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ABSTRACT 

 

Eye contact is a fundamental means of social interaction among primates.  In both humans and 

non-human primate societies, eye contact precedes and signals aggression or prosocial behaviors. 

Initiating and maintaining short periods of eye contact is essential during social interactions that 

build trust and promote cooperation.  How the brain detects and orchestrates social exchanges 

mediated by eye contact remains an open question in neuroscience.  Theories of social 

neuroscience speculate that the social brain in primates contains neurons specialized to detect 

and respond to eye-contact. This dissertation reports the discovery and characterization of a class 

of neurons, located in the amygdala of monkeys, that is activated selectively during eye contact. 

The discovery of these cells was facilitated by (1) characterization of the response properties of 

neurons in the amygdala during a canonical image-viewing task and (2) development of a 

reliable and quantifiable method for eliciting naturalistic eye contact between monkeys in the 

laboratory setting.  The functional role of eye contact cells remains to be determined.  The data 

presented in this dissertation confirm the role of the amygdala in social behaviors and allows for 

the formulation of new hypotheses about the cellular mechanisms within the amygdala that 

support complex social interactions among primates.   
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CHAPTER 1 

 

INTRODUCTION 

 

Eye contact is a ubiquitous social behavior performed by species throughout the animal 

kingdom.  Prey animals engage in defense responses when they make eye contact with their 

predators (Carter et al., 2008; Suarez & Gallup, 1982; Hennig, 1977; Burger et al., 1992).  

Predators withdraw from spots that mimic eyes on the wings of butterflies (Blest, 1957; Stevens, 

2005).  Among primates, eye contact communicates intentions and emotions (Emery, 2000); it 

precedes many behaviors, from lethal aggression to gestures of social bonding such as grooming 

(de Waal & Yoshihara, 1983; Chance, 1967; Maestripieri, 1997; Redican, 1975).  In humans it 

can signal trust and social intimacy that leads to cooperation and feelings of empathy (e.g., 

Argyle & Dean, 1965; de Paulo, 2003; Dadds et al., 2012; Kozima et al., 2004).  

Eye contact plays such a central role in social communication that theories of social 

neuroscience hypothesize that the primate brain contains specializations for detecting eye contact 

(Baron-Cohen & Ring, 1994; Adolphs et al., 2005; Emery, 2000;  Senju & Johnson, 2009;). This 

dissertation reports the experiments leading to the discovery of a class of neurons in the 

monkey amygdala that detect eye contact during naturalistic social interactions. These 

findings provide new insights into the neurophysiology of the primate amygdala and its role in 

social interactions.   

 

Organization of the dissertation:  Each chapter presents original data formatted as a research 

article.  Each chapter of the dissertation reports a set of separate findings that belong to a logical 

progression of inquiry.  Chapters, 2 and 3 contain data published in 2010 and 2011 in The 
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Journal of Neuroscience and in Behavioral Neuroscience, respectively, that together led to the 

discovery of eye cells: Chapter 4 reports on the eye cells; the manuscript has been accepted 

pending revision in Current Biology. Chapter 2 characterizes the visual response properties of 

cells recorded from the amygdala of monkeys viewing static images.  The functional 

characterization of the visually-responsive neurons in the amygdala allowed me to predict how 

cells in the amygdala might respond to eye contact.  Chapter 3 demonstrates that monkeys 

produce naturalistic social behaviors and engage in eye contact with conspecifics depicted in 

video stimuli.  These data show that ethologically relevant behaviors can be reproduced in the 

laboratory and thereby brought under neurophysiological scrutiny. Finally, Chapter 4 presents 

neurophysiological data recorded from the amygdala of monkeys engaged in social interactions 

with conspecifics depicted in video stimuli.  These data demonstrate that the amygdala contains 

cells that respond selectively to eyes with direct gaze that appear within the fovea, i.e., when eye 

contact is established with another individual. In the final chapter of the dissertation, I 

summarize the main findings of the dissertation and discuss future directions.  In the remainder 

of this introduction, I provide a brief overview of the main concepts and empirical observations 

that motivated the search for the neural underpinnings of eye contact. 

 

Eye contact cells have been predicted by theories of social neuroscience 

The eye contact cells reported in this dissertation were discovered in the amygdala, a 

small structure in the brain that developed early in the evolution of vertebrates.  Neurons in this 

structure identify stimuli in the environment that are relevant to the survival of the individual and 

the fitness of the species -- in primates the amygdala discriminates among stimuli with social and 

emotional significance (Adolphs, 2010; Sander et al., 2003; Davis & Whalen, 2001; Salzman, 
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2010). Destruction of these neurons experimentally in monkeys or by a pathological process in 

humans, severely impairs social behavior. Monkeys with amygdala lesions are no longer able to 

read social cues, and fail to integrate in society – they typically become ostracized and pushed to 

the periphery of their social group (Dicks et al., 1969; Meunier et al., 1999). Humans with 

amygdala damage fail to make eye contact during social interactions and, as a consequence, they 

misinterpret the social signals of others (Spezio et al., 2007).  Specifically, they misinterpret the 

facial expressions of others, they misjudge trustworthiness, and fail to respect the personal space 

of others (Adolphs et al., 2005; Kennedy et al., 2009).  Intriguingly, if these patients are 

instructed to make eye contact these social deficits are diminished or reversed (Kennedy & 

Adolphs, 2010). These observations, coupled with the results of functional imaging studies (e.g., 

Gamer & Buchel, 2009), have led to the conjecture that the amygdala plays a role in orienting 

attention towards the eyes and engaging in eye contact. 

The existence of neurons specialized for eye contact may also explain the hemodynamic 

changes that are observed in the amygdala in response to eye contact (e.g, Gamer & Buchel, 

2009; Hoffman et al., 2007). The functional role of these cells however remains unclear.   They 

may be sensory cells that indicate to the rest of the brain when eye contact is established (similar 

to cells in the superior temporal sulcus that are necessary for detecting the gaze-direction of other 

individuals (Perrett et al., 1985; Desimone et al., 1984; Freiwald & Tsao, 2010).  Alternatively, 

they might evaluate affective value of eye contact, perhaps signaling to the orbitofrontal cortex 

the social value of eye contact with different individuals (Klein et al., 2009; Baron-Cohen et al., 

1999; Salzman & Fusi, 2010; Murray, 2007; Rudebeck et al., 2013).  They might also play a role 

in initiating bodily states of autonomic arousal associated with eye contact such as changes in 

heart rate (Kapp et al., 1982; Reis & Oliphant, 1964), respiration (Harper et al., 1984; Kaada, 
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1972), or the skin conductance (Laine et al., 2009). Finally, these cells may be involved in the 

reciprocation of facial expressions that occur in response to eye contact (Baldwin, 1954; 

Gothard, 2014).  If any of these functions were impaired, the consequences on social behavior 

could range from the subtle to the severe, e.g., complete avoidance of the eyes as in patients with 

autism (Jones & Klin, 2013; Hirstein et al., 2001; Kliemann et al., 2012; Tanaka & Sung, 2013) 

or modest changes in the duration of eye contact following the administration of oxytocin(Dal 

Monte et al., 2014; Domes et al., 2013; Guastella et al., 2008; Gamer et al., 2010).  Ongoing 

experiments in the laboratory are testing the causal role of eye contact cells in social behavior by 

enhancing or silencing their activity with microinjections of drugs (e.g., oxytocin and the GABA 

agonist muscimol). The ideal study would be to selectively and reversibly silence these cells but 

the genetic and molecular techniques that are readily available in similar experiments in mice 

and invertebrates have not been developed for primates.   

 

The neurophysiological properties of the visually-responsive neurons in the monkey 

amygdala. 

The educated ethologist, like everybody else, knows that a pig cannot fly.  If an ethologist 

wishes to quantify the diurnal movements of a pig, he measures the distance it walks and not the 

height that it levitates.  Neurons, like pigs, have limited ways of responding.   A neuron in the 

somatogastric ganglia of a lobster, for example, can be finely tuned to fire bursts of action 

potentials, a manifestation of a balanced distribution of ionic currents and network connectivity 

(Prinz et al., 2004).  Other neurons, like those in the deep cerebellar nuclei of primates, are 

capable of firing precisely timed spikes through a mechanism of tonic inhibition (Gauck & 

Jaeger, 2000).  The specific response of a neuron is determined by a multitude of factors: the 
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type of ion channels, the distribution of ion channels along the dendrite, the timing of synaptic 

inputs, the presence of neuromodulators, the dynamics of the circuit, etc. Chapter 2 of this 

dissertation contains a detailed characterization the firing patterns of cells in the amygdala 

in response to visual stimulation. 

To characterize the visual response properties of neurons in the amygdala, single unit 

activity was recorded from the amygdala of monkeys engaged in a passive image-viewing task.  

In this classical canonical approach to investigating visual responsivity of neurons in the visual 

areas of the brain, monkeys look at (fixate) a cue to initiate the presentation of an image (in this 

experiment, a picture of an object or a face).  The image appears on the screen and, after a pre-

determined amount of looking time, is extinguished and juice reward is delivered. 

Using this paradigm, I found that the firing of neurons in the amygdala changes in 

response to the appearance of visual stimuli along three axes: the magnitude of firing rate, the 

polarity (inhibitory or excitatory) of firing rate, and the timing of the response (brief phasic 

changes in firing rate or tonic responses that are sustained for the duration of the stimulus) 

(Chapter 2, Figure 2.2, pp 57; Mosher et al., 2010).  Through different combinations and 

permutations of values along these axes, neurons are capable of discriminating among broad or 

narrow categories of stimuli.  For example a neuron can discriminate objects and faces by 

varying the polarity of its firing; it can further discriminate among the identity of different 

monkeys by varying its magnitude  (e.g., Chapter 2, Figure 2.5, pp 60).   The role of polarity 

became of critical importance in the discovery of cells that respond to eye contact.  By varying 

polarity a cell is better able to discriminate among stimuli, but it makes it more difficult for the 

experimenter to discriminate the response of a cell.  To determine if a cell is generally visually 

responsive, an experimenter averages the firing rates across all of the stimuli presented.  In the 
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presence of polarity, a cell may appear not to be visually-responsive because, during averaging, 

the inhibitory responses cancel out the excitatory responses.  Indeed, the first eye cell to be 

identified remained elusive for some time for this very reason (the excitatory response elicited 

when the monkey looked at the eyes was canceled by the inhibitory response when he looked at 

other facial features). 

In addition to characterizing these three response axes, it was determined that neurons in 

different nuclei of the amygdala exhibit different patterns of neural activity.  The amygdala is an 

evolutionarily ancient structure composed of nuclei that are derived from different parts of the 

pallium, a three-layered structure that appears first in the amphibians (Martinez-Garcia et al., 

2002; Moreno & González, 2007). The component nuclei can be divided into a basolateral and 

centromedial group along both anatomical and functional lines (McDonald, 1992; Sah et al., 

2003; Pape & Paré, 2010). 

The basolateral group of nuclei are derived from cortical progenitor cells that give rise to 

the cortex and thus these nuclei remained strongly connected to the cortex throughout evolution.  

In primates, these cells process signals from high level sensory areas, association cortices, the 

insula, the hippocampus, and prefrontal cortex (Stefanacci & Amaral, 2002; McDonald, 1998; 

Höistad & Barbas, 2008).  They are known to evaluate the emotional and social salience of 

stimuli, e.g., the emotional significance of a facial expression (Wang et al., 2014; Gothard et al., 

2007).  The centromedial nuclei, are composed of striatopallidal cells that project to the brain 

stem and the hypothalamus (McDonald, 1992 ) where they engage the attention-system, evoke 

autonomic responses, and elicit species-specific behaviors (e.g., Kaada, 1951; Kapp et al., 1982; 

Kapp et al., 1994; Laine et al., 2009; and see LeDoux, 2012; Kaada, 1972). A comparison of the 

response properties of neurons recorded from these two nuclear groups supported the 
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hypothesized specializations of these groups.  Neurons in the basolateral group were more likely 

to decode the emotional significance of pictures whereas cells in the centromedial responded to 

attention-demanding parts of the task (initiating a trial, expectation of juice delivery) (Chapter 2, 

Figure 2.7, pp 62). 

Based on the characterization of the responses to visual stimuli, the best approach for 

detecting eye contact cells in the amygdala was to look for cells in the basolateral nuclei that 

modulate their firing rate magnitude, polarity, and timing in response to eye contact. 

 

Video stimuli promote prosocial eye contact among monkeys in the laboratory setting. 

The decision to establish and maintain eye contact during a social interaction depends on 

multiple factors, e.g., the identity and relationship of the individuals engaged in eye contact, 

facial expressions displayed by the social partner, the context of the interaction, and social status 

of the two individuals engaged in eye contact (the higher ranking individual usually solicits eye 

contact and is also the one less likely to break eye contact).  The duration of eye contact is 

especially critical during dynamic social interactions --an individual must decide where to 

allocate his attention given that the gaze and facial expression of his partner are constantly 

changing.  At the same time the individual must monitor and adjust his own gaze behavior 

(maintain eye contact, avoid eye contact) so that it meets the social expectations of his partner.  

Indeed, if a monkey makes eye contact for too long, it can be conceived as a threat that can lead 

to aggression (Mastripieri & Wallen, 1997; Masataka & Fuji, 1980; Redican, 1975; Chance, 

1967). To identify the neural basis of eye contact, it was first necessary to establish a behavioral 

paradigm that would allow monkeys to engage in dynamic social interactions within a laboratory 
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setting.  The goal of Chapter 3 is to demonstrate that monkeys actively engage in 

naturalistic social behaviors when presented with videos of conspecifics. 

Primates explore the visual world through a sequence of eye movements.  Saccades bring 

details of interest into the fovea while fixations stabilize the image on the retina (Wurtz, 2008).  

Analysis of the sequence of saccades and fixations (scanpath) can reveal a primates identity, 

sociability, interest, momentary disposition, and emotional state.  For example, a scanpath that 

contains a greater number of fixations on the mouth of a face than the eyes is an indicator that 

the viewer may be a patient with neuroticism or an autism spectrum disorder (Perlman et al., 

2009; Pelphrey et al., 2002).  In monkeys, the time spent fixating the eyes of other individuals is 

significantly correlated with measures of sociability and social status (Gibboni et al., 2009).  

Indeed, in field studies, dominant males initiate eye contact by staring at the eyes of 

subordinates; submissive individuals engage only briefly in eye contact or avoid it altogether 

(Redican, 1975; Chance, 1967; Hinde & Rowell, 1962). 

One way to elicit eye contact in a laboratory setting is to allow monkeys to passively 

view images of conspecific faces – they will fixate the eyes of the monkeys in the images more 

than they fixate other facial features (Keating & Keating, 1982; Nahm et al., 1997; Parr et al., 

2000; Gibboni et al., 2009; Gothard et al., 2009; Payne & Bachevalier, 2013).  This 

approximation of natural eye contact, however, does not require the interactive dimensions of 

eye contact, i.e., the dynamic monitoring of one’s own gaze relative to the gaze of the partner.  It 

was hypothesized that video stimuli might elicit ethologically-relevant interactions that are a 

more naturalistic approximation of eye contact.  Indeed, I found that monkeys actively scan the 

eyes of the conspecifics depicted in videos and produce social behaviors similar to those evoked 

in natural field settings.  For example, when a monkey engages in eye contact with a monkey 
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depicted in a movie, he has an increased propensity to produce pro-social facial expressions 

(Chapter 3, Figure 3.4, pp 75). Subordinate, poorly-socialized monkeys, abstain from eye 

contact, choosing to wait until the movie monkey’s eyes are averted before they look at them.  In 

addition, all subject monkeys spontaneously gaze-followed the movie monkey, i.e., they inferred 

where the movie monkeys were looking and then made a saccade in the same direction (Chapter 

3, Figure 3.6, pp 77). Gaze-following behavior has rarely been observed in a laboratory setting 

and is considered to be an indicator that an animal possesses theory of mind, i.e., the ability to 

infer the mental state of another individual (Baron-Cohen, 1997; Emery, 2000; Høgh-Olsen, 

2006). 

Taken together, these behavioral data suggest that videos can be used to approximate 

natural social interactions in the laboratory setting.  In the final chapter of this dissertation, 

neurophysiological recordings from the monkey amygdala were combined with this behavioral 

paradigm to identify the presence of eye contact cells. 

 

Neurons in the amygdala detect eye contact during naturalistic social interactions. 

 Every species in the animal kingdom has evolved unique behaviors that maximize their 

fitness to meet the requirements of their environment.  The species-specific behaviors are 

supported by networks of neurons that are located in the same or different macroscopic structures 

of the brain.  Social behavior in primates is supported by a broad circuit in the brain called “the 

social brain” in which the amygdala plays a central role.  Neurons that belong to the social brains 

are expected to be specialized for processing social stimuli such as faces, facial expressions, 

bodily postures and gestures, vocalizations, biological motion, etc. The best documented  

specialization of the social brain are 5 “patches” of temporal cortex that contain neurons that 
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respond almost exclusively to faces (Tsao et al., 2006).  These face patches in humans and 

monkeys are homologous (Tsao et al., 2008).  The goal of Chapter 4 is to determine whether 

the primate brain, specifically the amygdala, contains cells specialized for detecting eye 

contact during naturalistic social interactions.   

 To determine whether cells in the amygdala respond to eye contact, I recorded 

neurophysiological signals from the amygdala of monkeys as they viewed videos of 

conspecifics.  Aligning the neural activity to the onset of fixations on the eyes revealed that 

single neurons in the monkey amygdala differentiated between fixations on the eyes and 

fixations on other features of the face (Chapter 4, Figure 4.2, pp 97).  A subset of these neurons 

responded specifically to fixations on the eyes of monkeys with direct gaze, i.e., when eye 

contact was established (Chapter 4, Figure 4.4, pp 98).  Given the complex nature of eye contact 

interactions, it is possible that the activation of these cells could be due to a number of factors, 

e.g., they respond to the dynamic nature of eye contact, they activate the autonomic responses 

evoked by eye contact, they engage the motor system to produce prosocial facial expressions in 

response to eye contact.  In this final chapter I consider in detail the ramifications of our 

discovery: Are eye cells a sensory specialization in the primate brain?  Do eye cells respond 

during eye contact with monkeys depicted in static images?  Does the activity of eye cells require 

naturalistic behaviors induced videos?  Are eye cells a special class of visually responsive cells, 

or just the same type of cell that we’ve already seen before? What is an eye cell?  
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CHAPTER 2 

 

RESPONSE CHARACTERISTICS OF BASOLATERAL AND CENTROMEDIAL NEURONS 

IN THE PRIMATE AMYGDALA 

 

 

 

The work contained within this chapter is published in The Journal of Neuroscience (doi: 

10.1523/JNEUROSCI.3225-10.2010). It is copyrighted material and, therefore, has been 

included in this dissertation as Appendix A.  A summary of the study and my contribution to the 

work has been provided within this chapter. 

 

 

Study Summary: Based on cellular architecture and connectivity, the main nuclei of the primate 

amygdala are divided in two clusters: basolateral (BL) and centromedial (CM). These anatomical 

features suggest a functional division of labor among the nuclei. The BL nuclei are thought to be 

involved primarily in evaluating the emotional significance or context-dependent relevance of all 

stimuli, including social signals such as facial expressions. The CM nuclei appear to be involved 

in allocating attention to stimuli of high significance and in initiating situation-appropriate 

autonomic responses. The goal of this study was to determine how this division of labor 

manifests in the response properties of neurons recorded from these two nuclear groups. We 

recorded the activity of 454 single neurons from identified nuclear sites in three monkeys trained 

to perform an image-viewing task. The task required orienting and attending to cues that 

predicted trial progression and viewing images with broadly varying emotional content. The two 

populations of neurons showed large overlaps in neurophysiological properties. We found, 

however, that CM neurons show higher firing and less regular spiking patterns than BL neurons. 

Furthermore, neurons in the CM nuclei were more likely to respond to task events (fixation, 
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image on, image off), whereas neurons in the BL nuclei were more likely to respond selectively 

to the content of stimulus images. The overlap in the physiological properties of the CM and BL 

neurons suggest distributed processing across the nuclear groups. The differences, therefore, 

appear to be a processing bias rather than a hallmark of mutually exclusive functions. 

 

Author contribution: This work was completed in conjunction with Dr. Katalin M. Gothard and 

Prisca E. Zimmerman.  As first author, I collected a portion of the data (the data from monkey H 

and monkey T were collected by a previous graduate student, Dr. Kevin Spitler; data from 

monkey Q was collected by me with the assistance of Prisca Zimmerman), I designed and 

implemented all data analysis, and contributed to writing the manuscript.    
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CHAPTER 3 

 

VIDEOS OF CONSPECIFICS ELICIT INTERACTIVE LOOKING PATTERNS AND 

FACIAL EXPRESSIONS IN MONKEYS 

 

 

 

The work contained within this chapter is published in Behavioral Neuroscience (doi: 

10.1037/a0024264). It is copyrighted material and, therefore, has been included in this 

dissertation as Appendix B.  A summary of the study and my contribution to the work has been 

provided within this chapter. 

 

 

Study Summary: A broader understanding of the neural basis of social behavior in primates 

requires the use of species-specific stimuli that elicit spontaneous, but reproducible and tractable 

behaviors. In this context of natural behaviors, individual variation can further inform about the 

factors that influence social interactions. To approximate natural social interactions similar to 

those documented by field studies, we used unedited video footage to induce in viewer monkeys 

spontaneous facial expressions and looking patterns in the laboratory setting. Three adult male 

monkeys (Macaca mulatta), previously behaviorally and genetically (5-HTTLPR) characterized, 

were monitored while they watched 10 s video segments depicting unfamiliar monkeys (movie 

monkeys) displaying affiliative, neutral, and aggressive behaviors. The gaze and head orientation 

of the movie monkeys alternated between "averted" and "directed" at the viewer. The viewers 

were not reinforced for watching the movies, thus their looking patterns indicated their interest 

and social engagement with the stimuli. The behavior of the movie monkey accounted for 

differences in the looking patterns and facial expressions displayed by the viewers. We also 

found multiple significant differences in the behavior of the viewers that correlated with their 
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interest in these stimuli. These socially relevant dynamic stimuli elicited spontaneous social 

behaviors, such as eye-contact induced reciprocation of facial expression, gaze aversion, and 

gaze following, that were previously not observed in response to static images. This approach 

opens a unique opportunity to understanding the mechanisms that trigger spontaneous social 

behaviors in humans and nonhuman primates. 

 

Author contribution: This work was completed in conjunction with Dr. Katalin M. Gothard and 

Prisca E. Zimmerman.  As first author, I designed the experiments, collected all data, designed 

and implemented the analysis of the data, and contributed to writing the manuscript.   
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CHAPTER 4 

 

 

NEURONS IN THE MONKEY AMYGDALA DETECT EYE CONTACT 

DURING NATURALISTIC SOCIAL INTERACTIONS 

 

 

 

The work contained within this chapter has been submitted for publication in Current Biology. 

Upon submission, it became copyrighted material and, therefore, has been included in this 

dissertation as Appendix C.  A summary of the study and my contribution to the work has been 

provided within this chapter. 

 

  

Study Summary: Primates explore the visual world through a sequence of eye movements.  

Saccades bring details of interest into the fovea while fixations stabilize the image on the retina. 

During natural vision, social primates direct their gaze at the eyes of others to gather information 

about their mental states and to communicate their own emotions and intentions.  Direct gaze is 

an integral part of facial expressions through which primates engage in cooperation and conflict 

over resources and social status. Despite the great importance of eye contact in the behavioral 

repertoire of social primates, little is known about the neural substrates that support this 

behavior.  Here we show that the monkey amygdala contains neurons specialized to respond 

selectively to fixations at the eyes of others.  A subset of these neurons responded to eye contact. 

These “eye cells” share several features with canonical visually responsive neurons in the 

monkey amygdala. However, they respond to the eyes only when they fall within the fovea of the 

viewer, either as a result of a deliberate saccade, or as the eyes moved into the fovea of the 

viewer during a fixation intended to explore a different facial feature. The presence of eyes in 
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peripheral vision failed to activate these neurons. These results link the primate amygdala to eye 

movements and implicitly to the exploration and selection of details in visual scenes that contain 

socially and emotionally salient features. 

 

Author contribution: This work was completed in conjunction with Dr. Katalin M. Gothard and 

Prisca E. Zimmerman.  As first author, I designed the experiments, collected all data, designed 

and implemented all analysis of the data, and contributed to writing the manuscript.   
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

Three main findings were presented in this dissertation: 

(1) Neurons in the monkey amygdala respond to visual stimuli by varying their firing rates 

along three axes: magnitude, polarity, and timing (Chapter 2, Figure 2.2, pp 57).  They 

respond with the same characteristic patterns to the appearance of static images, the 

appearance of dynamic stimuli, and the appearance of a new detail on the fovea as the 

result of a an eye-movement (Chapter 4, Figure 4.S4, pp 108). 

(2) Monkeys produce natural, spontaneous social behaviors in response to videos of 

conspecifics.  Indeed, they engage in bouts of pro-social lipsmacking during periods of 

eye contact (Chapter 3, Figure 3.4, pp 75) and reliably gaze-follow conspecifics depicted 

in videos (Chapter 3, Figure 3.6, pp 77). 

(3) Individual cells in the amygdala are activated when monkeys fixate the eyes of 

conspecifics in videos (Chapter 4, Figure 4.2, pp 97) and engage in eye contact (Chapter 

4, Figure 4.3, pp 98).  These cells are activated during naturalistic social interactions and 

when eyes appear at the center of the fovea (Chapter 4, Figure 4.S3, pp 107). 
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As expected, the data in this dissertation has led to multiple interpretations, speculations and 

mostly to new questions that require further exploration. 

 

How do neurons in the amygdala encode events in real-time?  Which components of the 

spike train are “coding sequences” and which are “non-coding”?  Is it the total number of 

spikes that matters (rate code)? Or the temporal precision of individual spikes (temporal 

code)?  Are rate and time codes separable in the amygdala? 

The data collected for this dissertation contain examples of both rate coding and temporal 

coding in the amygdala (e.g., consider the response of the neuron depicted in Figure 2.6, pp 61.  

At the onset of the presentation of a face of a threatening female (image at bottom right) the cell 

fires a single spike with high temporal precision trial-after-trial (see raster).  When the image of 

the cyclist appears on the screen (image at top left) the cell increases its firing rate from baseline.   

The firing rate and the temporal distribution of the spikes have different, and perhaps converging 

effects on the target neurons.  If a cell uses a rate code to transmit information, it emits more 

action potentials per unit time which manifests as a greater depolarization of the target neuron. If 

it uses a temporal code, the precise timing of its spikes can determine whether a synapse with a 

target neuron is enhanced or suppressed (for a review, see Caporale & Dan, 2008).  If two cells 

(A and B) synapse on the same neuron, the order in which they fire action potentials will 

determine the potentiation or depotentiation of the  synapse.   If cell A fires within 20 ms after 

cell B, (roughly a full cycle of gamma oscillation sustained by GABAergic mechanisms (Woodin 

et al,, 2003; Buzsáki & Wang, 2012)), the synapse at cell A will be enhanced (long term 

potentiation) because the target neuron is already in a depolarized state.  If cell A fires within 20 

ms before cell B, the synapse will be depressed (long term depression). 
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Our preliminary data indicate that cells in the amygdala might discriminate fixations on 

socially significant stimuli using a metric that involves both spike timing and spike rate, a 

temporal-rate code (Figure 5.1, pp 35).  At every millisecond following a fixation, we compute 

the time elapsed between spikes.  Thus, at any given time-point, we calculate the rate (time 

elapsed since last spike) and timing (relative to fixation onset) of spikes fired by the cell. By 

asking the question, “is the time elapsed since the last spike longer or shorter than expected by 

chance?” we can estimate the probability that the monkey is fixating a face (social) or an object 

(non-social).  If the elapsed time is shorter or longer than expected by chance (the mean ISI at a 

given point in time following fixation onset), the viewer is likely to be fixating a monkey face.  

Using the timing of spikes emitted by a single cell, we can estimate with 50% accuracy whether 

the monkey is fixating a conspecific (50% accuracy is twice what is expected by chance, Figure 

5.1C).  The activity of a single cell seldom represents the activity of an interconnected neural 

ensemble that carry out jointly important functions.  Indeed, when we we consider the joint 

spiking of four simultaneously recorded neurons from the amygdala (that may or may not be 

synapsing on the same target neuron) the accuracy of predicting whether the monkey fixated on a 

face or a non-face image increases from 50% to 80% (Figure 5.1 D).  This greater accuracy in 

decoding suggests that the amygdala transmits a population code that has features of both 

temporal- and rate-coding.  
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What function do eye cells play during primate social interactions?  

Eye cells are activated during natural vision when the monkeys actively explore their 

visual worlds, but when eyes appear in the fovea independently of saccades. This raises the 

possibility that an eye cell is simply a highly specialized  sensory cell that responded to a very 

specific stimulus, the eyes at foveal center. 

 The amygdala of primates processes complex sensory stimuli, but it is not exclusively a 

sensory structure – it is also involved in memory, autonomic arousal, and the production of 

motor outputs.  In some ways, the title of this dissertation “Neurons in the monkey amygdala 

detect eye contact …” may be a misnomer – it implies that the amygdala is involved only in the 

sensory components of eye-contact.  Neurons in the amygdala do not, however, faithfully 

detect/respond to most sensory stimuli but exhibit highly variable responses to these stimuli 

across trials.  This is in contrast to what has been reported for neurons in purely sensory areas 

(e.g.,the visual system of primates, Kara et al., 2000). Indeed, recent evidence suggests that 

neurons in the human amygdala respond differently to the same image of the same facial 

expression when it is repeatedly presented  – rather than faithfully encoding the sensory aspects 

of the stimulus, it appears that cells in the human amygdala respond to the  viewer’s emotional 

appraisal of that stimulus (Wang et al., 2014).  If a person mistakenly perceives a facial 

expression of fear to be one of happiness, cells in the amygdala respond as though the fearful 

expression is indeed a happy one.  Recently, these same authors demonstrated that cells in the 

amygdala of healthy humans respond to images of eyes, but cells in the amygdala of patients 

with autism instead respond to images of mouths, perhaps indicating that patients with autism 

fail to appraise the importance of the eyes during social interactions (Rutishauser et al., 2013). 
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These and other data suggest that the amygdala evaluates the relevance or salience of a 

stimulus as it pertains to the perspective and emotional state of the individual (Sander et al., 

2013).  If we extrapolate this concept to eye cells we may find that eye cells similarly code 

information about the viewer’s state/perspective.  In a male monkey, eye cells may vary their 

response as the social status of the individual shifts in the hierarchy.  For example, if monkey B 

is trying to usurp monkey A’s hierarchical position, an eye-contact cell in monkey B will 

respond differently before and after the shift in rank status.  This shift in activity may manifest as 

a the change in looking behavior displayed by a dominant individual; prior to the rank shift 

monkey B will be submissive and avoid eye-contact with monkey A, after the shift, monkey B 

will be dominant and actively seek out eye-contact with monkey A.  

 It is critical to note that the activity of eye-contact cells is correlated with eye-contact.  

Although a cellular manifestation of eye-contact indicates that the amygdala plays a role in eye-

contact, it does not indicate that the amygdala is in any way responsible for establishing or 

maintaining eye contact.  Correlation does not imply causation.  An eye-contact cell may appear 

to be related to eye-contact because it’s activity is (1) correlated with the emotional appraisal of 

establishing eye-contact (as discussed above), (2) correlated with the autonomic arousal that is 

associated with eye contact, (3) correlated with the production of facial expressions that are 

evoked by eye contact.  A full characterization of how eye cell activity correlates with these and 

other dimensions will lend direction to our understanding of the function that eye cells might 

play in primate social interactions.  Direct manipulation of the eye cells (either 

pharmacologically or perhaps, one day, genetically) will evince the functional role of these cells 

in primate social behavior.  
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The finding that eye contact enhances the likelihood of reciprocating facial expressions 

raises questions about the role of the amygdala in the production of facial expressions.  

Might cells in the amygdala be linked with cells in motor areas that produce facial 

expression? 

 As described above, the amygdala is not exclusively a sensory structure – it may also 

play a role in motor outputs.  Indeed, in our search for eye cells, we happened upon a subset of 

the cells that appeared to be activated by eye-contact, but with abnormally long response 

latencies (they did not begin to fire until 1500-3000 ms after eye-contact was initiated).  Upon 

closer inspection, we found that these cells were activated only during bouts of eye-contact in 

which viewer monkeys produced lipsmacking facial expressions.  Rather than being activated by 

eye contact, the activity of these cells was more strongly correlated with the production of facial 

expressions.  A subset of these cells fired in advance of the lipsmack (Figure 5.2AB, pp 37), 

raising the question of whether the amygdala plays a role in the production of facial expressions.  

Early studies involving electrical stimulation of the amygdala of patients undergoing 

neurosurgery reported that stimulation of the amygdala evoked facial expressions (Baldwin et al., 

1954; Feindel & Penfield, 1954; Fish et al., 1993). Later, these observations were replicated in 

monkeys and supported by anatomical connections between the amygdala and the facial motor 

nucleus (Fanardijan and Manvelyan 1987) and the dorsal cingulate cortex (Morecraft et al., 

2007).  Intriguingly, the amygdala does not project to the primary motor cortex that initiates the 

voluntary production of facial movements (Avedaño et al., 1983). Indeed, the voluntary 

production of facial expressions is thought to occur through pathways independent from those 

that produce emotional facial expressions (though both pathways eventually arrive on the same, 

last order motor neurons in the pontine facial motor nucleus) (Morecraft et al., 2004; Gothard, 
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2014).  Patients with motor cortical damage are unable to produce facial expressions at will, but 

can respond with authentic facial expressions to emotional stimuli (Monrad-Krohn, 1924; Töpper 

et al., 1995; Trepel et al., 1996).  Future experiments will determine whether the amygdala plays 

a role in the production of facial expressions by recording, simultaneously, neural activity from 

the amygdala and cingulate cortex during pharmacological inactivation of each area.   

  

 

What are emotions?  Do emotions require feedback from the body? 

In 1872, Charles Darwin speculated that facial expressions not only serve a role in 

communication but also serve a role in the augmentation of emotions, e.g., the act of smiling 

enhances the feeling of happiness (Darwin, 1872).  This speculation led to the facial feedback 

hypothesis, the idea that proprioceptive feedback from the face facilitates the cognitive, 

behavioral, and bodily responses of emotion (for a review, see McIntosh, 1996).  A practical 

demonstration of this concept is that smiling, even when one isn’t happy, increases optimism and 

results in changes in the autonomic nervous system that have been correlated with feelings of 

happiness (e.g., changes in heart rate, breathing) (Levenson et al., 1990; Soussignan, 2002; 

Niedenthal et al., 2001).  The idea that bodily feedback contributes to emotions is not a new 

concept (James, 1884), but it remains a hotly debated one. One of the main reasons the debate 

continues is because of a lack of consensus on the biological definition of emotion and a paucity 

of physiological data.  The field would benefit greatly from an animal model that could be used 

to directly manipulate feedback from the face and observe the effects on behaviors that reflect 

emotions (e.g., changes in looking behavior, body posture), autonomic markers of emotion (e.g., 
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changes in heart rate, skin conductance), and central processes of emotion (e.g., appraisal of 

emotional stimuli, activity of single cells that respond to faces). 

During my exploration into the role of the amygdala in the production of facial 

expressions, I found cells that were activated by proprioceptive feedback from mechanoceptors 

in the face (Figure 5.2C, pp 37) – these cells are activated not only when monkeys produce facial 

expressions but also when the face is immobile and the mechanoceptors are externally stimulated 

by various types of touch.  Given that the amygdala processes and initiates both cognitive and 

bodily manifestations of emotion, it may be an ideal candidate for orchestrating the effects of 

facial feedback (if such a mechanism in fact exists).  Are proprioceptive cells in the amygdala 

wired to cells that activate the autonomic nervous system, e.g., does feedback from the face 

during a lipsmack increase respiratory sinus arrhythmia, a metric of respiration that indicates 

elevated vagal tone and is correlated with relaxation, meditation, and prosocial interactions 

(Berntson et al., 1993))?  Does blocking the proprioceptive cells in the face alter the response of 

amygdala cells to visual stimuli that are emotional meaningful, e.g., the activity of face cells or 

eye-contact cells?  By manipulating the body and the brain at the level of single cells, future 

experiments will not only test the facial feedback hypothesis but given new insight into the 

biological definition of emotion. 

 

 

What is the future of the field of social neuroscience? 

The field of social neuroscience is rapidly expanding.  There is now a society with an 

annual meeting (The Society for Social Neuroscience) where experts share the newest findings in 
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the field.  The field will continue to expand rapidly as we continue to develop better methods of 

quantifying social behavior and manipulating neural activity in the brain. 

Social interactions require brain-wide interaction among large population of neurons 

(e.g., networks that facilitate face processing (Moeller et al., 2008); networks involved in 

mirroring actions (Rizzolatti & Sinigaglia, 2010); networks involved in decision-making that 

incorporate emotional signals from the body (Craig, 2002; Damasio, 1996)). Networks of 

neurons detect and attend to sensory stimuli, make predictions and decisions about what 

behaviors to perform, and orchestrate motor response.  These networks also receive signals from 

the body that report the brain state of the viscera.  Although we can learn much from the activity 

of a single neuron, complex behaviors depend on a network of neurons within and across brain 

structures. In order to understand how the brain orchestrates social interactions, we will need to 

record simultaneously from multiple nodes of the social brain and find methods to decode the 

momentary state of a distributed population of neurons.  

Social interactions are by definition dynamic – the action of each individual depends on a 

moment-to-moment basis on the actions of other individuals. The stimuli are constantly 

changing, sometimes as a result of the interaction and sometimes independently of it.  In this 

dissertation we saw that naturalistic behaviors were elicited when monkeys watched videos, but 

this can only approximate a true interaction because the video does not respond to the actions of 

the viewer monkey.  In a true interaction, monkeys are not free to display whatever facial 

expressions they want or engage in eye-contact whenever they want, they must modulate their 

behavior to meet the expectations of their partner.  A complete understanding of social 

interactions will have to embrace this question: how does the brain decide, in real time, what 

actions to perform? 
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Figure 5.1: Spike-timing of a population of neurons discriminates fixations on social stimuli.  

(A) To determine if neurons in the amygdala discriminate among fixations on social stimuli, I 

recorded neurophysiological signals from the amygdala as monkeys viewed arrays of images 

composed of social (human and monkeys faces) and non-social (fractals and flowers) stimuli.  

The rainbow colored depicts the scanpath of a monkey during the presentation of one such array 

and is color-coded temporally.  Note that the monkey first saccades to a monkey face and, 

throughout the 4 s display, makes multiple fixations on the face stimuli.  (B) Raster-plot and 
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peri-event time histogram of a neuron in the amygdala that discriminates fixations on monkey 

faces (yellow) from fixations on other stimuli in the array (blue, red, green).  Neural data is 

aligned to the onset of fixation at each type of stimulus in the array.  This neuron fires with an 

increased rate during fixations on monkey faces, but inhibits its firing during fixations on other 

stimuli.   The inset at right shows the spike train during 20 fixations on monkey faces.  Although, 

on average, this cell responded to fixations on monkey faces, its spike pattern is highly variable 

from one fixation to the next.  Often, only one or two spikes are fired during the fixation period.  

(C) The timing of spikes recorded from the neuron in B, predicts fixations on monkey faces.  At 

each fixation, the spike train was converted into a continuous signal that measures the time since 

the occurrence of the last spike.  This continuous data was used as a predictor variable in a 

logistic regression that determines the probability that a monkey is fixating a face.  The red line 

in this graph shows the percent of time that this model accurately predicts a fixation on a monkey 

face.  This cell begins to discriminate monkey faces shortly after 150 ms following fixation onset 

(as can also be observed in the PSTH of B) and this model accurately predicts fixations on 

monkey faces 50% of the time.  By comparison, the model has a false-positive rate (mistakenly 

identifies a fixation on a human, fractal, or flower as a fixation on monkey face) of about 20%. 

(D)  When considering the joint-activity of four simultaneously recorded neurons, the logistic 

regression achieves 80% accuracy and maintains the same false-positive rate.  The joint spike-

timing of these four neurons identifies fixations on monkey faces at a shorter latency (100 ms 

following fixation onset) and with greater accuracy than the spike-timing of a single neuron. 
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Figure 5.2: The amygdala contains cells that may be involved in the execution of facial 

expressions and proprioception of the face.  (A) A neuron in the monkey amygdala that changes 

its firing rate prior to the monkey producing lipsmacking facial expressions.  The raster-plot 

(top) depicts the spike train of a neuron aligned to the onset of each lipsmacking expression 

(expression onset was calculated using electromyographic signals recorded from the temporalis 

muscle of the monkey and was confirmed by video-recordings of the viewer monkey).  The peri-

event time histogram (middle) and cumulative sum measure (see Supplementary Methods of 

Chapter 5 for a description of this calculation, (Ellaway, 1978)) shows that this neuron reduces 

its firing rate prior to the lipsmack indicating that it may play a causal role in the production of 
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lipsmacks.  Once the lipsmack begins, this neurons responds with a rebound excitation. (B) 

Response latency of 22 single units that were activated during lipsmack facial expressions.  

While 7 neurons fired in advance of the lipsmack (black), more than twice that number fired 

after the expression had already begun (red).  It was predicted that these neurons may be 

responding to proprioceptive feedback during the production of the facial expression.  (C) To 

determine if neurons in the amygdala respond to proprioceptive feedback, the monkey’s eyes 

were blind-folded and his facial skin was touched.  Proprioception of the face occurs through 

activation of mechanoreceptors in the skin, the same mechanoreceptors that sense when the skin 

is touched.  Indeed, microneurographic recordings in humans have shown that the same 

mechanoreceptors are activated by (1) touching within the receptive field of the 

mechanoreceptor, (2) stretching the skin that is innervated by the mechanoreceptor, and (3) in the 

absence of tactile stimulation during the production of facial movements (e.g., Johansson et al., 

1988).  Here, I see a similar pattern of response in a neuron recorded from the monkey amygdala.  

This neuron has a receptive field within the lip region of the mouth (gray shaded area in 

illustration).  At top, the stimulation and spike train of the neuron show that during tactile 

stimulation of the lip (red) or the production of facial expression (blue), the cell inhibits its firing 

rate.  The raster-plots (sorted by duration of tactile stimulation, left panel, and type of facial 

expression, right panel) and peri-event time histogram summarize the response of this neuron.  

Note that this neuron only responds with inhibition during facial expressions that involve 

retraction of the lip (i.e., fear-grimacing or pulling back of the lip, trials 1-27 in the raster-plot) 

but does not respond during other facial movements (i.e., lipsmacking, threatening, chewing, 

trials 28-43). 
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Response Characteristics of Basolateral and Centromedial
Neurons in the Primate Amygdala

Clayton P. Mosher, Prisca E. Zimmerman, and Katalin M. Gothard
Department of Physiology, College of Medicine, The University of Arizona, Tucson, Arizona 85724

Based on cellular architecture and connectivity, the main nuclei of the primate amygdala are divided in two clusters: basolateral (BL) and
centromedial (CM). These anatomical features suggest a functional division of labor among the nuclei. The BL nuclei are thought to be
involved primarily in evaluating the emotional significance or context-dependent relevance of all stimuli, including social signals such as
facial expressions. The CM nuclei appear to be involved in allocating attention to stimuli of high significance and in initiating situation-
appropriate autonomic responses. The goal of this study was to determine how this division of labor manifests in the response properties
of neurons recorded from these two nuclear groups. We recorded the activity of 454 single neurons from identified nuclear sites in three
monkeys trained to perform an image-viewing task. The task required orienting and attending to cues that predicted trial progression and
viewing images with broadly varying emotional content. The two populations of neurons showed large overlaps in neurophysiological
properties. We found, however, that CM neurons show higher firing and less regular spiking patterns than BL neurons. Furthermore,
neurons in the CM nuclei were more likely to respond to task events (fixation, image on, image off), whereas neurons in the BL nuclei were
more likely to respond selectively to the content of stimulus images. The overlap in the physiological properties of the CM and BL neurons
suggest distributed processing across the nuclear groups. The differences, therefore, appear to be a processing bias rather than a hallmark
of mutually exclusive functions.

Introduction
The mammalian amygdala plays an important role in detecting
and learning the emotional significance of stimuli encountered
by an organism (LeDoux, 2000; Paré et al., 2004). Within the
systems-level framework of emotion, the amygdala contributes
several component processes, such as stimulus appraisal, rele-
vance detection, activation of neuroendocrine responses, and so-
matic motor expressions of emotion (Sander et al., 2005). Indeed
the amygdala evaluates the emotional quality of facial expressions
and vocalizations, and mediates several other aspects of social
communication such as eye contact and the perception of per-
sonal space (Adolphs, 2010). As a manifestation of its role in
assessing the relevance/significance of stimuli, the amygdala is
involved in allocating attention to stimuli of importance (Hol-
land and Gallagher, 1999; Adolphs et al., 2005; Roesch et al.,
2010). Finally, a large part of autonomic and endocrine responses
to stimuli of importance are elaborated in the amygdala. (Kaada,
1951; Kapp et al., 1982; Pascoe and Kapp, 1985; Reis and Ledoux,
1987; Laine et al., 2009). These diverse functions can be localized,
to some extent, to the component nuclei of the amygdala.

Based on neural architecture and connectivity, the nuclei in
the amygdala can be divided in two main groups (McDonald,
1992; Pape and Paré, 2010). The nuclei in the basolateral (BL)
group (lateral, basal, and accessory basal nuclei) contain neurons
of cortical type and are reciprocally connected to a broad array of
cortical areas. The basolateral nuclei receive highly processed
sensory information from the neocortex of temporal and parietal
areas and project back to all sensory and association areas (with
the exception of the frontal pole and primary motor cortex) (Mc-
Donald, 1998; Stefanacci and Amaral, 2002). The nuclei in the
centromedial (CM) group (the central and medial nuclei and the
anterior amygdaloid area) contain neurons of striatopallidal type
and are reciprocally connected to subcortical structures, al-
though they also receive cortically processed sensory stimuli
(Amaral et al., 1992; McDonald, 1992). The centromedial nuclei
receive input from three major sources: (1) subcortical structures
of the diencephalon, midbrain, basal forebrain, and brainstem;
(2) distinct cortical areas (e.g., the insula, olfactory cortex); (3)
the basolateral nuclei of the amygdala (Krettek and Price, 1978;
Amaral and Price, 1984; Amaral et al., 1992). By way of these
connections, the neurons in the centromedial nuclei can par-
ticipate in stimulus evaluation and also modulate the activity
of autonomic centers to maintain a level of general vigilance.
Indeed, electrical stimulation of the central nucleus increases
attention and orienting (Gallagher et al., 1990; Kapp et al.,
1994) by activating the cholinergic neurons in the basal fore-
brain. These neurons synchronize cortical activity and switch
the cortex from slow oscillations to low-amplitude fast oscil-
lations (Dringenberg and Vanderwolf, 1996) characteristic of
attentive states.
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The existence of these two distinct processing loops converg-
ing in the amygdala suggests that the basolateral nuclei are pri-
marily involved in evaluating the emotional content of sensory
inputs, whereas the centromedial nuclei generate an enhanced level
of attention and arousal necessary for improved signal detection
(Davis and Whalen, 2001). Although this functional dichotomy has
been challenged by experiments that showed involvement of the
central nucleus in stimulus-reinforcement associations (Hall et al.,
2001; Wilensky et al., 2006), it nevertheless predicts that neurons in
the centromedial and basolateral nuclei should respond differen-
tially to the appetitive and attention-demanding aspects of a task and
spontaneous evaluation of stimuli. Specifically, the early, attention-
related aspects of the task should engage primarily the neurons in the
centromedial nuclei, whereas the later aspects of the task, when the
monkey processes the emotional content of the image, should en-
gage primarily the neurons in the basolateral nuclei. We tested these
predictions in 454 neurons recorded from three monkeys trained to
perform a simple, image-viewing task.

Materials and Methods
Surgical procedures. All surgical procedures were performed in compli-
ance with National Institutes of Health guidelines and were approved by
the Institutional Animal Care and Use Committee at the University of
Arizona.

Three adult male Rhesus monkeys (Macaca mulatta) (monkeys H, T,
and Q) were surgically implanted with recording chambers over the right
amygdala. The implant contained three titanium pins to which a head-
holding ring could be attached. During recordings, the ring was secured
into a rigid frame (for details, see Gothard et al., 2007). Before surgery,
the monkeys were preanesthetized with ketamine (10 –15 mg/kg, i.m.)
and brought to surgical levels of anesthesia with isoflurane (1–1.5%). The
chamber was placed at stereotaxic coordinates calculated from structural
magnetic resonance imaging (MRI) performed before surgery. A 6 – 8
mm diameter craniotomy, performed in the center of the chamber, was
sealed with silicone elastomer (Kwik Seal; WPI). The removable seal kept
the dura sterile and supple and prevented the growth of scar tissue, mak-
ing the use of antibiotics, daily chamber maintenance, and dura debride-
ment unnecessary (Spitler and Gothard, 2008).

Localization of the recording sites. To achieve precisely targeted elec-
trode placement, each monkey underwent a presurgical structural MRI
scan to localize nuclei of the amygdala. The animal’s head was secured in
an MRI-compatible stereotaxic apparatus (Crist Instruments) and then
centered in a GE Healthcare 3T94 magnet running 11X software. A high-
resolution inversion-prepared spoiled gradient echo was collected, with
an echo time (TE) of 3.2 ms, repetition time (TR) of 7.6 ms, flip angle
(FA) of 20°, inversion time of 500 ms, bandwidth (BW) of 31.25 kHz, a
field of view (FOV) of 17 cm, a slice width of 1 mm, a skip of �0.5 mm,
a matrix of 256 � 256, and 5 averages, with a scan time of 34 min, 44 s.
These parameters yielded 0.66 � 0.66 � 0.5 mm voxels in monkeys Q
and T. In monkey H, a different set of parameters was used that yielded
slices of 1 mm thickness. Each slice was imported into CorelDRAW
(CorelDRAW Graphics Suite X5; Corel), and the boundaries of the
amygdala nuclei were drawn on the image. The boundary between the BL
nuclei and the CM nuclei was often visible as a thin layer of white matter,
similar to a capsule that surrounds the central nucleus. The boundaries
between the lateral, basal, and accessory basal nuclei were rarely visible;
they were mostly inferred based on the known topography of the nuclei.
From the stereotaxic coordinates calculated by this method, a recording
chamber was implanted centered over the amygdala.

A second MRI scan was taken after implantation. During this scan, a
slip-fitting insert containing a 4 mm diameter central column of vitamin
E was placed in the chamber. The column of vitamin E was visualized as
a high-contrast rectangular area that could be extended toward the
amygdala in each slice. The axis of the vertical extension of the vitamin E
column became a chamber-centered coordinate reference. The elec-
trodes were always parallel with the axis of the chamber. The recording
targets in each nucleus were defined as x–y coordinates (relative to the

axis of the chamber) and z (or depth) coordinates relative to the dura
mater. The z coordinates were always more precise because the Thomas
drive advances the electrodes with micron precision and because we
measured at the beginning of each experiment the depth of the dura
relative to the chamber. We estimate that because of the pliability of the
dura, the maximal error in depth measurement was 0.5 mm. In the
mediolateral dimension, we estimated a maximum error of 1 mm attrib-
utable to possible discrepancies between the expected and the real
boundaries separating the lateral, basal, and accessory basal nuclei. The
mediolateral dimension of these nuclei rarely exceeds 2 mm; therefore, it
is unlikely that our boundary estimates were �1 mm away from the real
boundaries.

Postmortem structural MRI analysis of monkey H shows that the elec-
trode tracks were aimed at the amygdala (Fig. 1 A). In one experiment of
monkey T, the electrodes were advanced into the amygdala, detached
from the drive and left in the brain. Later, the monkey was anesthetized
and the array of seven electrodes visualized by a modified MRI procedure
(Fig. 1 B). For this scan, we used a two-dimensional gradient recalled
echo run with a TE of 4.7 ms, a TR of 50 ms, an FA of 30°, a BW of 31.2,
a FOV of 12 cm, a slice width of 1 mm, a skip of 0 mm, a matrix of 256 �
256, an Nex of 40, and a scan time of 17 min, 5 s.

Measurement of z-coordinate of electrode tip. At the end of each record-
ing session, a form-fitting silicone elastomer was placed in the craniot-
omy, according to a method described by Spitler and Gothard (2008).
When the chamber was opened, the silicone elastomer sealant was re-
moved, and an insert was introduced in the chamber. The role of this
insert was equivalent with the grid used by other neurophysiology labo-
ratories. The insert was a sterile slip fitting stainless-steel cylinder with a
4 mm diameter cylindrical “tunnel” in its center. When the bottom of the
insert rested on the bone margin of the craniotomy (i.e., it could not be
pushed any further), the top of insert was 2–3 mm higher than the top of
the chamber (slightly different for each monkey). At this stage, a sterile
measuring cylinder was introduced into the “tunnel” of the insert, and
when it rested on the dura, the point where it emerged from the insert was
marked with a sterile pen. The distance between the top of the insert
and the dura was determined by measuring with calipers the distance
between the pen mark and the end of the measuring cylinder. Because of
the use of the silicone elastomer, there was no dura overgrowth under the
seal, and the dura remained pliable. This measure, therefore, was always
the same. It was nevertheless needed, because we often used inserts with
tunnels that were eccentric to allow recordings from multiple areas in the
X and Y dimensions of the chamber. As the dura is sloped, the distance
between the top of the insert and the dura depended on the mediolateral
coordinates of the tunnel of the insert. In the next step, the 4 mm “head”
of the Thomas drive was aligned with the axis of tunnel of the insert using
the Thomas precision positioning system. The “head” fits into the tunnel
and has seven sharpened cannula of 6 mm length at its end (at this time

Figure 1. Localization of recording sites in the amygdala. A, Postmortem structural MRI scan
of the brain of monkey H shows the electrode tracks aimed at the center of the amygdala. B, In
vivo MRI scan of monkey T with an array of seven Thomas electrodes placed into the amygdala.
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the electrodes were withdrawn into the cannulae). The tips of the cannu-
lae were aligned with the top of the insert. The “head” with the cannulae
was lowered into the tunnel to the same distance measured by the mea-
suring cylinder. At this point, the tips of the cannulae were touching the
dura. The cannulae were advanced 3– 6 mm through the dura. The elec-
trodes that had been withdrawn into the cannula with micron precision
by the motor of the drive were then extruded into the brain. The
z-coordinate of the electrode tip was obtained by adding 3– 6 mm to the
reading of the final electrode.

Electrodes and electrode delivery system. A custom-built, seven-channel
Eckhorn drive, manufactured by Thomas Recording, was used to ad-
vance up to seven electrodes (80 –100 �m shaft diameter, tungsten/plat-
inum core, quartz glass coated) to depths of 25–35 mm below the dura.
The electrodes were delivered via 30 ga stainless-steel sharpened cannu-
lae that penetrated the dura and were advanced 3– 6 mm into the cortex.
The electrodes emerged from the cannulae and were advanced into the
brain by precision motors that tensed or relaxed a rubber tube attached to
the back of the electrode (Mountcastle et al., 1991; Eckhorn and Thomas,
1993). The electrodes were connected to a headstage amplifier (gain, 20)
built into the drive and to a Lynx-8 amplifier (Neuralynx) set to a gain of
2000 and to bandpass settings of 0.6 to 6 kHz. Neural data were digitized
at 30 kHz, recorded continuously using a Power 1401 data acquisition
system (Cambridge Electronic Designs), and stored on disk for off-line
spike sorting.

Stimuli. The stimuli consisted of monkey faces, extracted from an
extended library of digitized images of monkey facial expressions
(Gothard et al., 2004) and other images that included human faces,
random objects, landscapes, animals, food items, and abstract images.
A total of 681 images (383 monkey faces and 298 nonfaces) were
assembled in different proportions into 59 unique stimulus sets (for
examples of stimuli, see Figs. 4 – 6). On average, a stimulus set consisted
of 13 images (8 monkey faces, 5 nonfaces) with the smallest stimulus set
having 6 images (6 monkey faces, 0 nonfaces) and the largest set contain-
ing 30 images (24 monkey faces, 6 nonfaces). All stimulus sets contained
at least two monkey faces. These variations of the stimulus set prevented
the monkeys from building expectations vis-á-vis the content of the im-
ages and/or habituating to a fixed experimental routine (same number of
images in a set).

Recording procedures. At the beginning of a recording session, the 4
mm diameter “head” of the electrode drive was placed in the recording
chamber and positioned such that the electrodes would emerge parallel
with the axis of the chamber (using the Thomas precision positioning
system). The electrodes were aimed at nuclei selected as targets for that
recording session. The electrodes were then advanced at a speed of 30 –
100 �m/s to the required depth. The depth was calculated based on the
MRI slice that contained the target area. The electrodes were lowered
under electrophysiological monitoring; background activity and neural
signals changed at the crossing of boundaries between cortex, white mat-
ter, and gray matter at the expected depths. When the electrodes reached
the dorsal border of the amygdala, the speed was reduced, and the elec-
trodes were advanced individually by small increments until they reached
the desired nucleus. When all seven electrodes registered well isolated
and stable spikes, the experiment began. It was not always possible to
isolate single neurons on all seven electrodes, and therefore the yield of
usable single units varied from between 2 and 22 cells recorded simulta-
neously. The recordings were typically stable for 60 min.

During recordings, the stimuli were presented in blocks. Each block
consisted of all the images in the stimulus set used for that particular
recording session. The images in a block were presented in pseudoran-
dom succession. Each block of the same images was repeated 8 –30 times,
depending on the performance of the monkey. If the monkey looked
outside the boundary of an image (error trial), that image was repeated at
a later time. A new block was started only if the monkey looked at all
images in the current block. Thus, organizing the stimuli in blocks en-
sured that each image was seen the same number of times.

A “trial” constituted a single image presentation. A block of trials,
therefore, consisted of one presentation of each image (13 images on
average). Each block was presented 8 –30 times. The number of images a
monkey viewed during an experiment was the product of the number of

images in a block (13) and the number of times a block was repeated
(8 –30). Each trial started with a fixation. The monkeys were trained to
fixate on a white square (“fix spot”) that subtended 0.5 degree of visual
angle (DVA). Successful fixation (maintaining gaze for 100 ms in an area
of 1.5 � 1.5 DVA surrounding the fix spot) was followed by image
presentation. The monkeys were then free to view the image for 3 s, with
the requirement to maintain gaze within the image boundaries. If this
requirement was met for the entire duration of the display, the monkeys
received 0.5–1 ml yogurt mixed with fruit juice. Each image was followed
by a 3 s intertrial interval. When the monkey failed to fixate or looked
outside the boundary of the image, the trial was terminated, reward was
withheld, and a 2 s time-out period ensued. Incorrect trials were repeated
at a later time. Eye movements were sampled (120 Hz sampling, 0.3 DVA
spatial resolution) using an infrared eye tracker (ISCAN) that connected
to a CORTEX experimental control system (National Institutes of Men-
tal Health-supported freeware, http://www.cortex.salk.edu).

Data analysis. We used a template matching algorithm for off-line
spike sorting (Spike 2; Cambridge Electronics Design). All other analyses
were performed using MATLAB 7.9 software (MathWorks).

The basic firing properties of the recorded neurons were assessed by
the interspike interval (ISI) distribution, mean firing rate, and coefficient
of variation of the interspike intervals calculated for the entire recording
session or for various epochs of each trial. Interspike interval histo-
grams were computed using 20 ms time bins spanning 0 –500 ms.
Mean firing rate was calculated as the inverse of the mean of all ISIs.
The coefficient of variation was calculated as the ISI standard devia-
tion divided by the ISI mean.

The task or image-related properties of the recorded neurons were
assessed by peristimulus time histograms (PSTHs). PSTHs were com-
puted in windows centered both on fix-spot and image presentations
(�300 to 300 ms around fix spot on; �2000 to 5000 ms relative to image
on). Spikes were convolved with a 100 ms Gaussian window and averaged
across trials to yield PSTHs expressed in units of mean firing rate. PSTHs
were z-score normalized by subtracting the mean firing rate and dividing
by the standard deviation of the baseline firing rate (firing rate during a
1 s period of the intertrial interval preceding the fix spot by 500 ms).

For comparing the proportion of responses of a particular type
between the two nuclear groups, � 2 tests were used. For comparison
between mean values (e.g., firing rate, selectivity), two-sample t tests
were used.

Classification criteria of neural responses. The spike trains were aligned
to the following task events: “fix spot on” is the time of display of the
fixation icon; “image on” and “image off” are the times of the display
and removal of the image from the monitor, respectively. Task-
dependent firing properties were grouped in phasic (excitatory or
inhibitory) and tonic (excitatory or inhibitory) response types (Fig. 2)
as described below.

Phasic responses were identified as a brief increase in firing rate that
followed one of the following task events: fix-spot presentation, image
presentation (any image), or the end of the trial. In a time window
around each marker (80 –275 ms after fix spot on; 80 – 450 ms after image
on; 80 –275 ms after image off), the peak and dip times were identified as
the time points when the mean firing rate achieved its maximum or
minimum values, respectively. The peak/dip firing rate was measured as
the mean firing rate in a 100 ms bin centered on this time. This set of
firing rates for an individual neuron across repeated trials was then com-
pared to relevant baseline periods. If a unit was classified as phasic re-
sponsive for any task event, the response latency was quantified as the
peak/dip time.

To determine whether neurons responded to the fix spot, the mean
baseline firing rate was computed for each trial in six 50 ms bins preced-
ing fix spot on by 300 ms. The baseline firing rates were then compared to
the peak/dip firing rates (computed as a mean firing rate for each trial
during the peak/dip time period) using a two-sample t test. If the t value
was positive and corresponded to p � 0.01, the response was classified as
fix-spot-on phasic excitatory; if the t value was negative and p � 0.01, the
response was classified as fix-spot-on phasic inhibitory.

To determine whether neurons responded to image onset, the mean
baseline firing rate was calculated in 100 ms bins spanning two periods: a
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pre-fix-spot baseline (�1500 to �500 ms preceding fix spot on) and an
image baseline (500 –1500 ms after image on). This second baseline was
necessary to ascertain whether the response was indeed phasic and di-
minished (for excitatory responses) or increased (for inhibitory re-
sponses) relative to the peak/dip period. Separate two-sample t tests were
used to compare the peak/dip firing rate to the binned firing rate during
the pre-fix-spot and image baselines. If both of these t values were posi-
tive and corresponded to p � 0.01, the response was classified as
image-on phasic excitatory; if they were negative, the response was clas-
sified as image-on phasic inhibitory.

For each image-off marker, the mean baseline firing rate was calcu-
lated in 100 ms bins also spanning two baseline periods: a pre-image-off
baseline (�1500 to 0 preceding image off) and an intertrial-interval base-
line (500 –1500 ms after image off). Separate two-sample t tests were used
to compare the peak/dip firing rate to the binned firing rate during the
pre-image-off and intertrial-interval baselines. If both of these t values
were positive and corresponded to p � 0.01, the unit was classified as
end-trial phasic excitatory; if they were negative, the response was clas-
sified as end-trial phasic inhibitory.

Tonic responses were identified as a sustained increase or decrease in
firing rate that occurred during image presentation. For each correctly
performed trial, the mean firing rate was computed in 100 ms bins that
spanned from 500 ms after the image appeared to the end of image
display (at 3000 ms). These binned firing rate values were then pooled for
all image presentations and a two-sample t test was used to compare the
firing rates between the image and baseline periods. If the t value corre-
sponded to p � 0.01, the unit was classified as “image tonic” (for positive
t values the response was excitatory, for negative values it was inhibitory).
Figure 2C shows examples of tonic excitatory and tonic inhibitory re-
sponses to the images.

All responses classified as fix spot on, image on, or end-trial phasic
excitatory were in agreement with the qualitative observations of the
authors.

Measures of image selectivity. Selectivity was computed only for neu-
rons that were monitored for at least eight repetitions of the stimulus set
(using only presentations in which the monkey maintained its gaze
within the image boundary for the required 3 s).

For each cell, an average image-selectivity score was computed, using
the mean firing rate, during two time windows following image on: a
phasic window (80 to 300 ms) and a tonic window (500 to 3000 ms).
Phasic and tonic selectivity were measured across all images in a stimulus

Figure 2. Classification of neural response types observed in the amygdala during an image-
viewing task. Each row contains two example neurons that show an excitatory (left) and inhibitory

4

(right) response to the same task event. For each neuron, the rasters (top) and PSTHs (bottom)
are aligned to the display and removal of the stimulus image (indicated by dotted lines at 0 and
3 s). Image display was preceded by a 100 ms fixation period. Reward was delivered immedi-
ately after image offset. A, Fix-spot responses. Both neurons in this row show a phasic change in
firing rate immediately following fix-spot display. The fix-spot neurons in the left and right
panels were recorded from the central and medial nuclei, respectively. B, Image-on responses.
Both neurons show a phasic change of firing rate following image display and return to baseline
firing within 1 s after image display. These neurons were recorded from the accessory basal (left)
and central (right) nuclei. C, Tonic image-related responses. The increase and decrease of firing
rate in both neurons lasted for the entire duration of image presentation. These neurons were
recorded from the accessory basal (left) and central (right) nuclei. D, Phasic–tonic image-
related responses. These neurons showed an initial phasic change of firing rate followed by a
tonic change of firing rate in the same direction (excitatory or inhibitory) but of smaller ampli-
tude. Typically these neurons were highly selective. Both phasic–tonic image-responsive neu-
rons shown here were recorded from the basal nucleus. E, End-trial/image-off responses. A
phasic change of firing rate in these neurons occurred 110 –150 ms after the stimulus image
was removed from the monitor. These neurons were recorded from the central (left) and acces-
sory basal (right) nuclei. F, End-trial/reward responses. Compared to the image-off responses,
the change of firing rate in these neurons occurred later (�200 ms) and lasted longer, extend-
ing 1 s into the 3 s intertrial interval and overlapping in time with the delivery of reward. The
excitatory (left) and inhibitory (right) end-trial/reward related responses were recorded from
neurons in the central and medial nuclei respectively. As shown here, the majority of neurons
respond to more than one task event; e.g., the inhibitory fix-spot response (A, right) is com-
bined with an excitatory image-off response; the phasic inhibitory end-trial response (E, right)
is preceded by the phasic inhibitory image-on response.
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set by computing a nonparametric one-way ANOVA test statistic (the
Kruskal–Wallis H ratio). The H ratio was normalized for stimulus set size
and number of repetitions. Selectivity scores are therefore ANOVA ratios
that compare the mean variability in firing rate between all the images in
the stimulus set to the trial-by-trial variability in firing rate when the
same image is presented multiple times. A neuron was classified as selec-
tive if the H ratio was significant ( p � 0.05) in at least one time window
(phasic or tonic).

In addition to the phasic and tonic selectivity, a millisecond-by-
millisecond selectivity score was calculated on the Gaussian-convolved
spike train using the same nonparametric test statistic. Here, the ANOVA
ratio compares the firing rate at every 1 ms bin (rather than comparing
the average firing rates in a predefined window) and has the advantage of
resolving any time-dependent properties, such as when the earliest time
bin of selectivity emerges.

Neurons were characterized as being selective to monkey faces, other
images, or both categories by computing peristimulus time histograms
for each image in the stimulus set. If a cell fired significantly with a tonic
or phasic response to at least one image in either category, it was deemed
responsive to that category of stimuli.

Results
A total of 454 neurons were recorded from three monkeys in 71
recording sessions (32, 25, and 14 sessions for monkeys H, Q, and
T, respectively) from the following nuclei of the amygdala: lateral
(L), basal (B), accessory basal (AB), central (C), and medial (M)
nuclei, as well as the anterior amygdaloid area (AAA) (Table 1).
Neurons from the lateral, basal, and accessory basal nuclei were
pooled in the BL group, whereas neurons from the central and
medial nuclei and the anterior amygdaloid area were pooled into
the CM group. Of the seven electrodes, three (�0.8 SD) elec-
trodes yielded 6.3 (�1.2 SD) well-isolated neurons/session. The
number of well-isolated neurons recorded simultaneously
ranged from 2 to 22.

Differences in general firing properties of neurons in BL
versus CM
The general firing properties of BL and CM neurons were differ-
ent both in terms of discharge variability and mean discharge
rate. Neurons in the BL group had significantly ( p � 0.001) lower
coefficients of variation (1.4 � 0.4) compared to the CM nuclei
(1.6 � 0.6). Likewise, the average firing rate in the CM group was
significantly higher (10.9 � 22 Hz; p � 0.001) than in the BL
group (5 � 9 Hz). This latter observation replicates findings from
the rodent amygdala, where a large proportion of the neurons in
the central nucleus show sustained, high-rate activity (Dumont et
al., 2002). At the individual nuclear level, the mean firing rates
were as follows: L � 9.8 Hz � 17.6 SD; B � 3.6 Hz � 4.2 SD; AB
� 4.7 Hz � 8.1 SD; C � 12.2 Hz � 24.1 SD; M � 8.3 Hz � 14.7
SD; AAA � 5.5 Hz � 8.3 SD. A large number of cells in the lateral
nucleus were virtually silent at rest but dramatically increased
their firing rates in response to a preferred stimulus. These cells,
previously documented in the cat amygdala (Paré and Gaudreau,

1996), are discovered only if they are selective for one of the
images in the stimulus set.

Differences in task-related response properties
Neural responses were grouped in several classes: fix spot on,
image-on phasic, image-on tonic, and end trial (image off and
reward). Of the 454 neurons, 51 neurons (11%) showed no rela-
tionship with any aspect of the image-viewing task. Responses in
either class could be phasic, tonic, or phasic and tonic (Fig. 2).
Although examples for each response type were found in all sam-
pled areas of the amygdala, the proportion of neurons that
showed particular response types were unequally distributed
across the two nuclear groups (Fig. 3; supplemental Table S1,
available at www.jneurosci.org as supplemental material).

Fix-spot-on responses were more frequently observed in neu-
rons recorded from CM nuclei ( p � 0.009) than from BL nuclei,
suggesting that orienting to the fix spot or preparing the saccade
to the fix spot engages primarily the CM nuclei (Fig. 3A). Of the
454 neurons, 175 (39% of the population) neurons showed sig-
nificant fix-spot-related activity, of which 106 were recorded from
the CM (supplemental Table S1, available at www.jneurosci.org as

Table 1. Nuclear localization of cells recorded from each monkey, Q, T, and H

Nucleus Q T H Total

Lateral 21 5 0 26
Basal 10 12 39 61
Accessory basal 33 6 82 121
Central 103 44 28 175
Medial 16 4 31 51
Anterior amygdaloid area 0 0 20 20
Total 183 71 200 454

Figure 3. Summary of response properties of the population of neurons recorded from the
CM and BL nuclei. A, Relative proportion of neurons with task-related (fix-spot and end-trial)
and image-related responses (image phasic and image tonic) in the CM (blue) and BL (red)
groups of nuclei. Neurons with inhibitory responses are shown in a more saturated hue of color.
Note that the two nuclear groups contained similar proportions of image-related neurons;
however, the CM contained a significantly higher proportion of fix-spot-related neurons. The
majority of fix-spot neurons were excitatory. B, Relative proportion of stimulus-selective neu-
rons in the CM (blue) and BL (red) nuclear groups. Neurons that showed selective responses in
the early period of the response (phasic selectivity) were equally distributed in the CM and BL
nuclei; neurons that responded selectively to images in the tonic phase of the response were
significantly more numerous in the BL nuclei. The pie charts above each column represent the
proportion of neurons from each category that responded selectively to monkey faces (white),
to other images (black), or to both monkey faces and other images (gray). Note that the majority
of cells in both nuclear groups responded to monkey faces and to other images, indicating that
neurons in the amygdala are most likely to respond to multiple types of images. The least likely
class of neurons in both nuclear groups are those that respond exclusively to monkey faces.
*p � 0.05.
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supplemental material). These changes were always phasic and
included increases or decreases of firing rate in the fix-spot win-
dow (80 –275 ms after fix-spot display) relative to baseline. Ex-
amples of neurons with fix-spot-related excitatory or inhibitory
responses are shown in Figure 2A. The majority (93%) of fix-
spot-on responses were excitatory. One particular aspect of fix-
spot-related responses was their short latency, 154 � 40 ms SD,
significantly ( p � 0.0015) shorter than the latency of responses to
any other aspects of the task (e.g., image on, 168 � 42 ms). Neu-
rons that exhibited fix-spot-related responses often showed re-
sponses to other task events (Fig. 2A, fix-spot-on neuron; right,
image-off response).

Image-on phasic responses were equally likely in the BL and
CM neurons (Fig. 3A; supplemental Table S1, available at www.
jneurosci.org as supplemental material). Of the 454 neurons, 244
(54% of the population) responded with significant increases or
decreases in firing rates during the image-on phasic window (80 –
450 ms after image onset). Examples of excitatory and inhibitory
phasic image-on responses are shown in Figure 2B. The majority
(80%) showed an excitatory response.

For image-on tonic responses, a total of 312 neurons (69% of
the population) showed sustained increases or decreases of firing
rate throughout image presentation (Fig. 3A). Approximately
equal fractions of neurons showed tonic excitatory and inhibitory
responses in the BL and CM nuclei (supplemental Table S1, avail-
able at www.jneurosci.org as supplemental material). Examples
of tonic responses are shown in Figure 2C.

End-trial responses (134 cells, 30% of the population) showed
increases or decreases in firing rate after the image was removed
from the monitor and reward delivery was signaled to the mon-
key (Fig. 3A). Responses that occurred within 275 ms after the
removal of the image from the monitor were considered image-
off responses (Fig. 2E). These responses were always phasic,
whether excitatory or inhibitory. Reponses with longer latencies
that expanded up to 1 s into the intertrial interval likely corre-
sponded to reward delivery (Fig. 2F). The majority of end-trial
neurons (75%) were excitatory (supplemental Table S1, available
at www.jneurosci.org as supplemental material).

Responses to multiple task events
The majority of neurons from both nuclear groups met criteria
for responding to more than one task event (272 cells, 60% of the
recorded population). These neurons as well as the rest of the 131
(29%) neurons that responded to a single task event were equally
distributed across the two nuclear groups. Examples of neurons
that responded to a single event are shown in Figure 2, C (left, this
neuron responded only during the image presentation), E (left,
this neuron responded only to image off), and F (both panels,
both neurons responded only to end-trial events). Examples of
neurons that responded to multiple events are shown in all other
panels of Figure 2.

In summary, the CM nuclei contained a larger proportion of
fix-spot-responsive (43%, or 106 of 246) and tonically active neu-

Figure 4. Example of a fix-spot-related, nonselective neuron recorded from the CM nuclei. A, MRI-based reconstruction of the recording site at the center of the central nucleus. B, Normalized
(z-score) firing rate calculated for all trials (0 s, image on; 3 s, image off). The red segments indicate the time points where the firing rate was significantly ( p �0.01) different from the baseline firing
rate (bin size, 1 ms). Note that before image onset (0 s), the neuron showed significant increases of firing rate relative to baseline (fix-spot response), whereas after image display the firing rate was
significantly reduced for the entire duration of image display (tonic inhibitory response). C, Normalized selectivity score (H ratio) during the trial. The red segments indicate the times when the firing
pattern showed significant ( p � 0.01) image selectivity. D, Rasters and PSTHs aligned to the time of image display (0 s). The stimuli were two nonface images and 3 facial expressions from two
monkeys. Each monkey is displaying appeasing (left), neutral (middle), and aggressive (right) facial expressions.
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rons (supplemental Table S1, available at www.jneurosci.org as
supplemental material).

Unequivocal, nuclear-specific classes of neurons were not ob-
served; however, we found a small subset of nine regular-spiking
neurons with firing frequencies between 2 and 5.7 Hz (supple-
mental Fig. S1, available at www.jneurosci.org as supplemental
material) that were all localized to an area ventral to the central
nucleus, at the boundary between the BL and CM nuclei, where
intercalated neurons have been histologically identified (Ghash-
ghaei and Barbas, 2002). Exemplars of regular-spiking neurons
were found in all three monkeys. None showed task-related or
image-related changes in firing pattern.

Differences in image selectivity
Stimulus discrimination or image selectivity was expressed as a
selectivity score (the H ratio) computed separately for the phasic
and tonic segments of the neural responses during image presen-
tation. No correlation was found between baseline firing rate and
image selectivity in either nuclear group. Although highly selec-
tive neurons were found in both nuclear groups, the average
selectivity score was higher in the BL nuclei.

In both the phasic and tonic segments of image-related re-
sponses, the average selectivity index in the BL nuclei was signif-
icantly higher than in the CM nuclei. The mean selectivity indices
for the phasic segment were 2.2 � 5.6 for BL and 1.2 � 3 for CM
( p � 0.0028), whereas the mean selectivity indices for the tonic

segment were 2.9 � 5.5 for BL and 1.6 � 3.7 for CM ( p � 0.006).
As shown in Figure 3B, the BL and CM nuclei contained similar
proportions of phasically selective neurons (BL, 27%; CM, 23%;
p � 0.37), whereas the tonically selective neurons were relatively
more numerous in the BL nuclei (BL, 40%; CM, 25%; p � 0.002).
This finding, together with the observation that the CM nuclei
contained a larger number of tonically active neurons, indicates
that the tonic or phasic response types are not predictive of
selectivity.

With respect to the image types that CM and BL nuclei were
selective for, we found neurons that responded (1) exclusively to
monkey faces, (2) to other images (mostly nonface images; how-
ever, a few contained human or animal faces, e.g., a horse) (see
Fig. 6D; supplemental Fig S2, available at www.jneurosci.org as
supplemental material), and (3) to a subset of monkey faces and
other images (see Figs. 5, 6). The proportion of phasically respon-
sive neurons that responded exclusively to monkey faces were 19
and 20% for the BL and CM nuclei, respectively. The proportion
of neurons that responded to both monkey faces and other im-
ages were 57 and 57% in the BL and CM nuclei, respectively.
Exclusively face-responsive neurons that responded tonically to
the images were somewhat fewer in both nuclear groups: 15 and
14% in the BL and CM nuclei, respectively (Fig. 3B).

As characteristic of the CM nuclei, Figure 4 depicts a neuron
that responds to multiple task events (phasic excitatory to fix spot
and tonic inhibitory to image) but is relatively nonselective to

Figure 5. Image-selective, phasic responses recorded from a neuron in the central nucleus of the amygdala. A, MRI-based reconstruction of the recording site. B, Normalized (z-score) firing rate
calculated for all trials (0 s, image on; 3 s, image off). The red segments indicate the time points where the firing rate was significantly ( p � 0.01) different from the baseline firing rate (bin size, 1
ms). Note that in the earliest component of the phasic response, the firing rate was elevated compared to baseline. After this excitatory response, the firing rate showed a significant decrease and
returned to baseline within 700 ms. C, Normalized selectivity score (H ratio) during the trial. The red segments indicate the times when the firing pattern showed significant ( p � 0.01) image
selectivity. D, Neural responses to the individual images in the stimulus set, that included two nonface and six face stimuli. The faces in the top row depict the same monkey with three facial
expressions: appeasing (left), neutral (middle), and threatening (right). The faces in the bottom row depict a different monkey with the same three facial expressions. Neural responses to each image
are shown as rasters and PSTHs below each image. This neuron responded with a phasic inhibitory response to nonface images and with a phasic excitatory response to face images.
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images. Figure 4B shows that the normal-
ized firing rate of this neuron averaged
across all images is below the baseline rate
during image presentation but above
baseline rate during the fixation period.
The red segment of the line indicates the
time points where the firing rate was sig-
nificantly ( p � 0.01) different from base-
line. Figure 4C indicates (in red) that
selectivity was restricted to a few short pe-
riods during the tonic segment of the inhib-
itory response. Even though the selectivity
score was significant at these points, the se-
lectivity score of this neuron was nonethe-
less low (compare to selectivity indices of the
neurons shown in Figs. 5, 6).

Although selectivity is, on average,
higher in the BL nuclei, the CM nuclei also
contained highly selective neurons. The
neuron shown in Figure 5 was recorded
from the central nucleus and showed pha-
sic inhibitory responses to objects and
phasic excitatory responses to monkey
faces. The opposite polarity of the re-
sponses to objects and faces resulted in a
high selectivity index for this neuron.
Moreover, the responses to monkey faces
discriminated between individuals. Fig-
ure 5B shows (in red) that the normalized
firing rate of this neuron increased signif-
icantly above baseline only during the
phasic segment of the response. As indi-
cated by Figure 5C, selectivity was likewise
restricted to the phasic segment of the
neural response.

An example of a highly selective neu-
ron from the BL with a combined phasic
and tonic response is shown in Figure 6.
This neuron was face selective in the
phasic segment of the response and was
selective for nonface stimuli in the tonic
segment.

At the population level, neurons in
both nuclear groups showed a significant
change in firing rate during the fixation
period (at the time when the monkey at-

Figure 6. Example of selective, phasic–tonic responses of a neuron recorded from the basal nucleus of the amygdala. A,
MRI-based reconstruction of the recording site. B, Normalized (z-score) firing rate of the neuron, indicating in red the bins where

4

the firing rate was significantly ( p � 0.01) different from the
baseline firing rate (0 s, image on; 3 s, image off). C, Selectivity
score during image presentation. The red segments indicate
the times when the firing pattern showed significant ( p �
0.01) image selectivity. D, Neural responses to images in a
stimulus set that contained three nonface images (top row)
and six face images. The middle row contains three images of
the same monkey displaying appeasing (left), neutral (mid-
dle), and threatening (right) facial expressions. The bottom
row contains the same type of facial expressions displayed by a
different monkey. Neural responses to each image are shown
as rasters and the corresponding PSTHs below each image.
This neuron responded with a phasic and tonic elevation of
firing rate to the nonface images, but with only a phasic re-
sponse to the face images.
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tended to the fix spot) and also during image presentation (when
the monkey actively scanned the image and might have evaluated
the emotional content of the image). The averaged firing rate
across the two populations of neurons from the CM and BL nu-
clei showed significant differences only during the fixation pe-
riod, with larger increases from baseline in the CM nuclei (Fig.
7A). In contrast, the average selectivity score for the two popula-
tions of neurons was moderately but significantly higher for the
entire population of BL neurons at multiple time points during
image presentation spanning both the phasic and the tonic seg-
ments of the response (Fig. 7B).

Discussion
The goals of this study were (1) to determine the basic firing prop-
erties of the neurons in the two nuclear groups of the amygdala and
(2) to determine whether neurons in the two nuclear groups are
engaged differentially by task events and/or by image content.

As suggested by cytoarchitectonic differences, the pal-
lidostriatal neurons in the CM division showed higher firing
rates and irregular firing patterns compared to the cortical type
neurons in the BL division, which showed lower rates but more
regular firing patterns.

One prominent aspect of firing properties documented here
was the symmetrical pattern of excitatory and inhibitory re-

sponses to various task events. The type of responses illustrated in
Figure 2 were not rare occurrences; rather, the inhibitory re-
sponses made up one-quarter to one-third of the total number of
responses of each type, with the exception of the inhibitory fix-
spot responses, which were rare (7%). These sharp, symmetrical
inhibitory and excitatory responses might result from feedback
inhibition, prevalent in the BL nuclei (Smith et al., 1998) and/or
reciprocal interactions between populations of inhibitory and
excitatory neurons. The presence of electrically coupled networks
of interneurons (Muller et al., 2005) could mediate precisely
timed switches in the convergent but complementary inputs at
the level of the recorded neurons. Further understanding of these
interactions will require recording a larger number of neurons
simultaneously from several nuclei of the amygdala.

Regardless of the mechanism(s) that give rise to these re-
sponse properties, neurons in the amygdala can encode informa-
tion along three different dimensions of their response pattern:
(1) magnitude of firing rate change, (2) polarity (inhibitory vs
excitatory), and (3) timing (phasic vs tonic). The neuron de-
picted in Figure 5 illustrates this point. Not only does it fire with
a different polarity for objects and faces, it also discriminates faces
based on the magnitude of its excitatory response. Similarly, the
neuron shown in Figure 6, discriminates stimuli by firing with
different timing properties (namely, the tonic response exclusive
for objects) and firing rate magnitudes (different phasic firing
rates for different monkey identities).

Neurons in the BL nuclei were more selective than CM neu-
rons. The difference between the average selectivity indices was
moderate but significant for the entire recorded population.
Large differences in selectivity were not expected given the mono-
synaptic input from the selective neurons in the BL onto the
neurons in the CM. The observed difference in selectivity can be
attributed to a dimensionality reduction of the representation
along the information flow from the BL nuclei to the CM nuclei.
Image selectivity (differences of firing rate) and stimulus speci-
ficity (response to only a small fraction of stimuli) in the BL
suggest that these representations are high-dimensional, com-
mensurate with the diversity of stimuli received by the amygdala.
Previous single-cell recordings in the monkey and human amyg-
dala showed the existence of amygdala neurons that are highly
selective for categories of images (faces) as well as for exemplars
from a category (Gothard et al., 2007; Mormann et al., 2008;
Viskontas et al., 2009). A high-dimensional representation is
advantageous for associating specific stimuli with reward con-
tingencies because it minimizes the overlap and possible in-
terference between stimuli that might be perceptually similar
but predict different outcomes. In the CM nuclei, the dimension-
ality of stimulus representation is likely to be reduced because the
output of a large number of BL neurons converge onto a smaller
number of CM neurons (Carlo et al. 2010). As a result of a di-
mensionality reduction, the representations in the CM nuclei can
become commensurate with the relatively limited number of
emotional expressions compared to the infinite number of stim-
uli that can cause them.

One aspect of the response properties of BL neurons that mer-
its emphasis is their selectivity for images with no obvious emo-
tional significance to the monkey (e.g., unfamiliar objects) (Fig.
3B). Neurons that were selective for faces sometimes responded
more to nonface images (Fig. 6) that were possibly ambiguous to
the viewer monkey. As predicted by Whalen et al. (1998), the
amygdala might allocate increased resources to process images
with ambiguous or uncertain content. This proposal has been
confirmed experimentally in multiple species under multiple ex-

Figure 7. Population averages of firing rate changes and stimulus selectivity over time in the
CM and BL nuclear groups. A, Population mean � SEM of firing rate changes (expressed as
z-scores) in the CM (blue) and BL (red) nuclei computed for 4.5 s that include the fixation period
(0.75 ms before 0) followed by image presentation (from 0 to 3 s) and the end-trial period (0.75
s after the 3 s marking image off). Bin size was 1 ms convolved with a 100 ms Gaussian.
Significant differences ( p � 0.01) between the population averages in adjacent bins are indi-
cated by the yellow marks. Note that the population of CM neurons shows a larger increase of
firing rate in the fixation period than the BL population. This is because of a large fraction of
fix-spot-responsive neurons in the CM nuclei. B, Average image selectivity (mean H ratio) of the
CM and BL populations computed for a 4 s period centered on image presentation (0 to 3 s).
Same bin size as in A is used. The average selectivity is higher in the BL population for several
clusters of successive bins that span both the phasic (80 –300 ms from image presentation) and
tonic (500 –3000 ms) periods of the image presentation. The inset is an expansion of the 0 to
500 ms period after image presentation.
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perimental conditions (Critchley et al., 2001; Hsu et al., 2005;
Herry et al., 2007; Platt and Huettel, 2008).

The observation that neurons in the CM nuclei respond pref-
erentially to task events warrants several, mutually nonexclusive
interpretations. One possibility is that the task-related responses
(fix spot on, image on, image off) reflect instrumental and pav-
lovian associations with reward. The images themselves can act as
reinforcement for correct gaze behavior. Indeed, the central nu-
cleus has been shown to support conditioning (Killcross et al.,
1997; Hall et al., 2001; Everitt et al., 2003; Wilensky et al., 2006).
In monkeys, Belova et al. (2007) have shown that fix-spot re-
sponses can be regarded as the earliest predictors of reward.
According to this scenario, the current results indicate that
neurons in CM nuclei of the monkey amygdala are signifi-
cantly more engaged in instrumental conditioning than neu-
rons in the BL nuclei.

An alternative explanation for the higher propensity of the
CM neurons to signal task events is the purported role of the
amygdala in allocating attention to relevant stimuli (Kapp et al.,
1994; Davis and Whalen 2001; Sander et al., 2003). Whether the
fix-spot-on, image-on, and image-off events acquired relevance
through conditioning or these events are intrinsically relevant for
the ongoing behavior, it is clear that these events require some
form of attention. The connection of the CM neurons to the
nucleus basalis and the bed nucleus of the stria terminalis (Jones
et al., 1976) might explain how increased activity in the central
nucleus translates into increased attention and vigilance (Drin-
genberg and Vanderwolf, 1996).

A division of labor among the amygdala nuclei along the axes
of attention/vigilance and emotion has been proposed previously
and verified by nuclear-selective stimulation, lesion studies, as
well as by the outcome of nuclear-specific pharmacological ma-
nipulations (for review, see Davis and Whalen, 2001; Pape and
Paré, 2010). Although the present findings support the dual role
of the amygdala in emotion and attention, several response char-
acteristics of the recorded neurons (e.g., considerable overlap in
the response properties of neurons from the two nuclear groups)
suggest that this division of labor is not clear cut.

A new conceptual framework, the component process model
of emotion (Sander et al., 2005), might also account for the ob-
served response properties reported here, although it does not
predict any nuclear specialization. According to this model, stim-
ulus evaluation (appraisal) is the first component of several re-
cursive processes that take place when an organism encounters a
potentially important stimulus or event. Within this component,
the first process establishes the relevance of the event, e.g.,
whether the stimulus is novel or familiar, whether is predicts
negative or positive valence, and whether it serves the goals of the
agent. In this framework, the appearance of the fix spot, the pre-
sentation of the image, and the content of the image engage the
same relevance detector. Relevance in this framework encom-
passes multiple aspects of the stimuli: motivational (prediction of
reward), social (faces versus nonface stimuli) (Fig. 5), and atten-
tional (ambiguous images that might require further investiga-
tion) (Figs. 5, 6).

Although the present study lends support to several comple-
mentary views on the division of labor among the amygdala nu-
clei, it has several limitations. First, the localization of the
recorded neurons to each nucleus was not precise enough to
differentiate between the subdivisions of the CM and BL groups.
We estimated localization errors up to a maximum of 0.5 mm in
the dorsoventral axis and 1 mm in the mediolateral axis of the
amygdala. Second, the sampling of the nuclei was unequal, which

did not allow for a more detailed, nuclear-specific analysis. Third,
the stimuli could not be classified in distinct and clear classes to
determine whether faces and other well-defined classes of stimuli
induce different temporal patterns of neural activity. Finally, ex-
tracellular recordings in awake monkeys can only partially cap-
ture the basic firing characteristics of neurons. The main classes
of neurons in each nucleus of the amygdala have been character-
ized in great detail in rodents and cats (McDonald, 1992; Lam-
bertz et al., 1995; Pape, 2005; Sosulina et al., 2006; Herry et al.,
2007), but given species-specific differences (Pitkanen and Ama-
ral, 1991; McDonald and Augustine, 1993) and the differences in
experimental approach, the correspondence between classes of
neurons described in the current study and the known neural
architecture of the amygdala of lower species is hard to establish.
An example of this challenge is the difficulty of identifying inter-
calated neurons in the monkey. We report a small number of
neurons with distinct firing properties recorded from the ex-
pected location of the intercalated neurons; however, the regular
firing patterns of these neurons do not agree with the firing pat-
terns of anatomically confirmed, GABAergic intercalated neu-
rons in rodents (Collins and Paré, 1999). Given the rarity of
these neurons and their low, regular firing rates, they may
belong to a subclass of cholinergic intercalated neurons (Ni-
tecka and Frotscher, 1989).

Despite these limitations, these results indicate that even a
simple image-viewing task engages the neurons of the amygdala
to respond to multiple aspects of the ongoing behavior. Task
events and the content of images appear to engage differentially
neurons in the two major nuclear divisions of the amygdala. Fu-
ture studies will further refine these nuclear specializations.
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Pape HC, Paré D (2010) Plastic synaptic networks of the amygdala for the
acquisition, expression, and extinction of conditioned fear. Physiol Rev
90:419 – 463.
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Response type Total 

# cells     (% cells) 

Basolateral 

# cells     (% cells) 

 Centromedial 

# cells   (% cells) 

fixspot 175 / 454 (39 %) 69 / 208 (33 %) * 106 / 246 (43 %) 

       excitatory 162 / 454 (36 %) 61 / 208 (29 %) ** 101 / 246 (41%) 

       inhibitory 13 / 454 (3 %) 8 / 208 (4 %)  5 / 246 (2 %) 

image phasic 244 / 454 (54 %) 119 / 208 (57 %)  125 / 246 (51 %) 

        excitatory 194 / 454 (43 %) 93 / 208 (45 %)  101 / 246 (41 %) 

        inhibitory 50 / 454 (11 %) 26 / 208 (13 %)  24 / 246 (10 %) 

image tonic 312 / 454 (69 %) 137 / 208 (66 %)  175 / 246 (71 %) 

        excitatory 160 / 454 (35 %) 62 / 208 (30 %) * 98 / 246 (40 %) 

        inhibitory 152 / 454 (33 %) 75 / 208 (36 %)  77 / 246 (31 %) 

end trial 134 / 454 (30 %) 57 / 208 (27 %)  77 / 246 (31 %) 

        excitatory 100 / 454 (22 %) 41 / 208 (20 %)  59 / 246 (24 %) 

        inhibitory 34 / 454 (7 %) 16 / 208 (8 %)  18 / 246 (7 %) 

image selective -- phasic 95 / 387 (24%) 48 / 180 (27%)  47/207 (23%) 

                          -- tonic 124 / 387 (32%) 72 / 180 (40%) ** 52/207 (25%) 

  monkey faces  -- phasic 33 / 166 (19 %) 18 / 92 (19 %)  15 / 74 (20 %) 

                          -- tonic 34 / 203 (16 %) 21 / 116 (13 %)  13 / 87 (14 %) 

  other images    -- phasic 43 / 166 (25 %) 21 / 92 (22 %)  22 / 74 (29 %) 

                          -- tonic 59 / 203 (29 %) 32 / 116 (27 %)  27 / 87 (31 %) 

  both                 -- phasic 90 / 166 (54 %) 53 / 92 (57 %)  37 / 74 (50 %) 

                          -- tonic 110 / 203 (54 %) 63 / 116 (54 %)  47 / 87 (54 %) 
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Fig. S1. Example of a regular spiking neuron.  

A. MRI-based reconstruction of the recording site at the 

ventral border of the central nucleus and the accessory 

basal nucleus.  B. Interspike-interval histogram with a 

peak at 250ms (average firing rate=3.7Hz). C. 

Autocorrelation histogram (time zero is removed from 

the plot). D Rasters and peri-event time histograms 

(PSTH’s) aligned to the time of image display (0 s) 

showing the regular firing patterns of this neuron. The 

stimuli were facial expressions produced by the same 

monkey with gaze directed at the viewer (top row of 

faces) and averted from the viewer (bottom row of 

faces). Task events or the content of the images failed to 

elicit obvious changes in the discharge pattern of this 

neuron.  
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Fig. S2. Image-selective response of a tonically 

responding neuron recorded from the anterior 

amygdaloid area. A. MRI-based reconstruction of the 

recording site. B. Normalized (z-score) firing rate 

indicating in red the time points where the firing rate 

was significantly (p<0.01) different from the baseline 

firing rate (bin size=1ms) calculated for all trials (0 s = 

image on; 3 s = image off). C. Selectivity score (H 

ratio) over time.  The red segments indicate the times 

when the firing pattern showed significant (p<0.01) 

image selectivity. D. Neural responses to images in a 

stimulus set that contained 3 non-face images (top row), 

3 non-monkey faces (middle row), and 3 monkey faces 

(bottom row).  Neural responses to each image are 

shown as rasters and PSTHs below each image. This 

neuron responded with a tonic elevation of firing rate to 

a single image in the stimulus set, depicting the open 

mouth of a hippopotamus.  
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Videos of Conspecifics Elicit Interactive Looking Patterns and Facial
Expressions in Monkeys

Clayton P. Mosher, Prisca E. Zimmerman, and Katalin M. Gothard
The University of Arizona

A broader understanding of the neural basis of social behavior in primates requires the use of species-
specific stimuli that elicit spontaneous, but reproducible and tractable behaviors. In this context of natural
behaviors, individual variation can further inform about the factors that influence social interactions. To
approximate natural social interactions similar to those documented by field studies, we used unedited
video footage to induce in viewer monkeys spontaneous facial expressions and looking patterns in the
laboratory setting. Three adult male monkeys (Macaca mulatta), previously behaviorally and genetically
(5-HTTLPR) characterized, were monitored while they watched 10 s video segments depicting unfa-
miliar monkeys (movie monkeys) displaying affiliative, neutral, and aggressive behaviors. The gaze and
head orientation of the movie monkeys alternated between “averted” and “directed” at the viewer. The
viewers were not reinforced for watching the movies, thus their looking patterns indicated their interest
and social engagement with the stimuli. The behavior of the movie monkey accounted for differences in
the looking patterns and facial expressions displayed by the viewers. We also found multiple significant
differences in the behavior of the viewers that correlated with their interest in these stimuli. These
socially relevant dynamic stimuli elicited spontaneous social behaviors, such as eye-contact induced
reciprocation of facial expression, gaze aversion, and gaze following, that were previously not observed
in response to static images. This approach opens a unique opportunity to understanding the mechanisms
that trigger spontaneous social behaviors in humans and nonhuman primates.

Keywords: emotion, gaze following, eye contact, arousal, individual differences

Supplemental materials: http://dx.doi.org/10.1037/a0024264.supp

Behavioral neuroscience is most powerful when discoveries
extend past the artificial confines of the laboratory to explain how
an organism’s brain functions in its natural setting (Høgh-Olsen,
2006; Kingstone, 2009; Shepherd, Steckenfinger, Hasson, &
Ghazanfar, 2010). The major challenge with ethologically valid
experiments is identifying those behaviors that are natural to the
species and can be reproduced in the laboratory. A good compro-
mise between a reductionist’s well-controlled experiments and the
variability of natural behavior is to exploit those mechanisms that
have been built into the nervous system and thus are relatively
fixed.

In primate societies the survival of the individual depends on
adequate decoding and production of social signals, so much that
they are considered the primary selective pressure in the evolution
of the primate brain (Shultz & Dunbar, 2007). Primates have

probably acquired neural specializations for the accurate decoding
of facial signals that inform about the emotions and intentions of
others (Adolphs, 2009; Reader & Laland, 2002). The sophisticated
perceptual processing of social inputs is matched by a response
system that elaborates nuanced social signals by combining ele-
ments from a repertoire of displays that include facial expressions,
vocalizations, postures, and gestures. The meaning of these signals
depends both on the “emitter” and the “receiver” and also on the
context in which the exchange of social signals takes place
(Chevalier-Skolnikoff, 1973; Darwin, 1872; Hinde & Rowell,
1962; Redican, 1975; van Hoff, 1967). The eye movements or
looking patterns of monkeys during social interactions are infor-
mative for both the perceptual and response components of social
cognition.

The analysis of scanpaths (the sequence of saccades and fixa-
tions) on static images of faces has provided rich information
about how monkeys process social signals. When viewing facial
expressions monkeys selectively attend to different facial features;
for example, the mouth of the fear-grimace is looked at more than
the mouth of a neutral expression (Chance, 1967; Dittrich & Lea,
1994; Gibboni, Zimmerman, & Gothard, 2009; Gothard, Battaglia,
Erickson, Spitler, & Amaral, 2007; Gothard, Erickson, & Amaral,
2004; Kaufmann, 1967; Maestripieri, 1997). The value of these
observations notwithstanding, static images are poor predictors of
where a monkey might look during a real-life encounter. It is
highly unlikely, for example, that in real life a fear-grimacing
monkey would maintain eye contact (direct gaze) with the in-
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tended recipient of this display for several seconds, especially if
the recipient is higher ranking. In this particular case, changes of
head and gaze direction toward and away from the eyes of the
recipient not only enhances the intended signal of submission, but
also creates windows of opportunity for the receiver to reciprocate
(or not) direct gaze. Accordingly, eye movements during natural
social interactions are expected to reveal how monkeys process
emotional stimuli (e.g., which facial features they attend to) and
also how they use eye gaze shifts to communicate their emotions
and intentions (e.g., to signal submission).

In the current study, we sought to expand on the results of our
previous static image-viewing studies and explored, in addition
to scanpaths, the behavioral responses of monkeys to video
stimuli of conspecifics. These experiments rest on the premise
that monkeys are engaged by videos and are even willing to
forgo reward to view social stimuli (Andrews & Rosenblum,
1993; Berg, Boehnke, Marino, Munoz, & Itti, 2009; Nahm,
Perret, Amaral, & Albright, 1997; Shepherd et al., 2010). We
expanded on earlier observations of looking patterns of mon-
keys on videos (Shepherd et al., 2010) by adding a strong social
component— displays of appeasing, neutral, and aggressive be-
haviors. We hypothesized that videos with species-specific
content would thus elicit looking patterns and behaviors com-
parable to those reported by field studies (Chance, 1967;
Chevalier-Skolnikoff, 1973; Maestripieri, 1997; Redican, 1975;
Shepherd & Platt, 2008; Tomasello, Call, & Hare, 1998). To
enhance our ability to capture facial expressions that might be
used by the viewer monkeys to “interact” with the monkey
depicted in the videos, we also monitored the viewers’ facial
expressions and the electromyographic activity of several mus-
cles. We hypothesized that eye contact between the movie
monkey and the viewer monkey would results in partial or fully
fledged facial displays as the viewer “interacted” with the
movie monkey.

Scanpaths inform about the content of the stimulus and also
about the viewer. Sex, age, social status, and emotional state have
been shown to contribute to the variability of scanpaths in mon-
keys (Gibboni et al., 2009; Klein, Shepherd, & Platt, 2009;
Tsuchida & Izumi, 2009) and in humans (e.g., Perlman et al.,
2009). In addition to exploring the social determinants of scan-
paths, we investigated how socially triggered looking behaviors
varied with the sociability of the viewer monkeys. Monkeys ex-
hibit perceptual bias toward images of their own species (Gothard,
Brooks, & Peterson, 2009; Leopold & Rhodes, 2010) and prefer
looking at, or interacting with, certain individuals (Deaner, Khera,
& Platt, 2005). Based on our previous studies (Gibboni et al.,
2009), that correlated the viewer’s 5-HTTLPR genotype, early life
experience, and other behavioral tendencies with looking patterns
on static images we predicted large differences in the subjects’
movie viewing preferences.

The use of videos with social content to elicit looking patterns
and facial expressions in monkeys was motivated by the need to
take natural behaviors observed in the field and make them trac-
table in a laboratory setting. Such an approach allows us to exert
experimental control “while keeping one foot firmly placed in real
experience” (Kingstone, 2009). At the same time, these experi-
ments prepare the groundwork for future studies in exploring the
neural bases of social and emotional perception.

Method

Subjects

Scanpaths (the sequence of eye movements and fixations) were
recorded from three adult male monkeys (Macaca mulatta): Q, V,
and T. The life history, dominance status, motivation, and sero-
tonin transporter linked polymorphic region (5-HTTLPR) of each
monkey has been previously characterized (Gibboni et al., 2009)
and is summarized in Table 1. At the time of the study, all
monkeys were between 8 and 13 years of age and weighed 10–14
kg. Initially the monkeys were pair-housed with partners other than
the subjects of these experiments. Eventually each subject monkey
got into fights with his cage mate (T with H, V with M, and Q with
H) and from this point on each monkey was housed alone, in a
double cage, with visual access to all other monkeys in the colony.

Surgery

All experimental procedures were performed in compliance
with the guidelines of the National Institutes of Health for the use
of primates in research and were approved by the Institutional
Animal Care and Use Committee at the University of Arizona. To
record eye movements, each monkey was fitted with a 3-point
head fixation device attached to the skull under isoflurane anes-
thesia (Gothard et al., 2007). During the same surgery, three
electrodes were placed intramuscularly in different compartments
of the left auricularis muscle (Waller, Parr, Gothard, Burrows, &
Fuglevand, 2008) and attached to a connector affixed to the skull,
allowing intramuscular electromyographic (EMG) recordings.

Stimuli

Subjects viewed movies of unfamiliar monkeys (4 female, 6
male) ranging in age from 3–20 years. The monkeys depicted in
the movies were filmed in a cage with a Plexiglas front as they
gestured toward and away from a video camera (for more details
on the stimuli, see Gothard et al., 2007; Gothard et al., 2004). Each
stimulus monkey was shown in three movies, displaying affiliative
(lipsmack), neutral, and agonistic (open-mouth threat) expressions,
yielding a total of 30 stimulus movies (10 monkey identities � 3
expressions � 30 movies). Movies spanned 10 s of continuous
unedited footage in which there was minimal movement by the
camera. In the course of the 10 s, the movie monkeys look either
away or directly at the camera generating segments when the
viewer perceives either averted or direct gaze. Examples of movies
with superimposed eye movements are shown in Supplementary
Movie 1 (supplemental material available online only).

Behavioral Task and Recording Procedures

During each data collection session, 6 movies (2 monkeys � 3
expressions) were chosen from the total of 30 movies and pre-
sented in pseudorandom sequence. When all 6 movies had been
presented once, the block of movies was repeated in a new pseu-
dorandom sequence until a total of 7 repetitions of each movie had
been obtained.

Subject monkeys were seated in a custom-built primate chair
with their eyes at 57 cm from an LCD monitor spanning 37 � 28
degrees of visual angle (dva) with a refresh rate of 60 Hz. A
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Webcam (Logitech Quickcam, 30 fps, 8 megapixel resolution) was
positioned in front and to the left of the monkey to capture the
viewer’s facial expressions. Before presentation of a movie, a
visual cue of 10 � 9 dva was presented for a random duration of
750–1250 ms. Following the cue, a blank screen was shown for
1 s, and then the movie was presented. Each movie spanned 26 �
18 dva and consisted of 299 frames displayed at a resolution of 30
fps (10 sec). Each movie was followed by a 9–15 s inter-movie-
interval; during this interval the screen remained blank. NBS
Presentation software (Albany, CA) was used for cue and movie
presentation. During the task, monkeys were free to look anywhere
on or off the monitor. No reward or punishment was delivered;
the monkeys were motivated only by their interest in the movie
content.

Before the experiment, monkeys were trained on a 9-point
calibration with a precision of �1 dva. Scanpaths were recorded
using an infrared camera with a sampling rate of 240 Hz (ISCAN
Inc., Woburn, MA) and collected as an analog signal through a
CED Power 1401 data acquisition system and Spike 2 software
(Cambridge Electronic Devices, U.K.). The display time of each
movie frame was digitally sent by Presentation and encoded by the
Power 1401. EMG was sampled at 2 kHz and the Webcam video
was time-locked to the Spike 2 data file.

Data Analysis

Ethograms were used to quantify the content of the stimulus
videos as well as the scanpaths and facial expressions of the viewer
monkey (see Figure 1).

Ethogram of the movie monkey’s behavior. The behavior
of the stimulus monkey was quantified in a custom ethogram with
33 ms resolution (1 frame � 33 ms) (Figure 1A). Each frame was
scored for eye direction (direct, averted) and facial expression
(neutral, lipsmack, or threat). Head direction was quantified as the
angle formed by placing points centered on each eye orbit and
between the nostrils. If this eye-nose-eye angle was between 50
and 70 degrees, the head was quantified as being directed at the
viewer, which agreed with qualitative observation. An angle
greater than this indicated that the monkey was looking up or down
whereas an angle near 0 indicated complete profile in either the left
or right direction. The distance that the eye position moved from
one frame to the next gave a frame-by-frame measure of the
amount of motion in the video.

Ethogram of the viewer monkey’s scanpath. Fixations and
saccades subtending more than 2 dva were distinguished in the eye
position data using custom MATLAB scripts (The MathWorks
Inc., Natick, MA). Each fixation point was user-verified and blinks
were excluded from the analysis. For each movie frame presented,
a researcher manually identified the region upon which the viewer
monkey fixated (eyes, brows, mouth, nose/midface, ears, cheeks/
jaw, top of head, chest/nipples, stomach, hands, feet, arms, legs,
perineum, genitals, tail, back, cage, outside of movie frame).
Scoring of the regions fixated in each frame was performed by
three independent raters who agreed in greater than 90% of cases
(Figure 1B).

Ethogram of the viewer monkey’s facial expressions. For
each frame of the time-locked Webcam recording of the viewer
monkey, a researcher identified whether or not the viewer was
making an overt lipsmack display (puckering of the lips). TheT
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occurrence of a lipsmack was additionally verified as an increase
in the amplitude of the auricularis EMG that exceeded more than
2 SDs (�0.2 mV) relative to the resting amplitude. This deflection
in the EMG correlates with the viewer monkey pulling his ears
back against his head, a characteristic of the lipsmack expression
(see Figure 1C and Supplementary Movie 2 [supplemental mate-
rial available online only]). The subject’s jaw movements were
limited by the collar that was held in the yoke of the primate chair,

therefore yawns and open-mouth threats were not possible while in
head immobilization.

Statistics. Unless otherwise stated in the text, the following
guidelines were used in the statistical analyses of data: for group
comparisons of more than two categories (viewer monkey, movie
monkey expression, etc.) standard analysis of variance (ANOVA)
tests were used and post hoc Tukey-Kramer tests were applied.
Paired two-tail t tests were used to compare data of two test
conditions (e.g., left vs. right side face looking). Chi-square test
statistics (�2) were used to compare the probability of occur-
rences (e.g., percent viewer lipsmacking to movies of different
expressions). In all statistical tests, significance levels were set
to � � .05.

Results

General Scanpath Properties

Although the monkeys were neither rewarded nor punished, all
three monkeys were visually attentive to the movies. For each
monkey the looking pattern varied from the first to the last trial
(Figure 2A) and there were large differences in looking patterns
between viewers (Figure 2B and Supplementary Movie 1 [supple-
mental material available online only]).

During the first trial, monkey Q looked significantly longer at
the movies than the other two monkeys (one-way ANOVA on total
looking time with factor � viewer monkey; F2,87 � 10.896, p �
.000; Figure 2B). As the movies were repeated, all three monkeys
looked less, though monkey Q exhibited the least attenuation in
viewing time (Figure 2A, B). Not only was looking time decreased
during the second trial, each monkey also tended to look at
different movie areas upon trial repetition (percent of frames
where the scanpath was within 2 dva during first and second trial;
Q: 52 � 17%, V: 22 � 20%, T: 12 � 8%). During the initial
presentation of a given movie, the three monkeys tended to exam-
ine the same area (within 2 dva) of a given frame 20 � 15% of the
time (range � 0–51%). While the viewers’ scanpaths tended to
concentrate around the movie monkey’s face during the first trial,
they dispersed as the trials progressed and the viewers attended to
other regions (e.g., the body of the movie monkey or the cage)
(Figure 2A, C). During the first trial, the scanpaths of monkeys T
and V were more dispersed than that of monkey Q (one-way
ANOVA on dispersion with factor � subjects; F2,87 � 5.04, p �
.009, Figure 2C), suggesting that these two monkeys looked less
overall at the movie monkey’s face and instead explored other
regions of the movies. The observed increase in dispersion and
decrease in looking time with repeated viewing of the same movie
might reflect habituation/boredom for a given movie manifested in
a shift of the viewer’s attention to unexplored regions of the movie,
but it is also possible that with trial repetition, the viewers are
better able to predict the content of the movies and choose to
actively avoid the movie monkey. To distinguish between these
possibilities, the relationship between looking time and the expres-
sion of the movie monkey was examined.

Visual Exploration of Facial Features

When the results of 7 repetitions of all 30 movies were com-
bined, we found a significant variability in the total looking time

Figure 1. Example ethograms. (A) Ethogram of a 10 s movie depicting a
lipsmacking 3-year-old female monkey. The four traces quantify: move-
ment (purple), facial expression (gray), direction of eye gaze (pink), and
head direction (aqua) of the movie monkey in each frame of this movie. (B)
Ethogram quantifying the target of the viewer’s fixation on each frame of
the movie. Each viewer monkey (Q: top, V: middle, and T: bottom panel)
was shown the same movie seven times. Note the similarity of looking
patterns between the trials from the same viewer and also between different
viewers. For example, the yellow band at 3.5 s indicates that monkey Q
consistently looked at the chest of the movie monkey on all seven trials.
When monkeys V and T viewed the same movie they also tended to look
at the chest of the movie monkey around the same time. (C) Ethogram
showing the time periods during which the viewer monkeys (Q: top, V:
middle, and T: bottom) lipsmacked (orange) during the same movie over
the course of seven trials.
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among viewers (mean percent looking for all trials: Q � 72.4%,
V � 16.0%, T � 27.6%), and also a large variability in the looking
time elicited by different movies (standard deviation of total movie
looking: Q � �11.9%, V � �5.6%, T � �14.7%).

Although the facial expressions of the movie monkeys did not
influence total looking-time (one-way ANOVAs on total looking
time with factor � expression; Q: F2,27 � 1.61, p � .219; V:
F2,27 � 0.44, p � .646; T: F2,27 � 0.37, p � .694), an expression-

dependence existed at a finer scale. Further analysis of scanpath-
dispersion indicated that monkey Q looked at the face of the movie
monkey for a significantly greater portion of time than monkey T,
who looked less at the face and instead explored other regions of
the movie (Figure 3A; two-way ANOVA on proportion of face
looking during first trial with factors � viewer � movie monkey
expression, main effect of viewer F(1)2,87 � 12.24, p � .000). In
an attempt to determine what area of the face was explored by each

Figure 2. Changes in looking time and scanpath dispersion. (A) Example scanpaths of monkey Q as he viewed
a movie of a threatening 20-year-old male. For illustration purposes, scanpaths are superimposed on an image
constructed from different frames of the movie. During the first trial (left panel), monkey Q kept his eyes
primarily on the movie monkey. As the trials progressed (middle and right panels), the viewer’s scanpath became
gradually more dispersed. The viewer spent less time exploring the movie monkey’s face and frequently looked
away from the movie screen. The color bar on the left indicates the time of each saccade relative to ten, 1 s
periods. (B) Mean looking time (expressed as percent of total looking) during the course of seven trials (each
point is an average of 30 movies). From the first trial, monkey Q spent significantly more time watching the
movies than monkeys T and V (p � .05). Starting with the second trial, all viewers showed a decrease in looking
time (p � .05). However, the extent of this decrease was viewer-dependent. By the last trial, monkey Q was still
watching the movies 50% of the time, whereas monkeys T and V looked less than 15% of the time. (C) Scanpath
dispersion calculated for each monkey averaged across all 30 movies over the course of seven trials. Dispersion
was computed as the standard deviation of all fixation positions during a single movie presentation. If the viewer
spent less than 15% of the time viewing the movie, dispersion was not computed. Scanpaths of monkeys Q and
T were significantly more dispersed on the second compared to the first trial (p � .05). Dispersion increased
monotonically until the final trial. This last trial, however, was still significantly more dispersed than the first
(p � .05).
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monkey, the amount of time spent looking at the left versus right
side of the face was quantified. This measure was motivated by the
observation that healthy human subjects tend to spend a greater
portion of time looking at the left side of the image (i.e., in
anatomical position the right side of the stimulus subject’s face),
an effect that is exacerbated when viewing emotional facial ex-
pressions (Indersmitten & Gur, 2003). Moreover, subjects with
anxiety, depression, and other psychiatric disorders show a re-
duced or absent left-side bias (Gooding, Luh, & Tallent, 2001;
Heller, Etienne, & Miller, 1995; Redican, 1975). Although the
magnitude of the left-side bias did not depend on facial expression
(one-way ANOVAs on left-side looking time during first trial with
factor � expression; Q: F2,27 � 2.88, p � .073; V: F2,27 � 3.22,
p � .057; T: F2,27 � 0.63, p � 0.539), there were considerable

differences in left-side bias among the three viewers (see Figure
3E). Monkeys Q and V spent twice the amount of time looking at
the left side of the face, whereas monkey T exhibited no significant
side bias (Figure 3F; two-tail paired t tests on left and right-side
looking time during first trial Q: t58 � 7.41, p � .000; V: t58 �
13.90, p � .000; T: t58 � 1.76, p � .084).

We next analyzed the relationship of looking time on each
feature and facial expression. Even though the overall face looking
(Figure 3A) and side bias were not influenced by facial expression,
the time spent exploring different facial features varied consider-
ably for different expressions. All three viewer monkeys tended to
look most at the mouth of threatening displays, less at the mouth
of lipsmacks, and least of all at the mouth of neutrals (Figure 3C;
two-way ANOVA on portion of mouth looking time with fac-
tors � viewer � expression of movie monkey, main effect of
expression F(2)2,87 � 13.86, p � .000). The nose region (including
the midface) was explored significantly more while viewing lips-
macking displays, with monkey T spending more time looking at
the nose than monkey Q (Figure 3D; two-way ANOVA on portion
of nose looking time with factors � viewer � expression of movie
monkey, main effect of viewer F(1)2,87 � 4.22, p � .018, main
effect of expression F(2)2,87 � 4.14, p � .019). The ears were
examined more during neutral than lipsmacking or threatening
displays (two-way ANOVA on portion of ear looking time with
factors � viewer � expression of movie monkey, main effect of
expression F(2)2,87 � 5.28, p � .007), whereas no facial expres-
sion biased the time spent looking at the cheeks or jaw-line. More
than any other feature, all three viewers spent the greatest propor-
tion of time examining the eyes of the movie monkeys, attending
most to the eyes of movie monkeys with neutral expressions
(Figure 3B; two-way ANOVA on portion of eye looking time with
factors � viewer � movie monkey expression, main effect of
expression F(2)2,87 � 3.36, p � .040).

Although the overall proportion of eye-looking time did not
vary among viewers (Figure 3B), each viewer showed a different
pattern of fixations on the eyes. The length of time that monkey Q
looked contiguously at the eyes before saccading to another movie
region was nearly twice that of monkey T. Monkey V had contig-
uous eye-looking periods shorter than Q but longer than T (Q:
0.56 � 0.65 s; V: 0.43 � 0.45 s; T: 0.30 � 0.31 s; one-way
ANOVA on duration of eye-looking periods during first trial with
factor � viewer, F2,2178 � 48.34, p � .000). Despite looking at the
eyes for a shorter contiguous duration, both monkeys T and V
looked back at the eyes more frequently than monkey Q (Q:
0.90 � 0.78 s�1; V: 1.19 � 1.12 s�1; T: 1.15 � 0.77 s�1; one-way
ANOVA on frequency of eye-looking during first trial with fac-
tor � viewer, F2,1745 � 8.33, p � .000). Neutral expressions
elicited from all three viewers longer contiguous eye-looking
periods than lipsmacks (two-way ANOVAs on duration of eye-
looking periods with factors � movie monkey expression �
age-group, main effect of expression Q: F(1)2,1193 � 21.88, p �
.000; V: F(1)2,347 � 3.2, p � .042; T: F(1)2,632 � 4.28, p � .014).
Monkey Q, but not the other two viewers, also made saccades to
the eyes of threatening monkeys more frequently (two-way
ANOVA on frequency of eye-looking with factors � movie mon-
key expression � age-group, main effect of expression Q:
F(1)2,1193 � 4.82, p � .008). Additionally, monkey Q looked at
the eyes of old monkeys for shorter contiguous durations than the
eyes of young monkeys (two-way ANOVA on frequency of eye-

Figure 3. Facial expression determines the allocation of looking time to
facial features. (A) Percent looking time on the face calculated for each
facial expression (ne � neutral, ls � lipsmack, th � threat) for all three
viewers during the first trial of all 30 movies. Monkey Q spent a signifi-
cantly greater proportion of time (p � .05) looking at the movie monkey’s
face, compared to monkey V and monkey T. (B) Eye looking (expressed as
a percent of face looking) calculated for each facial expression across the
first trials of all 30 movies. All three monkeys looked significantly longer
at the eyes of neutral movies (p � .05). (C) Mouth looking (expressed as
a percent of face looking). All three monkeys spent proportionally more
time exploring the mouth of threats, followed by lipsmacks, and neutrals
(p � .05). (D) The nose was explored the most during movies of lips-
macking monkeys (p � .05). Monkey T spent a greater proportion of time
looking at the nose than monkey Q (p � 0.5). (E) Example scanpaths from
all three viewers during a 1.5 s segment of a video when there was no
movement. (F) Percent time looking at the left versus right side of the face.
Monkeys Q and V spent more time looking at the left side of the movie
monkey’s face (p � .05). Monkey T showed no significant side bias.
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looking with factors � movie monkey expression � age-group,
main effect of age Q: F(2)2,1193 � 21.40, p � .000). Given the
salient role that the eyes play in social communication, the remain-
der of this article focuses on three distinct aspects of eye-looking:
(1) direct eye contact between the viewer and movie monkey, (2)
active avoidance of eye contact with the movie monkey, and (3)
gaze following.

Direct Eye Contact and the Production of Facial
Expressions

As quantified by the ethograms (e.g., see Figure 1A), all the
stimulus movies contained segments when the movie monkey
looked directly at the camera. During these segments, the viewer
monkey experienced direct gaze from the movie monkey, which
was often reciprocated (eye contact). These periods of eye contact
were significantly longer than periods of looking at the averted
eyes of the movie monkey (two-tail paired t tests on duration of
eye-looking at averted and direct gaze; Q: averted 0.54 � 0.67 s,
direct 0.68 � 0.63 s, t1162 � 2.84, p � .005; V: averted 0.38 �
0.43 s, direct 0.64 � 0.50 s, t348 � 4.24, p � .000; T: averted
0.29 � 0.32 s, direct 0.36 � 0.26 s, t628 � 2.27, p � .023). As in
humans, direct eye contact in monkeys signals an invitation for
social interaction. Accordingly, eye contact is often accompanied
by an overt act of aggression (e.g., yawn, open-mouth threat) or a
gesture of appeasement (e.g., gaze aversion, fear-grimace, lips-
mack) (Redican, 1975). To test whether the viewer monkey par-
ticipated in such behaviors, facial expressions of the viewer mon-
key were monitored using a Webcam and EMG from the
auricularis muscle.

Despite being under head immobilization, all three viewer mon-
keys made overt facial expressions while watching the movies. All
three viewer monkeys routinely moved their ears and mouths in a
manner that is characteristic for lipsmack displays (see Figure 1C).
With few exceptions (2/53 instances in Q), if the viewer monkey
did not lipsmack on the first trial of a video, he was unlikely to
lipsmack on subsequent presentations of that same movie. As trials
progressed, the viewers tended to lipsmack at later times during the
movie display (see Figure 1C). Most of the time, the viewers did
not begin lipsmacking until well into the movie presentation (Q:
n � 53, min � 0.5 s, max � 9.9 s, median � 4.9 s; V: n � 10,
min � 2.5 s, max � 8.5 s, median � 5.3 s; T: n � 16, min � 0.3 s,
max � 9.0 s, median � 4.2 s). Although monkey Q lipsmacked
more than the other two monkeys over all trials (percent of movie
presentations that monkeys lipsmacked: Q � 25%, V � 8%, T �
8%, chi-square test on total proportion of time spent lipsmacking
across all trials, �2

2 � 33.40, p � .000), during the first trial all
three monkeys lipsmacked for comparable durations (chi-square
test on total proportion of time spent lipsmacking during first trial,
�2

2 � 0.289, p � .866).
Based on the purported role of eye contact in social communi-

cation, it was hypothesized that viewers would be more likely to
lipsmack during and after sustained periods of direct eye contact.
Indeed, both monkeys Q and V were more likely to lipsmack when
maintaining eye contact for long durations than for short durations
(Figure 4A, left and middle panels; Supplemental Movie 1 [sup-
plemental material available online only]). Monkey T demon-
strated no significant relationship between his inclination to lips-
mack and the duration that he maintained eye contact (Figure 4A,

right panel). A complementary analysis showed that monkeys Q
and V (but not monkey T) maintained direct eye contact for longer
durations when they were lipsmacking than when they were not
lipsmacking (two-tail paired t test on consecutive eye looking
duration when the viewer did or did not lipsmack Q: 0.62 � 0.54
s/0.36 � 0.41 s, t240 � 18.38, p � .000; V: 0.64 � 0.46 s/0.29 	
0.21 s, t62 � 13.25, p � .001; T: 0.34 � 0.21 s/0.32 � 0.18 s, t74 �
0.26, p � .615).

In Rhesus societies, a direct stare is considered by some re-
searchers to be a mild form of aggression, and can be appropriately
responded to with a gesture of appeasement (e.g., fear-grimace or

Figure 4. Movie content determines the amount of lipsmacking of the
viewer monkeys. (A) The dependence of lipsmacking probability on
the durations of eye contact between the viewer and the movie mon-
keys. The probability of lipsmacking was calculated separately for each
viewer (Q, V, and T) for three different durations of eye contact (short: pale
gray, medium: gray, and long: black). Probabilities are centered around the
initiation of eye contact (time zero on the x-axis) by the viewer monkey.
For monkey Q (left panel), the probability of lipsmacking was low when
eye contact was not maintained but increased for periods of long eye
contact. Even more pronounced in monkey V (middle panel), before the
initiation of eye contact there was virtually no distinction in the probability
of the viewer lipsmacking but after long periods of eye contact the
probability of lipsmacking increased significantly. Monkey T (right panel)
showed a slight increase in lipsmacking probability for long periods of eye
contact but to a lesser extent than in monkeys Q and V. All periods of eye
contact (short, medium, and long) were scaled to the minimum and max-
imum eye contact durations of each viewer, so that for a given viewer, each
duration category includes the same number of data points (Q n � 242; V
n � 64, T n � 76). (B) Proportion of time that each viewer spent
lipsmacking toward movies monkeys displaying neutral (blue), threatening
(orange), and lipsmacking (purple) expressions. Responses are further
subdivided by the age group of the movie monkey such that younger
monkeys are represented by lighter hues of the same color. All three
viewers lipsmacked movies of lipsmacking monkeys the most and threat-
ening monkeys the least. Additionally, all three viewers tended to lipsmack
young monkeys more than monkeys in their peer group or older.
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lipsmack) (Redican, 1975). In this context, the higher probability
of a viewer lipsmacking for longer periods of direct eye contact,
suggests that the lipsmack is primarily a means of appeasing a
threatening situation. Contrary to this expectation, however, all
three viewer monkeys produced more lipsmacks in response to
movies of lipsmacking monkeys rather than in response to threat-
ening monkeys (Figure 4B). Not only did the threatening movies
elicit the least amount of lipsmacks, but all three monkeys tended
to spend the greatest time lipsmacking young monkeys, possibly
the least intimidating individuals (Figure 4B; chi-square test on
proportion of time spent lipsmacking, groups � age-group �
expression, Q: �4

2 � 203.4, p � .000; V: �4
2 � 112.4, p � .000; T:

�4
2 � 239.8, p � .000). The two movies that elicited the most

numerous lipsmacks from all the three viewers depicted a 3-year-
old female displaying a lipsmacking or neutral expression.

Check-Looks as a Measure of Active Avoidance

The progressively decreasing time spent looking at movies
during later trials might be explained by less interest or habituation
to the content of the movie. It is also plausible that viewers
sometimes looked away from the monitor to purposefully avoid
social interaction with the movie monkeys. In these cases, the
viewer could maintain a covert level of attention and, in doing so,
might occasionally look at the monitor for very brief periods to
“check-look” on what the movie monkey is doing. We have
defined check-looks as instances when the viewer saccaded from
outside the movie frame to briefly (�400 ms) fixate on a single
movie region, before saccading back to an area outside the frame.
Such check-looks were performed by all three viewer monkeys
(number of movies with check-looks on first trial: Q � 0, V � 9,
T � 7; total number of check-looks across all trials: Q � 66, V �
82, T � 118). Whereas monkey Q often looked back at the eyes of
the movie monkey, monkey T tended to saccade more frequently
to the cage in the vicinity of the movie monkey, avoiding the eyes
(Figure 5A). Monkey V, on the other hand, was equally likely to
look at the eyes or the cage. Interestingly, both monkeys T and V
(but not monkey Q) tended to wait for the movie monkey to avert
his gaze before taking the chance to check-look on the movie
(Figure 5B), suggesting that these viewers were aware of the
direction of the gaze of the movie monkey and they were actively
avoiding eye contact. The number of check-looks made by a
viewer did not depend on the expression of the movie monkey.

Gaze Following

Because the eyes reveal what an individual is overtly paying
attention to, gaze following is purported to play a significant role
in normal social behavior. In all stimulus movies, the movie
monkey’s gaze was averted during some segment of the movie,
potentially allowing for “opportunities” during which the viewer
monkey could gaze follow. Even though there were no other
monkeys or objects in the movie frame that were directly in the
line of sight of the movie monkey, all three viewers consistently
followed the movie monkeys’ gaze (Q: n � 67, V: n � 39, T: n �
45) (see Figure 6). To qualify as a gaze-following saccade, the eye
movements of the viewer monkey had to meet stringent criteria:
viewers had to have first fixated on the eyes of the movie monkey
and then saccade within �30 degrees of the movie monkey’s line

of sight (e.g., Figure 6A–D). If the target of such a saccade was
a body part it was not considered a gaze-following event. In
some instances, the viewers looked in the same direction as the
movie monkey, and when they were unable to discern what the
movie monkey was looking at, they made a saccade back to
the movie monkey’s eyes before performing another gaze-
following saccade.

Gaze-following saccades did not occur randomly. If a viewer
gaze followed during one trial of a movie, he was twice as likely
to gaze follow at the same time (�15 frames) on a different trial
than at some other random time during the movie. Moreover, all
three monkeys often gaze followed during the same frames of a
given movie, an overlap that is not expected by random chance
(Figure 6E, also see examples in Figure 6A–D). Gaze-following
events were unequally distributed across movies and did not de-
pend on the expression of the movie monkey. The two movies that
elicited the most gaze-following events from all three viewers
depicted two different 20-year-old males: one displaying a lips-
mack and the other a threat. The propensity to gaze follow likely
depended on factors that were inherent in the movies and could not
be equalized across all movies. For example, gaze following was
more likely to occur when the movie monkey in the film made a
rapid movement of the head (Figure 6F).

Figure 5. Check-looks indicate that viewer monkeys actively avoid look-
ing at movie monkeys. (A) Each plot shows the probability of check-looks
targeting the eyes of the movie monkey or a region of the cage in the
vicinity of the movie monkey’s face. Probabilities are centered around
the start of the check-look fixation (time zero on the x-axis represents the
beginning of a check-look fixation). In accordance with the definition of a
check-look, before and after the fixation on the movie the probability that
the viewer was looking at any movie region is zero. Monkey Q (left panel)
looked primarily at the movie monkey’s eyes (gray histogram) during
check-looks, monkey T (right panel) looked primarily at the cage (black
trace). Monkey V (middle panel) showed an equal probability of looking at
either the eyes or the cage (n Q � 66; n V � 82; n T � 118). (B)
Probability of check-look occurring as a function of the movie monkey’s
gaze. Time zero on the x-axis represents the start of the check-look
fixations. In viewer monkey Q, the probability of a check-look did not
depend on the movie monkey’s gaze. Monkeys T and V were less likely to
perform a check-look when the movie monkey’s gaze was directed at them.
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Discussion

The findings reported here show that spontaneous natural be-
haviors can be reliably elicited, quantified, and controlled in the
laboratory. We show that those self-same social interactions ob-
served in the field can also be observed in the laboratory as looking
patterns (e.g., gaze aversion and gaze following) triggered by
naturalistic social stimuli (Chevalier-Skolnikoff, 1973; Redican,
1975; Shepherd & Platt, 2008). We also demonstrate that when

monkeys use their gaze to interact with a video, they often display
overt facial expressions. Because the monkeys in this study were
neither required to watch the videos nor given external reward or
punishment for doing so, all behaviors described here are sponta-
neous and might reflect meaningful species-specific social signal-
ing.

Monkeys Look at the Salient Features of Facial
Expressions

As in humans, the meaning of a facial expression in monkeys
depends on context (e.g., relative rank, body posture, history of
interactions, distance between animals) (Chevalier-Skolnikoff,
1973; Hinde & Rowell, 1962; Maestripieri, 1997; Redican, 1975),
the intensity of the display (e.g., open mouth threat with or without
head bobbing), and the relative place of an expression along
a continuum between expressions (e.g., gradations from
yawn-threat-feargrimace-teethchattering-lipsmacking-pucker)
(Chevalier-Skolnikoff, 1973; Redican, 1975). Intense expressions
can be easily categorized based on the salient contributions of
different facial features, but less explicit expression gain signifi-
cance from subtle changes in posture, the duration of the display,
or the context (e.g., preceded by a more intense display of the same
type).

When monkeys watched videos of facial expressions, they
tended to explore those facial features that best define each ex-
pression. The mouth was explored most during open-mouth threats
and least during neutral expressions. The midface was attended to
more during lipsmacks (that includes the wrinkling of the nose)
than neutral or threatening expressions. The ears were examined
most during neutral expressions, likely because their movement
can signal even subtle changes in attention and emotion. All three
viewer monkeys looked longer at the eyes than at any other
feature. The eyes indicate most accurately the affective, atten-
tional, and intentional states of an individual (Baron-Cohen,
Wheelwright, Hill, Raste, & Plumb, 2001; Klein et al., 2009).
Indeed, humans are able to accurately identify the emotional state
of an individual by looking at images of the eyes alone (Adolphs,
2009).

Significant differences were observed between the feature pref-
erence of the viewers reported here and earlier reports from ex-
periments that used static images of facial expressions (Gibboni et
al., 2009; Gothard et al., 2004; Keating & Keating, 1982; Nahm et
al., 1997). These differences can be attributed to several factors:
(1) only the face is usually presented in static images and not the
whole body as in our video segments, (2) in many previous studies
monkeys are often required to maintain their gaze on the image for
a predefined duration to get reward, and/or (3) videos are inher-
ently more salient and the movement alone can “hold” the viewer’s
attention. In a similar video-presentation study, Ghazanfar and
colleagues (2006) have shown that monkeys look mostly at the
eyes during videos of vocalizing monkeys but attend to the mouth
when it begins to move at the onset of a vocalization.

Although the three monkeys in the current study spent propor-
tionally equivalent amounts of time looking at different facial
features, monkeys Q and V were biased toward looking at features
on the left-side of the face whereas monkey T showed no such side
bias. Guo and colleagues (2009) have demonstrated that monkeys
show a left-side bias toward static images of upright monkey and

Figure 6. Viewer monkeys spontaneously follow the gaze of movie
monkeys. Example of frames during which all three viewers fixated on the
eyes of the movie monkey and then saccaded in the direction of the
monkey’s gaze (colored lines). Frames that contained gaze-following sac-
cades were extracted from movies depicting (A) a lipsmacking 11-year-old
female, (B) a threatening 20-year-old male, (C) a neutral 13-year-old male,
(D) a lipsmacking 4-year-old male. (E) Cross correlation of gaze-following
saccade times showing an increase in the probability of all three viewers
gaze following around the same frame (depicting the same event). The
probability that viewers gaze followed during the same time period (within
�0.5 s of each other) is greater than would be expected by chance
(compare with probability of gaze follows occurring 
 �0.5 s from each
other). (F) Average level of motion in the movie before and after a
gaze-following saccade (n � 151). Time zero on the x-axis indicates the
start of the gaze-following saccade. Gaze following was preceded by an
increase in movement in the video.
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human faces but not toward inverted faces, suggesting that the
left-side bias is related to face processing expertise. A left-side
face-looking bias has been well-documented in humans where it is
closely linked with a perceptual bias to process information in the
left visual field (Indersmitten & Gur, 2003). When shown chimeric
face stimuli (e.g., a composite face that is smiling on the left half
but frowning on the right half), healthy human subjects are biased
in perceiving the emotion or identity on the left-side of the image
unlike subjects with Asperger’s syndrome that show reduced side
bias (Ashwin, Wheelwright, & Baron-Cohen, 2005; Indersmitten
& Gur, 2003). Individuals with schizophrenia also exhibit an
ablated or reduced side-bias toward faces (Gooding et al., 2001).

Lipsmacking Is an Affiliative Behavior That Is
Facilitated by Direct Eye Contact

When presented with video stimuli under conditions of head
fixation, our monkeys reliably and consistently displayed lips-
macking expressions. Viewers were more likely to lipsmack dur-
ing periods of sustained eye contact. Moreover, movies of young
lipsmacking monkeys elicited the greatest number of responses
whereas movies of threatening monkeys elicited the fewest. Rhe-
sus facial expressions are often interpreted in terms of negative
emotional states and behavioral intentions (e.g., the goal of a
lipsmack is to appease threatening and fearful situations, a yawn is
used to express anxiety or agitation). These results, however, argue
strongly in favor of interpreting the lipsmack as a prosocial be-
havior, and not an attempt to diffuse perceived aggression. Indeed,
several field biologists have placed lipsmacking in a prosocial
category of facial gestures. Although lipsmacking occurs in a
variety of circumstances, it almost always results in a positive
social advance (Hinde & Rowell, 1962). It is the most prominent
expression during grooming and it occurs frequently during sexual
intercourse and same-sex mounting (Maestripieri, 1997; Redican,
1975). Lipsmacking initiates playful behaviors in juvenile mon-
keys, is used by mothers to beckon their infants, and is performed
by males to attract females in estrus (Maestripieri, 1997; Redican,
1975). Although also used when a subordinant makes direct eye
contact with a dominant animal, in these cases the lipsmack
communicates an intention to engage in affiliative behaviors, and
not simply inhibit aggression and end social contact (Maestripieri,
1997). Though lipsmacks occur in response to threats, they are
rarely the first reaction and are typically intermixed with fear-
grimacing and gaze aversion (Maestripieri, 1997; Redican, 1975).
The finding that monkeys lipsmacked the least while viewing
movies of threats and the most when viewing movies of young-
lipsmacking monkeys corroborates the idea that lipsmacking is
primarily prosocial.

Likewise, direct eye contact cannot only be considered a mild
form of threat but can also be used to signal the intention for a
positive social interaction that is reciprocated with a lipsmack
(Redican, 1975). It may be that the heightened arousal associated
with direct eye contact compels a monkey to externalize his
arousal through a gestural display (Linnankoski, Gronroos, &
Pertovaara, 1993; Perrett & Mistlin, 1991; Wada, 1961). Lips-
macks, therefore, may not only promote social bonding, but “may
also reflect excitement” (Maestripieri, 1997). Indeed, when a fe-
male monkey displays her hindquarters, a male will lipsmack,
masturbate, and ejaculate but only when eye contact is made

(Linnankoski et al., 1993). On a more subtle level, both humans
and monkeys exhibit increased autonomic arousal when making
facial expressions and when observing the facial expressions of
others (Ekman, Levenson, & Friesen, 1983; Hoffman, Gothard,
Schmid, & Logothetis, 2007; Kuraoka & Nakamura, 2011; Na-
kayama, Goto, Kuraoka, & Nakamura, 2005). Finally, in much the
same way that happiness and smiling are “contagious” in humans,
the propensity of our monkeys to lipsmack other lipsmacking
monkeys could reflect a form of emotional contagion accompanied
by facial mimicry (Hatfield, Rapson, & Le, 2009).

Even though all three viewer monkeys lipsmacked the movies,
monkey T, who is peer-reared, showed the least propensity to
lipsmack during direct eye contact. In agreement with field obser-
vations, mother-reared monkeys make more eye contact and lips-
mack more often than peer-reared animals (Emery, 2000; Redican,
1975). When caged monkeys are allowed to watch movies of other
monkeys, animals with high sociability display aggressive and
affiliative expressions more often than low sociable monkeys
(Capitanio, 2002). Moreover, low sociable animals have a higher
propensity to lipsmack the movie monkey when it is engaged in a
nonsocial behavior (e.g., eating food or manipulating cage) (Capi-
tanio, 2002). Monkeys that carry at least one short allele of the
5-HTTLPR gene exhibit more aggressive behaviors than monkeys
homozygous for two long alleles (Izquierdo, Newman, Higley, &
Murray, 2007). Although our monkeys did not reliably display
open-mouth threats (likely because head fixation makes the ex-
pression physically difficult and instills the subject with a per-
ceived sense of vulnerability) it is possible that threatening micro-
expressions could be identified using video footage and facial
muscle EMG (Waller et al., 2008). Indeed, when monkeys are free
to move around in a cage they display overtly aggressive gestures
toward movies (Capitanio, 2002).

Being able to reliably elicit lipsmacks in monkeys in the labo-
ratory opens multiple opportunities for further research. As one of
the first facial expressions to appear during development (Redican,
1975), how does a maturing monkey learn to adapt lipsmacking to
such a wide variety of circumstances? Given that lipsmacking is
more prevalent during estrus (Carpenter, 1942) and threatening
gestures are linked to testosterone (Chevalier-Skolnikoff, 1973;
Clarke & Boinski, 1995), how do hormones influence facial ex-
pressions in the laboratory? Perhaps most compelling of all in a
field dominated by fear-conditioning and aggression in Rhesus
monkeys, lipsmacks offer a means of understanding the neural
bases of positive social and emotional interaction.

Covert Attention Is Used to Avoid Direct Eye Contact

Eye contact between monkeys can signal an intention for social
interaction. This interaction can be affiliative (e.g., lipsmack with
eye contact preceding grooming or sex) or agonistic (e.g., threat
stare) (Maestripieri, 1997; Redican, 1975). In several species of
primates active avoidance of eye contact (gaze aversion) is a
submissive response and is the most common response (more so
even than the fear grimace) to threatening or dominant individuals
(Masataka & Fujii, 1980; Redican, 1975). Monkeys often signal
submission by redirecting their attention toward another individual
or taking sudden and intense interest in an object (cage grooming)
or empty point in space (Redican, 1975). Although the monkey’s
eyes remain averted, his attention is covertly drawn toward the
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potentially threatening individual. Covert attention conceals inten-
tions but enables monkeys to make quick behavioral responses in
case the situation escalates (Klein et al., 2009). Although gaze
aversion can be used effectively to appease aggressive individuals,
relinquishing eye contact could also be a product of intense
arousal. Averting one’s gaze allows a monkey to literally cut off
the further perceptual processing of social stimuli, effectively
reducing his level of arousal without requiring him to physically
withdraw from social contact (Redican, 1975).

Monkey Q maintained eye contact with movie monkeys for
longer durations than the other two viewers. Perhaps maintenance
of eye contact with the movie monkey reflects a social confidence
stemming from monkey Q’s high dominance-rank within his home
colony. Both monkeys V and T maintained shorter periods of
eye contact, but looked more frequently at the eyes. In field
studies, submissive monkeys tend to look frequently at threatening
individuals but maintain eye contact for shorter periods than dom-
inant monkeys (Redican, 1975). Although a viewer’s rank in his
home colony might be related to his level of sociability, specula-
tions about the viewer’s rank relative to the movie-monkey’s are
tenuous (the movie-monkeys are unfamiliar and their relationship
to one another is unknown by the viewer). Future studies that use
video stimuli depicting multiple monkeys interacting and/or indi-
viduals familiar to the monkey might be able to provide the
information necessary to determine a relationship between social
rank and looking patterns.

The looking patterns described here replicate only in part earlier
findings by Watson and colleagues (2009) and Gibboni and col-
leagues (2009), who reported that monkeys with at least one copy
of the short allele (s/l, s/s) of the 5-HTTLPR gene explore the eyes
less than monkeys with two long copies (l/l). Both these studies
used static face images as stimuli. We report here that the looking
behavior of the same monkeys changes when the static images are
replaced with dynamic images. Monkey T for example, whose
genotype is s/s, looked intensely and obsessively at the eyes of
static monkey faces (Gibboni et al., 2009) but avoided looking at
the eyes of monkeys shown in videos. These findings underscore
the importance of using the most naturalistic designs possible for
behavioral experiments in primates.

Detailed scrutiny of the pattern of eye contact, or lack thereof,
identified many instances when the viewer was not looking at the
movie screen but would occasionally make a saccade and a single
fixation on the movie to check-look on what was happening.
Check-looks were relatively more frequent in monkeys V and T as
they spent less time looking at the movies than monkey Q. The
check-looks of monkey Q targeted predominantly the eyes of the
movie monkey; unlike Q, monkey V and especially monkey T
tended to look at the cage in the vicinity of the movie monkey,
further suggesting a form of avoidance. Moreover, both monkeys
V and T waited until the movie monkey had averted his gaze
before electing to make a check-look. Together, these findings
suggest an active gaze avoidance by monkeys T and V. We
propose that check-looks could be a way of identifying naturally
induced and socially relevant covert attention in the laboratory
(during a check-look, both viewers appeared to know that the
movie monkey had averted his gaze even though they were not
overtly attending to the movie).

Monkeys Follow the Gaze of Other Individuals

It is clear that direct eye contact is autonomically arousing in
monkeys, but averted gaze can also be arousing in certain circum-
stances (Hoffman et al., 2007). The direction of eye gaze contains
essential information about the target of another individual’s at-
tention (Emery, 2000; Shepherd, 2010). The ability to derive from
another individual’s eye gaze the target of his interest and to
follow his gaze, is hypothesized to be a key component in the
development of “theory of mind,” the ability of an animal to infer
the mental state of another individual (Emery, 2000; Høgh-Olsen,
2006; Langton, Watt, & Bruce, 2000). Gaze following and shared
attention (the latter is the ability to use the gaze of another
individual to attend to the same object) are basic building blocks of
primate social behavior (Chance, 1967; Emery, 2000). Quantifying
gaze following and shared attention in the laboratory can be met by
significant challenges. If the “social” task is extensively con-
trolled, the paradigm can become artificial and cease to be socially
relevant under real world circumstances. For example, autistics
may present with no gaze-following deficits during an experiment
even though they clearly exhibit deficits in shared attention outside
the confines of the laboratory (Kingstone, 2009). In object-choice
experiments (e.g., two objects are displayed to either side of an
image of an individual whose gaze is oriented toward one of the
objects), viewers saccade more often to the object that is congruent
with the stimulus animal’s gaze (Deaner & Platt, 2003; Emery,
Lorincz, Perrett, Oram, & Baker, 1997). While informative in
understanding mechanisms of shared attention, highly constrained
experiments lack ecological validity and can lead to overestimates
in gaze responses (Høgh-Olsen, 2006). A majority of studies in
monkeys have explored the possibility that gaze following occurs
in response to humans, a stimulus with little ecological relevance
and which fails to take advantage of the monkeys natural ability to
recognize the subtle social cues of conspecifics (Ferrari, Kohler,
Fogassi, & Gallese, 2000; Goossens, Dekleva, Reader, Sterck, &
Bolhuis, 2008; Langton et al., 2000; Tomasello, Hare, & Fogle-
man, 2001). A more informative approach used in the field has been
to attract the attention of one monkey using food and subsequently
observe whether other conspecifics redirect their attention along the
gaze of the attentive animal (Tomasello et al., 1998). Shepherd and
Platt have elegantly demonstrated spontaneous gaze following of
lemurs in the field by using head-mounted video cameras (Shepherd
& Platt, 2008). Field biologists have described instances where one
monkey uses his gaze to trick another monkey into looking in a
certain direction, giving the deceiver a chance to grab a piece of fruit
that he saw in the opposite direction (Emery et al., 1997).

In the present study, the viewer monkeys were allowed to freely
view movies of conspecifics, and they all showed spontaneous gaze-
following saccades. By using stringent gaze-following criteria and
showing that (1) individual viewers gaze followed during the same
movie frames across multiple trials and (2) all three viewers gaze
followed during the same movie frames, we argue that these events
were neither random nor selected with bias. Although viewers some-
times gaze followed to an object that they subsequently explored
(shared attention), there were many instances where there was no
object of interest and the viewer gaze followed to a position lying
outside the movie screen. Oftentimes when viewers gaze followed
and could not localize an object of interest, they fixated again on the
eyes and then made another gaze-following saccade in the same
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direction. These “double-checks” argue against the idea that gaze
following is purely a reflexive mechanism (Shepherd, 2010). Al-
though monkeys have been shown to gaze follow eyes alone, it is
thought that they rely more on head direction (or at least coordination
of head and eye direction facilitates gaze following) (Emery et al.,
1997; Ferrari et al., 2000; Lorincz, Baker, & Perrett, 1999). We show
that head movement is one of the best predictors that a gaze-following
event will occur, corroborating the claim that head orientation facil-
itates gaze following.

It has been hypothesized that monkeys are more apt to gaze
follow certain individuals or particular facial expressions (Goos-
sens et al., 2008; Shepherd, 2010; Shepherd, Deaner, & Platt,
2006). While we observed no bias of the monkeys to gaze follow
certain expressions more than others, all three viewers gaze fol-
lowed two movies of old male monkeys the most. The lack of a
strong identity or expression effect may have resulted from our
selection of the movie segments; the movies were not explicitly
controlled for neither the amount of head movement nor the
congruency or incongruency of eye and head angles.

Knowing that gaze following can occur in response to video
stimuli suggests that future research could dissociate the various
effectors of gaze following by carefully controlling for movement
and head-eye orientation. Such video stimuli will probably be most

effective if they are several seconds in duration (allowing for the
monkey to be fully engaged by the stimulus) and are unedited
segments of continuous footage (Shepherd et al., 2010). Shepherd
and colleagues (2010) report that “humans, but not monkeys,
strongly attend the foci of the other individual’s attention and
activity [in a video stimulus].” However, they and others concede
that this effect could be because of “cuts” or other aspects of
cinematography, which might appear unnatural to a viewer mon-
key (Berg et al., 2009; Shepherd et al., 2010). The use of carefully
selected video stimuli has the potential to elucidate the develop-
mental trajectory of gaze following (e.g., why infant monkeys tend
to gaze follow reflexively but adults will habituate to a “boy-who-
cried-wolf” gaze follow) (Langton et al., 2000), the influence of
sexual hormones on the propensity to gaze follow (Klein et al.,
2009), and the association between gaze following and “theory of
mind” (Emery, 2000; Høgh-Olsen, 2006; Langton et al., 2000).

In summary, using videos of conspecifics elicited reproducible
and spontaneous social behaviors of Rhesus monkeys in a labora-
tory setting. These observations represent a range of species-
specific natural behaviors, some of which are consistent across all
three viewers and others which are unique to one or two individ-
uals (see Table 2). Whereas consistent behaviors might reflect
neural mechanisms that are ingrained in the entire species, those

Table 2
Summary of the Species-Specific Behaviors Elicited by Movies of Conspecifics

Similarities between viewers Individual differences

Overall looking time and
habituation

● Scanpaths of viewers converged 20% of the
time during the first trial.

● Scanpaths of viewers diverged 80% of the time during the
first trial.

● Total looking time was significantly less
during the second trial and further decreased
with trial repetition.

● Q spent more time looking at the movies than V and T.
● Scanpaths of T and V were more disperse than Q.

● Scanpaths became more disperse with trial
repetition.

Expression-dependent looking
patterns

● Facial features were explored in an expression
dependent manner (e.g., mouth of threat
looked at more than mouth of neutral).

● The eyes were explored more than any other
facial feature.

● Direct eyes were looked at for longer
continuous periods than averted eyes
(maintenance of eye contact).

● Total looking time did not depend on the
appeasing, neutral, or aggressive behavior of
the movie monkeys.

● Q spent a greater portion of time looking at the face of the
movie monkey than T.

● Q and V exhibited a left-side looking preference on faces. T
did not.

● Q fixated on the eyes for consecutively longer periods than
V; V looked longer than T.

● T and V saccaded back to the eyes more frequently than Q.
● Q looked at the eyes of threatening monkeys more frequently.

Facial expressions of the viewer
monkey

● All viewers lipsmacked movies; if they did
not lipsmack on the first trial it was unlikely
for them to do so on later trials.

● During the first trial, all viewers lipsmacked
for similar durations.

● Viewers lipsmacked young monkeys the most.

● Pooling over all trial repetitions, Q lipsmacked the most to
the movies.

● Q and V were more likely to lipsmack when making direct
eye-contact with the movie monkey. T did not show a
tendency to lipsmack during direct eye contact.

Gaze avoidance and check-looks ● All monkeys performed check-looks. ● T performed the most check-looks followed by V and then Q.
● Q saccaded to the eyes during check-looks but T saccaded to

the cage. V performed the same amount of check-looks to the
eyes and cage.

● T and V were more likely to perform a check-look when the
movie monkey had averted his gaze.

Gaze following ● Viewers spontaneously followed the gaze of
the movie monkeys.

● Gaze-following events occurred in response to
the same movie segment (within viewer and
across viewers).
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behaviors that are subject to large individual variation might
reflect neural mechanisms that depend on the ontogeny of the
individual.

Viewer monkeys spent 20% of the time looking at the same
areas of the videos (comparable with the 27% reported by Shep-
herd et al., 2010), but the majority of the time the viewers looked
at different areas of the movies, adding to the rich catalogue of
observations that scanpaths reveal information about the identity
(sex, age, race), personality, temperament, and pathology of a
viewer. Although the viewers varied on numerous background
factors (e.g., 5-HTTLPR genotype, rearing-history, autonomic-
characteristics), we argue that when these factors are considered
together they converge on a relative measure of sociability. The
specifics of each viewer’s scanpaths, together with the viewer’s
genetic, behavioral, and autonomic characteristics suggest that a
large portion of the variability in scanpath is related to different
levels of sociability. Monkey Q who was the most sociable of the
three viewers based on these qualifications, exhibited the greatest
social flexibility in responding to the signals of the movie monkey
(e.g., more eye contact, left-side face looking bias, least habitua-
tion, most prosocial lipsmacking toward the movie-monkey).
Monkey T consistently exhibited some degree of social inaptitude
(e.g., lack of left-side bias, no increase in lipsmacking probability
during sustained eye contact). Monkey V was situated somewhere
in between. If monkeys Q and T (the two social extremes) dis-
played a consistent behavior, monkey V always displayed that
behavior as well.

Some of the aspects of individual variability highlighted here,
might aid in the development of diagnostic tools for social cogni-
tion in both monkeys and humans. We expect that further studies
with this task will elucidate how natural social behaviors are
regulated by different hormones, how they appear during devel-
opment, how they vary with genotype, and how they are generated
at the level of individual neurons and neural circuits. While our
current analyses are by no means exhaustive, the behaviors we
have described are reproducible, quantifiable, and are a naturally
occurring subset of the complex repertoire of social interactions
performed by Rhesus monkeys.
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Summary 

Primates explore the visual world through a sequence of eye movements.  Saccades bring 

details of interest into the fovea while fixations stabilize the image on the retina [1]. During 

natural vision, social primates direct their gaze at the eyes of others to gather information about 

their mental states and to communicate their own emotions and intentions [2].  Direct gaze is an 

integral part of facial expressions through which primates engage in cooperation and conflict 

over resources and social status [3-6]. Despite the great importance of eye contact in the 

behavioral repertoire of social primates, little is known about the neural substrates that support 

this behavior.  Here we show that the monkey amygdala contains neurons specialized to respond 

selectively to fixations at the eyes of others.  A subset of these neurons responded to eye contact. 

These “eye cells” share several features with canonical visually responsive neurons in the 

monkey amygdala. However, they respond to the eyes only when they fall within the fovea of the 

viewer, either as a result of a deliberate saccade, or as the eyes moved into the fovea of the 

viewer during a fixation intended to explore a different facial feature. The presence of eyes in 

peripheral vision failed to activate these neurons. These results link the primate amygdala to eye 

movements and implicitly to the exploration and selection of details in visual scenes that contain 

socially and emotionally salient features. 
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Results 

We recorded neuronal activity from the amygdalae of three monkeys while they viewed 

videos of natural behaviors displayed by unfamiliar conspecifics (henceforth ‘movie monkeys’). 

Two of the three subjects also viewed a single static frame that was extracted from each video. 

For both dynamic and static images, we identified the segments of time when the viewer 

monkeys fixated on various facial features of the movie monkeys and confirmed previous reports 

on the primacy of eyes as targets of viewing interest (e.g., even though the eyes occupied only 

2.6 % of the video frames, the monkeys spent 39.1% (Q), 26.8% (Z), and 17.2% (G) fixating 

them.  They spent significantly less time fixating the mouth: 9.5% (Q), 6.0% (Z), 8.3% (G); Chi-

squared test comparing the percent of time that the eyes or mouth were fixated, P <0.00001)       

[7-12].  Compared to static images, however, videos promote interactive looking behaviors, e.g., 

eye contact, gaze-following, gaze-avoidance, and the reciprocation of facial expressions [13-20]. 

Videos, therefore, approximate successfully face to face interactions as both induce meaningful 

social interactions mediated by eye contact [21-23]. Videos captured the viewer monkey’s 

attention for longer periods of time (paired t-test comparing time spent fixating the eyes of 

videos and the eyes of static images: monkey Z: t2234=14.08, P<0.00001; monkey G: t2791=7.99, 

P<0.00001). When scaled for the total time spent looking at videos and static images, however, 

the viewer monkeys fixated the eyes of both stimuli in equal proportion (Figure 1) (Percent of 

time fixating the eyes of movies: monkey Z: 26.8%, monkey G: 17.2%; Percent of time fixating 

the eyes of static images: monkey Z: 26.5%, monkey G: 14.1%; Chi-squared test: Z: 

χ
2

df=1=1.489, P=0.222; G: χ
2

df=1=0.001, P =0.974).   
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Neurons in the amygdala respond to fixations at the eyes.  

Of 318 well-isolated neurons, 38 neurons (12.0 %) significantly changed their firing rate 

when the subjects fixated the eyes of the movie monkeys (Wilcoxon rank-sum test, P<0.05; 

monkey Q: 8/104 cells, 7.7%; monkey Z: 27/171 cells, 15.8%; monkey G: 3/42 cells, 7.1%) 

(Figure 2 A-D; Movie S1). These "eye-fixation cells" did not respond (or responded with a 

reduced firing rate), when subjects fixated other facial features, e.g., the mouth (Wilcoxon rank-

sum test, P <0.05, see Supplementary Data Analysis). The typical response patterns registered 

during fixation at the eyes were: (1) tonic excitation that spanned the entire duration of fixations 

at the eyes (Figure 2B), (2) phasic excitation with an average duration of 120+42 ms (Figure 

2C), and (3) phasic inhibition (Figure 2D). The same analysis applied to fixations on other facial 

features (e.g., the mouth) failed to identify cells that were selective for any targets but the eyes. 

We found, however, 14 cells that responded to all fixations independently of the target of 

fixation (Figure 2E). These "nonselective-fixation cells" were the only other type of fixation-

related neuron identified.  

The response latency of the eye fixation cells varied between 80-140 ms with a mean latency 

of 118+29 ms, which is shorter than the response latency of canonical visually-driven cells in the 

amygdala (mean response latency to the presentation of visual stimuli: 157+58 ms, paired 

t56=3.3299, P=0.0015; previously reported latencies of visually-responsive neurons in the 

amygdala are all greater than 100 ms, e.g., [24-27]) (Figure S1, population response of eye 

cells). No topographic distribution was found for the eye fixation cells (Figure S2, histology 

and recording site reconstruction) (Proportion of eye fixation cells in centromedial nuclei of 

the amygdala: 4/45 (9%); proportion of eye fixation cells in basolateral nuclei of the amygdala: 

34/273 (12%), Chi-squared test: χ
2

df=1=0.467, P =0.494). 
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A subpopulation of eye-fixation cells respond to eye contact. 

During each video, the movie monkeys displayed social signals directed toward the 

viewer (direct gaze) and away from the viewer (averted gaze). The displays with direct gaze 

created opportunities for the viewer to establish eye contact with the movie monkey. We 

identified the segments of time when the two monkeys engaged in eye contact by combining the 

scanpath of the viewer with an ethogram that registered the gaze direction of the movie monkey. 

A group of 10 eye-fixation cells responded with significantly higher firing rates during 

eye-contact than during fixations at eyes with averted gaze (Figure 3) (two-tail bootstrap by 

shuffling movie-monkey ethogram, P <0.05, see  Supplementary Experimental Procedures). 

The sensitivity of these neurons to eye-contact is illustrated by an increase of up to 76 Hz during 

eye-contact compared to a mean firing rate of 10 Hz during fixations on averted eyes and a 

baseline firing rate of 5 Hz (Figure 3, Movie S2).  

To further characterize the cells that responded to fixations at the eyes and to eye contact 

we determined: (1) whether fixating the eyes of a static image is sufficient to drive the activity of 

these cells, (2) whether the appearance of eyes in the center of gaze without the subject actively 

saccading is sufficient to activate them, and (3) if the eye-fixation cells exhibited the canonical 

visual responses of other cells in the amygdala 

 

(1) Fixating the eyes of static images is sufficient to drive the activity of eye-fixation cells.  

Of the 38 eye-fixation cells, 14 were recorded in two monkeys that viewed the same 

movie monkeys in videos and video frames presented as static images. Fixating the eyes of 

dynamic and static images induced similar changes in the firing patterns of these cells (Figure 4) 

(mean difference in firing rate was 0.63±3.57 Hz or a percent change in firing rate of 7±25%; 
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t13=-0.6598, P=0.529). Two of the eye-contact cells were tested with static images.  Both cells 

responded during fixations on eyes with direct gaze (the equivalent of eye contact) with elevated 

firing rates.  (For one cell the mean rate during eye contact was 28.3 Hz, compared to 19.7 Hz 

during fixations on averted gaze eyes; for the second cell the mean firing rates during eye contact 

and fixations on averted eyes were 9.7 Hz and 7.1 Hz, respectively.) The temporal patterns of the 

spike trains, i.e., phasic vs. tonic responses, were similar during eye-fixations on dynamic and 

static stimuli. Figure 4 shows side-by-side eye fixation cells that respond with excitatory phasic, 

excitatory tonic, and inhibitory responses to fixations on eyes in static and dynamic images.  

Although a more complete answer is expected to emerge from a larger population of eye contact 

cells, these initial findings indicate that these cells differentiate between direct and averted gaze 

independent of the dynamic/static properties of the stimulus.  

 

(2) Can eye-fixation cells be activated in the absence of saccades? 

 Although the eye-fixation cells were discovered by aligning neural activity to saccades 

and fixations it is unclear whether the action of making a saccade is necessary to elicit an eye-

fixation response.  Is the mere presence of eyes at the center of the visual field sufficient to elicit 

a response from these cells? To address this question we recorded the activity of 5 eye-fixation 

cells in an experiment where the subject fixated a cue that triggered the immediate presentation 

of a static image of a face.  When the face appeared its eyes fell either on the center of gaze 

(fovea) or at distance greater than 4 degrees of visual angle from center of gaze  (Figure S3).  

All five eye-fixation cells responded similarly after active saccades to the eyes and after the 

appearance of eyes at the center of fixation (Figure S3 B-D) indicating that saccades to the eyes 

are not a sine qua non requirement for the activity of eye cells. Indeed, these cells responded to 
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eye-contact initiated by the movie monkeys, i.e., the movie monkey changed its direction of gaze 

as the viewer monkey fixated the eyes. For example, the cells shown in Figure 3B and 3D 

responded once the gaze of the movie monkey shifted from averted to direct at 3.3 s and 3.5 s, 

respectively. This finding suggests that the term ‘eye-fixation cells’ should be replaced by eye-

centered cells or foveal eye cells. For the rest of this report, however, we will refer to them as 

‘eye cells’. Further analysis indicated that eye cells responded with the same latency to the active 

(saccade) and passive (image) appearance of the eyes within the fovea (latency of neural 

response fixation following saccades to the eyes: 121+27 ms; latency of neural response to the 

appearance of eyes on the fovea: 133+74 ms; paired t-test, t8= -0.3398, P=0.743).  As expected, 

these cells responded differentially to the eyes compared to the mouth for both the active and 

passive looking conditions (mean difference in firing rate to static images with central 

presentation on eyes compared to mouth: 15.5+6.2 Hz, 46.2+18.5% ; paired t-test, t4=5.5939, 

P=0.005).  By comparison, three nonselective-fixation cells were tested in this paradigm and 

these responded similarly to the appearance of any feature at the center of the gaze (Figure S3 

E) (mean difference in firing rate to static images with foveal presentation on eyes compared to 

mouth: 10.3+11.8 Hz, 20.0+22.9% ; t-test, t2=1.512, P=0.005).  

 

(3) Eye cells are a subclass of the canonical visually-responsive neurons in the amygdala. 

By definition, the eye cells are visually responsive neurons with spiking time-locked to 

the appearance of the eyes in the fovea. Many visually-responsive neurons in the monkey 

amygdala respond to the onset or offset of visual stimuli (phasic image-on/image-off cells) or to 

the presence of an image (tonic responses) [24-28]. Selectivity for the content of the images is 

expressed by changes in (1) the polarity of the response, i.e., inhibitory or excitatory response, 
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(2) the magnitude of the response, and (3) the temporal pattern of the response (e.g., bursting, 

phasic, or tonic changes in firing rate) (see Figure 2, in Mosher et al., 2010). The nonspecific 

fixation cells and the eye cells share these properties with the rest of visually-responsive neurons 

in the amygdala. For example, the eye cell depicted in Figure S4 A responded with a tonic 

increase in firing rate relative to inter-stimulus baseline. Superimposed on this response, the 

firing rate was further elevated during fixations at the eyes. Finally, the firing rate was 

additionally modulated by the gaze-direction of the stimulus monkey.  Thus the primary response 

of these cells signals the presence of videos while the secondary and tertiary response signals 

fixation at eyes and eye contact respectively.  

Of the 318 recorded neurons, 248 (78%) responded to visual stimuli.  All 52 identified 

fixation cells (38 eye fixation cells and 14 non-selective fixation cells), responded to the 

appearance of visual stimuli on the monitor and the presence of eyes in the fovea (i.e., 52/248, 

21%, of the visually responsive cells also responded to fixations on the eyes; Figure S4). For 

example, cells that respond to fixations (whether non-selectively or selectively for the eyes) with 

tonic increases in firing rate also responded to the onset of the video stimuli with tonic increases 

in firing rate (Figure S4 A-B).  Likewise, cells that respond with phasic changes in firing rate to 

the onset and offset of the video stimuli respond with phasic changes in firing rate to the start and 

end of fixations (Figure S4 C-D).  Importantly, the polarity of the response was the same during 

fixations and the presentation of the video stimuli. 

It is critical to emphasize that the response of fixation-cells to the onset of visual stimuli 

is independent of the monkey’s eye-movements.  In all instances the neural response for stimulus 

onset preceded the neural response elicited by the first fixation that the monkeys made (latency 

of neural response following onset of video stimuli: 147+56 ms; latency of first eye-movement 
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on the visual stimuli: 251+91 ms, ranksum test: z=6.451, P<0.0001 ).  Indeed, the neural 

response evoked by the visual stimulus is more strongly time-locked to the appearance of the 

stimulus than the first fixation on that stimulus (maximum response rate when aligned to onset of 

visual stimulus: 50.3+43.59 Hz, maximum response rate when aligned to onset of first fixation: 

34.8+25.9, difference in maximum response rate=15.4+23.3 Hz, signed rank test, z=5.655, 

P<0.0001).   

  

Discussion 

 We initially identified eye cells in response to videos, a naturalistic, ethologically 

relevant alternative to static images of facial expressions. The videos engaged the viewer 

monkeys in socially-meaningful looking behaviors that are rarely observed in responses to static 

images (e.g., gaze following, gaze avoidance, and the reciprocation of facial expressions) [20].  It 

was assumed that the higher level of engagement of the viewer with the videos was the primary 

cause for the activation of the eye cells. The controls we report here, however, show that eye 

cells are active even when the viewer scans static faces and that active eye movements are not 

necessary for eye-cell activity. Why then did we miss the eye cells in the data recorded in the 

past decade in response to static images of facial expressions? Because the timing of fixations 

and saccades is inconsistent across trials, averaging the spike trains eliminates the chance to 

observe these fixation-related changes of firing rates.  

These findings confirm earlier observations that neurons in the amygdala show several 

levels of nested selectivity. Indeed our 2007 report on the selectivity of amygdala neurons [27] 

shows that the vast majority of neurons in the amygdala are category selective, responding 

differentially to monkey faces, human faces, and objects. Cells that are selective for the faces of 
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monkeys show additional selectivity for individuals. These identity-selective cells further 

differentiate between the facial expressions of that particular individual (see Figure 5 in [27]). 

The eye cells follow the same scheme. Eye cells respond to the onset/offset of images or respond 

tonically during the entire display of the visual stimulus (either videos or static images). In 

addition to this response, the firing rate is significantly increased during fixations at the eyes. 

Finally, fixations on direct gaze (eye contact) elicits higher rates compared to fixations on eyes 

with averted gaze. At the population level neurons that signal eye contact elicit the highest firing 

rates, similarly to threatening faces that elicited higher firing rates than neutral and appeasing 

expressions.  One consequence of the nested selectivity in the amygdala (that receives broad 

inputs from all sensory modalities and broadcasts to an equally large array of targets the outcome 

of the computation that the take place therein), is that the firing rates and the timing of firing rate 

changes carry information about multiple dimensions of a stimulus, and therefore may retain the 

diversity of its inputs. Given the diverse content of the video stimuli and the rarity of eye cells, it 

was not possible to determine whether eye cells are also selective for particular facial 

expressions, i.e., they respond to a particular facial expression and to fixation on the eyes. Future 

experiments using a stimulus set of facial expressions with both directed and averted gaze will 

address this possibility.  

 

The observation that neurons in the amygdala respond selectively to eyes that fall on the 

fovea and do not respond to the presence of eyes in peripheral vision raises the question of 

retinotopy or some form of spatial organization of foveal and peripheral vision in the amygdala. 

Retinotopy is unlikely when considering the gradual expansion of visual receptive fields along 

the ventral visual pathway [30]; indeed the receptive fields in areas that project to the amygdala, 
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e.g. area TE [31-32], are large enough to encompass an entire hemifield [33-35]. Neurons in the 

TE, however, exhibit heightened sensitivity for details that fall within the fovea [36-38]. It is 

unclear whether a mere change in sensitivity is sufficient to account for eye cells. The amygdala 

might receive information about the location of objects and events from alternative sources. The 

visual space in the parietal cortices seems a likely candidate, however, this possibility has not 

been experimentally confirmed. Recent reports on the spatial-selectivity of neurons recorded 

from the amygdala [39] suggest the neuron therein carry spatial information, albeit the spatial 

scale might be too coarse for differentiating between foveal and peripheral vision.   

 

Regardless of the neural mechanism that gave rise to their properties, the eye cells might play an 

important role in species-specific behaviors in primates. These cells might represent an 

evolutionary specialization to support subtle but meaningful forms of social interaction mediated 

by gaze [2,40]. Eye contact, its duration, and the way it is achieved or avoided became 

meaningful social signals. A confident, dominant monkey initiates eye contact by staring at the 

eyes of others and waiting for the targeted eyes to return direct gaze; submissive individuals 

might engage briefly in eye-contact and break it quickly, or may choose to avoid it altogether 

[3,4,41,42]. The majority of psychiatric and neurodevelopmental disorders show disruption in 

the use of eyes in social interactions [43-47]. For example, patients on the autism spectrum 

typically fail to solicit and reciprocate eye contact [45,48-51]. Future studies, that block or 

enhance the activity of eye cells in the amygdala will complete our understanding of their 

potential role in natural and pathological social behaviors.   
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Figure 1: Fixations on videos of conspecifics.  Each 

column depicts the first 10 fixations made by a 

monkey as he viewed a video of a conspecific.  The 

fixated region is depicted as a 4 x 4 degree of visual 

angle “bubble” extracted from the video.  The 

number in the upper left quadrant of each bubble 

indicates the duration (ms) of each fixation.  The 

viewer monkeys fixated the eyes of the movie 

monkeys more often than any other facial feature. 
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Figure 2.  Fixating the eyes 

activates neurons in the monkey 

amygdala.  (A) Fixations were 

classified in three categories 

(indicated by color-coded, shaded 

areas): fixations on the eyes that 

were preceded by fixations 

elsewhere (blue), fixations on 

another feature that followed 

fixations on the eyes (yellow), and 

fixations on other features that were 

preceded by fixations on other areas 

(red).  (B-E) Raster-plots and peri-

event time histograms illustrating 

the activity of four neurons during 

each of the three types of fixations.  

Rasters are sorted by fixation 

duration. Fixations begin at 0 s and 

end at the curved line.  (B) The 

firing rate of this neuron increased 

for the entire duration that the 

viewer fixated the eyes but was 

reduced when the viewer fixated 

other features.  (C) This neuron 

showed a phasic increase in firing 

rate when the eyes were fixated but 

no change in firing rate when other 

features were fixated.  (D) This 

neuron was inhibited when the 

viewer fixated the eyes and was 

released from inhibition when the 

subject looked away from the eyes. 

(E) This neuron reliably increased 

its firing rate following the onset of 

a fixation, regardless of what was 

fixated. (binsize=20 ms). 
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Figure 3: Eye contact cells.  (A) Categories of gaze interactions between the viewer and the 

movie monkeys. Top panel: the movie monkey gazes directly at the viewer but the viewer does 

not fixate his eyes (this scenario is depicted in the purple bars in B,C, and D). Middle panel: the 

subject fixates the movie monkey’s eyes but the movie monkey’s gaze is averted (blue bar in 

B,C and D). Bottom panel: eye-contact is established between the two monkeys (orange bar in B, 

C, and D).  B, C, D. Spike train and mean firing rate of three eye contact cells. Note that each 

cell increased its firing rate during periods of eye-contact (orange) but exhibited little or no 

change in firing rate when the subject fixated the eyes of monkeys with averted-gaze (blue). (E) 

Mean normalized firing rates of 34 eye cells during periods of eye-contact (orange) and during 

fixations on eyes with averted gaze (blue).   
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Figure 4: Fixating the eyes of static images is 

sufficient to drive the eye cells. (A-C) Raster-

plots and peri-event time histograms depicting 

the activity of three neurons during fixations on 

the eyes of monkeys shown in videos (left) and 

in static images (right).  The neurons exhibited 

equivalent changes in response magnitude 

during all time bins spanning the fixation 

(ranksum test, P>0.05).  (A) An eye cell that 

responded with a phasic increase in firing rate 

during fixations on the eyes of monkeys 

depicted in videos and static images. (B) An eye 

cell that responded with a broad phasic increase 

in activity during fixations on the eyes in videos 

and static images. (C) a neuron that exhibited 

delayed inhibitory activity during fixations on 

the eyes in video and static images. (D) Mean 

normalized firing rate (+SEM)  of 14 eye  cells 

during fixation on the eyes of monkeys depicted 

in videos (blue) and static images (green).   
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Movie S1, Related to Figure 1 : Example of an eye cell.    The green dot/line superimposed on 

the video shows the scanpath of the viewer monkey.  When the viewer fixates the eyes of the 

movie-monkey, the cell fires bursts of action potentials.  The audio channel contains the spiking 

activity of the cell. For illustration purposes, the video is displayed at half speed (15 frames/s). 

 

Movie S2, Related to Figure 8: Example of an eye contact cell.    The green dot/line 

superimposed on the video shows the scanpath of the viewer monkey. The audio channel 

contains the spiking activity of the cell.  This neuron responds when the viewer fixates the eyes 

AND the eyes of the movie monkey are directed at the viewer, i.e., eye-contact. When the viewer 

fixates eyes with averted gaze there is no change in spiking activity.  For illustration purposes the 

video is displayed at half speed (15 frames/s).  
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Figure S1, Related to Figure 1:  Population 

response of eye cells. (A) Histogram depicting the 

time bins that each cell exhibited a significant 

difference in firing rate during fixations on eyes 

compared to fixations on other facial features. (B) 

Mean normalized firing rate (+SEM) of 38 eye cells.  

Population activity during eye-fixations is illustrated 

in blue; activity during fixations on other facial 

features is illustrated in red. Note that fixations on the 

eyes elicited increases in firing rate earlier than 

fixations on other features.  The gray curve below 

depicts the mean normalized difference in response 

during fixations on eyes compared to other facial 

features, i.e., the response of each individual cell 

during fixations on non-eye regions was subtracted 

from the response during fixations on the eyes, the 

absolute value was computed and z-score normalized. 

(bin size=20ms)  
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Figure S2, Related to Figure 1: Histology and MRI-based reconstruction of recording sites. 

(A,B,C) Sites of neurons recorded from the amygdalae of monkeys G, Z, and Q, respectively. 

Eye cells are indicated by blue circles.  Nonselective-fixation cells are indicated by purple 

circles.  The sites of all other cells recorded in the amygdala are illustrated by open circles. In 

monkey Q, the projected recording sites were confirmed by an  electrolytic lesion placed at the 

site indicated by the orange X. (D)  Nissl-stained coronal section of the amygdala of monkey Q, 

with the site of the electrolytic lesion indicated by the arrow.  (Nuclei of the amygdala: 

AB=accessory basal, B=basal, Ce=central, L=lateral, M=medial;  ent=entrorhinal cortex; 

opt=optic nerve). 
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Figure S3, Related to Figure 4: Eye 

cells respond independently of 

saccades. (A) (left) Sequence of an 

experimental trial; the subjects fixated 

a cue (white square) to trigger the 

presentation of a static image of a face. 

(right) The histogram shows the 

vertical location of the fixations at 

image onset.  The fixations are 

distributed around the center of the 

image.  Some fixations, however 

appear at the level of the eyes (blue) 

and others around the mouth (red). (B-

D) Raster plots and peri-event time 

histograms for three eye cells. The left 

panel depicts the response of each cell 

during fixations on the eyes of the 

movie movies.  The middle and right 

panel show the response following the 

presentation of static faces with either 

the eyes (middle) or mouth (right) 

centered at location where the subject 

was fixating. (B) A cell that responded 

with a phasic increase in firing rate 

when the eyes were fixated in videos 

or when the eyes appeared at the 

center of gaze when the static image 

was first displayed.  (C) A cell that 

responded with a phasic increase in 

firing rate when the eyes were fixated 

in videos and with a broader phasic 

increase in firing rate when the eyes 

were fixated at the onset of the display 

of the static image (D) A cell that was 

inhibited during fixations on the eyes 

during videos was also inhibited when 

the eyes of a static image fell on the 

center of the gaze.  Note that at ~ 0.15 

s after image onset there is a brief 

increase of firing rate that marks the 

appearance of the image but is 

independent of the fixation content. 

(E) A nonselective fixation cell that 

responds with a phasic increase in 

firing rate when either the eyes or the 

mouth appear at the center of gaze. 
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Figure S4, Related to Figure 4: Nested selectivity of visually-responsive neurons in the monkey 

amygdala.  (A) The spike train and firing rate of cell that was tonically activated by the 

presentation of video stimuli (orange bars).  The same cell shows, at a shorter time scale, 

significant changes in firing rate during fixations on the eyes (red bars).  (B) Rasters and 

perievent time histogram for the neuron shown in panel A.  (left) At the onset of the video, this 

cell exhibited a phasic increase in firing rate that was maintained above baseline levels for the 

entire duration of the stimulus.  (right) The same cell showed secondarily a phasic increase firing 

rate during fixation on the eyes of a viewer monkey.  The elevated firing rate was maintained 

until the viewer made a saccade away from the eyes (as indicated by the red curved line that 

marks the end of fixations on the eyes).  (C) A cell that exhibited a phasic increase in firing rate 

at the onset and offset of a 4 s video; this cell showed similar increases in firing rate at the start 

and end of fixations. (D) A cell that responded to the onset of the video and of fixation on the 

eyes with a phasic increase in firing rate. (peri-stimulus bin size=200 ms; peri-fixation bin size 

=20 ms; instantaneous firing rate binned by convolution with 100 ms gaussian distribution). 
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Supplementary Experimental Procedures 

 

Surgical procedures 

All surgical procedures were carried out in compliance with NIH guidelines and were 

approved by the Institutional Animal Care and Use Committee at the University of Arizona.  A 

detailed description of the surgeries has been previously reported by Gothard et al., 2007 [S1]. 

Briefly, three adult male monkeys (Macaca mulatta) received a pre-surgical MRI scan to 

determine the location of the amygdala in stereotaxic coordinates.  Each monkey was then 

implanted with (1) a recording chamber above the right amygdala and (2) titanium posts 

(Thomas Recording, Germany) for head immobilization during acute neurophysiological 

recordings.  A craniotomy (~13 mm in diameter) was drilled in the center of each chamber. 

Between recordings the craniotomy was sealed with a silicone elastomer to maintain sterility and 

prevent scarring of the dura [S2]. MRI with contrast verified the orientation of the chamber 

relative to the amygdala.  

 

Neural recordings 

 Single unit activity was recorded from monkeys Z and Q using a custom built 7-channel 

Eckhorn drive (Thomas Recording, Germany) that advanced 7 microelectrodes (quartz-glass 

insulated tungsten electrodes, 80-100 μm diameter, 1-2 MΩ impedance) into the right amygdala 

[S1].  In monkey G, a custom-built NAN drive (NAN Instruments, Israel) advanced into the 

brain a single reference electrode and 3 recording microelectrodes (quartz-glass insulated 

tungsten electrodes, 250 μm diameter, 1-2 MΩ impedance).  The anatomical location of each 

electrode tip in the amygdala was calculated based on the post-surgical MRI, a method which has 
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been validated histologically [S1].  Single unit activity was preamplified via a head stage with 20 

gain (Thomas Recording, Germany; Neuralynx, Montana), and a headstage with unity gain for 

the NAN system; the signals were amplified and filtered (1,000 gain; 600-6,000 Hz filter, Lynx-

8, Neuralynx, Bozeman, MT, USA), and sampled continuously at 40 kHz (Power 1401, 

Cambridge Electronic Design [CED], Cambridge, UK).  Single-units were sorted off-line using 

the Spike 2 template-matching algorithm and principal component analysis (CED, Cambridge, 

UK).  

  

Stimuli  

 Video stimuli. Monkeys viewed either 4 or 10 s video clips extracted from raw video 

footage of macaque (Macaca mulatta) behavior.  To ensure the stimuli were as natural as 

possible, no editing was performed and all video footage was continuous in time. Each movie 

depicted either (1) a single monkey in a plexiglass cage, displaying various social signals and 

facial expressions, or (2) multiple monkeys engaged in group interactions in the field station of 

the California National Primate Research Center (for details see [S3]) and freely-ranging 

monkeys on the island of Cayo Santiago (courtesy of Dr. Lisa Parr, Emory University).  In each 

10 s video, the movie monkey looked toward or away from the video-camera, providing periods 

when the viewer monkey could perceive the stimulus as having direct or averted gaze.  In total, 

126 movies of single monkeys were shown (42 identities x 3 social behaviors). The social group 

videos depicted 2-7 monkeys engaged in a variety of behaviors, e.g., allogrooming, aggression, 

eating, playing.  As with the single monkeys, these videos contained segments where at least one 

of the monkeys looked directly at the video camera.  In total, 165 movies of this type were 

shown.  Examples of movie stimuli are provided in Movie S1 and Movie S2. 
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 Static images. To compare the response of eye cells on videos and static images, single 

frames were extracted from the 4 s video stimuli and presented as single static images. To 

determine the response of eye cells in the absence of saccades, faces of 20 unfamiliar monkeys 

were used as image stimuli.  The faces displayed neutral expressions and either direct or averted 

gaze. All faces were superimposed on scrambled backgrounds matched for color and contrast 

(for an example of the stimuli used see Figure 7 or Mosher et al., 2011 [S4]) 

 

Behavioral task and recording procedure 

 Data were recorded in 18 sessions from monkey Q, 37 sessions in monkey Z, and 16 

sessions in monkey G.  During each session, 22-100 different videos were presented in 

pseudorandom succession, 1-5 times each.   

 Monkeys were seated in a custom-built primate chair with their eyes located at 57 cm 

from an LCD monitor spanning 37 x 38 degrees of visual angle (dva) with a refresh rate of 60 

Hz.  The eye-position of the subject monkey was recorded within +1 dva resolution using an 

infrared eye-tracker with a sampling rate of 240 Hz (ISCAN Inc., Woburn, MA, USA).  The 

presentation of visual stimuli was executed by Neurobehavioral Systems Presentation software 

(Albany, California, USA).  Custom-made hardware was designed to interface with Presentation 

so that the display of each video frame could be recorded with 1 ms resolution.  The eye-

movements of the subject, the display of the stimuli, and the neural recordings were co-registered 

in time using a CED Power 1401 data acquisition system and Spike 2 software (CED, 

Cambridge, UK).  

 Stimuli were displayed in a trial structure.  At the onset of a trial, the monkey was 

presented with a cue subtending 2 dva.  Fixating the cue for 100 ms triggered the presentation of 
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either a video or static image.  During recording sessions that included both videos and static 

images, both types of stimuli had equal probability of being presented and were shown in 

pseudorandom succession. Video stimuli spanned 26 x 18 dva and consisted of 120 frames (4 s) 

or 300 frames (10 s) displayed at a temporal resolution of 30 frames per second.  The 

corresponding static images also spanned 26 x 18 dva and were also displayed for 4 s.  During 

stimulus presentation, the subjects were free to look anywhere on or off the monitor.  At the 

termination of the stimulus, monkeys G and Z received 0.5-1 mL juice reward; monkey Q 

received no reward.  Each stimulus was followed by a 4-12 s inter-movie-interval during which 

time the display monitor remained with a blank screen.  

 Note: To test the response of fixation cells in the absence of saccades (Figure 7), static 

images were presented at 14 x 14 dva for 1.5 seconds.  The monkeys were allowed to freely view 

the images but were required to keep their gaze within the perimeter of the image at all times.   

 

Histology 

 The reconstruction of intra-amygdala recording sites was based on histological and MRI 

analysis.  Histological analysis was performed for monkey Q. After euthanasia, the brain was 

extracted from the skull and submerged in 4% phosphate-buffered  formaldehyde (pH 7.2). The 

block containing the amygdala was sectioned in the coronal plane at 40 µm thickness and the 

sections through the amygdala were mounted on microscopic slides and stained with the Nissl 

method to determine the nuclear boundaries and the site of an electrolytic lesion made during his 

final experiment (two sequential 100 μA direct current pulses, 10 s in duration).  Monkey Z and 

G are currently involved in ongoing studies, thus precluding histological confirmation of the 

electrode tracks.  
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Data Analysis 

 Analyses were carried out using custom-designed programs in MATLAB R2009 (The 

MathWorks, Natick, MA, USA). 

 

Classification of eye cells. 

 A cell was classified as an eye cell if its response met two criteria: (1) a significant 

change in firing rate time-locked to the onset of fixations, and (2) a significant difference in 

firing rate during fixations on the eyes compared to fixations on the mouth or other facial region 

(Wilcoxon ranksum test for both comparisons, P<0.05).  If a cell met the first criterion but failed 

to meet the second it was classified as a non-selective fixation cell. 

 To identify at every time-point where the monkey was fixating, the eye-movements of the 

viewer monkey were co-registered with the presentation of each video frame.  Eye-movements 

greater than 1 dva were detected automatically -- the onset of each fixation was identified as the 

point in time when the movement of the eye decelerated to less than 2 dva/s
2
.  The onset of each 

fixation was manually verified.  Fixations on the eye and mouth region were classified based on 

regions-of-interest boundaries manually outlined by three experimenters. 

 

Responses of eye cells to eye-contact 

Eye-contact was defined as time periods when the viewer monkey fixated the eyes of the movie 

monkey and the movie monkey’s gaze was directed at the viewer.  To determine if a neuron 

responded to eye-contact we used a two-tailed bootstrapping analysis: 
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(1) We calculated the difference in firing rate between periods of eye-contact and periods 

when the viewer fixated eyes with averted gaze. 

(2) We randomly shuffled the ethogram of the movie monkey's gaze direction 1,000 times, 

with replacement.  Shuffling only the ethogram preserves all aspects of the neural data 

(no shuffling spike times) and all aspects of the viewer’s eye-movements (notably the 

epochs when the viewer fixated the eyes of the movie monkey). 

(3) Based on these 1,000 shuffled data, we obtained a distribution of firing rates using the 

same calculation as in (1). 

(4) We compared the empirical firing rate during true eye-contact with the distribution of 

firing rates obtained from the shuffled data.  If the empirical firing rate for eye-contact 

was greater than 97.5% of the shuffled values then the neuron was classified as an eye-

contact cell (two-tail bootstrap, α=0.05). 

 

The mean response of each cell during eye-contact and during fixations on eyes with averted 

gaze was normalized to the average firing rate of the neuron (z-score) and is summarized in 

Figure S1.   

 

Response latencies of fixation cells. 

 Neural response latencies were determined by applying the cumulative sum procedure to 

peri-event time histograms with a binsize of 5 ms (Ellaway, 1978).  The cumulative sum 

procedure involves (1) calculating the mean firing rate during a baseline time period, (2) 

subtracting the mean baseline firing rate from the value of each bin in the peri-event time 

histogram, and (3) adding together the values in the histogram that occur within consecutive time 
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bins.  The response latency was identified as the time bin at which the normalized cumulative 

sum measure (z-score) exceeded a value of 2.575 (the 99% confidence level of the z-score 

measure).  For stimulus-evoked responses, the 200 ms period preceding stimulus onset was used 

as baseline; for fixation-related responses, the 200 ms period preceding the saccade was used. 
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