractors slowed target 

selection (p < 0.02 x 10-10, t(71) = 8.49), while congruent distractors sped target selection 

(p < 0.02 x 10-11, t(71) = 8.69). Neutral distractors, conversely, did not affect response 

time (p > 0.1). Importantly, these response time effects were enhanced for face 

distractors relative to nonface distractors (interaction of distractor location and type, 

F(1,2), p < 0.01 x 10-32). Incongruent face distractors slowed response time relative to 

non-face distractors (p < 0.05 x 10-4, t(71) = 4.94), though the added effect of congruent 

face distractors on response time was only at trend (p = 0.06, t(71) = 1.94). 

 



 

36 

 

Figure 2: Social distractors bias response time 

 

Face distractors also had an enhanced effect on saccade trajectories compared to 

non-face distractors (figure 3; F(1,2) = 5.56, p < 0.02). Typically when salient distractors 

are presented orthogonally to the trajectory of a saccade, eye movements are deflected 

either towards or away from those distractors (Ludwig & Gilcrest, 2003). In order to 

determine whether faces have a greater influence on saccade trajectories, I compared 

saccadic deflection following face and non-face distractors. Saccadic deflection was 

calculated by taking the sum of residuals of all saccade samples along the actual 

trajectory from an ideal trajectory (examples in 1st panel of figure 3). Social distractors 

caused increased deflections in the trajectories of saccades to rewarded targets, relative 

to non-face distractors (figure 3, 2nd panel, bars ± SEM, p < 0.05, post-hoc Tukey-

Kramer).  
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Figure 3: Social distractors perturb saccade trajectories. 

 

Because the monkeys had a substantial (2 second) window in which to saccade to 

the target, the monkeys were able to make errant saccades off fixation before 

successfully selecting the target. This was particularly apparent following incongruent 

distractors (figure 4, bars ± SEM): incongruent distractors provoke a disproportionate 

number of errant saccades off fixation compared to neutral, congruent, and no-distractor 

conditions (beta = 1.04, p < 0.007 x 10-76). Therefore, I examined the effect of 

incongruent face and non-face distractors on the probability that the monkey would 

make an errant saccade. More errant saccades were observed for face distractors 

compared to nonface distractors (p < 0.02 x 10-5, t(71) = 5.29). 
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Figure 4: Incongruent social distractors cause errant saccades 

 

These results resonate with the hypothesis that faces compete for attention 

directly, at the level of oculomotor structures, beyond just competing for attention at 

earlier stages of processing. Next, I asked whether emotional faces enhanced each of 

these effects in turn. Consistent with previous reports in humans, emotional content 

increased response time interference (F(1,1) = 6.96), p < 0.001): incongruent fear and 

threat faces slowed response time relative to neutral faces (p < 0.01, t(71) = 1.45). This 

result suggests that although the images were only flashed for 67ms, their emotional 

expressions still managed to affect behavior. However, emotionally expressive faces had 

no significant effects on either saccade deflection following neutral emotional distractors 

(p > 0.6, F(1,1) = 0.20) or errant saccade frequency following incongruent emotional 

distractors (p > 0.9, beta = 0.01). 
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3.1.2 Experiment 2: Social gap task 

Though the data from Experiment 1 suggests that faces capture both covert and 

overt attention in non-human primates, it remains unclear whether the oculomotor 

capture of faces is mediated cortically or subcortically. In order to address this question, 

I next looked at the effect of faces on the frequency of express saccades, a subcortically 

mediated mode in response time distributions. I employed a gap task with face and non-

face targets in 1 session apiece across 4 monkeys. When a gap separates fixation offset 

and target onset in a visually guided saccade task, an early mode is apparent in the 

response time distributions (example response time histogram from a single session in 

figure 5). Saccades that fall within this mode are known as express saccades (here the 

dotted line reflects the manually defined express saccade boundary in this session). In 

order to determine whether face images were more likely to be targeted by express 

saccades, I calculated the proportion of express saccades that were directed towards 

faces, scenes, body parts, and phase scrambled versions of each class of images. 

 

 

Figure 5: Example response time distributions from the social gap task. 
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Social images were more likely to be the target of express saccades than any 

other identically sized subset of the images in 3 out of 4 animals (figure 6, bars ± 

standard deviation, * p < 0.05, permutation test). In the only animal where this non-

significant effect, a comparatively small proportion of saccades were express saccades 

(8% vs greater than 10% for all other animals). Across the dataset, intact faces were more 

likely to be the target of express saccades than phase scrambled faces (p < 0.05, paired, 

t(3) = 3.21). This effect was not due to the disruption of local contrast caused by the 

phase scrambling algorithm: no differences were observed between intact body parts 

and scenes and phase scrambled body parts and scenes (p = 0.48, paired, t(3) = 0.8). 

 

      

 

Figure 6: Face images are disproportionately targeted by express saccades 

 

Intriguingly, emotional faces elicited a greater proportion of express saccades 

than did non-emotional faces in all 4 monkeys. Though only significant at trend (paired 

t-test, p = 0.06, t(3) = 2.95), excluding emotional faces from the analysis eliminated the 

increase in express saccades towards faces (p = 0.1). This result suggests that, in addition 
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to holding attention for longer, emotionally expressive faces can capture oculomotor 

processes directly. 

3.2 Discussion 
The data presented here show that faces capture both covert and overt attention 

in the rhesus macaque, an old world primate species that diverged from the human 

lineage over 25 million years ago. This evidence suggests that the attentional capture of 

faces is not a uniquely human trait, but rather is evolutionarily conserved. Of course, 

additional experimental evidence from species more closely related to humans is needed 

to provide unequivocal support for this hypothesis. In experiment 1, emotional faces 

only enhanced attentional capture in terms of response time interference, but in 

experiment 2 emotional faces drove the increase in express saccade frequency to face 

images. It is possible that ceiling effects explain this discrepancy, or that emotional 

images capture overt attention when they are rewarded targets but not when they are 

distractors. Further work is necessary to elucidate the circumstances in which expressive 

faces capture overt attention. 

The data from experiment 2, while very preliminary, suggest that faces may be 

preferentially targeted by subcortically-mediated saccades. Express saccades result from 

elevated visual responses in intermediate levels of the superior colliculus (Pare & 

Munoz, 1996). This can be due to differences in baseline activity (Pare & Munoz, 1996), 

or to properties of the stimulus (Trappenberg, Dorris, Munoz, & Klein, 2001). For 

example, the frequency of express saccades scales with target luminance and size (Boch, 

et al., 1984). Here, I show that other stimulus properties, such as whether or not an 

image is a face, can also affect the frequency of express saccades. 

Humans also make short latency saccades to faces (Crouzet, Kirchner, & Thorpe, 

2010) that match the latency of express saccades in this species (Fischer & Ramsperger, 
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1986). However these were not clearly express saccades, though they did approach the 

minimum conduction speed for the express saccade pathway. Detecting small effects in 

infrequently generated behaviors requires hundreds of trials. Daily practice with eye 

movement tasks increases express saccade generation (Fischer & Ramsperger, 1986), as 

does the use of a gap task. Here, the use of a gap task in well-trained rhesus macaques 

allowed us to determine that express saccades disproportionately target faces, compared 

to scenes, other body parts, and phase scrambled versions of each image category. 

It is unclear whether this effect is mediated by the direct retino-tectal pathway, or 

by more indirect projections to the superior colliculus from extrastriate visual cortex. 

However, disrupting local contrast was not sufficient to alter the likelihood of express 

saccades, though this is a substantial determinant of what is prioritized in cortical vision 

(Itti & Koch, 2001). This observation parallels previous observations that express saccade 

frequency is unaffected by stimulus features that drive striate cortex (Nothdurft & 

Parlitz, 1993) and is suggestive that extrastriate processing may not make a substantial 

contribution of express saccade generation. However, experiments that perturb 

extrastriate cortex and then examine the frequency of express saccades to faces are 

required to determine subcortical systems are sufficient to promote gaze to faces. 

3.3 Methods 

3.3.1 Animals  

All procedures were approved by the Institutional Animal Care and Use 

Committee at Duke University. Five male rhesus macaques participated in these 

experiments, four in the social interference task (Experiment 1; E, H, C, Y), and four 

social gap task (Experiment 2; E, H, C, L). The macaques lived in a colony of eleven to 

twelve male rhesus macaques. All animals were between the ages of 4 and 11 at the time 

of the experiments and had been in the colony for at least a year. 
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In order to allow eye position monitoring, the monkeys were surgically prepared 

with head restraint prostheses, as described previously (Platt & Glimcher, 1997). They 

were maintained on controlled access to fluids to motivate them to perform tasks. 

Monkeys sat in a primate chair in front of a computer monitor while eye position was 

monitored at 1000 Hz via an infrared eye tracking system (SR Research; Eyelink). Matlab 

(Psychtoolbox-3) was used to display stimuli and record eye position. Task stimuli were 

presented on a 51 cm wide LCD monitor (60 Hz refresh rate, 1920 x 1080 resolution), 

located 60 cm in front of the monkey. 

3.3.2 Experiment 1: Social interference task 

The social interference task is a reflexive attention task, adapted from the Posner 

exogenous cueing paradigm (Posner, Snyder, & Davidson, 1980). In this task monkeys 

performed visually-guided saccades while non-predictive distractor images are flashed. 

The monkey first fixated a central 1° target (+/- 3° of error) for 450-650ms and then 

shifted gaze to an eccentric target (1° square, 14 degree offset) appearing on either the 

left or right. Fixation on the eccentric target (+/-3° of error) for 150ms-450ms resulted in 

a juice reward, which was constant within monkey across sessions and ranged from 

0.15mL to 0.35mL per trial. On 75% of trials, a non-predictive distractor was presented 

15° from fixation at one of three locations: congruent (same hemifield), incongruent 

(opposite hemifield), or neutral (directly above fixation). These images were briefly 

flashed (for 67 ms) and presented with a variable stimulus onset asynchrony (SOA) 

ranging from 50 ms before target onset to 100 ms after. This SOA range minimized the 

predictability of the distractors and allowed quantification of both response time 

interference and saccadic accuracy. Inter-trial intervals (ITI) ranged from 1750 to 2500 

ms. 
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3.3.3 Experiment 2: Social gap task 

In the social gap task, face and non-face images were presented as targets for 

eccentric saccades. The monkey first fixated a central 1° target (+/- 2° of error) for 450-

650ms and then shifted gaze to an eccentric image (7° square) appearing on either the 

left or right. Fixation on the eccentric target (+/-4° of error from its center) for 50ms-

100ms resulted in a juice reward, which was constant within monkey across sessions 

and ranged from 0.15mL to 0.35mL per trial. On 75% of trials, the fixation point 

extinguished 200 ms before the appearance of the eccentric target, a manipulation 

previously shown to maximize the likelihood of express saccades (Schiller, et al., 1987). 

On the remaining 25% of trials, the target onset simultaneously with fixation offset. ITIs 

ranged from 2000 to 2500 milliseconds. 

3.3.4 Stimuli 

Images used in these tasks were drawn from a database of pictures from the site 

of a free ranging macaque colony on Cayo Santiago Island, Puerto Rico. Faces 

maximized heterogeneity across sex, age, emotional expression, viewing angle, and gaze 

direction, although no images depicted a ¾ or greater profile. All of the faces were 

unknown to the subject monkeys.  The images were cropped to the face, resized to a 

standard size (approximately 7° width on screen), and intensity-adjusted within each 

color channel to match across the stimulus set. In experiment 2, images of body parts 

and scenes were also drawn from the same database of images. Additional non-face 

control images were generated by phase scrambling the face images. The phase 

scrambling added identical randomly generated noise within each Fourier-transformed 

color channel. In order to confirm that the attentional capture observed in the present 

experiments was not due to any luminance of social images, I compared the intensity of 

intact and phase scrambled images. Intact images were not significantly more luminant 



 

45 

than phase scrambled images in terms of their mean intensity (p = 0.6, t(398) = 0.04), or 

in terms of their median intensity (p = 1, t(398) = 4.55). 

3.3.5 Data Analysis 

Data was analyzed with MATLAB. Unless otherwise noted, ANOVAs treated 

monkey identity as a random effect. All other independent variables were modeled as 

fixed effects. Paired t-tests were used for all post-hoc analyses, unless otherwise noted. A 

simple algorithm was used to separate saccades and fixations. Saccades were identified 

as high velocity periods (continuously above 3°/second) that attained a minimum 

velocity of 15°/second. Saccade onset and offset were identified as the first and last gaze 

points, respectively, above the 3°/second threshold. Fixations were defined as the 

periods between saccades. Errant saccade trials were defined as trials where an 

additional fixation period occurred in time between fixation of the central fixation point 

and fixation of the eccentric target. Saccadic deflection was defined individually for each 

trial by drawing a straight line from the mean location of central fixation points to the 

mean location of eccentric target fixation points, and taking the residuals of the actual 

saccade from that line at each observation (every 1 ms) along the actual saccade line. 

Saccadic deflection was calculated as the sum of absolute value of those residuals. 

Express saccades in experiment 2 were defined by manually identifying the valley 

between response time peaks for each session, using the minimum of the no-gap 

response time distribution as an aid. 
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4. Pupil size in measuring and predicting distraction 
The first filter through which visual stimuli must pass to reach the brain is the 

pupil. Rather than being a passive tunnel through which light diffuses, the pupil can 

shape the visual signal through dilating or constricting. As anyone who has operated a 

manual cameral can attest, the aperture of a lens influences the resulting image: it 

controls how much light hits the film, but also the spatial resolution of the image and the 

field of view. When photographing small, detailed objects at close range, for example, 

photographers constrict their apertures, enhancing the fidelity of fine detail. Conversely, 

to draw the eye to large contours in a scene, a photographer might dilate the aperture, 

sacrificing detail in favor of more substantial forms. The eye must also select aperture 

diameters, not only in response to changing luminance conditions, but also in response 

to the current visual goals. The diameter of the pupil is controlled by the activity of two 

muscles: the pupillary dilator, which dilates the eye, and the pupillary sphincter, which 

constricts it. 

The pupillary sphincter contracts the eye and is responsible for the pupillary 

light reflex. When a focal or global luminance change occurs, the pupil constricts 

reflexively (Campbell & Gregory, 1960). This constriction has a protective function, 

preventing photoreceptor fatigue and transient blindness during sudden changes in 

global luminance. However, the pupillary light reflex is also thought to optimize visual 

acuity and contrast sensitivity across changing lighting conditions (Campbell & 

Gregory, 1960). A subcortical midbrain pathway mediates the pupillary light reflex. 

Luminance information from the retina is relayed to the midbrain pretectal nucleus, 

which in turn projects to the Edinger-Westfall nucleus, which signals the pupillary 

sphincter to contract (Magoun, Atlas, Hare, & Ranson, 1936). However, a small pupillary 

light response is still observed in human patients in the absence of direct retinal input to 
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the pretectum (Papageorgiou, et al., 2008). Moreover, a small pupil constriction response 

is observed following equiluminant changes stimuli, including changes in color, spatial 

frequency, and structure (Gamlin, Zhang, Harlow, & Barbur, 1998; Kardon, 1995). 

Intriguingly, these equiluminant stimulus changes also draw visual attention. 

The onset of coherent motion, for example, both causes transient pupil constriction 

(Sahraie & Barbur, 1997) and captures attention (Abrams & Christ, 2003). The pupillary 

light response requires ocular dominance during binocular rivalry (Hakerem & Sutton, 

1966; Zuber, Stark, & Lorber, 1966), which is profoundly determined by the locus of 

attention (Mitchell, Stoner, & Reynolds, 2004; Stoner, Mitchell, Fallah, & Reynolds, 2005). 

Moreover, the pupillary light response is also modulated during performance of a 

competing task (Steinhauer, Condray, & Kasparek, 2000), a factor known to influence 

attentional deployment (Broadbent, 1964). The pretectal nucleus receives cortical input 

from the frontal eye fields (Huerta, Krubitzer, & Kaas, 2004; Kunzle & Akert, 2004; 

Leichnetz, 1982) and the lateral intraparietal cortex (Leichnetz, 2001). Importantly, pupil 

constriction following equiluminant stimulus changes is not observed in cortical 

blindness (Barbur, Harlow, & Sahraie, 1992), where the visual signals in cortex are 

significantly reduced (Schmid, et al., 2010). However, it is unclear whether the pupil 

response to a stimulus is modulated by attention.  Attentional modulation of pupil 

constriction would be an intriguing mechanism through which endogenous attentional 

goals could shape visual signals at the earliest stages of processing. 

Conversely, the pupil dilates through the action of pupillary dilators, which are 

innervated by sympathetic afferents from the third cranial nerve. Pupil dilation is a 

canonical index of sympathetic nervous system activity and covaries with other 

measures of autonomic arousal, including changes in skin conductance (Bradley, et al., 

2008). Pupil dilation also increases with emotional arousal (Bradley, et al., 2008) and 
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many aspects of task performance (Bijleveld, et al., 2009; Gilzenrat, et al., 2010; 

Goldwater, 1972; Tursky, et al., 1969). Moreover, considerable interest has emerged in 

the use of pupil dilation under constant luminance, as an index of noradrenergic tone 

(Gilzenrat, et al., 2010; Koss, 1986; Preuschoff, Hart, & Einhauser, 2011). Intriguingly, 

while arousal is associated with increased distractibility (Korchin, 1964), norepinephrine 

may have the opposite relationship with distractibility. Pharmacological enhancement of 

cortical norepinephrine reduces distraction (Clark, et al., 1989; Witte & Marrocco, 1997), 

while ablation of cortical noradrenergic centers enhances distraction (Carli, et al., 1983). 

Therefore, it is unclear whether pupil size might predict attention to task-relevant and 

irrelevant visual targets and what the direction of the effect might be. 

In order to address these open questions about the relationship between pupil 

size and distractibility, I examined pupil size during performance of the social 

interference task, a modified Posner exogenous cueing paradigm. I first looked at how 

well initial pupil size predicted distraction, and then turned to ask how well the pupil 

light response correlated with distraction. As shown in the previous chapter, distractors 

that are spatially congruent with the rewarded target speed response time, while 

spatially incongruent distractors slow response time. The amount of interference the 

distractors have on response time provides an implicit measure of the attention the 

subject is paying to the distractor (Posner, et al., 1980). Thus, this method allows me to 

correlate trial-by-trial measurements of stimulus attention with baseline pupil size and 

the pupil response to distractors. Moreover, this modified version of the paradigm also 

includes a manipulation of distractor attention. As shown in the previous chapter, face 

stimuli increase response time interference in this task, relative to luminance-matched 

nonsocial control stimuli. Therefore, I also examined the effect of stimulus salience on 

the pupil response to distractors. Finally, by manipulating the timing between the target 
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and distractor, I was able to partially separate the pupillary effects of premotor 

processes from covert stimulus attention. Here, I report that baseline pupil size predicts 

enhanced distractor interference and that the pupil response to distractors tracks spatial 

attention, stimulus salience, and is enhanced by premotor processes. 

4.1 Results 
Two measures of pupil size (figure 7) were compared with behavior across trials 

in 72 behavioral sessions across 4 monkeys. Pupil constriction was calculated as a 

percent change from absolute pupil size in the 20 ms immediately following distractor 

onset, before the pupil begins to contract (dotted circles). Conversely, baseline pupil 

diameter was determined by measuring pupil size during the first 350 ms of fixation 

(gray bar). 
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Figure 7: Pupil traces from two example trials, illustrating epochs used to measure 
baseline pupil size and the pupil response to distractors. 

 

I first asked whether baseline pupil size predicts distractor attention, as indexed 

by response time interference. Behavior in this task was described in the previous 

chapter, but briefly, incongruent distractors slow response and congruent distractors 

speed responses. Importantly, neutral distractors, which are outside of the plane of 

possible target locations, do not alter response time in this task. Social distractors 

increase response time interference: they slow incongruent target responses and speed 

congruent responses relative to non-social distractors. Pupil size at fixation predicted 
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subsequent response time interference (figure 8, bars ± SEM). As baseline pupil size 

increased, so did incongruent distractor interference (p < 0.05, beta = 0.0004). Moreover, 

a trend in the opposite direction was observed in response time following congruent 

distractors (p = .13, beta = -0.0002). 

 

Figure 8: Baseline pupil size predicts response time. Bars ± SEM. 

 

 Next I examined the relationship between the pupil light response to the 

distractor and various metrics of distractor attention. First, I confirmed that the pupil 

constriction observed in the present experiments was due to the distractors by 

comparing pupil constriction following distractors with pupil constriction on trials in 

which no distractor was present. Within each session, pupils were substantially smaller 

following distractors than in the absence of distractors (figure 9 first panel, dotted lines ± 

SEM, paired T-test, p < 0.0001, t(71) = 15.38). We used a receiver operating characteristic 

(ROC) analysis to ask how well the presence of a distractor was predicted by the 

magnitude of pupil constriction. We found consistently high within-session area under 

the curves (AUC; mean = 0.83, range = 0.64 to 0.96, t-test for difference from random 

classification, p < 0.0001, t(71) = 36.04), indicating substantial separation in the 
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distributions between pupil size following distractors and pupil size on no-distractor 

trials. 

Neutral distractors had little behavioral impact in this task because they were 

outside of the plane of possible target locations. Therefore, in order to examine the 

effects of spatial attention, I contrasted neutral distractors and distractors that effectively 

biased response time. The pupil response was substantially reduced for neutral 

distractors compared to the incongruent and congruent distractors (figure 9, first panel; 

p < 0.0001, t(71) = 24.13, mean AUC = 0.72, range: 0.53 to 0.87, p < 0.0001, t(71) = 23.26), 

indicating that the pupil response was modulated by spatial attention. 

In order to determine if the attentional salience of a stimulus modulated the 

pupil response, I compared pupil response to social and nonsocial distractors. Pupil 

constriction was enhanced for the salient, biologically relevant social distractors (figure 

9, second panel, dotted lines ± SEM), regardless of whether they were presented in 

effective (p < 0.0003, t(71) = 3.87, paired test) or ineffective locations (p<0.03, t(71), -2.27). 
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Figure 9: Pupil traces following effective, ineffective distractors and traces following 
social distractors in each location. 

 

Pupil responses were also correlated with distractor interference across trials 

(figure 10, bars ± SEM). As pupil responses to pre-target distractors increased in 

magnitude, response time following incongruent distractors slowed (p < 0.0001, beta = 

0.003) and response time following congruent distractors sped up (p < 0.0001, beta = -

0.002). This result indicates that the previous effects are not due to visual field 

inhomogeneity, where no such correlation would be observed, or due to difficulties in 

target detection, where the same relationship with response time would be observed for 

congruent and incongruent distractors. 
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Figure 10: Pupil response correlates with distractor interference 

 

I next asked whether the pupil response was modulated by saccade preparation. 

When the target appears, the monkeys plan a saccade to that location, but before the 

target appears, attention is divided across potential target locations. Therefore, I asked 

whether the pupil response to congruent and incongruent distractors was modulated by 

whether distractors were presented before or after target onset (figure 11, dotted lines ± 

SEM). The pupil response was identical for congruent and incongruent distractors that 

were presented before the target (p > 0.86, z(71) = 0.18; mean AUC = 0.49, range = 0.36 to 

0.66, p > 0.14, t(71) = -1.49). However, after the target appeared, pupil responses were 

enhanced for congruent distractors relative to incongruent distractors (p < 0.0003, t(71) = 

3.79; mean AUC = 0.63, range = 0.41 to 0.81, significant AUC, p < 0.0001, t(71) = 10.19). 
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Figure 11: Pupil response is modulated by distractor-target SOA 

 

This effect was due to both an enhanced pupil response for congruent 

distractors, which were proximate to the saccade target, and to a suppressed response at 

the incongruent location (figure 12, bars ± SEM; interaction of SOA bin and distractor 

congruence, p < 0.0001, F(1,5) = 19.3). Pupil responses were suppressed for all distractors 

that immediately followed the target (p < 0.05), likely due to enhanced perceptual 

competition. However, at longer SOAs, responses to congruent distractors were 

enhanced (p < 0.05) and responses to incongruent distractors were suppressed (p < 0.05). 

A main effect of distractor congruence (p < 0.0001, F(1,1) = 89.2) was driven by these 

post-target distractors (p < 0.05). 
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Figure 12: Pupil response is enhanced for distractors at location of an 
upcoming saccade, suppressed for other distractors. 

 

Initial pupil size is known to predict the magnitude of the pupil light response 

(Bitsios, Szabadi, & Bradshaw, 1996) and so changes in the pupillary light response 

could be a simple effect of arousal. In order to evaluate this possibility, I compared pupil 

response magnitude across trials based on whether pupil size was relatively large or 

small in the first 350 ms of fixation (figure 13, bars = +/- SEM, dotted lines = general 

linear model fits). However, baseline pupil size was negatively predictive of minimal 

pupil size following real or sham distractors: as baseline pupil size increased, minimal 

post-distractor pupil size was more likely to be small (p < 0.05, beta = -0.0006). 

Importantly, no differences in slope were observed between distractor absent and 

present trials (p > 0.2) or within response time bins during present trials (p > 0.35). Thus, 

baseline pupil size had a constant offset effect regardless of distractor presence but did 

not alter the magnitude of the pupil response to distractors. Moreover, in both 

incongruent and congruent trials, the pupil response still scaled with distractor response 
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time when the main effect of pupil size at fixation was included in the regression 

(incongruent: p < 0.01, beta = -0.006; congruent: p < 0.001, beta = 0.007). 

 

 

Figure 13: Pupil response correlates with interference, regardless of baseline size 

 

4.2 Discussion 
Here, I examined the effects of initial pupil size on distractor attention and the 

effect of distractor attention on pupillary responses. By the simple application of optics, 

it is apparent that pupil size has the potential to shape both the visual signal and any 

process that operates on that visual signal. Here, large pupil dilation under constant 

luminance conditions predicted enhanced distractibility. A large pupil diameter 

necessarily reduces high spatial frequencies, which contribute to the local contrast that 

guides gaze during unconstrained image viewing (Itti & Koch, 2001). These results are 

consistent with the hypothesis that increasing pupil diameter may bias gaze away from 

regions with fine local contrast regions and towards larger contrast gradients. 

Alternatively, these results are also consistent with a model in which arousal predicts 

enhanced vigilance and distractibility through other mechanisms than altering optics 
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(Aston-Jones & Cohen, 2005; Korchin, 1964). Direct manipulations of pupil size could 

dissociate these possibilities. 

Crucially, independently of this effect, attention also modulated the pupil 

constriction observed in response to a briefly flashed image. Manipulating the social 

content of the images both increased their task interference and enhanced the pupil 

response. The pupil response was also affected by spatial distribution of attention across 

the visual field and predicted trial-by-trial variation in distractor interference. These 

effects were not better explained by initial pupil size, visual field inhomogeneity, or 

difficulty in target detection. Moreover, planning a saccade to a location in space 

enhanced the pupil response to a proximate distractor, but suppressed the response to a 

distant one, indicating that premotor processes contribute to this effect. 

The pupillary light response has long been thought of as a simple reflex that 

optimizes visual acuity and contrast sensitivity in the face of global changes in 

luminance (Campbell & Gregory, 1960). However, in addition to global differences in 

luminance, natural scenes contain local luminance gradients. In natural vision, two 

sequential saccades may target regions that invite very different pupil diameters. Here, I 

report that saccade planning enhanced the pupil response to a distractor. Moreover, 

given that spatial attention is invoked in saccade planning, (Hoffman & Subramaniam, 

1995; Kowler, Anderson, Dosher, & Blaser, 1995; Rizzolatti, Riggio, Dascola, & Umilta, 

1987), spatial attentional modulation of pupil constriction may allow for anticipatory 

adjustments pupil size in preparation for upcoming saccades. The pupil requires 

hundreds of milliseconds to constrict to its maximal size following a light stimulus 

(Clarke, Zhang, & Gamlin, 2003). Initializing constriction before a saccade would give 

the signal time to propagate before the saccade, allowing the pupil time adjust for the 

eccentric luminance by the time the target is foveated. This process would reduce retinal 
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fatigue and improve signal by enhancing visual acuity during natural viewing, thereby 

improving the efficiency of visual scanning. 

It is unclear whether there is a relationship between the attentional modulation 

of pupil constriction observed in the present experiment and known effects of attention 

on contrast sensitivity (Carrasco, Ling, & Read, 2004) and visual actuity (Yeshurun & 

Carrasco, 1999). While increased contrast sensitivity and visual acuity are inevitable 

consequences of reduced pupil diameter (Atchison, Smith, & Efron, 1979; Campbell & 

Gregory, 1960), attention has also been shown to modulate extrastriate contrast 

sensitivity to a particular spatial location in an equiluminant visual field (Reynolds, 

Pasternak, & Desimone, 2000). It is possible that the attentional modulation of the pupil 

response works synergistically with attentional modulations of contrast sensitivity in 

extrastriate cortex. In either case, these results highlight the importance of measuring 

pupil size when interrogating the perceptual effects of attention. 

Finally, I confirmed previous reports that magnitude of the pupil light response 

is partially determined by baseline pupil size (Bitsios, et al., 1996). However, this effect 

was a constant offset in absolute size and was not altered by whether or not distractors 

were presented. Moreover, differences in baseline pupil diameter could not explain the 

finding that the pupil response was proportional to distractor interference. While 

previous studies have suggested that variation in the pupillary light response can 

provide insight into cognitive or arousal states (Bitsios, et al., 1996; Steinhauer, et al., 

2000), the present results show that the pupillary response is profoundly determined by 

attention. Future work is needed to determine whether these effects are specific to 

attention to task-irrelevant targets, or whether attention also modulates the pupil 

response to task-relevant targets. 
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4.3 Methods 
Details of the social interference task were described in the previous chapter 

(section 3.3). 

4.3.1 Pupil Measurement 

Baseline pupil diameter was determined by averaging over all pupil size samples 

collected during the first 350 ms of fixation (sampled 1000 Hz). In order to isolate the 

pupillary light response from baseline changes in pupil size, I calculated the percent 

change in pupil size following distractors from the average pupil size over the first 50 

ms after distractor presentation. The 50 ms window included enough samples to get a 

reliable baseline, but also ensured that no constriction was observed during this epoch. 

In order to compare distractor pupil response with pupil traces when distractors were 

absent, distractor absent trials were aligned to sham distractor time stamps. Sham time 

stamps were generated through random sampling, with replacement, from the observed 

target-distractor offsets in our dataset. Because the pupil response to incongruent and 

congruent distractors changed after target onset, the analysis of the pupil response to 

social distractors only included pre-target distractors. 

4.3.2 Data Analysis 

Data was analyzed with MATLAB. ANOVAs included session as a random 

variable. The same generalized linear model was used to predict response time on the 

basis of baseline pupil diameter and pupil response. Within each session, mean response 

time was calculated within each pupil size bin for congruent and incongruent distractor 

trials then the generalized linear model was run on this data. These were simple models 

of the form: 

€ 

ˆ y = β0 + β1x + β2α + β3(x × α)  
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Where x was pupil constriction, and α was a categorical predictor with 1 for 

incongruent trials and 0 for congruent trials. β1 thus reflected the relationship between 

pupil size and congruent trials, β2 a constant offset between congruent and incongruent 

response times, and β3 the change in slope between the relationship between pupil size 

and response time on incongruent trials, compared to congruent trials. Figures 8 and 10 

reflect fits from this model. 

In order to examine the relationship between baseline pupil size and the pupil 

response, I employed a second generalized linear model to determine whether baseline 

pupil size predicted changes in the pupillary light reflex. I fit the following model to the 

mean response times within each baseline pupil size bin within sessions:  

€ 

ˆ y = β0 + β1x + β2α + β3(α × RT) + β4 (α × x × RT)  

Where x was quantiles of baseline pupil size, α reflected the presence (1) or 

absence (0) of distractors, and RT reflected the response time quantile bin. Models were 

fit separately for congruent and incongruent trials. β1 reflected the relationship between 

pupil size at fixation and pupil size in the time window following real or sham 

distractors, β2 reflected a constant offset between pupil response to real and sham 

distractors, β3 reflected the offset between response time bins, and β4 reflected 

differences in slope between response time bins. Figure 13 shows the fits from this 

model. 
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5 Dorsal anterior cingulate signals task interference and 
predicts adjustments in arousal 

One central problem for any organism is how to maintain task performance 

despite competing alternative actions or attentional targets. The dorsal anterior cingulate 

(dACC) is consistently implicated in task engagement and self-control across a variety of 

tasks (Allman, Hakeem, Erwin, Nimchinsky, & Hof, 2001; Paus, 2001) and tracks many 

variables important for task performance, including errors (Holroyd, et al., 2004; Ito, et 

al., 2003) and rewards (Cai & Padoa-Schioppa, 2012; Hayden & Platt, 2010; Rushworth & 

Behrens, 2008; Shidara & Richmond, 2002). However, it is unclear how dACC 

contributes to task performance in a distracting environment, in which salient, task-

irrelevant targets compete for attention and action. 

Typically, dACC is thought to have a cognitive role in reinforcing task 

performance: relaying information about task variables such as conflict and reward to 

other prefrontal regions, which then enact cognitive control (Botvinick, Braver, Barch, 

Carter, & Cohen, 2001). This hypothesis is motivated by observations that dACC has 

rich reciprocal connections to cortical regions involved in high order cognitive functions 

(Barbas & Pandya, 1989; Carmichael & Price, 1995), particularly the dorsolateral 

prefrontal cortex. 

Alternatively, dACC may facilitate task performance through adjusting 

behavioral state. Anatomically, dACC has strong projections to subcortical regulators of 

arousal such as the locus coerrelus (Aston-Jones & Cohen, 2005). The locus coerruleus is 

the source of cortical norepinephrine, a neuromodulator that is an important 

determinant of distractibility (Carli, et al., 1983; Clark, et al., 1989; Witte & Marrocco, 

1997). Crucially, dACC has been functionally implicated in the regulation of autonomic 

arousal in humans (Critchley, et al., 2002; Critchley, Tang, Glaser, Butterworth, & Dolan, 
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2005). Under constant luminance conditions, pupil size is a strong index of 

norepinephrine tone (Gilzenrat, et al., 2010), so in order to dissociate between these 

possible mechanisms, I recorded from single neurons in dACC and tracked pupil size 

while rhesus macaques performed a social distraction task. In this task, salient, 

biologically relevant distractors are presented during performance of a simple 

oculomotor task. I first determined how dACC responded to the distractors and how 

those responses were modulated by task performance. Next, I characterized what 

aspects of task performance were signaled in dACC firing rates. Finally, I determined 

whether distractor signals in dACC predicted arousal and arousal-linked distractibility 

states on subsequent trials. 

5.1 Results 
In the social interference task, face and nonface distractors are briefly flashed 

(67ms) during performance of visually guided saccade task. Relative to the visual target, 

distractors can be spatially congruent, spatially incongruent, or in a neutral third 

position directly above fixation. A substantial proportion of dACC cells altered their 

firing rate in response to distractors, compared to distractor absent baselines (84%; 79 

out of 94 cells). Significant proportions of this population responded to distractors 

selectively within (15%, 14 cells) or outside (29%, 27 cells) of the of the task. However, 

the largest proportion of distractor responsive cells responded to distractors regardless 

of task (40%, 38 cells). However, these cells did not simply signal the presence of a 

flashed stimulus: within these cells, task and ITI presented distractors had distinct effect 

effects on firing rate (figure 14, shaded regions ± SEM; p < 0.05, paired t-test, t(37) = 

2.47). Across the whole population, the presence of task distractors increased firing rates 

in a biphasic pattern (first panel), though only a small minority of individual cells (10%, 

9 cells) had biphasic distractor responses. 
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Figure 14: The dACC population (first panel) and an example single neuron (second 
panel) have distinct responses to distractors presented within and outside of the task. 

 

Three epochs were identified for further analysis: the first peak following 

distractor onset (0-150 ms), the second peak (150-300 ms), and the sustained response 

(300-800 ms). Epochs are illustrated as increasingly light gray bars in the population 

histogram in figure 14. We used a generalized linear model to predict firing rates in each 

cell on the basis of the presence of distractors, the interaction of distractors and response 

time (distractor interference), and future pupil size. Additional terms were included to 

account for autocorrelations in pupil size and response time independent of the presence 

of distractors. During the first peak, the largest number of significant cells encoded the 

presence of the distractor, compared to distractor interference and future arousal (figure 

15). During the second peak, a larger proportion of cells scaled with distractor 

interference and arousal. Finally, during the sustained firing epoch, the largest 

proportion of cells scaled with arousal on the next trial.  
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Figure 15: Each epoch of the distractor response signals distinct information about 
distractors and future arousal. 

 

Behaviorally, distractor interference was influenced by two properties of the 

distractor: its location and social content. These properties defined the salience of the 

distractor. Distractors affected response time according to their spatial congruency with 

the target location (figure 16, first panel, bars ± SEM; p < 0.0001, F(1,2) = 204.79). When 

distractors appear in a congruent position relative to the target, they speed target 

responses (p < 0.0001, post-hoc Tukey LSD, compared to distractor absent trials). 

Conversely, when distractors are incongruent relative to the target position, they slow 

target responses (p < 0.0001). Importantly, neutral distractors did not affect response 

time relative to distractor absent baselines in this task (p > 0.5), indicating a lack of 

spatial attention to their location. Social distractors enhanced response time interference 

relative to nonsocial distractors (interaction with trial type p < 0.02, F(1,2) = 3.99). 

Incongruent social distractors slowed responses more than incongruent non-social 

distractors (p < 0.05, Tukey LSD) and there was a trend towards social distractors 

speeding responses (p = 0.06, Tukey LSD). 
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Figure 16: First peak of distractor response tracks the salience of distractors. 

 

During the first peak, firing rate was increased for salient, interfering distractors 

relative to nonsocial and neutral distractors (figure 16, middle and right panels). Within 

the task distractor responsive population (52 cells), firing rates during the first peak 

were greater for distractors in high interference locations (congruent and incongruent) 

compared to the neutral, low interference location (p < 0.001, paired Wilcoxon signed 

rank, z(51) = 3.43). Moreover, responses were greater for social distractors in those high-

interference locations than for nonsocial distractors (p < 0.05, z(51) = 2.18). 

During the second peak, dACC activity continued to reflect the salience of the 

distractors, but now signaled their interference with task performance (figure 17). As 

shown in figure 1, the second firing rate peak is absent for ITI distractors in the 

population (left panel) and in individual cells (example in the middle panel). However, 

the second peak was also reduced for neutral distractors compared to effective 

distractors both at the population level (figure 16, top left), and in single units (figure 16, 

top right). Eighteen cells (18/94, 19%) differentiated between congruent and incongruent 

distractors and 15 cells (15/94, 16%) differentiated between these effective distractors 

and neutral distractors. Roughly a quarter of these cells (7/26, 27%) signaled both 

contrasts. During the second peak, effective-encoding cells tended to increase their firing 
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rates for effective distractors relative to ineffective distractors (p < 0.05, Wilcoxon signed 

rank). However, no particular sign was observed for the population of congruence-

encoding cells (p > 0.4). 

 

 

Figure 17: Second peak signals distractor congruence and response time interference. 

 

Because reward timing has been previously raised as a possible explanation for 

signals in this region (Alexander & Brown, 2011), I determined whether differences in 

response time were signaled in this region (figure 16, bottom row). The second peak of 

distractor firing was sustained with increasing response time. However, this effect was 

not due to reward timing as no significant differences were observed during this epoch 
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for response time in the absence of distractors. Moreover, these responses resolved 

before reward delivery (figure 16, bottom right, inset). 

Importantly, in response to distractors, the monkeys reduced their level of 

arousal on subsequent trials, as indexed by reduced baseline pupil size (figure 18; p < 

0.0001, F(1,3) = 20.47). This effect was apparent across all distractor locations (paired 

post-hoc t-test, p < 0.0001, t(55) = 8.16), but was enhanced by incongruent and congruent 

distractors relative to neutral distractors (p < 0.0001, t(55) = 4.69). No difference was 

observed between incongruent and congruent distractors (p > 0.8). 

 

Figure 18: Reduced arousal in response to distractors. 

 

Regulating arousal in this task is important because high arousal predicts 

increased distractor interference (figure 19). Distractors cause errant saccades: saccades 

off fixation that are not directed towards the target (p < 0.0001, within session paired t-

test, t(55) = 10.21). However, as arousal increases the proportion of errant saccades also 

increases (p < 0.05, beta = 0.001). Importantly, arousal did not predict errant saccade 

frequency in the absence of distractors (p > 0.66), indicating that this was not an effect of 

increased motor activity, but rather reflected distractor interference. 
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Figure 19: Arousal predicts the oculomotor capture of distractors. 

 

Single neurons in dACC multiplexed information about future arousal and 

distractor presence (figure 20). Within individual cells, we compared the correlation 

coefficients between firing rate and distractor presence during significant distractor 

encoding epochs, and between firing rate and arousal on the next trial during the 

sustained epoch. In order to ensure that we selected only those neurons with the most 

reliable distractor coding, we set a significance threshold of p < 0.005 for the 

correlations. A substantial proportion of cells had some correlation with distractor 

presence (36/94, Pearson correlation, mean R = 0.08, range = -0.29, 0.55). Another 

significant proportion correlated with arousal on the next trial, controlling for arousal on 

this trial (17/94, Spearman partial correlation, mean R = 0.004, range = -0.23, 0.19). 

Critically, these populations overlapped. Ten cells (10/94, 11%) significantly correlated 

with both distractors and subsequent arousal, indicating that these cells multiplexed 

information about distraction and future arousal. 
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Figure 20: Overlapping populations of cells signal distractors and predict adjustments 
in arousal. 

 

During this epoch, the firing rate of single dACC neurons predicted future 

arousal (p < 0.0001, beta = 0.01), even when accounting for baseline pupil size (p < 

0.0001, beta = 0.37), distractor presence (p < 0.003), location (p < 0.0001, beta = 0.002), 

response time (p < 0.0001, beta = 0.11), distractor interference (p < 0.0001, beta = 0.10), 

errors (p < 0.0001, beta = 0.004), and session.  

Importantly, the firing rate during this sustained epoch also predicted the 

likelihood of an errant saccade on the next trial (p < 0.0001, beta = 0.58). Because we 

observed a three-way relationship between dACC activity, pupil size on the next trial, 

and subsequent distractibility, we then used a mediation analysis (Mackinnon, Fairchild, 

Fritz, 2007; Sobel, 1982) to ask whether arousal was a significant modulator of the 

relationship between this trial’s firing rate and future distractibility. In order to rule out 

possible contributions of trial type, we conducted this analysis only on trials with 

incongruent or congruent distractors. Arousal was a significant mediating factor in the 

relationship between dACC activity and subsequent distractibility (p < 0.01, Sobel test z 

= 2.55). 
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5.2 Discussion 
We found that single neurons in dACC signal the presence of goal irrelevant 

events, largely through increased firing rate. These increases in firing rate are not a 

simple visual response, but rather signal information about distractor interference in 

two distinct phases. The first peak in distractor firing reflected the salience of the 

distracting image, regardless of task demands, while the second peak was only observed 

during task performance and was modulated by distractor interference. Moreover, 

subsequent dACC activity predicted both task-facilitating adjustments in arousal state 

and distractibility. Specifically, dACC activity on one trial predicted the regulation of 

arousal in the service of task performance on the next. 

These results are consistent with a model in which dACC aggregates information 

about task performance from multiple sources in order to adjust arousal in the service of 

task goals. dACC has been implicated in a variety of cognitive functions in other studies. 

These include response or task conflict (Matthew M Botvinick, et al., 2001; Matthew M. 

Botvinick, Cohen, & Carter, 2004; Carter, Botvinick, & Cohen, 1999), error detection 

(Carter, et al., 1998; Ito, et al., 2003), error likelihood (J. W. Brown & Braver, 2005), 

reward delivery (Cai & Padoa-Schioppa, 2012), reward omission (Ito, et al., 2003), 

reward expectancy (Alexander & Brown, 2011; Shidara & Richmond, 2002), unexpected 

reward outcomes (Hayden, et al., 2011; M. Matsumoto, et al., 2007), and task (Johnston, 

et al., 2007) and motor switching (K. Matsumoto, Suzuki, & Tanaka, 2003). 

A parsimonious interpretation of this disparate range of cognitive functions is 

that the region mediates some fundamental mechanism common to them all. For 

example, many of these cognitive functions are associated with changes in arousal, as 

indexed by pupil dilation. Task difficulty (Tursky, et al., 1969; Goldwater, 1972), task 

conflict and error likelihood (Gilzenrat, et al., 2010), and reward expectancy (Bijleveld, 
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Custers, Aarts, 2009) are all associated with alterations in pupil size. Here, we show that 

while salient stimuli typically evoke increased arousal (Sokolov, 1963), the same stimuli 

can reduce arousal when looking at them interferes with task performance, indicating 

that distractor interference is another strong predictor of pupil size. Thus, dACC may 

mediate between higher order cognitive functions and the regulation of arousal essential 

for adaptive task performance (Aston-Jones & Cohen, 2005). 

Beyond the results reported here, there is additional functional and anatomical 

evidence in support of this hypothesis.  First, dACC has been functionally implicated in 

the regulation of arousal. Voluntary control of autonomic arousal increases dACC BOLD 

responses in humans (Critchley, et al., 2002; Critchley, et al., 2005). Moreover, dACC 

lesions in human patients result in an inability to suppress reflexive saccades (Gaymard, 

et al., 1998), a behavior that is predicted by baseline pupil size. Anatomically, while 

dACC has rich reciprocal connections to cortical regions involved in high order 

cognitive functions (Barbas & Pandya, 1989; Carmichael & Price, 1995), its role in 

regulating performance across disparate tasks may also be due to projections to 

subcortical centers responsible for regulating arousal. 

5.3 Methods 

5.3.1 Surgical procedures 

All procedures were approved by the Institutional Animal Care and Use 

Committee at Duke University. Two male rhesus macaques participated in this 

experiment (H, Y). In order to allow eye position monitoring and electrophysiological 

recording, the monkeys were surgically prepared with small head restraint prostheses, 

as described previously (Platt and Glimcher, 1997). A recording chamber (Christ 

Instruments) was stereotaxically placed over the cingulate sulcus and its location was 

verified with MRI. Appropriate analgesics and antibiotics were delivered after all 
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procedures. The recording chamber was maintained with regular sterile saline washes 

and sealed with a sterile cap between recording sessions. The monkeys were acclimated 

to the laboratory, to head restraint, and then trained to perform the task for liquid 

rewards.  

5.3.2 Behavioral techniques 

The animals were maintained on controlled access to fluids to motivate them to 

perform the task. Eye position was monitored at 1000 Hz via an infrared eye tracking 

system (SR Research; Eyelink). Matlab (Psychtoolbox-3) was used to display stimuli and 

record eye position. Task stimuli were colored targets presented against a dark 

background on a 51 cm wide LCD monitor (60 Hz refresh rate, 1920 x 1080 resolution), 

located 60 cm in front of the monkey. 

Details of the social interference task have been reported in previous chapters. 

However, here, on a variable subset of trials (10% to 75%), distractors were also flashed 

during the ITI. The frequency of ITI distractors changed every 50 trials in the majority of 

recording sessions, but in some sessions it was fixed at 10%. ITI distractors were 

presented in the same three locations as task distractors, each 15° from the center of the 

screen. The monkeys had a substantial 2 second window, from target onset, in which to 

fixate the target. Errors in this task were thus exclusively due to premature breaks of 

fixation. 

5.3.5 Electrophysiological recording 

We recorded from single neurons in the dorsal bank, ventral bank, and fundus of 

area 24c in two monkeys during task performance. Single electrodes (Frederick Haer) 

were lowered with a hydraulic microdrive (Kopf) into grid sites identified with MRI as 

located over the cingulate sulcus. Neuroimaging was performed at the Center for 

Advanced Magnetic Development at Duke University Medical Center, on a 3T Siemens 
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Medical Systems Trio MR Imaging Instrument using 1 mm slices. In each session, we 

lowered the electrode within the cingulate sulcus until the waveform(s) of single (1–3) 

neuron(s) was isolated. Individual action potentials were identified by standard criteria 

and isolated on a Plexon system. Isolations were confirmed both online and post-hoc 

through mapping them to clusters defined on the basis of principle components. 

Neurons were selected for recording on the basis of the quality of isolation only, and not 

on firing rate or task-related response properties. 

5.3.6 Data Analysis 

Data was analyzed with custom MATLAB scripts. Peristimulus time histograms 

(PSTHs) were constructed by aligning spike time rasters (1 ms resolution) to specific trial 

events and averaging firing rates across multiple trials within each 1 ms bin. When no 

task event was present for alignment (as in the case of distractor absent trials aligned to 

distractor onset), sham event time stamps were generated by randomly sampling, with 

replacement, the time stamps of actual occurrences of that event on event present trials. 

Multiple sham time stamps were generated for every event-absent trial in order to 

match sample sizes for event-present and event-absent conditions. For display, PSTHs 

were smoothed with a Gaussian filter (5 ms standard deviation). 

Significance testing for basic trial-type contrasts was conducted using a 

bootstrapping method on binned (1 ms), unsmoothed data. Shuffled data sets were 

constructed by randomly resampling the observed firing rate data, with replacement, 

into the existing trial labels. Shuffled datasets were thus matched in sample size to the 

original datasets. Resampling was performed 1000 times on each cell. Sliding Wilcoxon 

rank-sum tests were then used to compare the shuffled and original data (100 ms bins, 

10 ms steps). For each cell, significance thresholds were set to the number of continuous 

significant bins observed in less than 5% of shuffled datasets. 
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Mediation Analysis. The mediation analysis was conducted after Sobel (1982), 

using the procedures for binomial outcomes described by MacKinnon & Dwyer (1993). 

This analysis was performed only on trials in which an incongruent or congruent 

distractor was presented to ensure that any effect was not due to the effects of trial type 

on arousal and firing rate. Briefly, three linear regressions were run on firing rate, next-

trial pupil size at fixation, and next-trial errant saccade rates. Firing rates and pupil 

measurements were normalized between 0 and 1 within cells and sessions, respectively. 

The product of correlations method (Sobel, 1982) was used to calculate the z statistic. 
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6. Oxytocin blunts social vigilance 
Group-living animals have limited attentional resources to distribute between 

monitoring other individuals and important goals, such as acquiring resources (Adams, 

Watson, Pearson, & Platt, 2012). However, it is frequently adaptive to be socially 

vigilant: to prioritize information about potential social threats for attention. Too little 

social vigilance increases vulnerability to agonistic interactions. Conversely, too much 

social vigilance can interfere with pursuing other goals. In humans, blunted social 

vigilance is a notable feature of several mental disorders, including autism (Chawarska, 

Volkmar, & Klin, 2010a; Dawson, et al., 1998) and schizophrenia (Chen, Norton, Ongur, 

& Heckers, 2008; Sasson, et al., 2007) while increased social vigilance is observed in 

anxiety disorders (B. P. Bradley, Mogg, White, Groom, & Bono, 1999). Despite its 

evolutionary and clinical significance, the mechanisms that regulate social vigilance 

remain unclear. 

Oxytocin (OT) is a mammalian neuromodulatory hormone that is released 

following positive social interactions (Light, et al., 2005; Murphy, et al., 1987; Nagasawa, 

et al., 2009; Seltzer, et al., 2010) and which may influence social attention in primates. OT 

increases the frequency and duration that humans look at the eyes of faces (Andari, et 

al., 2010; Guastella, Mitchell, & Dadds, 2008), the frequency of gaze shifts towards the 

eye region (Gamer, Zurowski, & Buchel, 2010), and the frequency and duration that 

rhesus macaques look at other monkeys (Chang, Barter, Ebitz, Watson, & Platt, 2012). 

These findings have lead to an influential model in which OT facilitates social attention 

(Averbeck, 2010; Bartz, Zaki, Bolger, & Ochsner, 2011; Guastella, Mitchell, & Dadds, 

2008; Shamay-Tsoory, et al., 2009) and by doing so influences other aspects of social 

cognition such as social decision-making (Chang, et al., 2012) and perception of emotion 

in others (Donaldson & Young, 2008; Schulze, et al., 2011). 
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However, it remains unclear whether the neural circuits mediating social 

vigilance in primates are affected by the same neuromodulators that regulate social 

gaze. Therefore, we examined how OT affects social attention in the rhesus macaque. 

Like humans, the rhesus macaque is a group-living primate that uses visual displays to 

communicate and guide social behavior (Leopold & Rhodes, 2010). Moreover, the neural 

circuits mediating visual social perception appear to be largely homologous in humans 

and rhesus macaques (Tsao, Moeller, & Freiwald, 2008). Determining how OT affects 

social vigilance in the rhesus macaque can provide insight into the evolution of social 

attention. 

Attention can be reflexively captured by stimuli or directed by endogenous 

priorities and social stimuli are prioritized by both reflexive and voluntary attention 

(Klein, Shepherd, & Platt, 2009). By definition, attentional capture is the interference of 

distractors on detecting or selecting goal-relevant stimuli (Yantis & Egeth, 1996). Faces 

capture both overt (Bindemann, et al., 2007; Cerf, et al., 2009; Devue, et al., 2012) and 

covert attention (Hershler & Hochstein, 2005; Langton, et al., 2008; VanRullen, 2006) in 

the presence of competing goals. Moreover, emotionally expressive faces enhance 

attentional capture (Horstmann & Bauland, 2006; Ohman, et al., 2001). Social stimuli also 

have motivational significance and are purposefully selected for viewing. Attention is 

voluntarily directed towards individuals with high status (Deaner, Khera, & Platt, 2005) 

or attractive faces (Hayden, Parikh, Deaner, & Platt, 2007). Reflexive and voluntary 

attention involve distinct but mutually influential neural pathways (Klein, et al., 2009), 

which may be differentially acted upon by OT 

In the following experiments, I sought to determine whether OT promotes social 

attention in the rhesus macaque. I first tested whether inhaling OT alters reflexive social 

attention in the exogenously cued social attention described in previous chapters, in 
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which social images were presented in competition with rewarded targets for saccades. 

If OT influences reflexive social attention, OT should perturb the typical effect of 

distracting social images on saccades to rewarded targets. Second, I examined whether 

OT altered the voluntary choice to acquire social information using the “pay-per-view” 

task. Here, monkeys chose between two targets; choosing one target yielded both juice 

and a picture of another monkey while choosing the other yielded only juice. If OT 

influences voluntary social attention, OT should provoke changes in the frequency of 

social image choices. Finally, in order to determine whether OT promotes gaze to the 

eyes in rhesus macaques, I examined the effects of OT on gaze during unconstrained 

viewing of faces. While OT promoted social gaze in rhesus macaque, just as it does in 

humans (Gamer, et al., 2010; Guastella, Mitchell, & Dadds, 2008), here I report that it also 

blunts rather than enhances both voluntary and reflexive species-typical social vigilance. 

6.1 Results 

6.1.1 Experiment 1: Social interference task 

In experiment 1, I examined whether OT alters reflexive social attention to faces 

and determined a partial dose response curve for this effect. I employed a social 

interference task in which unfamiliar face and nonface distractor images were briefly 

flashed during performance of a visually-guided saccade task. I analyzed two separable 

but modestly correlated indices of distraction (Pearson correlation, p < .0001; r = .12): 

saccadic deflection and response time interference (see Methods). Distractors affected 

response time (figure 21, bars ± SEM). Spatially incongruent distractors slowed saccade 

initiation, while spatially congruent ones speeded saccades relative to no-distractor 

trials. Social distractors magnified these effects (two-way ANOVA, significant 

interaction of social content and distractor congruency, F(1,2) = 3.81, p < 0.05). Social 

distractors increase the response time slowing caused by spatially incongruent 
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distractors (* p < 0.05; post-hoc Tukey LSD test). Incongruent emotionally expressive 

faces, particularly threat displays and fear grimaces, imposed the greatest response time 

costs (figure 24, blue bars). 

 

Figure 21: Social distractor magnify biases in response time. 

 

After saline treatment, saccades were more strongly deflected by social 

distractors than by non-social distractors (figure 22, bars ± SEM). Typically saccadic 

deflection is larger for social distractors than nonsocial distractors (* p < 0.01, 

Bonferroni-corrected post-hoc Tukey LSD test). However, no difference was observed 

between deflection caused by social and non-social distractors after any OT dose (p > 

0.8). Thus, both low and high doses of OT abolished the saccade deflection typically 

evoked by faces (significant treatment by distractor image type interaction, p < .05, F(1,1) 

= 5.59). OT did not alter saccade deflections by non-social distractors or saccade 

trajectories in the absence of distractors. 
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Figure 22: Social distractors bias saccades, but OT obliterates this effect. 

 

OT also reduced response time interference. We quantified the increased 

response time interference of social distractors over nonsocial distractors with a social 

interference index (see Methods), the ratio of response time variance following social 

distractors to response time variance following nonsocial distractors. In humans, plasma 

OT is elevated by 30 minutes following intranasal OT, and then returns to baseline after 

approximately 90 minutes (Gossen, et al., 2012). The effects of OT on the social 

interference index (figure 23, bars ± SEM) showed a similar temporal profile (Shaded 

area reflects significant bins, p < 0.05). During the time window when high OT 

significantly reduced the social interference index, we observed a negative, dose 

dependent relationship between OT and the social interference index (figure 23, inset; 

two-way ANOVA, significant main effect of treatment, F(1,1) = 6.9; p < 0.02; non 

significant main effect of animal, F(1,3) = 0.94, p > 0.4, * p < 0.02, Wilcoxon rank sum). 

Social images did not bias response times any more than nonsocial images after either 

dose of OT (p > 0.47). 
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Figure 23: Time course of OT-reduced response time interference of social distractors. 

 

Moreover, OT significantly reduced response time interference for emotionally 

expressive faces (figure 24, left panel, bars ± SEM; red bars interaction of treatment and 

face expression category, p < 0.0001, F(1,3) = 7; no other significant effects, p > 0.24). 

After saline treatment emotionally expressive images are more distracting than non-

expressive images (** p < 0.0001). However, OT significantly reduced the typical 

response time interference caused by fearful (** p < 0.0005) and threatening (* p < 0.05) 

facial expressions compared to saline baseline (Bonferroni corrected post-hoc LSD). 

Finally, OT speeded response times globally in the social distraction task. Both 

low and high OT doses reduced the within-session response time costs of incongruent 

distractors (see Methods; figure 24, right panel, bars ± SEM; two-way ANOVA, 

significant main effect of treatment condition, F(1,1) = 118.25, p < 0.01). Incongruent 

distractor costs differed slightly between monkeys (at trend: F(1,2) = 3, p = 0.06), but no 

interaction of monkey and treatment was observed (p > .9). No-distractor response times 
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were also modestly sped following OT treatment (F(1,1) = 4.59, p < .05). Thus, inhaled 

OT blunted reflexive social attention, possibly by suppressing vigilance state. 

 

 

Figure 24: OT reduced interference of emotional faces and globally sped response 
time in the social interference task. 

 

6.1.2 Experiment 2: Social image choice task 

In order to determine whether the reduction in social attention found in the 

social interference task was specific to reflexive social attention or a more general 

principle of social attention, we next examined the impact of OT on image choice in a 

“pay-per-view” task (figure 25). In this task monkeys chose to shift gaze to one of two 

identical targets to display (target 1) or not display (target 2) an image. Due to the 

blocked structure of the task, the monkeys learned, via sampling, which category of 

images was available within each block. 
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Figure 25: Social image choice task. 

 

We first characterized baseline behavior in this task. Consistent with previously 

reported findings (Deaner, et al., 2005), after inhaling saline monkeys chose to display 

dominant faces and female perinea more often than control stimuli (figure 26, blue bars). 

Monkeys responded about 8 ms faster in dominant face blocks compared to other blocks 

(figure 27; blue trace; post-hoc LSD, p < .05). Moreover, monkeys spent more time 

viewing perinea than control stimuli (p < 0.0001), but spent less time viewing dominant 

faces (p < 0.01). Monkeys thus appear to choose dominant faces in order to monitor 

potential social threats. 
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Figure 26: Oxytocin reduces choices to view dominant faces. 

 

Next, we examined the impact of OT on behavior in this task. OT significantly 

influenced choice behavior (F(1,12) = 5.08, p < 0.005), by selectively reducing the 

frequency of dominant face choices (figure 26; * p < .05; post-hoc Tukey LSD; no other 

significant comparisons, p > 0.1). OT also reduced the response time facilitation during 

dominant face blocks (figure 27, top panel; F(1,12) = 6.88, p < 0.0001). No difference in 

response time was observed between any of the categories after OT treatment (p > 0.2). 

While preference for dominant face images emerged rapidly within blocks after saline 

treatment (figure 27, bottom panel, blue trace; * represent significant increase over 

indifference for image categories, binomial test, p > 0.05), it failed to emerge at all after 

OT treatment (red trace; all points indistinguishable from chance, p > 0.1). 
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Figure 27: OT blunts typical vigilance state for high status faces. 

 

Surprisingly, OT prolonged the time monkeys spent inspecting dominant faces 

(saline dominant face time viewed – oxytocin dominant face time viewed, p < .05, T 

statistic = -2.84, df = 8, Bonferroni-corrected Tukey least significant difference test, no 

other significant comparisons at p < .05). OT treatment also increased viewing time 

across all social and non-social images (F(1,4) = 5.07, p < .005). 

6.1.3 Experiment 3: Social image viewing task 

Finally, we probed the effects of OT on unconstrained viewing of faces, in the 

absence of any task demands. Prior studies have reported increased gaze to faces in 

humans following intranasal OT. In this experiment, we used larger pictures in order to 

permit alignment of gaze points within particular regions of faces. We analyzed both 

fixation location and duration within regions of interest on each image. OT significantly 
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increased the frequency of fixations within the eye region compared to the rest of the 

face (figure 1e, T-test, d.f., 308, one tailed, OT > saline, p < .002, t-stat = 2.98) and also the 

duration of fixations within the eye region (T-test, d.f., 145, one tailed, OT > saline, p < 

.005, t-stat = 2.69). 

6.2 Discussion 
In contrast with hypotheses linking exogenously applied OT to increased social 

attention (Averbeck, 2010; Bartz, Zaki, et al., 2011; Guastella, Mitchell, & Dadds, 2008), 

we found multiple circumstances in which OT reduced attention to social stimuli. In a 

social interference task, OT reduced attentional capture by social images, particularly by 

fearful and threatening faces. After OT treatment, social stimuli were no more salient 

than the nonsocial stimuli. Effects on the deliberate choice to view images of other 

monkeys were more specific. In the “pay-per-view” task, OT reduced the frequency of 

choosing to view images of dominant male monkeys. For primates, dominant others are 

potential sources of threat (Chance, 1967) and are typically preferentially attended over 

other individuals (Deaner, et al., 2005; McNelis & Boatright-Horowitz, 1998; Shepherd, 

Deaner, & Platt, 2006). Importantly, OT did not increase the frequency of choosing to 

view any other social stimuli in this task.  

Our findings challenge the hypothesis that OT generally increases social 

attention (Averbeck, 2010; Bartz, Zaki, et al., 2011; Guastella, Mitchell, & Dadds, 2008). 

Instead, our results suggest that OT can reduce species typical social vigilance. Reduced 

social vigilance may impede the acquisition of information about others through 

reducing the attentional salience of social important cues. Indeed, OT slows response 

times for accurately identifying facial expressions (Di Simplicio, Massey-Chase, Cowen, 

& Harmer, 2009; Petrovic, Kalisch, Singer, & Dolan, 2008) and making social decisions in 

the presence of others (Chang et al., 2012). Reduced social vigilance could also 
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contribute to magnified social decision biases following exogenous treatment with OT 

(Bartz et al., 2011). For example, OT increases biases in emotion classification (Di 

Simplicio et al., 2009), enhances trust in college students (Kosfeld, Heinrichs, Zak, 

Fischbacher, & Fehr, 2005) but reduces trust in borderline patients (Bartz, Simeon, et al., 

2011), and magnifies in-group/out-group decision biases in economic games (De Dreu, 

Greer, Van Kleef, Shalvi, & Handgraaf, 2011). In the macaque, OT increases both 

prosocial and selfish choices in a reward allocation task, magnifying the preferences 

observed in the absence of OT (Chang et al., 2012). 

Paradoxically, we also found that OT increases gaze to faces and eyes, as 

reported previously in humans (Gamer et al., 2010; Guastella, Mitchell, & Dadds, 2008). 

Several plausible hypotheses can explain this finding. First, OT may increase the feature 

dependence of gaze. The eye region is a high contrast area in faces (Leopold & Rhodes, 

2010), a feature which generally attracts gaze during image viewing (Itti & Koch, 2001). 

OT may increase the feature-dependence of gaze, as has been previously suggested 

(Schulze et al., 2011). Perhaps reduced social vigilance contributes to this effect through 

down regulating goal-directed social attention. This is an intriguingly simple 

mechanism through which OT might promote eye contact. Second, OT may disinhibit 

gaze toward the eyes of others. Eye gaze may be threatening or stressful, and thus 

tonically inhibited. OT may promote eye gaze by reducing the anxiety the behavior 

provokes (Averbeck, 2010). Lastly, OT may affect the efficiency of social information 

gathering. OT increases pupil dilation (Leknes et al., 2012), which reduces visual acuity 

(Atchison, Smith, & Efron, 1979). High spatial frequencies in face images are important 

for determining characteristics like identity (Vuilleumier, Armony, Driver, & Dolan, 

2003). Because increased pupil size necessarily reduces the perception of high spatial 
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frequencies, it may impair the efficiency of social gaze. Thus, increased social gaze may 

be a compensatory behavior. 

Reduced social vigilance is consistent with known neurological effects of OT. 

Inhaling OT reduces activity in structures that are important determinants of attention 

and arousal, including the amygdala (Gamer et al., 2010; Huber, Veinante, & Stoop, 

2005; Kirsch et al., 2005; Petrovic et al., 2008). The amygdala regulates vigilance 

(Anderson & Phelps, 2001; Patrik Vuilleumier, Richardson, Armony, Driver, & Dolan, 

2004), and neurons in this structure encode complex properties of faces, including 

emotional expression and identity (Gothard, Battaglia, Erickson, Spitler, & Amaral, 

2007). Although attending to faces enhances activity in the amygdala (Pessoa, McKenna, 

Gutierrez, & Ungerleider, 2002), OT attenuates amygdala activity (Gamer et al., 2010; 

Huber et al., 2005; Kirsch et al., 2005; Petrovic et al., 2008), perhaps through increasing 

activity in inhibitory interneurons that regulate the output nucleus (Huber, Veinante, & 

Stoop, 2005). The amygdala is thus an excellent candidate location through which OT 

could modulate social vigilance. 

OT likely also influences other, non-social, cognitive processes as well. Indeed, 

our findings resonate with the idea that OT biases global processes away from negative 

information and towards positive information (Di Simplicio et al., 2009). Because the 

macaque equivalent of a happy facial expression is unclear, the present experiments 

could not test the effects of OT on attention to positive social cues. Importantly, OT may 

alternatively reinforce the availability of positive social information by enhancing 

memory for positively-valenced social experiences (Guastella, Mitchell, & Mathews, 

2008; Rimmele, Hediger, Heinrichs, & Klaver, 2009) or by inducing a perceptual bias in 

decision making (Di Simplicio et al., 2009).  
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Importantly, it is unclear if OT will have similar effects on reflexive and 

voluntary orienting to salient others in humans. However, the behavioral similarities 

between previous work in humans and both the gaze effects reported here and the 

decision making effects reported previously (Chang et al., 2012), suggest that OT may 

have largely similar effects in the two species. Moreover, the baseline behavioral data 

showed that faces capture attention in the rhesus macaque in much the same way as 

they do in humans (Bindemann et al., 2007; Cerf et al., 2009; Devue et al., 2012; Hershler 

& Hochstein, 2005; Horstmann & Bauland, 2006; Langton et al., 2008; Ohman et al., 2001; 

VanRullen, 2006).  

Monitoring others is done at the expense of endogenous goals. It is suboptimal to 

maintain a state of high vigilance when the absence of threat has been clearly signaled 

by another individual. In humans, OT is released in response to affiliative signals and 

positive social interactions. It is released by social touch (Light et al., 2005), affiliative 

vocalizations (Seltzer et al., 2010), eye contact (Nagasawa et al., 2009), and sexual 

behavior (Murphy et al., 1987). The present experiments suggest that OT is also a 

mechanism by which these affiliative social interactions can reduce social vigilance, 

thereby conserving energy and freeing attentional resources for other behaviors. 

6.3 Methods 

6.3.1 General Methods 

All procedures were approved by the Institutional Animal Care and Use 

Committee at Duke University. Seven male rhesus macaques participated in these 

experiments, three in the social interference task (Experiment 1; E, C, H), four in the pay-

per-view task (Experiment 2; E, B, N, D), and two in the preferential viewing task 

(Experiment 3; E, O). The macaques lived in a colony of twelve male rhesus macaques. 

The cages were arranged facing towards the center of the room, along two walls, 
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permitting all animals to be in continuous visual contact. At the time of Experiment 2, all 

macaques were pair-housed. Dominance status was determined based on unidirectional 

submissive displays within cage-mate pairs and was stable for at least a year in all cases 

(Deaner et al., 2005). Of the monkeys who participated in experiment 2, two were 

subordinate (monkeys D and E) and two were dominant (monkeys N and B) relative to 

the monkeys used in the stimulus set. During the course of Experiment 3, the dominance 

hierarchy in the colony became unstable and some pairs were separated. Thus the 

impact of dominance rank on viewing behavior was not analyzed in Experiment 3. All 

animals were between the ages of 4 and 11 at the time of the experiments and had been 

in the colony for at least a year in all cases. 

In order to allow eye position monitoring, the monkeys were surgically-prepared 

with head restraint prostheses, as described previously (Platt & Glimcher, 1997). They 

were also maintained on controlled access to fluids to motivate them to perform tasks. 

Monkeys sat in a primate chair in front of a computer monitor, though some details of 

the experimental setup differed between experiments (see below). 

In Experiments 1 & 3, eye position was monitored at 1000 Hz via an infrared eye 

tracking system (SR Research; Eyelink). Matlab (Psychtoolbox-3) was used to display 

stimuli and record eye position. Task stimuli were presented against a dark background 

on a 51 cm wide LCD monitor (60 Hz refresh rate, 1920 x 1080 resolution), located 60 cm 

in front of the monkey. In Experiment 2, eye position was sampled at 60 Hz with an 

infrared camera (Arrington Research). Custom software (http://ryklinsoftware.com) 

controlled task presentation and recorded eye position. Task stimuli were presented 

against a dark background on a 24” CRT monitor (60 Hz refresh rate, 1024x768 

resolution), located 50 cm in front of the monkey. In this paper, the three Experiments 
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are presented in their logical, but not chronological order. Chronologically, Experiment 2 

was conducted first, followed by Experiment 3 and then Experiment 1. 

6.3.1.1 Pharmacological manipulations. 

Details of OT delivery have previously been described (Chang et al., 2012). 

Briefly, monkeys were conditioned to accept a pediatric nebulizer mask (Pari Labs; Baby 

Nebulizer) over the nose and mouth through which OT (25 IU/mL; Agrilabs) or saline 

was delivered at a constant rate over a set period of time. In Experiments 2 and 3, a 

single dose of OT (25IU, 5 minutes) was used, an equivalent volume to that used 

previously in our lab (Chang et al., 2012) and typically used in humans (eg. Kosfeld et 

al., 2005; Petrovic et al., 2008; De Dreu et al., 2011). In rodents, U-shaped curves of OT 

function have been reported, with low and high peptide levels producing opposing 

behavioral effects (Boccia, Kopf, & Baratti, 1998). Importantly, we observed strong 

similarities and not opposing findings between our previously published study and 

those reported in humans at 25IU. However, because macaques are smaller than 

humans, we also included a second, lower OT dose (10IU) in Experiment 1.  

We have previously verified the efficacy of OT nebulization using a CSF assay 

(Chang et al., 2012). In this study, we collected CSF at a single time point, 30-45 minutes 

after OT delivery and found that CSF OT was already enhanced at that point. Therefore, 

in Experiments 2 and 3, behavioral testing began 30 minutes after treatment delivery 

and continued for 45 minutes to 1 hour, depending on the speed at which the monkey 

completed the required trials. This timing protocol was similar to that typically used in 

humans (Guastella et al., 2008; Kosfeld et al., 2005). However, OT levels in saliva are 

increased by 15 minutes after intranasal OT delivery in humans (Weisman, Zagoory-

Sharon, & Feldman, 2012). In order to map the time course of effects, we therefore began 

behavioral testing 10 minutes after peptide delivery in Experiment 1. Behavioral testing 
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in this task continued for 1.5 to 2 hours, depending on the length of time the monkey 

was motivated to work. Plasma OT levels begin to return to baseline by 90 minutes post-

intranasal treatment (Gossen et al., 2012). The order of treatments was counterbalanced 

across and within monkeys in all experiments. 

6.3.1.2 Data analysis 

Data was analyzed with MATLAB. Unless otherwise noted, all ANOVAs treated 

monkey identity as a random effect. OT treatment was included as a fixed effect nested 

within monkey identity, based on previously reported differences in CSF concentrations 

of the peptide across animals after the same treatment dose, as well as differences in 

resting state concentrations of the peptide (Chang et al., 2012). All other independent 

variables, including image type and location, were modeled as fixed effects. Type III 

sum of squares models were employed throughout. Where multiple doses of OT were 

delivered, treatment effects were modeled as an ordered variable. 

6.3.2 Experiment 1: Social interference task 

The social interference task is a reflexive attention task, adapted from the classic 

Posner (1980) exogenous cueing paradigm. It has been described, in detail, in the 

preceding chapters. In this task, spatially incongruent distractors slow response time 

while congruent distractors speed response time relative to neutral or distractor-absent 

trials (Posner, et al., 1980). This interference indexes the attentional capture by the 

distractor. Additionally, we examined saccade deflection, which has been shown 

previously to scale with the salience of distracting targets in humans (Hickey & van 

Zoest, 2012; Ludwig & Gilchrist, 2003). Saccadic deflection was defined individually for 

each trial by drawing a straight line from the mean location of central fixation points to 

the mean location of eccentric target fixation points, and taking the residuals of the 
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actual saccade from that line at each observation (every 1 ms) along the actual saccade 

line. Saccadic deflection was calculated as the sum of absolute value of those residuals. 

We quantified the effect of social and nonsocial distractors on response time by 

calculating a ratio of the coefficient of variation (CV) in response times following social 

and nonsocial distractors. 

 

€ 

σ social ÷ µsocial( )
σ nonsocial ÷ µnonsocial( )  

 

CV is the standard deviation of the response time distribution across congruent 

and incongruent trials divided by the mean. The ratio of CV for social and nonsocial 

distractor images reflects the amount that social images capture attention beyond the 

capture caused by nonsocial images. 

Performance on distractor-absent trials provided a baseline for both response 

time and saccade deflection analyses. Long-latency saccades (above 2 standard 

deviations from the within session mean response time) and anticipatory or express 

saccades (defined as saccades occurring within 30ms of target onset) were not included 

in these analyses. Approximately 5% of trials were discarded by these criteria. 

For the initial characterization of behavior, we ran a generalized linear model on 

response time and saccadic deflection data from the saline control sessions. These 

models included terms for the presence or absence of distractor images, distractor image 

type (face or non-face), and distractor image location (congruent, incongruent, neutral), 

as well as first-order interaction effects between each pair of terms. We also included a 
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term for target-distractor SOA, because this is known to impact response time (Posner et 

al., 1980), although it was not of interest in the present experiments. 

6.3.3 Experiment 2: Social image choice task 

A previously described “pay-per-view” image choice task (Deaner et al., 2005) 

was used to assess the voluntary choice to view images with and without OT treatment. 

Monkeys chose between two targets, one of which gave them a juice reward and one of 

which gave them a juice reward and an image. The task was blocked, so monkeys 

learned over the course of a block which target was associated with an image and which 

category of images was available. Monkeys had 300ms to fixate (+/- 5° of error) a central 

square to initiate the trial. After 300-500 ms of fixation, the yellow square extinguished 

and two identical 1° targets appeared (T1 and T2) displaced 15° along the horizontal 

axis.  Fixation offset cued the monkey to choose a target by shifting gaze to it. After 500 

ms of fixation (+/- 5° of error), the chosen target was extinguished and reward was 

delivered. Reward varied in size between blocks, every 30-40 trials. Choosing T1 

resulted in juice reward only. Choosing T2 resulted simultaneous delivery of juice 

reward and display of an image. The locations of T1 and T2 were fixed within a session, 

but varied across sessions.  A solenoid valve controlled the delivery of juice rewards, 

which varied linearly and symmetrically around 0.16mL. 

The image displayed for choosing T2 was either a neutral gray square or drawn 

from one of three pools: dominant faces, subordinate faces, and female perinea. The 

image pool associated with T2 changed every 30-40 trials. Single target (i.e., no choice) 

trials were included at a low frequency to encourage target sampling (10%). On these 

trials, either T1 or T2 would appear after fixation extinguished. Otherwise these trials 

were identical to the choice task in timing, target placement, juice rewards, and image 
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presentation. In Experiment 2, each monkey performed 4-6 sessions composed of 5-7 

counterbalanced blocks of 30-40 trials in each treatment condition. 

Social images were of familiar monkeys, all of which lived in the same colony 

room. These images were resized to 115 x 115 pixels (approximately 5° width on screen) 

and their mean luminance was adjusted to match the gray square control. Each pool of 

social images contained 80 pictures, 20 each of four different monkeys. The faces were 

selected to contain only neutral expressions though a variety of gaze directions were 

depicted. Neutral expressions were defined visually based on the absence of any fear 

grimace or threat gesture. 

6.3.4 Experiment 3: Social image viewing task 

The unconstrained viewing task was used to look at natural viewing behavior in 

the absence of any task demands. Faces of two cage mates were simultaneously 

presented, one on the left and one on the right of a central fixation square. During the 

course of the experiment, the dominance relationships of several cage mate dyads 

became unstable thus the impact of dominance status was not analyzed for this 

experiment. Cage-mate dyads were interleaved throughout the experiment. The 

monkeys fixated centrally (+/- 6° of error) for 400-600 ms, at which point a juice reward 

(0.16mL) was delivered, the fixation point extinguished, and the eccentric images 

illuminated 14° eccentric to fixation. The images stayed on the screen until the monkeys 

averted their gaze from both images (+/- 6° of error) for at least 500 ms. In Experiment 3, 

each monkey participated in 4 sessions of 300 trials in each of the two treatment 

conditions. 

Task stimuli were face images of familiar monkeys from the colony. These 

images were resized to 293 x 293 pixels, subtended approximately 8° wide on screen, 

were selected to include only neutral expression, direct gaze faces, and were cropped to 
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align the eye position across images. The stimulus set was composed of twenty images 

of each individual from each of 4 cage mate dyads. 

Identically sized regions of interest (ROIs) were centered on the eye and mouth 

regions for all images. Fixation duration was determined by calculating the time that 

elapsed between the first and last gaze point within each identified fixation within the 

eye and mouth ROIs. In order to compare across monkeys and sessions, fixation 

duration within the eye region was normalized by dividing it by fixation duration 

within the mouth region for each presentation of each image (Guastella et al., 2008). 

Fixation frequency was determined by counting the number of fixations within 

and outside of the eye region of the face stimuli. For each presentation of each image, the 

number of fixations observed within the eye region was divided by the number of 

fixations to other parts of the image, in order to facilitate comparisons across monkeys 

and sessions. 
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Conclusions 
The preceding chapters described multiple means by which the vigilance state of 

rhesus macaques may be determined. In order to examine these determinants, I first 

introduced the social interference task: in which salient, biologically important stimuli 

are pitted against task goals. I show that social stimuli capture attention in rhesus 

macaques, to a greater extent, even, than high luminance, sudden onset stimuli. Then, 

using this behavioral tool, I examined how physiological state, as indexed by pupil size, 

is both determined by and reflected in social vigilance. Next, I described the activity of 

single neurons in the dorsal anterior cingulate and showed that these cells are poised to 

regulate vigilance through adjusting arousal in response to task performance. Finally, I 

determined that oxytocin, a neuromodulatory peptide released during affiliative social 

interactions, is sufficient to regulate social vigilance. Together, these results highlight the 

physiological and neural interactions that contribute to the adaptive modulation of 

social vigilance in response to task goals and social context. Though these results show 

that face orienting is reflexive and may be mediated by subcortical structures, they also 

highlight the parallels between reflexive face orienting and defensive and escape 

behaviors in other species: each is modulated by task goals, context, and behavioral 

state. 

One major debate in the social perception literature is the question of whether 

faces are processed automatically, or “pre-attentively” (Pessoa & Adolphs, 2010). Here, I 

demonstrate unequivocally that faces, particularly emotional faces, are distinguished 

from other classes of stimuli in behavior that is generated within 70 ms of stimulus 

onset: faces are disproportionately the targets of a unique class of very fast, subcortically 

mediated saccades. These express saccades occur at shorter latencies than face selective 
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cells in cortex can even distinguish between faces and other object categories (Tsao, 

Freiwald, Tootell, & Livingstone, 2006). 

Because attention is the means by which a stimulus is selected for processing, the 

question at the heart of this debate is whether faces capture attention in the presence of 

competing goals. Behavioral evidence overwhelmingly indicates that they do. In 

humans, faces can outcompete task goals for both overt (Bindemann, Burton, Langton, 

Schweinberger, & Doherty, 2007; Cerf, Frady, & Koch, 2009; Cerf, Harel, Einhäuser, & 

Koch, 2008; Devue, Belopolsky, & Theeuwes, 2012) and covert attention (Hershler & 

Hochstein, 2005; Langton, Law, Burton, & Schweinberger, 2008; VanRullen, 2006) 

attention. Moreover, here, I show that faces also compete for covert and overt attention 

in an old world primate, indicating that this fundamental competency is conserved 

across disparate branches of the primate lineage. Because faces capture attention, despite 

competing goals, by definition then, faces are selected for processing involuntarily. 

This question is important because it gets the most basic social competency: the 

ability to select out another person from a surrounding, noisy environment. Humans can 

do this within minutes of birth (Goren, Sarty, & Wu, 1975; Johnson, Dziurawiec, Ellis, & 

Morton, 1991), long before the maturation of the cortical visual system (Dubowitz, et al., 

1986). Given the profound anatomical overlap between subcortical orienting and 

avoidance systems (Dean, Redgrave, & Westby, 1989), the ability to parse conspecific 

faces from the surrounding environment likely evolved from a predator avoidance 

system, and most likely evolved more than once. A number of profoundly 

phylogenetically distant species have complex social interactions that involve visual 

social signals, including bees, dolphins, birds, lizards and primates. In many of these 

species, visual social signals are used to indicate dominance or threat, so the ability to 

respond rapidly and adaptively to these cues is as critical for fitness as the ability to 
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detect and respond to predators. Moreover, in more gregarious species, social 

interactions can provide real benefits, such as reduced cortisol levels (Ray & Sapolsky, 

2005), so missing opportunities for affiliative interactions can also have consequences for 

fitness. The ability to differentiate a conspecific from the surrounding environment is the 

fundamental competency that makes all of these behaviors possible.  

Importantly, a reflexive or subcortical mechanism for social attention does not 

provide evidence that the attentional prioritization of faces is hardwired: primates may 

be simply be prone to attentionally prioritize faces, but require experience during some 

critical period to display this behavior as an adult, for example. However, work with 

monkeys raised in social isolation suggests that even in the absence of experience, the 

ability to detect and parse the emotional meaning of faces is preserved. While monkeys 

reared in social isolation for at least the first 6 months of their lives show little species-

typical social behavior, they do display pronounced fear responses to conspecifics 

(Harlow, Dodsworth, & Harlow, 1965), indicating that the detection of conspecifics is 

not absent in these animals. Moreover, monkeys reared in isolation show more fear 

responses to threatening face images compared to neutral faces (Sackett, 1966). In the 

absence of any experience then, monkeys can discriminate emotional expressions and 

generate appropriate fear responses. 

The major argument against the reflexivity of face attention is that the process is 

modulated by attentional load (Pessoa, et al., 2002). However, even simple reflexes are 

modulated by the state of the effectors. Moreover, many reflexive behaviors and fixed 

action patterns in other species are modulated by the state of the organism. In the locust, 

for example, the reflexive escape behavior observed in response to touch is modulated 

by arousal state (Rind, et al., 2008). Similarly, in the crayfish, the escape response is 

reduced during restraint, due to tonic inhibition of the reflexive circuitry by higher-
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order neural structures (Krasne & Wine, 1975). In humans, reflexive startle responses are 

modulated by the performance of a competing task (Anthony & Graham, 1985; King, et 

al., 1992). Multiple mechanisms could contribute to this modulation: including direct 

competition for limited attentional resources or the effects of task performance on 

arousal (Anthony & Graham, 1985; Tursky, et al., 1969). In every other type of reflex, 

inevitability is a poor necessary condition for reflexivity. 

Rather, reflexivity should be defined on the basis of characteristics of other 

known reflexive behaviors in biology. For example, reflexive processes are ubiquitous 

within and potentially across species, have some sufficient and minimal releasing 

stimulus, invoke computational simple neural mechanisms that may parallel more 

complex and flexible pathways, and result in ballistic movements that are relatively 

immune to correction. Faces are merely one example of a larger class of biologically 

salient stimuli that elicit orienting responses that can be described as reflexive by these 

criteria. Even iconic representations of threatening faces capture attention (Ohman, et al., 

2001) and evidence suggests that it is the low level configural features of faces that drive 

attentional capture in humans (VanRullen, 2006). Face attention is rapid and requires 

little experience. Even human infants, who have little cortical vision (Dubowitz, et al., 

1986), can prioritize faces stimuli (Goren, Sarty, & Wu, 1975; Mark H Johnson, 

Dziurawiec, Ellis, & Morton, 1991), indicating that vision mediated via the superior 

colliculus is sufficient to direct attention towards faces (Johnson, 2005). Moreover, here I 

show that faces can be distinguished from non-faces in behaviors generated within 70 

ms of presentation: the same amount of time required for the earliest orienting responses 

to other salient stimuli (Fisher & Boch, 1983). Short latency saccades are relatively 

ballistic compared to longer latency saccades (Hickey & van Zoest, 2012), as are saccades 
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generated following the ablation of striate cortex (Yoshida, et al., 2008): saccades 

mediated by the superior colliculus. 

A computationally simple mechanism makes orienting responses rapid, protects 

them from error, and allows biologically important stimuli to effectively compete with 

endogenous priorities for attention. This parallel organization means that subcortical 

and cortical orienting systems need only competitively interact at the level of response 

generation instead of throughout a series of competitive interactions at each sensory and 

motor stage, which might compromise these critical reflexive behaviors. Failing to 

rapidly evaluate biologically salient cues that predict unexpected or impending threat 

can be fatal for any animal subject to predation or conspecific aggression, so organisms 

have limited opportunity to learn to attend to these critically important cues. 

Maintaining ancient competencies while new, more flexible behaviors develop allows 

the evolving organism to continue to respond rapidly and adaptively to their 

environments while they explore novel, complex and flexible behavioral possibilities 

(Jackson, 1884). Moreover, maintaining these multiple, parallel routes ensures that this 

critical behavior be expressed, even when one system or the other is compromised 

(Schiller, et al., 1980). 

The subcortical orienting pathway may complement other peculiarities of the 

cortical pathway. Intriguingly, during image and movie viewing, human observers 

preferentially gaze at the center of the field (Tatler, 2007). This can be strongly 

influenced, but not totally explained by biases in how photographers and videographers 

frame their images (Tseng, Carmi, Cameron, Munoz, & Itti, 2009). However, the 

structure of the cortical visual system may be another factor. In monkeys, visual cortex 

over represents foveal space relative to extra-foveal space (Dow, Snyder, Vautin, & 

Bauer, 1981; Gattass, Sousa, & Gross, 1988), a bias that is conserved straight through to 
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oculomotor regions (Patel, et al., 2010). Conversely, retino-tectal projections over 

represent peripheral space (Perry & Cowey, 1984; Wilson & Toyne, 1970) and, by doing 

so, may bias attention away from the fovea. A subcortical hand break on the cortical 

oculomotor system could provide the means by which primates can switch between 

visual tasks, allowing them to occasionally escape the mire of the foveal world. 

Of course, the vast majority of goal-directed actions are performed within the 

foveal world, and task performance in a noisy environment would be severely 

compromised if reflexive orienting responses could not be inhibited. Moreover, even 

within central, cortical vision, multiple targets invariably compete for attention 

(excepting the limited circumstances of a laboratory study). Typically, studies of 

attention focus on the direction of endogenous attention towards task-relevant objects, 

but there may be a parallel route to similar ends in the suppression of exogenous 

attention. Basic visual features tend to attract attention away from goal-relevant targets 

(Itti & Koch, 2001). Suppressing attention to these features may complement other 

mechanisms by which attention is endogenously directed. 

Intriguingly, distinct but interconnected regions of frontal cortex may be 

involved in task-relevant selection and task-irrelevant suppression. The frontal eye fields 

are a prefrontal region implicated in both covert (Gregoriou, Gotts, & Desimone, 2012; 

Moore & Fallah, 2004; Schafer & Moore, 2007) and overt (Bruce & Goldberg, 1985; 

Schiller, et al., 1980) attention. In particular, the frontal eye fields seem to mediate top-

down, internally directed attention (Buschman & Miller, 2007). Frontal eye field neurons 

discriminate between distractors based on whether they have task-relevant stimulus 

features (Bichot & Schall, 1999), indicating that this region has access to the task-relevant 

feature set held in working memory. Paradoxically, lesions of the frontal eye fields do 

not permanently disrupt visually guided eye movements (Schiller, et al., 1980), perhaps 
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due to compensatory mechanism that develop over time. However, they do 

permanently impair memory-guided saccades and increase response latencies during 

antisaccade tasks (Pierrot-Deseilligny, Ploner, Muri, Gaymard, & Rivaud-Pechoux, 

2006). Intriguingly, while microstimulation of the frontal eye fields enhances activity in 

superior colliculus cells that encode the same saccade vector, it also suppresses activity 

in cells that encode all other vectors (Schlag-Rey, Schlag, & Dassonville, 1992), indicating 

that the frontal eye fields may be involved in suppressing orienting responses as well as 

facilitating them. The frontal eye fields receive input from a variety of other frontal 

regions including dorsolateral prefrontal cortex and the dACC (Huerta, Krubitzer, & 

Kaas, 1987). Intriguingly, lesions of the dorsolateral prefrontal cortex (Guitton, et al., 

1985; C. Pierrot-Deseilligny, Muri, Nyffeler, & Milea, 2006) and the dACC (Gaymard, et 

al., 1998) each increase the likelihood of errant visually guided eye movements, even 

when those movements interfere with task performance. The frontal eye fields may thus 

work in concert with other frontal cortex regions to direct attention towards task-

relevant targets and suppress attention to task-irrelevant distractors. 

Another potential mechanism through which attention can be directed towards 

particular features of the environment is through the direct manipulation of the visual 

signal that reaches the cortex. The simplest way to effect such alterations is through 

adjusting the size of the pupil. Some tasks, such as visual search for a hard-to-detect 

target for example, are best performed on high spatial resolution signals. Conversely, 

other tasks may only require low spatial frequency information. In such circumstances, 

high spatial frequency information may add unnecessary noise. Cortical attention is 

frequently drawn to regions of high local contrast on various spatial scales, ranging from 

the very fine to the very gross (Itti & Koch, 2001). A large pupil diameter necessarily 

reduces the high spatial frequencies that contribute to fine local contrast. Therefore, 
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region that is visually salient at one pupil size may not be visually salient as pupil size 

increases. Increasing pupil diameter may bias gaze away from regions with fine local 

contrast regions and towards larger contrast gradients. Indeed, in the present document, 

I showed that pupil dilation is a strong predictor of the interference of a large visual 

distractor, both in terms of response time and the frequency of errant saccades towards 

the distractor. However, pupil dilation is most commonly associated with autonomic 

arousal, which may have additional consequences for the direction of attention, and 

future work is needed to dissociate the effects of arousal and pupil size itself. 

Similarly, it remains unclear from this work whether autonomic arousal predicts 

increased or decreased attentional capture by salient distractors. What is clear, however, 

is that while salient, unexpected stimuli typically also increase arousal (Sokolov, 1963), 

they do not when they are irrelevant to the current goal state. Rather, they predict 

reduced arousal on subsequent trials. This observation suggests that monkeys are 

capable of rapidly adjusting their level of arousal in response to distraction, a 

competency that facilitates task performance. Functionally, an increase in arousal may 

be an important part of an orienting response: a readiness for action signal that may 

speed subsequent behavioral responses. However, if distraction increases with 

increasing arousal, it could lead to a cascade of increasing arousal and distraction. In a 

highly distractible environment such a cascade would interfere with the achievement of 

exogenous goals. Thus, one necessary precursor to task performance in noisy 

environments is the inhibition of cascades between salient stimuli and arousal. Here, I 

demonstrated that this self-regulation strongly correlates with activity in the dorsal 

anterior cingulate cortex. However, future perturbatory work is needed to determine 

what functional role these signals may have. Intriguingly, the most commonly reported 

neural deficit in attention deficit hyperactivity disorder is hypoactivation of and 
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structural changes in the dorsal anterior cingulate (Bush, et al., 1999; Fallgatter, et al., 

2004; Seidman, et al., 2006; Tian, et al., 2006), perhaps due to a failure to properly utilize 

the self-regulatory properties of this region. 

In addition to its projections to subcortical neuromodulatory centers, the dorsal 

anterior cingulate also has significant reciprocal interactions with the amygdala. This 

collection of nuclei both receives early visual input and projects directly to brainstem 

orienting centers (Amaral & Price, 2004; Price, 2003). These observations have lead to the 

hypothesis that amygdala may also play a role in directing attention to salient parts of 

the environment such as social actors (Holland & Gallagher, 1999; Johnson, 2005), 

particularly in the visual modality in primates. Simply grossly stimulating the amygdala 

of an anaesthetized cat results in a searching response that resembles attention (Ursin & 

Kaada, 1960). The attentional capture of emotional targets in the environment seems to 

require the amygdala (Anderson & Phelps, 2001; Patrik Vuilleumier, et al., 2004).  

Further, amygdala signaling appears to modulate extrastriate activity in a way that 

resembles classic top-down attentional signals in primates (Morris, et al., 1998). 

The activity of the amygdala is substantially modulated by OT (Gamer, et al., 

2010; Huber, et al., 2005; Kirsch, et al., 2005; Petrovic, et al., 2008), which, intriguingly 

enough is released during stimulation of the dorsal anterior cingulate cortex (Beyer, 

Anguiano, & Mena, 1961). OT is also released during affiliative social interactions across 

mammals, particularly in pair bonding and maternal behavior (Insel & Young, 2001). In 

the last decade, OT has also been implicated in human social cognition. The dominant 

model emerging from these early studies suggests that OT promotes prosociality in 

humans. However, the prosociality hypothesis is now undergoing critical scrutiny, with 

several recent studies noting that the peptide magnifies preexisting biases in social 

decisions (Bartz, Zaki, et al., 2011; Chang, et al., 2012; De Dreu, et al., 2011; Di Simplicio, 
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et al., 2009). Contradictory effects in complex behaviors may be the result of unified 

effects in the basic component mechanisms of that behavior. Here, I demonstrate that OT 

has an effect on one such basic component mechanism: the prioritizing of social others 

for attention. Thus, like many other neuromodulatory neurotransmitters such as 

norepinephrine, acetylcholine and dopamine (Noudoost & Moore, 2011), OT plays a role 

in directing attentional resources. Future studies of attentional control should thus 

examine both the direct regulation of oculomotor control centers, but also the indirect 

regulation, through interactions with subcortical neuromodulatory centers responsible 

for altering responsivity across large swaths of cortical regions. 

Moreover, the effects of OT on social attention may explain some of the complex 

context and person dependant effects previously reported with OT. In squirrel monkeys, 

for example, OT both increases affiliative behaviors in low status animals and aggressive 

behaviors in high status animals (Winslow & Insel, 1991). Reduced attention to the social 

cues of partners would necessarily make these monkeys less responsive to social cues 

and could potentially explain both effects. Similarly, in macaque monkeys, OT magnifies 

pre-existing biases in a reward-sharing task: it increases decisions to give rewards to 

other monkeys, but also increases decisions to not share rewards, depending on the 

choice context (Chang, et al, 2012). Intriguingly, while these decisions are more 

consistent with pre-existing biases, they are made more slowly, not faster (Chang, et al, 

2012). This is not due to a baseline shift in response times: in Chapter 6, I demonstrate 

that OT is perfectly capable of speeding response times when salient social information 

is to be ignored. Rather, OT seems to selectively slow response times in tasks in which 

social information must be acquired from the environment, such as during emotion 

evaluation (Petrovic, et al., 2008) or naming (Di Simplicio, et al., 2009). Intriguingly, OT 

also magnifies biases to ascribe positive emotions to face images. If social decisions, like 
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other decisions, require the accumulation of evidence in favor of a particular response, 

blocking the acquisition of information from the environment would necessarily result 

in exactly these observed effects: slower decisions that are more consistent with pre-

existing biases. 

The actions and states of other individuals are critically important for group-

living animals, but limited processing resources require that attention be divided 

between monitoring other individuals and pursuing other goals, such as foraging. 

Typically, group-living animals, including humans, are socially vigilant: they tend to 

monitor other individuals at the expense of competing goals, particularly dominant or 

threatening others. However, social vigilance is opportunistically costly and is 

unnecessary when the absence of threat has been clearly signaled. OT is released in 

response to such affiliative signals, including social touch (Light, et al., 2005), eye contact 

(Nagasawa, et al., 2009), affiliative vocal tones (Seltzer, et al., 2010), and sexual behavior 

(Murphy, et al., 1987), and here I show that it can also reduce vigilance state. 

Work in chimpanzees, using peripheral measures of OT following grooming 

interactions, has shown that OT release is critically determined by partner familiarity 

(Crockford, et al., 2013). This parallels observations from ethology: the quality of social 

relationships mediates the buffering effect of conspecific presence on vigilance state in 

chimpanzees and other primates (Kutsukake, 2006; MacIntosh & Sicotte, 2009). Future 

work is needed to determine whether OT mediates aspects of the many-eyes effect in 

primates, but this is an intriguing mechanistic hypothesis for a classic ethological result. 

In the present document I have shown that while monkeys respond reflexively 

and adaptively to biologically salient cues, they are not slaves to this ability. Rather, 

monkeys can regulate their vigilance state and maintain task performance despite 

distraction. Though simple to think about, the social interference task is profoundly 
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difficult to perform. Without the evolution of self-regulatory competencies that allow 

them to stay on task despite distraction, the monkeys would be unable to successfully 

address this task, nor any of the other complex, elegant, and flexible behaviors of which 

they are capable. 
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Appendix A: Functional and mechanistic links between 
covert and overt attention 

Covert attention is only observed in some animals and its measurement requires 

specific experimental considerations, while overt attention is ubiquitous in the animal 

kingdom and can be observed at the gross behavioral level. Covert attention is the 

traditional purview of experimental work in humans and primates, but addressing 

covert and overt attentional selection together can provide insight into the phylogeny of 

attention that is impossible in a discussion of covert attention alone. The human ability 

to dissociate covert attentional spatial selection from eye and head movements was first 

described over a hundred years ago (Wundt & Pintner, 1912) and received empirical 

confirmation in laboratory experiments in the 1970s (Posner, et al., 1980). Importantly, 

this experimental provided no evidence that the two processes were functionally or 

mechanistically distinct, but rather evidence that it was possible to deploy covert 

attention without moving the eyes. Subsequent behavioral work has shown that covert 

and overt attention are not completely dissociable at the behavioral level, but rather are 

mutually influential. When attention is directed to a region in space, oculomotor plans 

are affected: they deviate in the direction of the attended location (Kowler, et al., 1995; 

Rizzolatti, et al., 1987). Similarly, when eye movements are planned, attention is 

deployed to the same region, as indexed by the reduced ability to detect visual targets in 

other locations (Hoffman & Subramaniam, 1995). Moreover, the overlapping function 

and mechanisms of covert and overt attention suggest that the difference between the 

constructs is one of degree and not kind. 

Functionally, covert and overt attentional selection have the same consequences: 

in either case, the sensory signal from the selected region is enhanced relative to 

alternative locations. Covert attention, eye movements, and head orienting movements 
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all increase visual acuity and target detection at the selected location. Covert attention 

has long been known to improve contrast sensitivity and visual acuity and attended 

locations (Carrasco, et al., 2004; Yeshurun & Carrasco, 1999), and is related to changes in 

the tuning and neural responses in extrastriate visual cortex. For example, covert 

attentional selection increases firing rate for attended stimuli compared to distractors, an 

effect that can be mimicked by increasing the constrast of the stimulus (Reynolds, et al., 

2000). Overt orienting movements have similar effects on the signal received from a 

location in space. In foveal animals, the center of the eye has the greatest resolution for 

fine detail, due density of cone photoreceptors in this region. Movements of the eye and 

head cause attended stimuli to land within the fovea, enhancing the fine resolution and 

visual acuity. Movements of the head, moreover, can align audition and olfaction on that 

region in space. 

Covert and overt attentional selection also involve common neural mechanisms. 

Eye movements are directed by neural activity in oculomotor control centers, and 

activity in these centers also predicts covert attention. In the frontal eye fields 

(Gregoriou, et al., 2012) and lateral intraparietal region (Bisley & Goldberg, 2003), for 

example, populations of neurons predict both to eye movements and attention, though it 

remains unclear whether single neurons in these regions subserve both functions. In the 

frontal eye fields, low current microstimulation elicits eye movements, while even lower 

current microstimulation causes attention like changes in perception (Moore & Fallah, 

2004; Schafer & Moore, 2007) and extrastriate cortex (Moore & Armstrong, 2003). 

Neurons in the superior colliculus, a subcortical oculomotor structure, also respond to 

both eye movements and shifts of attention (Ignashchenkova, Dicke, Haarmeier, & 

Thier, 2004; Wurtz & Goldberg, 1972). Low current microstimulation elicits eye 

movements in the superior colliculus, while lower current microstimulation elicits 
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improves target detection without an eye movement (Cavanaugh, Alvarez, & Wurtz, 

2006; Muller, Philiastides, & Newsome, 2005); Intriguingly, the frontal eye fields (Knight 

& Fuchs, 2007) and the superior colliculus (Stryker & Schiller, 1975) are also both 

involved in orienting movements of the head, raising the possibility that covert attention 

may share mechanisms with both oculomotor and head orienting behaviors. 

Covert attention and overt orienting then interact behaviorally, serve the 

function, and share mechanisms, but the relationship between the two processes bears 

further examination. Covert attention may be a stage in the planning of an overt 

orienting response (Wurtz & Goldberg, 1972). In this case, the duration of this 

preparatory process may be elongated or isolated from movement execution by 

executive inhibition of movement execution. In the frontal eye fields, eye movements 

occur when signals in “movement” neurons rise in firing rate to a fixed threshold 

(Hanes & Schall, 1996). Executive control processes inform the slope of the rise in firing 

rate (Hanes & Schall, 1996; Heitz & Schall, 2012). Because covert attention is deployed at 

lower firing rates than eye movements in this structure, movement signals may evoke 

attention at a lower threshold than the threshold for movement execution. Though this 

hypothesis has not been tested empirically, preliminary evidence suggests that the 

activity of movement neurons is suppressed during covert attention (Gregoriou, et al., 

2012). In the laboratory, executive control processes may hold attention in its covert state 

by preventing any further rise to movement threshold. 

While covert attention is only isolated in the laboratory, the capacity for covert 

attention did not evolve in response to the demands of a laboratory. In nature, 

movement is a potent attractor of attention in predators and prey alike. Suppressing 

orienting movements in favor of subtler attentional selection would allow for target 

monitoring with a reduced likelihood of detection by the target. During predator-prey 
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interactions, employing covert attention instead of overt attention would improve 

success in avoiding predation or capturing prey. Moreover, in humans and higher 

primates, the evolution of covert attention may also allow for low-risk social monitoring 

of important others as direct eye gaze can be a threat gesture in these species. 
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