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GENERAL ABSTRACT 
          

The ability to make use of the diverse sensory information present in the natural world is 

critical for every living creature from single-cell organisms to humans. In the primate brain, signals 

from different sensory modalities begin to intermix as early as the primary sensory cortices and 

become intricately interwoven along a myriad of parallel processing routes. Many of these routes 

pass through a temporal lobe structure called the amygdala. This subcortical cluster of nuclei is 

involved in a host of functions ranging from regulation of the autonomic nervous system to the 

generation of social behaviors. Despite the diverse inputs and varied functions of the amygdala, 

most of what is known about this structure in primates comes from studies that relied on visual 

stimuli. More must be done to assess how the primate amygdala processes multisensory 

information in order to better understand how this structure contributes to higher order cognitive 

functions. The three chapters of this dissertation report the outcome of experiments that are a 

logical progression of my research. 

The first experiment presented here examined how the amygdala processes visual 

information as monkeys scanned complex arrays of images. While some theories suggested that 

neural activity in the amygdala should alert an organism to potentially important stimuli before the 

animal attends to them, we found that the activity of neurons in the amygdala was gated by 

attention. Some neurons were found to be tuned to specific categories of stimuli (e.g., monkey 

faces or flowers); however, many cells responded to some degree across a range of categories. The 

complexity of the responses seen in this study have become increasingly common observations in 

neuroscience experiments. 

In order to link the work in the visual domain with ongoing work in the laboratory that 

focused on touch, we designed an experiment that involved both visual and tactile stimuli. We also 
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added auditory stimuli in order to cover a wider subset of sensory domains. In these experiments, 

we examined the responses of neurons in the amygdala to stimuli that were devoid of any obvious 

emotional or social meaning to the monkeys (neurons in the amygdala are known to respond to 

these abstract features). As expected, we found neurons that responded to stimuli of all three 

sensory domains; however, we were surprised by the large proportion of responsive cells (~70%) 

given the low salience of the stimuli. Furthermore, we found that many neurons appeared to 

differentiate the sensory modality of the stimulus by varying different parameters of their spiking 

activity. The high number of multisensory responses from neurons in the amygdala suggests that 

researchers may be missing many crucial functions of this structure when the stimulus space is 

small or focuses on stimuli from a single sensory domain. The second chapter of the dissertation 

reports the outcome of this experiment. 

In the third chapter, I report the outcome of applying a data analysis method, new to the 

study of local field potentials (LFPs), to data recorded in response to multisensory stimuli. It has 

been notoriously difficult to extract meaningful information from LFPs in the primate amygdala, 

primarily because the amygdala lacks the layered anatomical organization of the neocortex or the 

hippocampus. A small number of reports suggest a functional relevance of theta and gamma 

oscillations in rodents and cats during anticipatory anxiety, fear, and reward learning tasks but 

attempts to quantify or interpret amygdala LFP in primates are almost non-existent. By 

simultaneously recording field potentials from the entire dorsal-ventral axis of the amygdala, we 

were able to isolate statistically distinct signals likely related to the underlying neural structure of 

the amygdala. We used a non-orthogonal covariance-based decomposition method, called 

generalized eigendecomposition (GED), which maximizes the differences between experimental 

conditions (e.g., baseline and stimulus delivery) to extract statistically dissociable components of 
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LFP activity related to sensory processing. The activity captured by these components reflects 

electrophysiological structure likely generated by networks of neurons in the amygdala. The 

activity of these component signals often differentially processed the three sensory modalities 

tested. Importantly, the signals extracted with these methods frequently showed dramatic changes 

at the anatomical boundaries between the nuclei in the amygdala, suggesting that these networks 

are spatially defined by these boundaries. These experiments demonstrate that meaningful LFP 

signals can be readily extracted from the amygdala with sophisticated analysis techniques.   

Taken together, the work contained in this dissertation deepens our understanding of the 

ways in which the primate amygdala may contribute to higher order cognitive functions. For 

example, in order to understand how the amygdala contributes to social communication we must 

know how attending to social stimuli modulates activity of amygdala neurons (chapter 1). 

Furthermore, we need to have an idea of how information from multiple sensory modalities is 

processed (chapters 2 and 3) as sight, sound, and touch can all provide valuable information about 

the emotional state and intentions of others. These functions are severely impaired by amygdala 

damage, therefore, the neural processes reported here might be the substrate, or neural foundation, 

of these behaviors.   
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GENERAL INTRODUCTION 
  

Background information on the amygdala and its functions 

         The first descriptions of the amygdala were made in the late 1810s and early 1820s by Karl 

Burdach who reported an almond-shaped mass of gray matter in the anterior temporal lobe of 

dissected human brains (Burdach, 1819; Pabba, 2013). It would be over half a century until the 

first major investigations regarding the function of the amygdala were conducted by Brown and 

Schafer in the 1880s (Brown and Schafer, 1888). Brown and Schafer sought to learn more about 

the function of the temporal lobes (along with other brain structures) by surgically removing them 

in rhesus macaques. The documentation of these experiments (including the quote below) provided 

critical first steps to uncovering the function of the amygdala: 

 

“Prior to the operations he [a rhesus macaque] was very fierce and wild, assaulting every person 

who teased or tried to handle him. Now he voluntarily approaches all persons indifferently, allows 

himself to be handled, or even to be teased … He gives evidence of hearing, seeing, and of the 

possession of his senses generally, but it is clear that he no longer clearly understands the meaning 

of the sounds, sights, and other impressions that reach him.” 

 -Brown and Schafer, 1888 

 

Even at these early stages of experimentation it was clear that something in the temporal 

lobes was necessary for normal social behavior and the interpretation of stimuli in the environment. 

In a series of canonical experiments, Heinrich Klüver and Paul Bucy were the next to find that 

removal of the temporal lobes, including the amygdala, resulted in “profound changes in emotional 
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behavior” among many other interesting issues (Klüver and Bucy, 1939). Many of the emotional 

and social changes seen in these experiments have since been localized to the amygdala. While 

scientists have made great strides in amygdala research since these seminal studies, it remains a 

difficult structure to understand. There are numerous (frequently debated) ways to subdivide the 

amygdala into distinct nuclei and subnuclei based on its cytoarchitecture (Swanson and Petrovich, 

1998). Furthermore, the amygdala is one of the most interconnected structures in the brain, with 

each nucleus receiving inputs from and sending outputs to a myriad of other brain regions (Amaral 

and Price, 1984; Bonda, 2000; McDonald, 1998; Sah et al., 2003; Young et al., 1994). To make 

matters even more complex, the amygdala appears to be involved in a wide range of functions 

including regulation of appetite/feeding (Cai et al., 2014; Kadohisa et al., 2005; Kim et al., 2017; 

Zhang et al., 2011), interpretation and generation of emotions (Baxter and Croxson, 2012; 

Gallagher and Chiba, 1996; Kim et al., 2016; Kuraoka and Nakamura, 2007; LeDoux, 2007, 2012; 

Oya et al., 2002; Phelps and LeDoux, 2005; Wang et al., 2014), emotional memory (Bocchio et 

al., 2017; Ehrlich et al., 2009; Paré, 2002; Paz and Pare, 2013; Phelps, 2004; Seidenbecher et al., 

2003), reinforcement learning (Averbeck and Costa, 2017; Baxter et al., 2000; Costa et al., 2016; 

Málková et al., 1997; Namburi et al., 2015; Paton et al., 2006; Rudebeck et al., 2013), and the 

processing of socially salient information and guidance of social behavior (Adolphs et al., 1998; 

Amaral, 2006; Bickart et al., 2011; Chang and Tsao, 2017; Chang et al., 2015; Gothard et al., 2018; 

Grabenhorst et al., 2019; Livneh et al., 2012; Minxha et al., 2017; Mosher et al., 2014; Munuera 

et al., 2018; Rutishauser et al., 2015).  

  Amygdala abnormalities are linked to many psychiatric and neurodevelopmental disorders 

including autism, schizophrenia, depression, and general anxiety disorder (Amaral et al., 1992; 

Forster et al., 2012; Schumann et al., 2011). A rare disease that causes bilateral calcification of the 
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amygdalae (Urbach and Wiethe, 1929) is characterized by a range of deficits of social behaviors 

(Adolphs et al., 1998; Rutishauser et al., 2015). These include an inability to interpret facial 

expressions, lack of eye contact, and a disregard of people’s personal space (Adolphs and Spezio, 

2006; Adolphs et al., 2005). Epileptic seizures affecting the amygdala have been linked to 

behaviors ranging from cessation of breathing to fear inducing hallucinations (Biraben et al., 2001; 

Dlouhy et al., 2015; Gloor et al., 1982). Experimental alteration of amygdala activity can result in 

simple behavioral changes like modulation of startle responses or extremely complex ones like the 

initiation of hunting behaviors in rodents (Han et al., 2017; Rosen and Davis, 1988). Lesions of 

the amygdala in primates cause impairments in the ability to make economically sound choices 

and can disrupt cross-modal learning (e.g., prevent an animal from using the physical texture of 

an object to infer its visual features) (Baxter et al., 2000; Murray and Mishkin, 1985; Rudebeck et 

al., 2013). While removal of the amygdala may not directly lead to death for most animals, it is 

abundantly clear that this structure is important for the everyday natural behaviors that permeate 

our lives. For example, learning to associate stimuli with outcomes (Pavlovian conditioning) or 

actions with outcomes (instrumental conditioning) are elemental components of everyday 

behaviors that depend on the functional integrity of the amygdala. In fact, the role of the amygdala 

in fear learning is one of the most explored and likely best understood behaviors in neuroscience 

(Duvarci and Pare, 2014; Ehrlich et al., 2009; Phelps and LeDoux, 2005). 

Despite our growing knowledge about the amygdala, we still have more questions than 

answers about this temporal lobe cluster of neurons. To fully elucidate the role of the amygdala in 

the complex behaviors listed above, we must first answer some basic questions. For example, we 

still do not have a solid grasp on why neurons in the amygdala respond to particular stimuli. While 

abstract features like the value associated with a stimulus or the social aspects of an image are 
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clearly represented by neurons in the amygdala (Bermudez and Schultz, 2010; Gothard et al., 2007; 

Mosher et al., 2014; Paton et al., 2006), attempts of researchers to reliably categorize neural 

responses of the amygdala often end up being overly simplistic. For example, in Paton et al. 2006 

the authors conducted a study to assess how neurons in the amygdala “form a representation of 

visual stimulus value.” Though they were focused on discovering how values associated with 

stimuli drove amygdala activity, they noted that “image identity had a significant effect in many 

cells, often overlapping with the representation of value at the single-cell level.” This shows how 

difficult it is to disentangle simple features like the sensory properties of an image from complex 

ones (i.e., associated value). Findings like these tend to be glossed over yet they point out an 

important issue; we still do not understand how amygdala activity relates to basic sensory 

processing. Because of this, it is possible that current popular avenues of primate amygdala 

research are missing out important details concerning the natural functions of the amygdala. 

Furthermore, it is probable that the use of more naturalistic and multidimensional experimental 

designs will help scientists find new ways to describe amygdala function.  

 

Background information on the sensory inputs to the amygdala 

In order to understand the motivations behind the experiments in this thesis, it is useful to 

also have some basic background on the connectivity of the primate amygdala. The amygdala 

receives sensory inputs from a wide array of cortical areas and has been described as “an essential 

link between sensory and limbic areas of the cerebral cortex and subcortical brain regions” (Amaral 

and Price, 1984; McDonald, 1998; Sah et al., 2003; Young et al., 1994). Cortically processed 

sensory signals arrive primarily to the lateral nucleus of the amygdala. Much of this input is 

believed to be highly processed, meaning that the information reaching the amygdala is related to 
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simple sensory properties like the shape of an image or the frequency of a tone. Rather these signals 

are thought to carry abstract information about what a stimulus is at a conceptual level (Quiroga 

et al., 2005). Details about the visual, tactile, and auditory processing streams are provided in the 

following paragraphs. 

      In the visual domain, the amygdala sits at the end of the canonical “ventral visual 

processing stream” (Mishkin and Ungerleider, 1982). The visual system is the best characterized 

sensory processing path in primates, which is understandable given the reliance of humans and 

many other primates on vision. Much of our understanding of how abstract representations of any 

sensory information form comes from studying the visual system. In brief, visual information is 

processed first in the primary visual cortex (V1) where neurons respond to basic features like edges 

or orientation of an object (DiCarlo et al., 2012; Kravitz et al., 2013). This information is 

transferred to secondary processing stages (i.e., in V2 and V4) and onward to associative (TE) 

visual areas. At each stage, the representation of visual signals becomes increasingly complex. 

Neurons in higher level associative areas of TE appear to respond to abstract features of stimuli, 

for example, many neurons in the superior temporal sulcus (STS) of monkeys have been shown to 

respond to face images (Baylis et al., 1985). The regions in TE are the visual areas that project 

most strongly to the amygdala (Sah et al., 2003; McDonald, 1998), providing the amygdala with 

highly processed visual information. 

         Somatosensory signals begin their journey through the brain at the primary somatosensory 

cortex (SI). This area predominantly projects to the secondary somatosensory cortex (SII), which 

in turn sends projects to the granular (GI) and dysgranular insular (DI) cortex (Kaas, 1993; 

Mountcastle, 2005; Pons and Kaas, 1986; Ruben et al., 2001). Both GI and DI are well connected 

with the lateral nucleus of the amygdala and some projections from these areas also target the 
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central, medial, and basal nuclei directly (Friedman et al., 1986; Mufson et al., 1981). Neurons in 

the somatosensory portions of the insula have been shown to respond to a variety of features of 

somatosensory stimuli ranging from differences in the kinetics and force of touch to the subjective 

emotional responses elicited by tactile stimuli (Björnsdotter et al., 2009; Craig, 2002; Grandi and 

Gerbella, 2016; Olausson et al., 2002; Wicker et al., 2003). Therefore, it is to be expected that 

neurons in the amygdala continue to transform the already abstract somatosensory information 

received from GI and DI. 

The auditory processing system is typically divided into two processing streams with 

similar functions to the visual streams (i.e., “what” and “where” streams) (Bizley and Cohen, 2013; 

Hackett, 2011; Rauschecker, 1997).  Although the exact roles of these parallel streams are debated, 

the projections along the “what” stream progress rostrally from the core auditory cortex (including 

primary auditory cortex, AI) through secondary areas (e.g., AII) to targets in areas in the temporal 

pole (i.e., TE) as well as the insula. As discussed previously, both the insula and areas in TE, like 

the STS, are heavily connected with the amygdala. Though the auditory system has not been as 

extensively studied in non-human primates as the visual system, evidence suggests that these latter 

stages of the “what” stream represent complex and abstract features of the acoustic environment. 

For example, neural activity in the human STS is driven more readily by intelligible speech, 

individual words, and word components (i.e., phonemes) than non-speech sounds (Binder et al., 

2000; Davis and Johnsrude, 2003; Liebenthal et al., 2010; Obleser et al., 2006; Scott et al., 2000). 

Likewise, in non-human primates neurons in the STS can be activated by common vocalizations 

(Ghazanfar et al., 2008; Romanski and Averbeck, 2009). Therefore, auditory information reaching 

the amygdala has also been refined via a series of cortical processing steps. 
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Overall, these anatomical studies show that the amygdala receives highly processed 

information from a variety of sensory systems. Many of these inputs are likely already 

multisensory (Ghazanfar and Schroeder, 2006). Furthermore, the cortical areas that send efferents 

to the amygdalar nuclei also receive reciprocating projections from the same nuclei (Amaral and 

Price, 1984), suggesting that feedback connections from the amygdala are capable of influencing 

the input signals. Lastly, it is important to note that the connectivity of the amygdala is slightly 

different between species. For example, in primates most reciprocal projections from the amygdala 

to cortical areas arise mainly in the magnocellular basal nucleus rather than the lateral nucleus (as 

in rodents and cats) (Amaral and Insausti, 1992). The point here is that the complicated 

connectivity patterns bring highly processed information into the amygdala. This suggests that 

neural responses in the amygdala will be multidimensional, likely responding to multiple features 

of a stimulus. The convergence of multiple sensory processing streams into the amygdala provides 

a basis for intricate, multisensory response capabilities of neurons in the amygdala, as well. 

Restriction of experimental paradigms to assessing single dimensions of stimuli is often 

advantageous for testing of specific hypotheses, but this may be limiting discovery by ignoring 

potential alternative sources of information present in multidimensional stimuli. 

 The specific motivations for each experiment are outlined in the introduction section of 

each chapter but all of these studies were designed with the functional and anatomical knowledge 

outlined above in mind. Of the many results discussed in this thesis, the prevailing theme that I 

have observed during my research is that the neural responses of the amygdala are extremely 

flexible and highly multidimensional. While our hypotheses were generally validated, we often 

underestimated how well the amygdala could be driven by the diverse stimuli chosen for each 
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experiment. Taken together, each of these studies provides a push toward experiment designs that 

seek to address the role of the amygdala in more naturalistic settings.   
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CHAPTER 1:  Fixations gate species-specific 

responses to free viewing of faces in the human and 

macaque amygdala 
 

Abstract 

 In this first experiment we sought to assess the visual processing capabilities of the primate 

amygdala while monkeys and humans viewed arrays of images. Neurons in the primate amygdala 

respond prominently to faces. This implicates the amygdala in the processing of socially 

significant stimuli, yet its contribution to social perception remains poorly understood. We 

evaluated the representation of faces in the primate amygdala during naturalistic conditions by 

recording from both human and macaque amygdala neurons during free viewing of identical arrays 

of images with concurrent eye tracking. Neurons responded to faces only when they were fixated, 

suggesting that neuronal activity was gated by visual attention. Further experiments in humans 

utilizing covert attention confirmed this hypothesis. In both species, the majority of face-selective 

neurons preferred faces of conspecifics, a bias also seen behaviorally in first fixation preferences. 

Response latencies, relative to fixation onset, were shortest for conspecific-selective neurons, and 

were ~100ms shorter in monkeys compared to humans. This argues that attention to faces gates 

amygdala responses, which in turn prioritize species-typical information for further processing. 

Contributions to this work 

 These experiments were some of the earliest endeavors of my graduate career and involved 

a collaboration between the Gothard laboratory at the University of Arizona (including Dr. Katalin 

Gothard, then senior graduate student Clayton Mosher, and myself) and the Rutishauser lab at the 
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California Institute of Technology (including Dr. Ueli Rutishauser, Juri Minxha, and surgeon Dr. 

Adam Mamelak). My primary contributions to the work outlined in this chapter included data 

collection and analysis; however, work at the University of Arizona (including my own) focused 

on the non-human primate portion of the experiments while the human research was conducted by 

the team in Los Angeles. The original experimental design was developed in the Gothard lab prior 

to my arrival and later iterations were created for human research at Cal Tech. As one of the 

strengths of this work is the inter-species comparisons, all data that was collected, analyzed, and 

discussed during these experiments is discussed in this chapter.  

1.1 - INTRODUCTION 

 Faces are important stimuli for primate social behavior. Humans and macaques share a 

homologous set of cortical regions specialized for processing faces (Tsao et al., 2008) and in 

macaques these “face patches” contain neurons almost entirely selective for faces (Tsao et al., 

2006). Together, face patches constitute an interconnected system for constructing face 

representations from facial features (Freiwald et al., 2009; Moeller et al., 2008). A key unanswered 

question is how this cortical representation of faces guides social behavior. The amygdala is a key 

structure in such subsequent processing: it is reciprocally connected with the cortical face patches 

(Grimaldi et al., 2016), contains a large proportion of neurons selective for faces (Gothard et al., 

2007; Mosher et al., 2014; Rutishauser et al., 2011; Sanghera et al., 1979), and is critical for 

primate social behavior. 

 The amygdala processes stimuli with ecological significance, including not only social 

stimuli such as faces, but conditioned and unconditioned rewards and punishments (Adolphs, 

2010; Paton et al., 2006). Face-selective responses are prominent in the amygdala of both humans 
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and monkeys (Fried et al., 1997; Gothard et al., 2007; Mosher et al., 2014; Rutishauser et al., 2011; 

Sanghera et al., 1979) as would be expected from the highly processed visual inputs the amygdala 

receives from the multiple areas where face-selective cells have been discovered (Bruce et al., 

1981; Desimone, 1991; Gross et al., 1972; Perrett et al., 1982; Rolls, 1984). This picture suggests 

a limited contribution of the amygdala to face processing: all its face selectivity might be explained 

by the inputs from face-selective cortical regions. Also it is commonly believed that the large 

receptive fields of the neurons that provide input to the amygdala would result in visual receptive 

fields of amygdala neurons that are not spatially restricted (Barraclough and Perrett, 2011; 

Boussaoud et al., 1991; Gross et al., 1969). It has been proposed that the amygdala responds to 

faces even when they are not attended (Vuilleumier et al., 2001) or consciously perceived 

(Tamietto and de Gelder, 2010).  This view of the amygdala’s function fits with a long-standing 

debate about whether the amygdala mediates rapid automatic and relatively coarse detection of 

significant stimuli through a route of subcortical inputs (Cauchoix and Crouzet, 2013). These 

views challenge observations that human amygdala neurons show exceedingly long visual 

response latencies (Mormann et al., 2008; Rutishauser et al., 2015a), and that fMRI activation of 

the amygdala appears to require visual attention (Pessoa et al., 2002). In the absence of 

comparative studies using the same stimuli and the same paradigm in both species, it is nearly 

impossible to determine whether these are differences between the two species or rather different 

experimental conditions. Resolving these disparate conclusions thus requires a more 

comprehensive investigation, which no single study has yet accomplished: assessing amygdala 

responses to faces at the single-unit level across both monkeys and humans, and investigating 

selectivity and response latency in relation to fixation onset during free-viewing with concurrent 

eye-tracking.   
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  Although we know much about how face-selective responses may arise from the geometric 

and semantic features of faces (Tsao et al., 2006), this knowledge has been derived from studies 

with static stimuli of single faces displayed on a featureless background and in the absence of eye 

movements. As such, little is known about face responses during natural vision and their potential 

modulation by attention. During natural vision, the visual system has to contend with complex and 

dynamic visual scenes in which multiple items compete for attention. Eye movements select from 

the multitude of possible fixation targets that are salient or behaviorally significant elements of the 

scene (such as faces).  Under these conditions, the response properties of cortical visual neurons 

can be modulated dramatically (Rolls et al., 2003; Sheinberg and Logothetis, 2001). Indeed, eye 

movements and the use of naturalistic stimuli change the selectivity and response reliability of 

neurons even in early visual areas (David et al., 2004; Gallant et al., 1998). Similar modulation of 

attention-related neural activity has been found in parietal and prefrontal visual areas involved in 

the planning and elaboration of a sequence of fixations during natural vision (Zirnsak and Moore, 

2014). Likewise, neurons in inferotemporal cortex that are selective for an item embedded in a 

crowded scene respond to their target stimulus only during fixations on that particular item 

(Sheinberg and Logothetis, 2001). Thus, throughout the brain, visual processing is strongly 

influenced not only by the identity of objects, but also by how fixations select them. However, 

almost nothing is known about how fixations affect visual processing in the amygdala. 

 In the context of natural vision, the amygdala is of particular interest because amygdala 

lesions are known to interfere with the efficient visual exploration of faces (Adolphs et al., 2005) 

and amygdala neurons respond to dynamic social signals such as eye contact (Mosher et al., 2014).  

Moreover, lesions of the amygdala produce a complex constellation of impairments in social 

behavior (Adolphs et al., 1998; Adolphs et al., 1994).  The amygdala is thus a prime candidate for 
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mediating between the perceptual representations of faces in the cortical face-patch system, and 

the mediation of social behaviors based on such perception.  Elucidating this role, however, 

requires both a more naturalistic presentation of stimuli, and a better quantification of how they 

are attended.  Here we achieved both these imperatives by allowing subjects to freely view a 

complex array of images that competed for attention while we monitored eye movements. Our 

focus was on the category selectivity of amygdala neurons during natural vision, with specific 

emphasis on the potential category selectivity for conspecific and heterospecific faces. We focused 

on faces not only because of their patent ecological relevance, but also because this is the visual 

category of stimuli consistently explaining the largest proportion of variance of the responses of 

amygdala neurons (Gothard et al., 2007; Rutishauser et al., 2011).  

 In addition to using free viewing and eye tracking, we sought to find convergent evidence 

by presenting identical stimuli to both monkeys and humans in an attempt to help generalize 

findings across species.  This allowed us to compare between responses to faces in each species, 

including differences in neuronal response selectivity and latency. To achieve this, we presented 

humans and monkeys with the same arrays of images for free viewing. The arrays contained 

images of monkey and human faces intermixed with images of non-face objects. We addressed 

three tightly related questions: First, do neural responses in the human and monkey amygdala 

depend on the visual category of attended stimuli as assessed by fixation location?  Second, are 

face-responsive neurons in the amygdala biased for faces of conspecifics? Third, are the response 

latencies to faces different in the two species? Together, this comparative study reveals that 

primate amygdala responses during free viewing are profoundly influenced by attention to socially 

relevant stimuli during natural vision. Our findings suggest a mechanistic basis for the role of the 

primate amygdala in attentional selection for social stimuli, by which amygdala responses in turn 
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regulate responses in visual cortex in a top-down manner (Pessoa and Ungerleider, 2004).  

1.2 - METHODS 

Further details on methodology are provided in the Supplemental Experimental Procedures. 

1.2.1 - Human electrophysiology  

 Human subjects were patients being evaluated for surgical treatment of drug-resistant 

epilepsy that provided informed consent and volunteered for this study. Monocular gaze position 

was monitored at 500Hz (EyeLink 1000, SR Research). The institutional review boards of Cedars-

Sinai Medical Center and the California Institute of Technology approved all protocols. We 

recorded bilaterally from the amygdala using microwires embedded in macro-electrodes. 

 

1.2.2 - Monkey electrophysiology  

 All surgical procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Arizona. We performed single-neuron recordings as previously 

reported (Gothard et al., 2007). Briefly, seven independently moveable electrodes were lower into 

the amygdala using a 7-electrode Eckhorn mini-matrix drive system. Single-units were isolated on 

as many contacts as possible. After single-unit isolation, electrodes were given 30-60 minutes to 

settle before beginning the experiment session. 

  

1.2.3 - Behavioral task: free viewing 

 Monkeys were trained to fixate on a white cross.  If the monkeys maintained gaze on the 

fixation spot for at least 100ms, a circular array of images subtending 23.4 x 23.4 dva was 
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presented.  Monkeys were allowed to freely scan the scene for 3-4 s, but were required to keep 

their gaze within the boundaries of the array for at least 3 s. Monkeys received a 0.5–1 ml juice 

reward followed by a 3s inter-trial interval if this condition was met. If the monkey failed to fixate, 

or looked outside the boundary of the image, the trial was terminated, reward was withheld, and 

the array was repeated. 

 Humans were instructed to freely observe the arrays for a fixed amount of time (4s). After 

each array, a blank screen with a fixation cross was displayed for 1s.  

 

1.2.4 - Behavioral task: covert attention 

 This experiment was carried out only in humans.  Human subjects were instructed to 

maintain fixation at the center of the screen. The same stimuli were used. Stimuli were displayed 

in the periphery (6 DVA) in one of eight possible locations (Fig. 1.7A). Subjects were instructed 

to maintain fixation and answer a yes/no question about the image (“does the image contain a car, 

yes or no”) with a button press. Images stayed on the screen until an answer was provided (with a 

time-out of 5s). In each session, subjects viewed 320 images chosen equally from the four stimulus 

categories (monkey face, human face, fruits, and cars).  

 

1.2.5 - Spike sorting and single-neuron analysis  

 We used the same processing pipeline to process the monkey and human recordings (see 

supplementary methods). All PSTH diagrams were computed using a 250ms window with a step-

size of 7.8ms. No smoothing was applied.  
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1.2.6 - Selection of units  

 We determined whether a cell’s response is sensitive to the identity of fixated stimuli using 

a 1x4 ANOVA of the spike counts during a 250ms long time window centered on the point of time 

at which MI was maximal for each species (t=332ms and t=229ms, respectively). We excluded 

successive fixations that fall on the same category (Fig. S3C, conservative criteria). To achieve 

this, we included only fixations that were not preceded or succeeded by fixation(s) on an image of 

the same category for at least 100ms. If the ANOVA was significant (p<0.05), we determined the 

category with the largest mean response in the same time window. This category was used as the 

preferred category of the cell. 

 

1.2.7 - Assessment of selectivity 

 We used ROC analysis between all possible 6 pairs of stimulus categories to assess the 

number of pairwise comparisons that each neuron was able to differentiate. For each of the 6 

possible comparisons, we computed the moving window AUC and compared this to the bootstrap 

distribution, which was generated by shuffling the fixation labels and computing the AUC 1000 

times. In addition, we quantified the depth of selectivity DOS of each neuron by  

𝐷𝑂𝑆𝑖 =
𝑛−

∑  𝑛
𝑗=1  𝑅𝑗

𝑅𝑚𝑎𝑥

𝑛−1
,  

where n is the number of categories (n=4), 𝑅𝑗 is the mean response to category j, and 𝑅𝑚𝑎𝑥 is the 

maximal mean response. D varies from 0 to 1, with 0 indicating an equal response to all categories 

and 1 exclusive response to one but none of the other categories. Thus, a DOS value of 1 is equal 
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to maximal sparseness. 

 

1.2.8 - Regression analysis. 

 We used the regression model 𝑆(𝑡) =  𝛼0(𝑡) + 𝐶 to estimate whether the firing rate S was 

significantly related to the factor category (C, 1-4). Spike counts S(t) were computed for a 200ms 

window that was moved in steps of 50ms.   



26 

 

1.3 - RESULTS 

1.3.1 - Task and behavior  

 We tested a total of 12 human epilepsy patients (28 sessions, 50 ± 1 trials per session, ±s.d.) 

and 3 healthy macaques (16 sessions, 113 ± 13 trials per session, ±s.d.).  Subjects freely viewed 

complex visual stimuli (Fig. 1.1A). Each stimulus consisted of a circular array of 8 images chosen 

at random from two face categories (human and monkey faces) and two non-face categories (either 

flowers and fractals or fruits and cars, depending on the version of the task performed). The non-

face categories were later pooled for analysis as "distractors" (Distractor Group #1 contained cars 

and fractals; and Distractor Group #2 contained fruits and flowers). Each image array was 

displayed for 3-4s, and subjects were free to view any location. Although stimuli were identical 

for the two species, each necessitated slightly different task conditions (see below for behavioral 

controls). Macaques received a fixed amount of reward after conclusion of a trial if they maintained 

their gaze position anywhere on the screen during the entire stimulus period. Trials were aborted 

and no reward was given if a monkey moved its gaze off the screen within the first 3s of stimulus 

onset. This achieved attention to the image array while encouraging free exploration. Human 

subjects were instructed to freely view the stimuli for a later memory test (Fig. 1.1A). To verify 

that our two tasks produced largely comparable fixation behaviors in the two species, we compared 

the scan-paths used by humans and monkeys to explore the image arrays (Fig. 1.1B shows an 

example).  
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Figure 1.1: Task, behavior and recording locations. (A) Task performed by human and monkey subjects. Task 

version #1 is shown. (B) Example scan paths from a human (top) and monkey (bottom) viewing the same stimuli. 

Dots are fixations, and lines are saccades. The first saccade (starting at the center) targets the face of a conspecific. 

Trial time is encoded by color. (C) Look duration (“dwell time”) on each stimulus category for humans (black) and 

monkeys (gray). Monkeys fixated longer on conspecific faces and on flowers, while humans fixated longer on 

conspecific faces and on fractals (three stars indicates p<0.001 and one star indicates p<0.05, two-tailed t-test). (D-E) 

Recording locations. Amygdala nuclei are indicated in color. (D) Recording sites in the three monkey subjects (R,G,Q 

in different color dots) collapsed onto a representative coronal section. (E) Human recording sites (red dots) in 

MNI152 space. Abbreviations: LA = Lateral Nucleus, BLD = Dorsal Basolateral, BM = Basomedial, CE = Central, 

CM = Cortical and Medial Nuclei, BLV = Ventral Basolateral.  
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 To further ensure that our memory task does not introduce fixation preference biases, we 

also asked two groups of healthy human control subjects to perform the identical task (Fig. S1.5): 

one with the same instructions as the patients (“memory controls”) and one that did not know that 

a memory test would follow (“free viewing control”). Patients had good recognition memory 

(average across n=14 sessions, 70%, p=0.001 vs. chance, one-sided binomial test), showing that 

they attended to the stimuli. The patients’ performance was somewhat lower than that of the 

memory group but not the free viewing group (Fig. S1.5D, t(19)=2.845, p=0.01 and t(19)=1.467, 

p=0.16 respectively). Crucially, the probability that the first fixation landed on a human face was 

not influenced by task instruction and did not differ between any of the groups (t(19)=0.8538, 

p=0.40 and t(19)=0.3013, p=0.77, respectively). Subjects in all three groups explored all stimuli 

extensively regardless of task instructions (Fig. S1.5A,B), confirming that informing subjects of a 

subsequent memory test without further specific information does not affect fixation preferences 

for faces. 

 The majority of all fixations landed on one of the 8 images in both human patients and 

macaques (84% and 89%, respectively; Fig. S1.1F) and subjects looked longer and earlier at faces 

of conspecifics compared to faces of heterospecifics (Fig. 1.1C, see legend for statistics). A reliable 

viewing pattern for both species was that the probability of looking first at a conspecific face was 

higher than that of first looking at a heterospecific face (32% vs. 24%, t(54) = 3.63, p=0.0006, in 

humans and 32% vs. 20%, t(30) = 2.77, p=0.01, in monkeys, paired t-tests, chance is 25%, Fig. 

S1.1A-B). Also, in both species some sequences of fixations (i.e. human followed by monkey face) 

were more likely than others (Fig. S1.1C-D), which shows that fixation location was influenced 

by image content throughout. This suggests that even before launching a sequence of exploratory 

eye movements, conspecific faces competed successfully for fixation priority in both humans and 
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monkeys. Together, this argues that the location of the faces on the screen was attended to by, and 

influenced the fixation patterns of, both humans and monkeys. We tested this mechanistic 

hypothesis further with a covert attention task in the human subjects that is described later below.  

 

1.3.2 - Electrophysiology 

 We isolated 422 and 195 putative single units from the human and macaque amygdala, 

respectively (on average 19 and 12 per session, respectively). We only analyzed cells with a mean 

firing rate of >0.5 Hz (290 and 148 units, respectively; mean firing rates 2.28 Hz and 5.6 Hz, range 

0.5-26.4 Hz and 0.5-72.8 Hz). Throughout the manuscript, we use the terms neuron or cell to refer 

to a putative single unit and we only used units satisfying multiple conservative criteria (see 

Methods for details). To facilitate direct comparison between species, all spike detection, sorting, 

and data analysis was performed using the same methods for all recordings from both species (see 

Fig. S1.4 for electrophysiological properties of cells in both species).  

 

1.3.3 - Fixation-target sensitive neuronal responses 

 We first determined whether the responses of amygdala neurons were modulated by the 

identity of the fixated stimuli. For each neuron, we tested whether the firing rate following fixation 

onset co-varied with the identity of the fixated images (see methods). When features within an 

image were successively fixated, time of fixation onset was determined by the first fixation that 

fell within that image’s region (“look onset”, see methods and Fig. S1.2). We found that 20% 

(n=85/422) of human and 31% (n=61/195) of macaque neurons significantly modulated their firing 

rate after fixation onset (Fig. 2). These “fixation-target sensitive” responses appeared transiently 
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shortly after fixation onset (see below for a latency analysis). 

 

Figure 1.2: Example single neurons with fixation-related activity.  (A,B) Example trial from a human (A) and 

monkey (B) face-selective neuron. Spikes are indicated by black dots. Whenever gaze fell onto a conspecific face 

(colored patch), the neuron increased its activity. (C-F) Rasters (top) and mean firing rate (PSTH, bottom) for neurons 

recorded in humans (C,E) and monkeys (D,F). Neuron are selective for conspecific (C,D) and heterospecific (E,F) 

faces. (C,D) show the activity of the neurons depicted in (A,B). t=0 marks fixation onset. Trials were sorted by 

category of the fixated image (color code) and fixation duration (black line). Stars above the PSTHs indicate bins of 

neural activity (of 250ms duration) with a significant (1x4 ANOVA, p<0.01) difference in firing rate. Horizontal 

scalebar for waveforms is 0.2mV. The four neurons are from different subjects.  



31 

 

 We further characterized the category selectivity of fixation-target sensitive responses (Fig. 

1.2C,D). We first classified each fixation-target sensitive cell according to the category to which 

it responds most strongly (highest firing rate) at the point of time at which neurons provided most 

category information (see methods and Fig. S1.6). The majority of fixation-target sensitive neurons 

preferred faces of conspecifics: 49% (n=42/85) and 39% (n=24/61) in humans and macaques, 

respectively (Fig. 1.3A). A smaller proportion preferred faces of heterospecifics (that is, faces of 

the opposite species): 32% (n=27/85) and 18% (n=11/61) in humans and macaques, respectively. 

Together, about 71% of all fixation sensitive neurons preferred faces (Fig. 1.3A, 81% in humans 

and 58% in macaques). In contrast, only 19% (n=16/85, in humans) and 42% (n=26/61, in 

macaques) were sensitive to the non-face categories we used (flowers, fractals, fruits, and cars). 

Since subjects were free to look at any of the images, we had no way of ensuring that they would 

sample uniformly from the different image categories. In order to ensure that the tuning of the cells 

was not confounded by the number of fixations on each category, we carried out a control analysis 

in which we selected cells after equalizing the number of fixations for each image category by 

subsampling. This revealed similar proportions: 50±3% and 40±2.2% of neurons preferred faces 

of conspecifics, respectively (±s.d. across 100 bootstraps). Thus, most primate amygdala fixation-

target sensitive neurons responded to faces rather than nonsocial object categories, and there were 

two groups of such neurons: those that increase their firing rate whenever fixations are made onto 

faces of conspecifics, and those that increase their firing rate only when looking at faces of 

heterospecifics (Fig. 1.3B-E show the average response of all four types of face cells). For clarity, 

we label each type of face-sensitive cell with a capital letter to signify the species in which the cell 

was recorded (H or M) and with a lower case letter to signify the tuning of the cell to human or 

monkey faces (h or m). 
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Figure 1.3: Population analysis and cross-species comparison of fixation-related visual category-selectivity. (A) 

Preferred stimulus of all recorded visually selective cells in human (left) and monkey (right) amygdala. The largest 

proportion of neurons responded maximally to faces of conspecifics: 49% (N=42) and 39% (N=24) of selective 

neurons in humans and monkeys, respectively. (B-E) Average normalized PSTHs of the four groups of face cells we 

identified (Hh, Mm, Hm, Mh). The middle row (B,C) shows neurons selective for conspecifics in humans (left, Hh, 
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N=42) and monkeys (right, Mm, N=24). The bottom row (D,E) shows cells selective for heterospecifics in humans 

(left, Hm, N=27) and monkeys (right, Mm, N=11). Errorbars are ±s.e.m. across cells. Notation: Hh = human cell 

selective for human faces; Hm = human cell selective for monkey faces; Mm = monkey cell selectively for monkey 

faces; Mh = monkey cell selective for human faces.  

 

 We next determined whether fixation-target sensitive neurons differentiated between 

multiple categories, i.e., whether they also responded to images from a non-preferred category 

with firing rates that were different from baseline (Fig. 1.2C-D, Fig. 1.3B-E). Indeed, some 

neurons showed a pattern of response that appears optimized to differentiate between all of our 

categories. To quantify this effect, we calculated two metrics for each cell: i) the number of pairs 

of image categories discriminated by each neuron (i.e. human faces vs. monkey faces) and ii) the 

depth of selectivity (DOS) index (Rainer et al., 1998) commonly used to determine the extent to 

which visual neurons differentiate between stimuli.  

 We found that neurons in the human amygdala differentiated between, on average, 

3.47±0.1 pairs of categories (out of 6), while neurons in the monkey amygdala differentiated 

between 4.15±0.2 pairs (Fig. 1.4A-B). Thus, neurons in humans differentiated between 

significantly fewer (p = 0.002, 2-sample KS test) pairs of categories compared to neurons in 

macaques. Similarly, the depth of selectivity (DOS), an index of the narrowness of tuning to a 

specific category, of all human neurons was larger than that of macaque neurons (0.54±0.02 vs. 

0.43±0.03, p=0.0003, 2-sample KS test, Fig. 1.4C), but was at the same time significantly lower 

than 1 (p<1e-37, 2-sample KS test). Note that a DOS value of 1 means exclusive tuning to one 

stimulus, but no response to all other stimuli; in contrast, a DOS value of 0 implies no preferred 

tuning. We observed DOS values of 0.18-0.87 in humans and 0.11-0.90 in macaques (Fig. 1.4C-

D). DOS values for neurons recorded in humans were significantly larger than those for neurons 

recorded in monkeys (Fig. 1.4E), a result compatible with the sparser response profile over 
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categories as shown in Fig. 1.4B. While the DOS differed between species (see above), it did not 

differ significantly between cells tuned to conspecific and heterospecific faces (1x2 ANOVA, 

F(1,67)=1.75, p=0.19 and F(1,33)=0.52, p=0.47 in humans and monkeys, respectively). We also 

estimated DOS values using fixations (50/50 split) not previously used to select neurons and found 

that DOS values are highly reliable and significantly larger than those of unselected cells (Fig. 

4C,D, see legends for statistics). Taken together, these observations show three important 

similarities between neurons in the human and monkey amygdalae: both contain fixation-target 

sensitive neurons; these neurons show category-specific responses; and the largest subset of such 

neurons responds preferentially to conspecific faces. A difference between the species was that 

human neurons have a sparser response profile over categories.  

 

Figure 1.4: Monkey and human amygdala cells differ in their depth-of-selectivity. (A) Single-cell ROC analysis 

example. The monkey cell shown (identical to that in Fig. 1.2D) responded only to images of conspecifics, allowing 

it to discriminate 3 pairs of categories (dashed colored lines). (B) Distribution of the number of significant contrasts 

(see A) for all visually tuned neurons in humans (black) and monkeys (gray). Cells recorded in monkeys differentiated 
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significantly more contrasts (4.15±0.2) than humans cells (3.47±0.1, p<0.002, 2-sample KS test). (C,D) Population 

summary. Comparison of depth of selectivity (DOS) values for tuned and untuned cells in human (C) and monkey 

(D). In both species, the DOS values are significantly greater in the tuned population (p<1e-16, in humans and p<5e-

5 in monkeys, 2-sample KS test). For tuned cells, DOS values were calculated for a subset of fixations that were not 

used in the selection of that cell (i.e. to determine its tuning). (E) Depth of selectivity (DOS) for all visually tuned 

neurons in humans (black) and monkeys (gray). Human cells had significantly larger DOS values (0.51±0.02 vs. 

0.43±0.03, p<0.0003, 2-sample KS-test).  

 

1.3.4 - Interspecies comparison of response latencies of face-selective neurons 

 We next compared the latency of the fixation-target sensitive neurons between species. We 

estimated the response latency for each cell to test whether the time at which the modulation of 

firing rate was first detectable systematically co-varied as a function of species and stimulus type. 

We first quantified latency differences using a single-neuron moving-window regression model to 

estimate the amount of variance in the firing rate that can be explained at any point of time by the 

visual category of the fixated stimulus (Fig. 1.5A-D, 1x4 ANOVA, moving window of 250ms, 

step size = 8ms). We then estimated the effect size ω2 as a function of time separately for each 

neuron to determine the point of time, relative to fixation onset, at which ω2 first became significant 

(Fig. 1.5A-D). We found that the onset of the fixation-sensitive neurons in macaques was, on 

average, 76 ms earlier than in humans (101±7.5 ms vs. 177±8.7 ms, p=5e-8, 2-sample KS test, Fig. 

1.5D). Also, the proportion of neurons that became visually selective increased earlier in macaques 

compared to humans (Fig. 1.5E), and the point of time at which neurons provided the most 

information (peak of ω2) was 113 ms earlier in macaques compared to humans (209±8.9 ms vs. 

322±7.5 ms, p<1e-14, 2-sample KS test, Fig. 5F). Together, this shows that, regardless of stimulus 

selectivity, cells in the human amygdala respond approximately 100ms later relative to fixation 

onset compared to cells recorded in the macaque amygdala. 
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Figure 1.5: Interspecies comparison of response latency relative to fixation onset.  (A,B) Effect size (Ω2) for all 

visually selective human (A) and monkey cells (B) as a function of time and sorted by earliest point of significance 

(only cells that are significant at the p<0.01 level are shown). Each cell’s effect size is normalized to its peak. (C) 

Mean normalized effect size for all visually selective cells recorded in humans (N=85) and monkeys (N=61). (D)  
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Cumulative distribution of the onset latency computed using the effect size (see A-B). The mean onset latency was 

significantly earlier in monkeys (101±7.5 ms) compared to humans (177±8.7 ms, p<5e-8, two-sample KS test). (E) 

Proportion of all recorded cells that were sensitive to the identity of the fixated stimulus as a function of time (bin size 

250ms, step size 8ms). Shading shows the 99th percentile of the bootstrap distribution. (F) Cumulative distribution of 

the time from fixation onset till peak effect size. Peak effect size was reached significantly earlier in monkeys 

compared to humans (209±8.9 ms vs. 322±7.5 ms, p<1e-14, 2-sample KS test).  

 

  We next compared, within each species, whether there were latency differences between 

cells tuned for different stimuli. We used two methods (Fig. 1.6) to measure the response latency 

difference between the two most prominent cell categories that we found: face cells for conspecific 

and heterospecific faces (Hh vs. Hm in humans and Mm vs. Mh in macaques). Using our selection 

criteria, we computed the number of cells that would be tuned for each category as we shifted the 

point of analysis from 500ms before the onset of fixation, until 1000ms after the onset of fixation 

(step size = 8ms). Our measure of latency was the point in time where the proportion of cells tuned 

exceeded that expected by chance for the first time (see methods). Using this approach, we found 

that cells that were selective for conspecific faces responded significantly earlier than cells that 

were selective for heterospecific faces in both species (Δhuman=70ms, Δmonkey=90ms, Fig. 1.6 A,B). 

In addition, we also confirmed this result using a moving-window ROC analysis and found a 

similar difference (Δhuman=62ms, Δmonkey=38ms, Fig. 1.6 C, D). Together, this shows that 

information about conspecific faces is available at an earlier point of time relative to information 

about faces of other species in both humans and monkeys.  
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Figure 1.6: Face cells responded earlier and more strongly to conspecific compared to heterospecific faces. (A) 

Proportion of all recorded cells in humans (out of N=422) selective for fixations on conspecific (Hh, yellow) and 

heterospecific faces (Hm, purple). Shading indicates the 99% confidence interval. (B) Proportion of all recorded cells 

in monkeys (out of N=195) selective for fixations on conspecific (Mm, purple) and heterospecific (Mh, yellow) faces. 

(C,D) Average AUC as a function of time. Dotted colored lines indicate the 99% confidence interval.  

 

1.3.5 - Category-preference of fixation-sensitive neurons during covert attention 

 We next asked whether fixation-target sensitive cells retain their tuning for peripherally 

presented stimuli when these are attended but not fixated. In a separate experiment, we recorded 

119 cells (6 human subjects, 8 sessions) during a covert attention task with enforced central 

fixation. Images were identical to those used in the free-viewing task except that only a single 

image was shown at one (randomized) array location in isolation. Subjects maintained fixation at 
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the center of the screen while a single stimulus was shown in the periphery (Fig. 1.7A). We found 

that of all the tuned cells in the covert condition (n=31/119, 26%), 25/31 of neurons were tuned to 

either human or monkey faces (1x4 ANOVA, n=16, Fig. 1.7B,E; n= 9, Fig. 1.7C,F respectively). 

For a subset (n=10) of these face-selective neurons, we also recorded responses during the free-

viewing task. Of these 10 cells, all maintained their face selectivity across the two task conditions 

and a comparison of all cell recorded in both tasks (n=31) revealed a high probability for cells to 

either be tuned in both tasks or neither tasks (p=0.004, Odds Ratio: 22.8, Fisher’s test of 

association). Also, the proportion of face selective cells was not significantly different across the 

two tasks (25/31 and 69/85 in covert and free viewing task respectively, 𝜒2 = 0.0042, p = 0.94). 

Notably, cells responded significantly earlier in the free-viewing condition compared to the cells 

recorded in the covert attention condition (Δpeak = 191ms, Fig. 7D). This is expected because during 

the covert attention condition, the location of the stimulus was unpredictable and thus deployment 

of covert attention could only be initiated following stimulus onset. In addition, the depth of 

selectivity was significantly larger in the covert compared to the free-viewing condition (p<0.01 

for all n=422 cells in free-viewing and n=119 in covert condition, p<0.05 for all n=85 tuned cells 

in free viewing and n=31 cells in covert condition, 2-sample KS test). Together, this data supports 

the hypothesis that amygdala neurons selective for faces and other complex visual objects are 

responsive to the currently attended visual stimulus both during free-viewing as well as during 

covert attention. 
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Figure 1.7: Face-selective amygdala neurons recorded in humans during covertly respond to covertly attended 

faces. (A) Subjects fixated at the center of the screen and indicated by button press whether a peripheral image shown 

showed a car. Shown is a single example trial, with eye tracking data (blue) indicating that subjects maintained 

fixation. (B-C) Example face selective neurons with a response selective to the identity of the peripheral stimulus. t=0 

is stimulus onset. (D) Comparison of response of face cells in covert and free-viewing sessions for the subset of cells 

which were recorded in both tasks (4/7 sessions, n=10). The average effect size is shown fixation-and trial onset 

aligned. (E) PSTH of all human face-selective neurons (Hh, n=16) during the fixation-enforced covert attention 

condition. (F) PSTH of all monkey face-selective neurons (Hm, n=9) during the fixation-enforced covert attention 

condition. (G,H) Population-level comparison between the covert and free-viewing tasks for all recorded (G) and only 

visually tuned (H) cells. (G) DOS values were significantly larger in the covert attention task compared to the free 
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viewing task (p<0.01, 2-sample KS test). (H) DOS values were selectivity higher in the covert attention task (p<0.05, 

2-sample KS test). 

 

1.4 - DISCUSSION 

 Our results reveal that amygdala activity during active exploration of complex scenes is 

strongly modulated by the currently fixated stimulus. In contrast, previous studies in the amygdala 

of humans (Fried et al., 1997; Kreiman et al., 2000; Rutishauser et al., 2011) and macaques 

(Desimone, 1991; Gothard et al., 2007; Leonard et al., 1985; Nakamura et al., 1992; Rolls, 1984) 

relied on isolated single objects and were thus unable to investigate whether responses were 

modulated by gaze or not. Indeed, the assumption so far has been that because inferotemporal 

cortex neurons have large receptive fields for images shown in isolation (Tanaka, 1993; Tovee et 

al., 1994), the response of amygdala neurons should not depend on fixation location. However, 

here we find that the effective receptive field is relatively small in our task. This finding is similar 

to the response properties of “eye cells” in the macaque amygdala, which respond only when a 

monkey fixates on the eyes of another monkey (Mosher et al., 2014).  

 Little is known about the effective receptive field sizes and their dependence on stimulus 

density for human and macaque amygdala neurons. In higher visual cortical areas in macaques, 

receptive fields encompass the entire hemifield (Barraclough and Perrett, 2011; Boussaoud et al., 

1991; Gross et al., 1969). At the same time, many such neurons have heightened sensitivity to 

information present at the fovea (Moran and Desimone, 1985; Rolls et al., 2003). Once animals 

are allowed to actively explore complex visual scenes, however, receptive fields of neurons in 

macaque TE can shrink considerably (Rolls et al., 2003; Sheinberg and Logothetis, 2001). While 

it is possible that neurons in the amygdala inherit some of their properties from the same higher 
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visual cortical areas (Amaral et al., 1992; Barraclough and Perrett, 2011; Rolls et al., 2003), the 

significantly increased response latencies and complex selectivity changes we show make it 

unlikely that the responses we document are simply representing cortical input.  

 Our results show that the fixation-dependent responses were likely an effect of attention. 

This is because covert attention produced the same conclusions, even in some of the very same 

cells.  The strength of this result is limited to humans, because we did not perform the same task 

in monkeys due to the difficulty of training monkeys accustomed to free viewing on a covert 

attention task.  An additional difference between covert and overt attention was that the sharpness 

of tuning (sparsity) was greater (more sparse) during covert compared to overt attention.  A 

plausible explanation for this result is that the overt attention task still permits some influence from 

the concurrently presented (unattended) other images. In contrast, this source of competition is 

removed in the covert task (since only a single stimulus was presented).  Indeed, unattended task-

irrelevant peripheral faces can impair performance in a variety of settings (Landman et al., 2014) 

and it is possible that the reduction of selectivity we observed here is a reason for this effect.   

 

1.4.1 - Role of face cells in social behavior 

 Our findings underscore the importance of using more naturalistic stimuli with inherent 

biological significance, in conjunction with behavioral protocols that better approximate natural 

vision.  The finding that face-selective neural responses in the amygdala are strongly related to 

visual attention is ecologically important, because, in real social situations, directing one’s gaze 

towards or away from faces and parts thereof (in particular the eyes) is a crucial social signal and 

sets the affective tone of the social interaction (Emery, 2000). The amygdala is crucially involved 
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in this process (Adolphs et al., 2005; Rutishauser et al., 2015a), and impairments in directing gaze 

to faces are a prominent deficit in autism that is thought to be partially due to amygdala dysfunction 

(Baron-Cohen et al., 2000; Rutishauser et al., 2013). While a preference for features, such as the 

eyes, can be explained by perceptual properties (Ohayon et al., 2012), the conspecific-preference 

we showed cannot be attributed to low-level stimulus properties. Together, this indicates that face-

sensitive cells in the amygdala might report not only the presence, but also the relative salience of 

stimuli. No such observations have been reported for cortical face cells, making it possible that 

this species-specific face signal might be computed locally within the amygdala. 

 

1.4.2 - Information represented by face cells 

 Face cells also responded to several other categories, either by a decrease or by a more 

moderate increase in firing rate relative to baseline. Indeed, both the number of pairs of categories 

that a cell’s response differentiates and depth of selectivity indicated that neurons in both species 

differentiated between more pairs than would be expected by a sparse and specific response to just 

one category. Notably, cells in macaques differentiated between more pairs and had lower DOS 

values, indicating that macaque cells were less specifically tuned. Together, this suggests that 

primate amygdala neurons, including face cells, carry information about several categories but that 

human neurons are more selective. Category selectivity is a prominent feature of visually 

responsive neurons in several areas of the human (Fried et al., 1997; Kreiman et al., 2000) and 

macaque (Bruce et al., 1981; Gothard et al., 2007; Perrett et al., 1982) temporal lobes. However, 

the amygdala of both species also contains more specific cells, such as “concept cells” that only 

respond to the face of a particular individual (Quiroga et al., 2005), cells that signal certain 
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emotions or facial expression (Gothard et al., 2007), and cells that signal the familiarity of stimuli 

(Rutishauser et al., 2015b). It remains to be investigated whether these cells are similarly sensitive 

to fixation location. 

 

1.4.3 - Latency differences  

 We found that, in both species, face-cells responded significantly earlier to faces of 

conspecifics relative to heterospecific faces. Behaviorally, both macaques and humans 

preferentially process faces of conspecifics more efficiently and are better at differentiating 

individuals of the same species (Dufour et al., 2006; Pascalis and Bachevalier, 1998). In macaques, 

face-sensitive cells in the inferotemporal cortex differentiate between human and macaque faces 

(Sigala et al., 2011) and respond earlier to human compared to non-primate animal faces (Kiani et 

al., 2005). The same neurons, however, showed no latency difference when comparing humans vs. 

macaques (Kiani et al., 2005). A new hypothesis motivated by our result is that the human vs. 

macaque same-species latency advantage is first visible in the amygdala as the result of the higher 

social significance attributed by the amygdala to conspecific faces.  

 Human single-neuron onset latencies are considerably slower compared to those of 

macaques (Leonard et al., 1985; Mormann et al., 2008; Rutishauser et al., 2015a) in many brain 

areas, including the amygdala (Mormann et al., 2008). However, inter-species comparisons of 

latencies are challenging because of variable experimental conditions, tasks, and stimuli. In 

particular, previous work in humans has argued that because receptive fields are large, control for 

eye movements is not necessary (Mormann et al., 2008). Here, we showed that this assumption is 

not valid. Instead, we performed the to date most rigorous comparison of response latencies by 
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comparing the fixation-aligned responses of face-cells tuned to conspecifics. This ensured that in 

both species, we relied on the earliest and strongest known amygdala response. With this approach, 

we determined that human amygdala neurons had response latencies that were on average ~100ms 

longer than those in macaques. Thus, our work shows that this frequently observed inter-species 

difference (Mormann et al., 2008) cannot be explained by methodological differences. This raises 

the important question of whether this latency difference is already present in higher visual areas 

or whether it first emerges in areas of the medial temporal lobe. This will require human single-

neuron latency estimates in higher cortical visual areas, which have not been performed to date. 

Notably, recordings from early visual areas V2/V3 in humans indicate that the response latencies 

in these areas do not differ between monkeys and humans (Self et al., 2016). This raises the 

possibility that local processing in higher areas specific to humans is responsible for this 

substantial increase in response latency.  

 

1.4.4 - General conclusions 

 Faces are stimuli of high significance for primates, and the brains of several species contain 

multiple areas connected in a network specialized for face processing (Desimone, 1991; Emery, 

2000; Tsao et al., 2006; Tsao et al., 2008). Exploring the division of labor among the different 

nodes in this network has been a fruitful approach to capturing more general, circuit-level 

principles of neural computation.  Indeed, a detailed analysis of face cells throughout the brain 

revealed a distributed but interconnected system of cortical face patches specialized for different 

components of face processing (Kanwisher and Yovel, 2006; Tsao et al., 2008). However, most of 

what is known about this network has been derived exclusively from work in macaques, even 

though it is often assumed that the properties of this system are the same in humans (Barraclough 
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and Perrett, 2011). Here, we present critical direct evidence for significant differences and 

commonalities. It is likely that the face-responsive properties of amygdala neurons arise, at least 

in part, through convergent inputs from several cortical areas where face cells have been identified. 

However, the face cells in the amygdala do not merely recapitulate the response properties of face 

cells in cortical areas, but show pronounced effects of species-specific relevance, and of attention. 

These findings revise our view of the amygdala’s contribution to face processing from that of an 

automatic and broad detector, to that of a highly selective and attention-dependent filter. These 

effects likely constitute an essential ingredient for guiding processing in downstream regions, and 

ultimately for generating social behavior in real-world settings where many stimuli constantly 

compete for attention.   
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1.5 - SUPPLEMENTAL INFORMATION 

1.5.1 - Supplemental figures 

 
 
Supplemental Figure 1.1: Comparison of human and monkey behavior, related to Figure 1.1. (A) Proportion of 

fixations that landed on a given image category as a function of fixation number and category for human subjects. (B) 

The same plot as in (A) but for monkeys. (A,B) Note how, for the first fixation, both species were more likely to look 

at faces of their own species compared to the other species. (C,D) Frequency with which each of the 16 possible 

category transitions occurred for human (C) and monkey (D) subjects. While all possible transitions occurred, some 

were more likely (i.e. human face – monkey face, and monkey face – human face). (E) Look duration as a function of 

fixation number. Both humans and macaques modulated look duration as a function of time in the trial (p=0.01 and 
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P=10-7, respectively, 1x10 ANOVA). However, this difference was entirely accounted for by the difference between 

the first and second fixation in humans, but not macaques (p=0.09 and P=10-5, respectively, 1x9 ANOVA). (F) Heat 

maps showing the eye tracking data for all sessions in humans (left) and monkeys (right). Both humans and monkeys 

sampled all 8 images.  
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Supplemental Figure 1.2: Comparison of Fixation onset and look onset methods, related to Figure 1.1. (A) 

Example scan path from a single trial from a human subject. See Fig 1 for notation. (B) Summary of eye tracking data 

into discrete periods of "looks" (yellow squares). Successive fixations that fall on the same image are pooled together 

into a single "look". The y-axis denotes the location of the look in the array as indicated in (A). (C,D) Comparison of 

a single-cell response, aligned to fixation onset (C) and look onset (D). Note the virtually identical response of the cell 
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using the two criteria. For each, Raster and PSTH are shown. (E) Cumulative distribution for fixation (red) and look 

(blue) duration. Look duration was longer because of the pooling of several fixations into one look. (F) Same as (E), 

but for monkeys.  
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Supplemental Figure 1.3: Criteria for looks/fixations that are included in analysis, related to Figure 1.2. (A) 

Example scan-path from a monkey. See Fig 1 for notation. Numbers indicate “location on array”. (B) For trial shown 

in (A), summary of where the monkey looked. All successive fixations that fall on the same image are pooled into one 

"look" (Yellow patch). The looks are numbered 1-10 and the y-axis indicates the location on the array. (C) Different 

selection criteria for looks that are included in the analysis. In the most lenient case, we used all fixations that we 

longer than 100ms, and in the most stringent case, we used only used the first fixation for each category in addition to 

the duration requirement. All analysis, unless indicated, used the “conservative” (middle side) criteria.  
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Supplemental Figure 1.4: Electrophysiological properties of neurons in both species, related to Figure 1.2. (A) 
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Mean waveform shapes for all tuned cells in the human amygdala (n=85). The waveforms were all peak-normalized, 

and aligned by their peak (in the case of a positive peak, we flipped the waveform in order facilitate alignment). (B) 

Mean waveform shape for all tuned cells in the monkey amygdala (n=61). (C) Trough-to-peak distances (in ms) as a 

function of firing rate for neurons recorded in humans (n=85). Trough-to-peak distances were bimodally distributed 

(p<0.0001, Hartigan dip test).(D) Same as (C), but for all cells recorded from the monkey amygdala. There was no 

evidence for a bimodal distribution of trough-to-peak distances (p=0.3, Hartigan dip test). (E-H) Mean waveforms for 

al Hh, Mh, Hm, and Mm cells, respectively. (I) Mean firing rates for all Hh (yellow, 2.18 ± 0.38 Hz) and Hm cells (purple, 

1.70 ± 0.40 Hz). There was no significance difference between these two populations (p=0.40, 2-sample t-test). (J) 

Mean firing rates for all Mh (yellow, 6.08 ± 1.50 Hz ) and Mm cells (purple, 7.60 ± 2.01 Hz). There was no significance 

difference between these two populations (p=0.62, 2-sample t-test).  
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Supplemental Figure 1.5: Comparison of behavior of human neurosurgical subjects with normal control 

subjects, related to Figure 1. (A) The average look time for each image for three groups of subjects: memory controls 

(brown), free-view controls (green) and neurosurgical subjects (yellow). Each dot represents the average across one 

session (n=7, n=7, n=14 for the memory, free-viewing, and subject groups respectively). For the subjects, we only 

used the sessions that used the same stimuli as the control group. (B) Average number of images visited during each 

trial. (C) Proportion of all first fixation that landed on a human face was comparable across all subject groups. (D) 

Memory retrieval performance of the three subject groups. While on average control subjects that knew of the later 

memory test performed better than the free-view control subjects, it was not statistically significant (t(12)=1.674, 

p=0.12). Neurosurgical subjects performed significantly above chance (p=0.002, binomial test) but worse than the 

memory control group (t(19)=2.845, p=0.01).  
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Supplemental Figure 1.6: Using mutual information to determine the position of the analysis window for 

selectivity analysis, related to Figure 1.3. (A) Time-course of information, quantified as mutual information (MI; 

peak normalized) between the firing rate and visual category for all neurons recorded in monkeys (N=195, light gray) 

and humans (N=422, black). The point of time at which MI was maximal (t=325ms and 229ms, respectively) was 

used to place the analysis window for all further analysis.  
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1.5.2 - Supplemental methods 

Surgical procedures (macaques)  

The stereotaxic coordinates of the amygdala of the three adult male monkeys (Macaca 

mulatta), Q, G, and R were calculated based on pre-surgical MRI scans. Each monkey was then 

implanted with a recording chamber above the right amygdala and 3 small titanium posts (Thomas 

Recording, Germany) for immobilizing the head during acute neurophysiological recordings. A 

craniotomy (~13 mm in diameter) was opened in the center of each chamber and sealed with a 

silicone elastomer to maintain sterility (Spitler and Gothard, 2008). A post-surgical MRI with 

contrast verified the orientation of the chamber relative to the amygdala. Visualization of electrode 

locations was further confirmed utilizing the INIA19 atlas (Bakker et al., 2015; Rohlfing et al., 

2012), which was also used for visualization in the graphical abstract. 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.  

 

Monkey electrophysiology  

A custom-built 7-channel Eckhorn drive (Thomas Recording, Germany) advanced 7 

microelectrodes (1-2 MΩ) to the recording targets in the right amygdala. The reconstructed 

anatomical location of each neuron recorded relative to a generic coronal section through the mid-

amygdala is shown in Figure 1. Single unit activity was pre-amplified via a built-in head stage 

with 20 gain (Thomas Recording, Giessen, Germany), 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). Eye-position was monitored 

using ISCAN infrared eye tracker. Monkeys were seated in a primate chair 57 cm from a monitor 
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and before each recordings session began they underwent a 9-point eye-position calibration with 

+1 dva resolution. The stimuli were displayed and the monkeys’ behavior was monitored with the 

Presentation software (Neurobehavioral systems, Albany, CA, USA).  

 

Human electrophysiology  

From each micro-wire , we recorded the broadband 0.1-9000Hz continuous extracellular 

signal with a sampling rate of 32kHz (Neuralynx Inc). One microwire on each macroelectrode 

served as a local reference (bi-polar recording). All included patients had clearly distinguishable 

spiking activity on at least one electrode in at least one amygdala.  

 

Spike sorting and single-neuron analysis  

The raw signal was filtered with a zero-phase lag filter in the 300-3000Hz band and spikes 

were detected and sorted using a semi-automated template-matching algorithm (Rutishauser et al., 

2014; Rutishauser et al., 2006). In humans, channels with interictal epileptic spikes in the LFP 

were excluded.  

 

Localization of electrodes (humans)  

Electrodes were localized based on pre-and post-operative T1 structural MRIs and a high- 

resolution amygdala atlas with identified sub-nuclei (Tyszka and Pauli, 2016). Only electrodes that 

could be localized to the amygdala were included. We used the following processing pipeline to 

transform the post-operative MRI into the same space as the Atlas. We extracted the brains from 

the pre-and post-operative T1 scans (Segonne et al., 2004) and aligned the post-operative to the 
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pre- operative scan with freesurfer’s mri_robust_register (Reuter et al., 2010). We then computed 

a forward mapping of the pre-operative scan to the CIT168 template brain (Tyszka and Pauli, 

2016) using a concatenation of an affine transformation followed by a symmetric image 

normalization (SyN) diffeomorphic transform computed by the ANTs suite of programs (Avants 

et al., 2008). This resulted in a post-operative scan overlayed on the MNI152-registered version of 

the CIT168 template brain (Tyszka and Pauli, 2016). We then used Freesurfer’s freeview program 

to mark the electrodes as point sets to determine in which amygdala nucleus the tips of the 

microwires were located.  

 

Behavioral tasks  

The human tasks were implemented in MATLAB using the Psychophysics Toolbox (Pelli, 

1997). The human subjects were instructed to look at the images on the array for a later memory 

test. They viewed 48-52 array trials followed by 48 single image trials for the memory test.  

 

Processing of human eye tracking data  

Calibration was performed using the built-in 9-point calibration grid and was only used if 

validation resulted in a measurement error of <1 dva (average validation error was 0.62 dva). We 

used the Eyelink systems automatically annotates fixations and saccades from the continuous 

stream of data using a motion, velocity, and acceleration threshold (default thresholds). In order to 

get reliable estimates of tuning and latency, we used stringent selection criteria to exclude fixations 

from analysis that were too short or who landed on the same image as the previous fixation (Fig 

S1.3, “conservative criteria”).  
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Using look-onset instead of fixations  

In the monkey, fixations and saccades were annotated using Cluster Fix (Konig and 

Buffalo, 2014). In the human subjects, we used the annotation provided by the Eyelink system. 

However, to bypass potential differences in the two annotation approaches, we used the “look 

onset” instead of fixation onset for all analysis in this paper. The “look onset” is the point of time 

at which the first data point fell onto a particular image (Fig S1.2). This way, we pooled all 

successive fixations that fell on the same stimulus into a single "look" (Fig S1.2B). While the look 

duration is thus typically longer than fixation duration (Fig S1.2E-F), our analysis depends only 

on the onset and is thus insensitive to this difference. Aligning with look-onset instead of fixation 

onset resulted in qualitatively similar neural responses (Fig S1.2C-D). At the same time, using 

look-onsets instead of fixation onset has several advantages, including that it 1) is insensitive to 

idiosyncrasies that might arise from the two separate annotation methods in the two species, 2) 

provides a more conservative estimate of the neural response latency, and 3) ignores fine structure 

in the neural response that may be driven by successive fixations on the same stimulus. Throughout 

the manuscript, fixation onset refers to look onset unless mentioned otherwise (i.e. Fig S1.2).  

 

Single-neuron ROC analysis  

Neuronal ROCs were constructed based on the spike counts in a 250ms long window, 

centered at the peak of the mutual information. We varied the detection threshold between the 

minimal and maximal spike count observed, linearly spaced in steps of 1 spike. The AUC of the 

ROC was calculated by integrating the area under the ROC curve (trapezoid rule). The AUC value 
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is an unbiased estimate for the sensitivity of an ideal observer that counts spikes and makes a 

binary decision (present or absent) based on whether the number of spikes is above or below a 

threshold. We generated a bootstrap distribution of the AUC values by randomly scrambling the 

image labels and computing the AUC values 1000 times. All statistical tests were based on the 

99% confidence interval of this bootstrap distribution.  

 

 

Estimation of latency  

We relied on three different methods for latency estimation. (1) In the first case (Figure 

1.5A), we compute for each cell the bootstrap distribution of the effect size, by scrambling the 

labels on each fixation. We then use the point where the cell’s effect size (Ω2) crosses the 99% 

confidence interval of the bootstrap distribution as our estimate of onset latency. (2) In a second 

method (Figure 1.6A, 1.6B), we systematically move our analysis window from 500ms before 

fixation to 1000ms after fixation (in increments of 8ms) and use our selection criteria to count the 

number of tuned cells. We also compute the bootstrap distribution of the number of tuned cells, 

by scrambling the labels on each fixation. We use the point where the number of tuned cells crosses 

the 99% confidence interval of the bootstrap distribution as our estimate of latency. Note that given 

our selection criteria (p<0.05), the chance level for tuning is 1/20. The chance level for a particular 

category (ex. to be tuned for human faces) is smaller, 1/80. (3) The third method (Figure 6C, 6D) 

relies on the average AUC, computed as the average of the individual cell AUCs for each category. 

We use the point where the average AUC cross the 99% confidence interval as our estimate of 

latency.  
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Behavioral Controls  

We conducted a separate control experiment in 14 healthy individuals, in order to address 

the role that task instructions played in the way that subjects look at the images on the array. These 

control participants were randomly assigned to either the memory or free-viewing group. The 

memory group (n=7) was explicitly told to remember the images presented in the arrays. The free-

viewing group (n =7) on the other hand, was not told about the memory component of the task and 

was simply instructed to look at the images on the screen. All subjects inspected the same exact 

arrays of images (n=52 trials), populated with images of fruits, cars, monkey, and human faces. 

The instructions were intended to mimic the task “instructions” that our subjects and the monkeys 

received. We compared the behavior between these two control groups as well as our subjects 

across 4 different metrics (Figure S1.5): 1) average looking time on an image in the array, 2) 

average number of images visited in a trial, 3) the proportion of first fixations that landed on a 

human face, and 4) performance on the recognition trials.  

 

 

Regression analysis  

We quantified the effect size of the factor category using ω2, which is less biased than 

percentage variance explained (Olejnik and Algina, 2003). Models were fit and effect sizes 

calculated using the effect size toolbox functions mes1way and mes2way (Hentschke and Stuttgen, 

2011). The null distribution was estimated by randomly scrambling the fixation labels and fitting 

the same model 1000 times. Estimates of latency were based on the first time the actual value was 

located outside of the 99% confidence interval.  

  



62 

 

CHAPTER 2: Multisensory neurons in the primate 

amygdala 
 

Abstract 

The work in this chapter expands our understanding of sensory processing in the primate 

amygdala by incorporating stimuli from multiple sensory domains. Animals identify, interpret, 

and respond to complex, natural signals that are multisensory. The ability to integrate signals 

across sensory modalities depends on the convergence of sensory inputs at the level of single 

neurons. Neurons in the amygdala are expected to be multisensory because they respond to 

complex, natural stimuli and the amygdala receives inputs from multiple sensory areas. We 

recorded activity from the amygdala of two male monkeys (Macaca mulatta) in response to visual, 

tactile, and auditory stimuli. Although the stimuli were devoid of inherent emotional or social 

significance, and were not paired with rewards or punishments, the majority of neurons that 

responded to these stimuli were multisensory. Selectivity for sensory modality was stronger and 

emerged earlier than selectivity for individual items within a sensory modality. Modality- and 

item-selectivity were expressed via three main spike train metrics: (1) response magnitude, (2) 

response polarity, and (3) response duration. None of these metrics were unique to a particular 

sensory modality, rather each neuron responded with distinct combinations of spike train metrics 

to discriminate sensory modalities and items within a modality.  The relative proportion of 

multisensory neurons was similar across the nuclei of the amygdala. The convergence of inputs of 

multiple sensory modalities at the level of single neurons in the amygdala rests at the foundation 

for multisensory integration. The integration of visual, auditory, and tactile inputs in the amygdala 

may serve social communication by binding together social signals carried by facial expressions, 

vocalizations, and social grooming. 
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Contributions to this work 

 The experiments described in the following chapter were developed and executed in the 

Gothard laboratory. Drs. Andrew Fuglevand, Katalin Gothard, and Clayton Mosher and assisted 

me with the initial brainstorming and design of these experiments. Setup of the novel experimental 

apparatus was conducted by Dr. Mosher and myself. I collected the data with the help of lab staff 

and conducted analyses with assistance from Dr. Mosher and guidance from Dr. Gothard. 

2.1 - INTRODUCTION 

         From learning that the buzzing of a bee might be accompanied by a painful sting to 

combining spoken words with body language to understand the emotions of others, the natural 

world requires us to incorporate information from all available senses. High-level association 

cortices, like the superior temporal sulcus and prefrontal cortex, integrate socially-significant 

signals from multiple sensory modalities at the single-neuron level (Barraclough et al., 2005; 

Chandrasekaran and Ghazanfar, 2009; Dahl et al., 2010; Diehl and Romanski, 2013; Romanski 

and Hwang, 2012; Sugihara et al., 2006). These areas are bi-directionally connected to the 

amygdala (Aggleton et al., 1980; Amaral and Price, 1984; Ghashghaei and Barbas, 2002; Sah et 

al., 2003), a structure known to signal the affective and social significance of stimuli (Bermudez 

and Schultz, 2010; Brothers et al., 1990; Genud-Gabai et al., 2013; Gore et al., 2015; Gothard et 

al., 2007; Haruno and Frith, 2010; Hoffman et al., 2007; Kuraoka and Nakamura, 2012; Leonard 

et al., 1985; Minxha et al., 2017; Paton et al., 2006; Resnik and Paz, 2015; Schoenbaum et al., 

1999; Uwano et al., 1995; Zald and Pardo, 1997). The anatomical convergence of inputs of 

multiple sensory modalities in the amygdala, and the role this structure plays in computing the 

social/emotional significance of multisensory stimuli, suggest that neurons in the amygdala 
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respond to multiple sensory modalities. However, the degree of convergence of different sensory 

modalities at the single-neuron level in the amygdala is unknown. 

         Remarkably few studies have explored the cellular basis of multisensory processing in the 

primate amygdala and those that do used tasks in which social/emotional significance of the stimuli 

may have affected neural responses (Kuraoka and Nakamura, 2007; Nishijo et al., 1988). Most 

neurophysiological recordings from the primate amygdala have relied on visual stimuli. 

Collectively, these studies reported that ~12-50% of neurons in the amygdala are visually 

responsive (Brothers et al., 1990; Gothard et al., 2007; Leonard et al., 1985; Minxha et al., 2017; 

Mosher et al., 2014, 2010; Munuera et al., 2018; Paton et al., 2006; Sugase-Miyamoto and 

Richmond, 2005). Recently, Mosher et al., (2016) reported that ~34% of neurons in the monkey 

amygdala respond to tactile stimulation of the face (Mosher et al., 2016). Few studies have 

explored auditory responses in the amygdala of primates (Genud-Gabai et al., 2013; Resnik and 

Paz, 2015) and it is unclear what proportion of neurons respond to sounds. Gustatory and olfactory 

stimuli activate widely varying proportions (8% - 50%) of amygdala neurons depending on the 

behavioral task used (Kadohisa et al., 2005; Karádi et al., 1998; Livneh and Paz, 2012; Rolls, 2006; 

Scott et al., 1999, 1993; Sugase-Miyamoto and Richmond, 2005). Based solely on these 

proportions, it is likely that these neurons process inputs from multiple modalities. 

An important challenge in investigating the organization of multisensory inputs in the 

amygdala is to differentiate the purely sensory component of the neural response from task- or 

value-related activity. For example, Genud-Gabai et al., (2013) showed that neurons in the 

amygdala encode if a stimulus is a “safety signal” regardless of the sensory modality of the 

stimulus. Likewise, Paton et al. (2009) noted that both value and sensory features of images were 

often encoded by the same neurons. It is imperative, therefore, to start exploring the organization 
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of sensory modalities in the amygdala using stimuli devoid of inherent, species-specific, or learned 

affective or behavioral significance. 

Here we addressed the following questions regarding multisensory processing in the 

monkey amygdala using neutral visual, tactile, and auditory stimuli. (1) What are the relative 

proportions of neurons that respond to single versus multiple sensory modalities? (2) How is 

information about sensory modality encoded by the spike trains of these cells? (3) Are 

multisensory neurons more common in nuclei that represent later stages of intra-amygdala 

processing? We found a large, widely-distributed population of neurons in the amygdala that were 

multisensory. Selectivity for sensory modality was encoded via modulations in response 

magnitude, polarity, and duration. 

  

2.2 - MATERIALS AND METHODS 

2.2.1 - Surgical procedures 

         Two adult male rhesus macaques, F and B (weight 9 and 14 kg; age 9 and 8 years 

respectively) were prepared for neurophysiological recordings from the amygdala. The stereotaxic 

coordinates of the right amygdala in each animal were determined based on high-resolution 3T 

structural magnetic resonance imaging (MRI) scans (isotropic voxel size = 0.5 mm for monkey F 

and 0.55 mm for monkey B). A square (26x26 mm inner dimensions) polyether ether ketone 

(PEEK), MRI compatible recording chamber was surgically attached to the skull and a craniotomy 

was made within the chamber. The implant also included three titanium posts, used to attach the 

implant to a ring that was locked into a head fixation system. Between recording sessions the 

craniotomy was sealed with a silicone elastomer that can prevent growth and scarring of the dura 
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(Spitler and Gothard, 2008). All procedures comply with the NIH guidelines for the use of non-

human primates in research and have been approved by the Institutional Animal Care and Use 

Committee. 

2.2.2 - Experimental Design 

Electrophysiological procedures 

Single-unit activity was recorded with linear electrode arrays (V-probes, Plexon Inc., 

Dallas, TX) that have sixteen equidistant contacts on a 236 μm diameter shaft. The first contact is 

located 300 μm from the tip of the probe and each subsequent contact is spaced 400 μm apart; this 

arrangement allowed us to monitor simultaneously the entire dorso-ventral expanse of the 

amygdala. Impedance for each contact typically ranged from 0.2 to 1.2 MΩ. The anatomical 

location of each electrode was calculated by drawing to scale on each MRI slice the chamber and 

aligning it to fiducial markers (co-axial columns of high contrast material). During recordings, 

slip-fitting grids with 1 mm distance between cannula guide-holes were placed in the chamber, 

this allowed a systematic sampling of most medio-lateral and anterior-posterior locations in the 

amygdala (see Figure 2.5A). 

         The analog signal from each channel on the V-probe was digitized at the headstage (Plexon 

Inc., HST/16D Gen2) before being sent through a Plexon pre-amplifier, filtering from 0.3 to 6 kHz 

and sampling continuously at 40 kHz. Single units were sorted offline (Plexon offline sorter v3, 

Plexon Inc.) using predominantly principal component analysis. 
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Stimulus delivery 

The monkey was seated in a primate chair and placed in a recording booth featuring a 

1280x720 resolution monitor (ASUSTek Computer Inc., Beitou, Taiwan), two Audix PH5-VS 

powered speakers (Audix Corporation, Wilsonville, OR) to either side of the monitor, a custom 

made airflow delivery apparatus (Crist Instruments Company Inc., Damascus, MD), and a juice 

spout (Figure 2.1 A and B). The airflow system was designed to deliver gentle, non-aversive 

airflow stimuli to various locations on the face and head (the pressure of the air flow was set to be 

perceptible but not aversive). The system, based on the designs of Huang and Sereno (2007)  and 

Goldring et al. (2014), consists of a solenoid manifold and an airflow regulator (Crist Instruments 

Company, Inc.) which controlled the intensity of the airflow directed toward the monkey. Low 

pressure vinyl tubing lines (ID 1/8 inch) were attached to ten individual computer-controlled 

solenoid valves and fed through a series of Loc-line hoses (Lockwood Products Inc., Lake Oswego, 

OR). The Loc-line hoses were placed such that they did not move during stimulus delivery and 

were out of the monkey’s line of sight (Figure 2.1B). All airflow nozzles were placed ~2 cm from 

the monkeys’ fur and outflow was regulated to 20 psi. At this pressure and distance, the air flow 

caused a visible deflection of the monkeys’ fur. 

Stimulus delivery was controlled using custom written code in Presentation Software 

(Neurobehavioral Systems, Inc., Berkeley, CA). The monkey’s eye movements were tracked by 

an infrared eye tracker (ISCAN Inc., Burlington, MA, camera type: RK826PCI-01) with a 

sampling rate of 120 Hz. Eye position was calibrated prior to every session using a 5-point test. 

During the task the animal was required to fixate for 125 ms a central cue (“fixspot”) that 

subtended 0.35 dva. Successful fixation was followed by the delivery of a stimulus randomly 

drawn from a pool of neutral visual, tactile, and auditory stimuli. In monkey F, there was no delay 
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between the fixspot offset and stimulus onset, while in monkey B a 200 ms delay was used (Figure 

2.1). Stimulus delivery lasted for 1 s and was followed (after a pause of 700-1200 ms) by juice 

reward. Each stimulus was presented 12-20 times and was followed by the same amount of juice. 

Trials were separated by a 4 s inter-trial interval (ITI).  

         Each day, a set of eight novel images were selected at random from a large pool of pictures 

of fractals and objects. Images were displayed centrally on the monitor and covered ~10.5x10.5 

dva area. During trials with visual stimuli, the monkey was required to keep his eye within the 

boundary of the image. If the monkey looked outside of the image boundary, the trial was 

terminated without reward and repeated following an ITI. 

         Tactile stimulation was delivered to eight sites on the face and head (Figure 2.1 B): the 

lower muzzle, upper muzzle, brow, and above the ears on both sides of the head. The face was 

chosen because in our previous study a large proportion of neurons in the amygdala responded to 

tactile stimulation of the face (Mosher et al., 2016). Two “sham” nozzles were directed away from 

the monkey on either side of the head to control for the noise made by the solenoid opening and/or 

by the movement of air through the nozzle. Pre-experiment checks ensured that the airflow was 

perceptible (deflected the hairs) but not aversive. The monkeys displayed slight behavioral 

responses to the stimuli during the first few habituation sessions, but they did not respond to these 

stimuli during the experimental sessions. 

         For each recording session, a set of eight novel auditory stimuli were taken from 

freesound.org, edited to be 1 second in duration, and amplified to have the same maximal volume 

using Audacity sound editing software (Audacity® version 2.1.2). Sounds included musical notes 

from a variety of instruments, synthesized sounds, and real-world sounds (e.g., tearing paper). The 
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auditory stimuli for each session were drawn at random from a stimulus pool using a MATLAB 

script (The MathWorks Inc., Natick, MA, version 2016b). 

         All stimuli were specifically chosen to be unfamiliar and devoid of any inherent or learned 

significance for the animal. Stimuli with socially salient content like faces or vocalizations were 

avoided as were images or sounds associated with food (e.g., fruit or the sound of the feed bin 

opening). Airflow nozzles were never directed toward the eyes or into the ears to avoid potentially 

aversive stimulation of these sensitive areas. Because previous studies have failed to find tuning 

to low-level visual features like color, shape, or orientation (Nakamura et al., 1992; Ono et al., 

1983; Sanghera et al., 1979), we did not systematically alter these features in our stimulus set. 

 

2.2.3 - Statistical analysis 

         Spike times and waveforms were imported into MATLAB for further analysis using scripts 

from the Plexon-Matlab Offline Software Development Kit. A neuron was only included in the 

general analysis if it met three criteria: (1) was active during at least 144 consecutive trials, (2) the 

mean firing rate of the cell during either the baseline (-2 to -1 seconds preceding the onset of the 

fixspot) or during stimulus delivery (0 to +1 second after stimulus on) was above 1 Hz, and (3) the 

estimated location of the neuron was within the amygdala. A total of 231 cells (109 from monkey 

B, and 122 from monkey F) met these criteria. 

We first established whether each neuron responded to any of the sensory modalities using 

a sliding window Wilcoxon rank-sum test. This method has been used previously to assess neural 

responsivity in quiescent structures like the amygdala (Kennerley et al., 2009; Mosher et al., 2016; 

Rudebeck et al., 2013). Briefly, rank-sum tests were used to compare the firing rate in a series of 

100 ms bins throughout the stimulation period (each bin stepped by 20 ms) to a pretrial baseline 
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period. If the response in any of the bins was significantly different from the pretrial baseline, the 

cell was classified as responsive. The alpha value (α) was Bonferroni-Holm corrected for number 

of comparisons per set. In most cases there were 46 tests per modality (i.e., the tests started with a 

bin spanning 0-100 ms and ended with a bin spanning 900-1000 ms). In some cases we found that 

fixspot responses continued into the stimulation window. To avoid erroneously attributing the 

responses in these bins to stimulus delivery, we shifted the period in which we ran the rank-sum 

tests by 200 ms (i.e., the tests started at 200-300 ms and ended at 900-1000 ms, performing 36 

tests). In these cases we corrected the alpha value accordingly. 

To ensure that the auditory component of the airflow was not the cause of significant 

activity changes on tactile trials, we compared the neural response to airflow directed toward the 

monkey and airflow directed away from the monkey (“sham” trials) for each cell. This was done 

using a series of rank-sum tests comparing the activity in each 100 ms bin between these two 

conditions (Bonferroni corrected for number of comparisons). A bin must show a significant 

difference for both baseline vs response and sham vs response in order for it to be classified as 

tactile responsive. 

To determine the validity of our statistical methods we performed two control analyses: (1) 

calculated the number of responsive cells when varying the bin size and (2) calculated the false-

discovery rate using non-stimulus periods using two separate methods. 

Changing the window size by +/- 50 ms resulted in <5% changes in the total number of responsive 

cells. Even doubling the window size to 200 ms only resulted in a 5.6% increase in the number of 

responsive cells. These changes were not statistically significant (χ2 (3, N = 231) = 3.18, p = 0.37). 

Therefore, the results are likely not attributable to the parameters of the sliding-window Wilcoxon 

rank-sum analysis. 
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Although the Bonferroni-Holm correction method is a relatively strict way to control for 

multiple comparisons, it is possible that we underestimated the rate of false positives generated 

using the sliding window Wilcoxon rank-sum test. We applied the same analysis described above 

to periods of time in the inter-block interval (i.e., when no task-related activity was present) and 

found that this test classified 8 out of 231 neurons as responsive. This corresponds to a false 

discovery rate (FDR) of 3.5%. 

To further validate our findings, we calculated the FDR using a Wilcoxon rank-sum based 

cluster mass test described in Maris and Oostenveld, 2007, and applied to single unit data by 

numerous groups (Gelbard-Sagiv et al., 2018; Intveld et al., 2018; Kamiński et al., 2017). In this 

method a series of Wilcoxon rank-sum tests were again used to assess firing rate differences 

between baseline bins and a series of 100 ms bins (20 ms steps) taken from the stimulation period 

for each response category. The longest segment of adjacent bins with significant p-values (<0.01) 

was identified and the Z-statistics during this cluster of bins was summed. This gives a cluster-

level test statistic for the stimulation versus baseline comparison. The labels for the bins (baseline 

versus stimulation) were then shuffled randomly to obtain binned firing rate data that no longer 

corresponded to the timeline of the task. We extracted the cluster-level Z-statistic from 500 

different shuffles. 

This method gives a distribution of Z-statistics that could be obtained due solely to the 

parameters of the Wilcoxon rank-sum tests and not to differences between the stimulation and 

baseline periods. If the Z-statistic obtained from the non-shuffled data fell within the inner 99th 

percentile of values it was considered a false positive, while values falling outside of this range 

were considered true positives. Using this method, which restricts false positives to <1%, we found 

168 cells that responded to the stimuli.  This value is similar to Bonferroni-Holm correction method 
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(160 cells), though slightly higher. Because both methods return similar results, it is unlikely that 

the number of responsive cells was due to our statistical analysis methods. 

A chi-squared test compared the number of cells that showed visual, tactile, or auditory 

responses to determine if there were any differences in the prevalence of these responses among 

the neurons. Each neuron was then assigned to eight possible categories: (1) “visual only”, (2) 

“tactile only”, (3) “auditory only”, (4) “visual-and-tactile”, (5) “visual-and-auditory”, (6) “tactile-

and-auditory”, (7) “visual-and-tactile-and-auditory”, or (8) “non-responsive” based on the results 

of the sliding window rank-sum test. We compared the number of neurons observed in each class 

to the predicted values generated from a binomial probability density function. To generate the 

expected values for these distributions (Figure 2F), we used the conditional probabilities obtained 

from the rates of visual, tactile, and auditory responses across the 231 recorded cells. Conditional 

probability is given by the formula: 

 

𝑃(𝐴|𝐵|𝐶)  =  𝑃(𝐴) ⋅ 𝑃(𝐵) ⋅ 𝑃(𝐶) 
 
 

Where P(A) is the probability of condition A being true and P(B) is the probability of 

condition B being true. For example, the conditional probability of a cell responding to visual and 

tactile but not auditory stimuli is given by: 

 

𝑃(𝑉𝑖𝑠|𝑇𝑎𝑐|𝐴𝑢𝑑)  =  𝑃(𝑉𝑖𝑠) ⋅ 𝑃(𝑇𝑎𝑐) ⋅ 𝑃(𝑁𝑜𝑡 𝐴𝑢𝑑) 
 
 

This probability is then used to generate a binomial probability density function which is 

obtained from the formula: 
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𝑦 = (𝑥
𝑛)(𝑝)𝑥(1 − 𝑝)(𝑛−𝑥)

 
    for x = 0,1,2,…,n 

 

Where y is probability of getting x number of cells in a category given n number of total cells and 

the conditional probability, p, of a cell being part of that category. If the value of y was less than 

0.00125 (α = 0.01 corrected for 8 comparisons) then the observed value was considered 

significantly different from the value predicted by the conditional probability. Values that fell 

below the 0.06 percentile or above the 99.94 percentile of the distribution generated from the 

binomial probability density function (as shown in Figure 2.2E) met this criteria. This is the 

equivalent of a two-tailed binomial test at α = 0.05, Bonferroni corrected for eight comparisons. 

We next determined whether each responsive neuron was selective primarily for sensory modality 

or specific items within a sensory modality. We used a mixed-effects, nested ANOVA model with 

modality as a fixed group variable and item within modality as a random nested variable (α = 0.01). 

The response during the 1 s stimulation period for each stimulus was used for this test. For neurons 

that were significantly selective for modality, item, or both, we calculated the effect size as the 

measure of selectivity. The effect size allowed us compare selectivity for modality to selectivity 

for items especially for neurons that showed selectivity for both. It should be noted that the 

calculation of effect size for group and nested subgroup variables in a nested, mixed-effects 

ANOVA model is dependent on whether the variable is considered fixed (i.e., a measurement 

without error) or random (i.e., a subsample of representative values drawn from a larger 

population) (Kirk, 2013). In this case, sensory modality is considered fixed because this is a 

categorical variable for which there is no error term; however, item within modality is considered 

random due to the fact that we are only presenting eight stimuli out of an infinite number of 

potential possibilities. 



74 

 

For the fixed variable (i.e., modality), partial omega squared was calculated using the 

formula: 

�̂� 2 𝑌|𝐴⋅𝐵(𝐴) =
∑  

𝑝
𝑗=1 �̂� 𝑗

2/𝑝
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2 ∑  

𝑝
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2/𝑝
 

where, 

∑  
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2

𝑝
=

(𝑝 − 1)[𝑀𝑆𝐴 − 𝑀𝑆𝐵(𝐴)]
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While the comparable metric, called the intra-class correlation, for the random variable (i.e., item) 

is obtained from the formula: 

�̂� 𝐼 𝑌|𝐵(𝐴)⋅𝐴 =
�̂� 𝛽

2

�̂� 𝜀
2  +  �̂� 𝛽

2  

where, 

�̂� 𝛽
2  =  

𝑀𝑆𝐵(𝐴)  − �̂� 𝜀
2

𝑛
 

 
In these formulas, MSA is mean squares for modality, MSB(A) is mean squares for item nested 

within modality, n is degrees of freedom for the subgroup variable (i.e., items nested in modality), 

p is degrees of freedom for the group variable (i.e., modality), q is the number of repetitions per 

stimulus for the jth stimulus in the set, and �̂� 𝜀
2 is the mean square error for the item (i.e., subgroup) 

level (Kirk, 2013). 

         Lastly, to assess how information about modality or item is encoded over time, we 

determined the time point of the first significant bin using a mixed-effects, nested ANOVA on a 

series of partially overlapping bins (similar to the sliding window rank-sum method above). 



75 

 

Activity was binned in 100 ms bins (stepped by 20 ms) during the stimulation period and compared 

to activity in the baseline period (-2 to -1 second preceding fixspot on). The first bin with p < 0.01 

was considered the first significant bin and taken as the latency to the onset of response of the 

neuron. To further ensure that this latency metric was reliable, we also calculated the time that 

elapsed before the effect size during stimulation exceeded the baseline threshold for modality and 

for item. To do this, we binned the activity during both baseline and stimulus delivery into partially 

overlapping 100 ms bins (stepped by 20 ms). We then found the mean effect size for modality and 

for item plus 3.5 standard deviations (SD) of the activity during baseline.  We set these values to 

be our thresholds. Then, for each neuron that showed significant selectivity for modality, item, or 

both, we found the time point at which the response crossed the appropriate threshold (e.g., if the 

cell was selective only for modality we only looked for the first bin where modality selectivity 

crossed the threshold). It should be noted that a small number of the cells that registered as 

modality and/or item selective did not have a single bin which crossed this 3.5 SD, likely due to 

relatively small, but sustained, changes in firing rate relative to baseline. These were excluded 

from the timing analysis. Both results showed that, on average, information about modality was 

encoded at earlier time points than information about individual items. 

  

2.2.4 - Anatomical reconstruction of recording sites 

         Reconstruction of the recording sites was done by aligning the electrode tracks to high 

contrast fiducial markers (see above) aligned to chamber coordinates on post-surgical MRIs. 

Coronal sections of the MRIs were spaced 1 mm and aligned to the grid holes in 3D slicer (Kikinis 

et al., 2014) and MRIcro (Rorden and Brett, 2000). The depth of the electrode tip relative to the 

top of the recording grid was measured every day and used to relay the dorsal-ventral (z) position 
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of the electrode. Because the locations of each hole on the recording grid relative to the chamber 

boundaries and MRI were known, measurements of medial-lateral (x) and anterior posterior (y) 

position of the probe were also available. All reconstructions were done by importing the MRIs 

into CorelDRAW x7 (Corel Corporation, Ottawa, Canada), converting the image to real world 

dimensions, and using the x, y, and z coordinates to place a cartoon electrode over the image. 

Assessment of this reconstruction method was previously found to be accurate to within ~1 mm 

(Mosher et al., 2010). In monkey B, the recording sites calculated as described above were verified 

by MRI and CT scans, each with tungsten electrodes inserted in specific grid positions that pointed 

to the designated targets. 

         We tested whether any particular response combination was more likely to be observed in 

any nucleus of the amygdala using a series of Fisher’s exact tests. The alpha value was Bonferroni 

corrected for the number of comparisons (α = 0.05 / 5 nuclei x 8 response categories = 0.00125). 

A series of Fisher’s exact tests were more appropriate than a Chi-squared test for these data as the 

sample sizes for some of the nuclei were small. 

  

2.3 - RESULTS 

2.3.1 - The majority of responsive neurons responded to multiple sensory modalities 

         Although our stimuli were both unfamiliar and devoid of value associations or social 

significance (Figure 2.1), they activated a large percentage of neurons (69.3%, 160/231) as 

assessed by the sliding window, rank-sum analysis described in the methods. Each cell was 

assigned to one of eight possible types: “visual only”, “tactile only”, “auditory only”, “visual-and-

tactile”, “visual-and-auditory”, “tactile-and-auditory”, “visual-and-tactile-and-auditory”, or “non-



77 

 

responsive”. Examples of neurons that responded to one, two, or all three sensory modalities are 

shown in Figure 2.2A, B, and C respectively. The stars indicate the 100 ms bins when the firing 

rate showed significant deviations from baseline. The relative proportions of cells responding to 

none, one, two, or all three sensory domains is shown in Figure 2.2D (top). Equal proportions of 

visual (111/231, 48.1%), tactile (95/231, 41.1%), and auditory (93/231, 40.3%) responses were 

observed in this population of neurons (χ2 (2, N = 299) = 2.10, p = 0.38). Note that many neurons 

were responsive to multiple modalities, therefore the number of visual, tactile, and auditory 

responses (299) adds up to more than the total number of cells (231). We found that the majority 

of responsive neurons (98/160, 61.3%) responded to stimuli of more than one sensory modality 

with the largest single response type being the “visual-and-tactile-and-auditory” group (Figure 

2.2D, bottom). These results challenge the view that the monkey amygdala processes 

predominantly visual stimuli, and other sensory modalities may be less effective in activating the 

component neurons. 
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Figure 2.1. Experiment paradigm. A. Setup for the delivery of visual, tactile, and auditory stimuli. The monkey was 

seated in a primate chair facing a monitor and two speakers. Speakers, air flow lines, and juice spout were placed such 

that they did not block the view of the monitor. B. Frontal view of the Loc-line hoses for tactile stimulation locations 

(green). All hoses were placed orthogonal to the surface of the skin at ~2 cm distance and directed toward non-sensitive 

areas (i.e., away from the eyes and ears). C. Task design. The monkey fixates a target cue on the monitor that is 

followed by either a visual, tactile, or auditory stimulus drawn at random from a stimulus set. Stimulus delivery is 

followed by a small juice reward. 

 

We next determined whether any particular response combination was observed more often 

than expected by chance given the overall number of visual, tactile, and auditory responses. We 

calculated the conditional probabilities for each of the eight groups listed above and used these to 

create binomial probability density functions for each group. There were three cases in which the 

observed value was significantly different from the expected value determined by these 

probabilities (Figure 2.2F). The number of cells responding to all three sensory domains and the 
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number responding to none of the sensory domains were higher than expected (two-tailed binomial 

test, p = 0.0000007 and p = 0.000002, respectively) while the “tactile only” category had fewer 

cells than expected (two-tailed binomial test, p = 0.0002). Furthermore, it is possible that some 

neurons will only respond to stimuli of different sensory modalities when they are presented 

simultaneously (Ghazanfar, 2005; Stein et al., 2014; Sugihara et al., 2006). Because we can only 

present a subset of stimuli from each sensory modality, and we did not present multiple stimuli 

concurrently, these numbers are likely a conservative estimate of the propensity of single neurons 

in the amygdala to respond to stimuli of different sensory domains. Therefore, these data show 

that amygdala neurons have a high propensity for multisensory responses even when the stimuli 

lack social or emotional value. 
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Figure 2.2. Types and proportions of multisensory neurons in the monkey amygdala. A-C. Example neural responses 

to stimuli of a single or multiple sensory modalities (visual = red, tactile = green, and auditory = blue). The mean 

spike density function (solid lines) +/- SEM (shaded regions) for each sensory modality shows the amplitude and the 

time course of the response averaged across eight stimuli. Stars indicate time segments in which the firing rate was 
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significantly different from baseline. The vertical gray dotted line indicates the onset of the fixspot, while the solid 

black lines indicate the onset of offset of the stimulus. D. Classification of responses. The pie chart on top shows the 

proportion of all recorded cells that responded to none, one, two, or three modalities.  The Venn diagram on the bottom 

shows the ratio of responsive neurons classified as each combination of responses to visual, tactile, and auditory 

stimuli (visual only = red, tactile only = green, auditory only = blue, visual-and-tactile = yellow, visual-and-auditory 

= magenta, tactile-and-auditory = cyan, visual-and-tactile-and-auditory = white). E. Binomial probability density 

functions (gray violin plots), cut at the 0.06 and 99.94 percentiles, for the number of cells in each response category 

given the observed rates of visual, tactile, and auditory responses. The colored diamonds represent the observed 

number of cells for the category (same color code as in D). The black circle represents the median and black stars 

above the violin plots indicate that the observed value was significantly different than expected from the binomial 

probability density function. 

 

2.3.2 - Neurons in the amygdala show greater modality-selectivity than item-selectivity 

         We next quantified and compared the difference in responses (1) between sensory 

modalities and (2) between items within a sensory modality using a mixed-effects, nested ANOVA 

model with modality as a fixed group variable and items within modality as a random, nested 

variable (see methods). For example, the neuron shown in Figure 2.3A was modality-selective, 

responding with a large increase in firing rate to all visual stimuli and significantly smaller 

increases for auditory and tactile stimuli. This neuron showed no item-selectivity because the 

variation of firing rate induced by the eight stimuli within each sensory modality was low (effect 

size for modality = 0.48, effect size for item = -0.05). In contrast, the neuron shown in Figure 2.3B 

shows a very strong tactile response, a moderate visual response, and a relatively weak auditory 

response. There is also considerable variability within each sensory domain: note the relatively 

elevated response to a single visual stimulus, the variability in the later stages of the tactile stimuli, 

and the elevations in firing rate for two of the auditory stimuli. This neuron was classified as both 

modality- and item-selective (effect size for modality = 0.80, effect size for item = 0.40). Overall, 

76.3% of responsive neurons (122 out of 160 cells) were selective for modality, item, or both 

(Figure 2.3C, mixed-effects, nested ANOVA, α = 0.01). Of these selective neurons, a higher 

proportion were modality-selective (58/122, 47.5%) than item-selective (35/122, 28.7%) or both 
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modality- and item-selective (29/122, 23.8%), suggesting that sensory modality figures more 

prominently in the population of cells (Figure 2.3C, χ2 (2, N = 122) = 17.29, p = 0.0001). Figure 

2.3D shows the distributions of the effect sizes for modality and for item for all responsive cells. 

While the range of effect sizes seen is similar between the two variables, the distribution of the 

effect sizes for modality is slightly shifted toward higher values. This is confirmed by comparing 

the per cell difference in the effect size metrics for all responsive cells (paired t-test, t(159) = 3.52, 

p = 0.0006). When restricting this comparison to only cells that were both modality and item 

selective, we found a similar strong bias toward modality-selectivity (Figure 2.3D inset, paired t-

test, t(28) = 4.13, p = 0.0003). 

To determine whether modality- or item-specific information emerges earlier from the 

spike trains, we performed mixed-effects, nested ANOVAs in a series of 100 ms bins (20 ms steps) 

throughout stimulus delivery. Figure 2.3E shows effect size over the baseline, pre-stimulus, and 

stimulus delivery periods for one example neuron that was both modality- and item-selective. We 

found that the latency to the first significant bin was significantly shorter for modality than for 

item (Figure 3F, Wilcoxon rank-sum test, Z = -2.64, p = 0.008). 

These results demonstrate the primacy of sensory modality over item specificity across the 

neural population in the amygdala in terms of the higher number of modality-selective neurons, 

the larger average effect size of modality, and the earlier emergence of modality selectivity. It is 

likely, therefore, that earlier components of the spike train typically signal modality and later 

components signal a specific item within a sensory modality. 
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Figure 2.3. Modality-selectivity was more prominent than item-selectivity and emerged earlier across the population 

of neurons. A. A modality-selective neuron with no item-selectivity. Mean responses across 16 repetitions of each 

stimulus are plotted as individual spike density functions and overlaid by modality. B. A modality- and item-selective 

neuron cell that responded with large differences to stimulus modality. Smaller, but significant, differences in response 

to items within a modality were present as well (e.g., the elevated response to a single visual stimulus). C. Proportions 

of neurons classified as non-selective, modality-selective, item-selective, or both modality- and item-selective. D. 

Distributions of the effect sizes for modality- and item-selectivity for all responsive cells. The inset scatterplot shows 

the effect size for modality plotted against the effect size for item for all 29 modality- and item-selective neurons. 

Purple dots indicate cells which had higher effect size for modality while orange dots indicate cells which had a higher 

effect size for modality. E. Comparison of the effect sizes for modality and item over time for one example cell. Purple 

and orange solid lines show effect size over time for modality and item, respectively. The gray dotted lines show the 

time of the first significant bin for modality (purple M) and item (orange I). F. Distributions of the latencies to the 

first significant bin for modality and item. The white circle represents the median, the black rectangle represents the 
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interquartile range, and the thin black lines show the 1st to 99th percentile range. Modality-selectivity arose earlier than 

item-selectivity. 

 

2.3.3 - Different spike train metrics select for sensory modality and items within a modality 

Given the relatively small number of neurons in the macaque amygdala, ~6 million (Carlo 

et al., 2010; Chareyron et al., 2011), it is likely that variations in response magnitude alone are 

insufficient to differentiate between the great diversity of stimuli processed therein. Indeed, within 

the visual modality alone, Mosher et al. (2010) found that amygdala neurons differentiate stimuli 

using: (1) response magnitude (differences in the maximal change in firing rate between baseline 

and stimulus delivery), (2) polarity of the response (increases or decreases in firing rate during 

stimulation relative to baseline), and (3) duration of the response (phasic or tonic). We determined 

whether these metrics (see schematic in Figure 2.4A) could also differentiate between sensory 

modalities. Example neurons that exhibited each of these three types of firing rate modulations are 

shown in Figure 2.4B, C, and D.  Figure 2.4B shows a neuron that responded with different 

magnitudes of firing rate to tactile (largest), visual (intermediate), and auditory (smallest) stimuli. 

The neuron shown in Figure 2.4C also responded to all three sensory modalities but the responses 

to the visual stimuli were decreases in firing rate while the responses to tactile and auditory stimuli 

were increases in firing rate. This type of response was most obvious in neurons that had higher 

baseline firing rates. Changes in the temporal pattern of the response is illustrated by the neuron 

shown in Figure 4D. While the tactile and auditory stimuli elicit phasic increases in firing rates, 

the visual response causes a tonic elevation of firing rate, i.e., the elevated firing rate lasted longer 

than the phasic increase seen for the other two sensory modalities (a significant visual response 

was seen in 45 of the tested bins while the tactile and auditory responses only lasted for 13 and 7 

bins, respectively). This neuron also showed a difference in response magnitude which was 
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determined by finding the 100 ms bin with the highest mean response rate relative to the baseline 

period across all trials (visual maximal response = 12.4 +/- 2.6 SD spikes/second, tactile maximal 

response 5.9 +/- 2.8 SD spikes/second, auditory maximal response = 5.2 +/- 2.7 SD spikes/second, 

one-way ANOVA, F(2,21), p = 0.001). 

Finally, we determined whether any of these three types of firing rate modulations were 

specific for any sensory modality. No significant difference was seen between the sensory domains 

for response magnitude (Figure 2.4E, Kruskal-Wallis, F(2, 297) = 1.17, p = 0.56), for the 

proportions of excitatory vs. inhibitory responses (Figure 2.4E, χ2(2, N = 299) = 1.69, p = 0.43), 

or for response duration (Figure 2.4F, Kruskal-Wallis, F(2, 297) = 1.09, p = 0.58). Given that 

phasic/tonic and excitatory/inhibitory responses are likely to emerge as a consequence of 

interaction of inhibitory and excitatory neurons in the amygdala, it appears that sensory inputs of 

different modalities do not show preferential connectivity with inhibitory neurons that shape spike 

train polarity and duration. 
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Figure 2.4. Modality- and item-selectivity is expressed by changes of response magnitude, polarity, and duration. A. 

Simplified diagrams illustrating the three main spike train metrics that differentiate between categories of stimuli and 

items within categories (Mosher et al., 2010).  B-D. Examples of each type of spike train modulation. Each neuron 

shown here responded to all three sensory domains. E. Distribution of response magnitudes for all responsive neurons. 

The number of excitatory responses was significantly higher than the number of inhibitory responses for all sensory 

domains but no difference was present between domains. Violin plots use the same conventions as in Figure 2.3F. F. 

The response duration for visual, tactile, and auditory stimuli shows no significant difference between the groups. 
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2.3.4 - Anatomical distribution of multisensory cells 

         To examine the anatomical distribution of responsive cells, we reconstructed the location 

of all recorded neurons by aligning the anterior-posterior, medial-lateral, and dorsal-ventral 

position of a 16 channel V-probe to high contrast markers on post-surgical MRIs. We found that 

almost all response combinations could be observed in each amygdala nucleus with the exception 

of the medial nucleus (in which we only recorded two analyzable neurons) and the lateral nucleus 

(in which no tactile-auditory responses were observed) (Figure 2.5). It is likely that all response 

types would have been observed in the lateral nucleus if we had recorded from more cells in this 

area; however, we have generally found that it is more difficult to isolate cells in the lateral nucleus 

of the amygdala relative to the basal and accessory basal nuclei. 

         No clustering of responses was seen quantitatively (Figure 2.5 B and C; Table 1; Fisher 

exact tests, all p > 0.05, Bonferroni corrected for multiple comparisons). It is possible that the 

apparent clustering of non-responsive neurons in the posterior-medial aspects of the amygdala in 

monkey B reflects an anatomical gradient of responsivity (16/19 cells were categorized as non-

responsive on slices +17 and +18 in Figure 5C). We did not record from these posterior sites in 

monkey F and are therefore unable to assess this issue in-depth. Future studies with more 

systematic sampling from more animals will help to elucidate this issue. The presence of 

multisensory neurons in all sampled nuclei, i.e., at all stages of intra-amygdala processing, 

indicates that multisensory processing does not emerge from the hierarchical convergence of 

inputs from the lateral to the basal and accessory basal nuclei suggested as suggested by anatomical 

studies (Bonda, 2000; Jolkkonen and Pitkänen, 1998; Pitkänen and Amaral, 1991). 
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Figure 2.5. Anatomical distribution of response type for all recorded cells. A. Sagittal section from the MRI of 

monkey F showing the electrode tracks (orange lines) and chamber location (green). B. Anatomical reconstruction of 

each recorded cell for monkey F. Each panel shows a coronal section of an MRI with the recorded cells for that 

anterior-posterior position overlaid on top (approximate distance from inter-aural line shown in top right of each 

panel). Response types follow the same color code as in Figure 2.2. Amygdala nuclei are shaded in gray. C. 

Anatomical reconstruction of each recorded cell for monkey B. Scale bar for all coronal sections shown in bottom left 

panel. The arrows in the bottom right panel show the medial-lateral (M-L) and dorsal-ventral (D-V) axes. The table 
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gives a numerical breakdown of the sampling from the two monkeys (F and B) from across the nuclei (BA = basal, 

AB = accessory basal, LA = lateral, CE = central, ME = medial). 

 

2.4 - DISCUSSION 

2.4.1 - The majority of responsive neurons in the primate amygdala were multisensory 

         Single-unit recording studies in the monkey amygdala provide evidence for neurons that 

respond to all sensory modalities (Chang et al., 2015; Genud-Gabai et al., 2013; Gothard et al., 

2007; Kadohisa et al., 2005; Karádi et al., 1998; Leonard et al., 1985; Livneh et al., 2012; Mosher 

et al., 2016, 2010; Paton et al., 2006; Peck and Salzman, 2014; Resnik and Paz, 2015, 2015; Rolls, 

2006; Scott et al., 1993). The relative proportion and intra-amygdala distribution of neurons tuned 

to different sensory modalities is difficult to assess because with rare exceptions (Kuraoka and 

Nakamura, 2012; Nishijo et al., 1988), studies use stimuli of a single sensory modality. In our 

study, only 38.7% of responsive neurons were tuned to a single modality, the rest (61.3%) were 

multisensory. This may explain why numerous studies report that neurons in the amygdala appear 

relatively non-responsive or difficult to activate (i.e., increasing the complexity of the stimulus 

space would likely result in more responses). 

More cells responded to stimuli from all three sensory domains than expected given the 

conditional probability of getting “visual-and-tactile-and-auditory” responses (i.e., if the chances 

of getting visual, tactile, and auditory responses were independent and randomly distributed across 

all neurons). This suggests an active mechanism or connectivity pattern that enhances the 

convergence of multiple sensory inputs onto single neurons. This pattern is reminiscent of the 

properties of hidden layers in fully connected neural networks (Anderson, 1995; Touretzky and 

Pomerleau, 1989). 
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The hypothesis that there is a large overlap in inputs and/or a high degree of intra-amygdala 

connectivity is further supported by the failure to find a regional distribution of neurons that 

respond to a particular sensory modality. It should be noted that we recorded different numbers of 

neurons from each nucleus (see Table 1) and we have not histologically verified all of the recording 

sites (monkey B is still alive). Future experiments and histology will fully address these issues. 

Nevertheless, these findings support the emerging idea that neurons recorded from different nuclei 

of the amygdala cannot be distinguished based on their neuronal responses to stimuli or task 

variables (Amir et al., 2015; Kyriazi et al., 2018; Munuera et al., 2018; Paré and Quirk, 2017; 

Resnik and Paz, 2015). 

  

2.4.2 - Modality-selectivity and item-selectivity were encoded by different spike train metrics   

We report here that coarse information (i.e., sensory modality) is encoded before more 

detailed information that differentiates between items within a modality. This finding is consistent 

with a report of shorter response latencies for species-specific stimulus categories by Minxha et 

al., (2017). This study replicated previous reports that neurons in the monkey amygdala 

differentiate between categories of stimuli and between items within each category by three main 

types of firing rate changes: (1) response magnitude, (2) response polarity, and (3) response 

duration (Mosher et al., 2010). We found that any of these response metrics could distinguish 

between any sensory modality and/or item within a modality. It appeared, however, that different 

metrics were used for modality and items; for example, the polarity of the response of the neuron 

shown in Figure 4C could be used to differentiate between sensory modality while response 

magnitude could be used to discriminate items within a modality. 
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The observed differences in response magnitude, polarity, and duration could arise from 

circuit motifs that cannot be assessed with the experimental tools currently available in primates. 

However, it is likely that response polarity and response duration are shaped, at least in part, by 

different mechanisms of inhibition in the local circuits of the amygdala. If a stimulus of particular 

sensory modality activates neurons that provide feed-forward inhibition to the recorded neuron, 

the result would be a modality-specific decrease in firing rate relative to baseline. Likewise, one 

potential mechanism explaining the phasic responses is feedback inhibition, while tonic responses 

could arise via disinhibition. Disinhibition in particular is a common circuit mechanism that has 

been amply documented using in-vivo genetic/molecular manipulations in the rodent amygdala 

(Ciocchi et al., 2010; Ehrlich et al., 2009; Han et al., 2017; Paré et al., 2003). Importantly, any 

sensory modality could elicit any type of firing rate modulation; this feature is also suggestive of 

a fully connected hidden layer (Anderson, 1995; Touretzky and Pomerleau, 1989). 

  

2.4.3 - Limitations of this study 

         Several questions related to multisensory processing in the amygdala were not addressed 

by this study and will require follow-up experiments. The most important of these questions is 

whether neurons in the amygdala show multisensory integration, similar to what has been shown 

in other areas including the superior temporal sulcus (Barraclough et al., 2005; Beauchamp et al., 

2004; Dahl et al., 2010; Ghazanfar, 2005; Stein et al., 2014; Werner and Noppeney, 2010), parietal 

cortex (Avillac et al., 2004; Bremen et al., 2017; Duhamel et al., 1998), prefrontal cortex (Diehl 

and Romanski, 2014; Romanski and Hwang, 2012; Sugihara et al., 2006), and in subcortical areas 

such as the superior colliculus (Groh and Pai, 2010; Stein et al., 2014; Wallace and Stein, 1997). 

It will be critical to determine whether multisensory integration in the amygdala (whatever cellular 



92 

 

and circuit mechanism it takes) can be induced by stimuli that require joint processing of multiple 

sensory modalities. For example, are social stimuli (e.g., faces and voices) more likely to be 

integrated than random objects that produce specific sounds (e.g., a faucet and the sound of running 

water)? Furthermore, would multisensory integration be favored if processing jointly the sight of 

random objects and the sounds they make if these stimuli become predictive of reward or 

punishment? 

  

2.4.4 - Neurons in the amygdala respond to stimuli without socio-emotional significance 

         It is remarkable that ~70% of cells significantly altered their activity in response to the 

passive reception of neutral stimuli. The animals had no prior experience with the stimuli so 

familiarity is unlikely to drive this activity. It is possible that some of these responses were related 

to shifts in attention or arousal generated by the stimuli (i.e., despite our efforts, some of the stimuli 

may have had an unknown significance). Complete dissociation of responses driven by attentional 

versus sensory factors was beyond the scope of these experiments, yet should be considered in 

future work. For example, follow-up experiments could assess whether the responses of neurons 

in the amygdala are tuned to low-level features of tactile stimuli (i.e., does the magnitude of 

response to non-aversive tactile stimulation scale with the intensity/force profile of the touch?). 

The firing rate changes elicited by these emotionally neutral, non-social stimuli were in the same 

range as the responses elicited in previous studies by videos of facial expressions and rewards 

(Belova et al., 2008; Bermudez and Schultz, 2010; Gothard et al., 2007; Leonard et al., 1985). If a 

role of the amygdala is to signal the presence of highly salient (i.e., emotionally and socially 

relevant) stimuli, an activation of this magnitude in response to stimuli of low significance is 

unexpected. It is possible that the amygdala signals the value or behavioral relevance of all 
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encountered stimuli, including the stimuli of low value (that require no arousal decisions about 

approach/avoidance). Indeed, Paton and colleagues (2006) noted that “In addition [to image value], 

image identity had a significant effect in many cells, often overlapping with the representation of 

value at the single-cell level.” Furthermore, Genud-Gabai et al., (2013) demonstrated that stimuli 

often considered “controls” (i.e., the non-reinforced stimuli in an association task) are well 

represented by neurons in the amygdala, possibly because these stimuli now are reliable predictors 

of the lack of an outcome. We intentionally used a simple task featuring stimuli with no inherent 

value to emphasize that sensory modality and stimulus identity are encoded in the amygdala, 

almost by default. The default response of large populations of neurons in the amygdala may be 

independent of association with value (whether unconditioned or conditioned) or social 

significance. Establishing that certain stimuli are of low significance may be important to prevent 

the elaboration of energetically costly behavioral and autonomic responses that are typically 

elicited by stimuli of high behavioral relevance. These processes may not be easily detectable by 

signals with slower temporal dynamics (e.g., the BOLD signal) but may be important for affective 

homeostasis and optimal social behavior. 

         In conclusion, these data demonstrate that single neurons in the amygdala often respond to 

neutral stimuli from multiple sensory domains. The diverse response profiles and lack of clear 

anatomical clustering suggest a highly flexible system upon which more elaborate representations 

of associated value or social significance might be built. Future studies of how neurons in the 

amygdala integrate the various sensory features, as well as more abstract components of stimuli, 

will help to elucidate the mechanisms by which the amygdala binds information from multiple 

sources. 
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2.5 - Tables 

 Non V T A VT VA TA VTA 

BA 

29 

 0.2531 

0.69 

0.39,1.22 

11 

0.8332 

 0.87 

 0.38,2.00 

5 

0.7729 

 0.79 

0.24,2.56 

9 

0.3897 

0.64 

0.27,1.53 

16 

0.5576 

1.33 

0.62,2.86 

7 

0.8019 

 0.86 

0.31,2.40 

7 

0.5558 

1.61 

0.49,5.22 

25 

0.0587 

1.97 

0.23,1.24 

AB 

27 

0.0588 

 1.84 

1.01,3.35 

9 

0.4843 

1.44 

0.60,3.43 

2 

0.5165 

 0.47 

0.10,2.22 

8 

0.6382 

1.25 

0.51,3.09 

7 

0.5249 

 0.72 

0.29,1.76 

5 

0.7828 

 1.12 

0.37,3.36 

1 

0.1877 

0.21 

0.03,1.67 

8 

 0.183 

9 0.54 

0.23,1.24 

LA 

2 

0.1582 

 0.30 

0.07,1.37 

1 

1.000 

0.53 

0.07,4.20 

1 

0.5866 

1.24 

0.15,0.23 

6 

0.0027 

6.57 

2.14,0.15 

2 

1.000 

0.95 

0.21,4.42 

2 

0.3057 

2.05 

0.42,9.93 

0 

1.000 

0.00 

N/A 

2 

 0.7438 

0.64 

0.14,2.95 

CE 

12 

0.8467 

 1.10 

 0.52,2.33 

4 

1.000 

1.00 

0.32,3.10 

4 

0.1061 

2.82 

0.80,9.90 

1 

0.1391 

0.21 

0.03,1.58 

4 

0.7947 

0.78 

0.26,2.39 

2 

1.000 

0.73 

0.16,3.38 

4 

0.1061 

2.82 

0.80,9.90 

6 

1.000 

0.88 

0.34,2.27 

ME 

1 

0.5212 

 2.27 

0.14,36.83 

0 

1.000 

0.00 

N/A 

0 

1.000 

0.00 

N/A 

0 

1.000 

0.00 

N/A 

1 

0.2434 

6.90 

0.42,113.3 

0 

1.000 

0.00 

N/A 

0 

1.000 

0.00 

N/A 

0 

1.000 

0.00 

N/A 

  

Table 2.1. Response category by nucleus. Each cell in the table shows the number of cells (first line), p-value (second 

line), odds ratio (third line), and confidence interval (fourth line) for a response type in a particular nucleus (statistics 

generated using a Fisher’s exact test comparing the number of cells of each response type between the nuclei). No 

response by nucleus pairing was significant at the p < 0.05 level when correcting for multiple comparisons (0.05/40 
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comparisons = 0.00125). Nucleus labels: BA = basal, AB = accessory basal, LA = lateral, CE = central, ME = medial. 

Response category labels: Non = non-responsive, V = visual, T = tactile, A = auditory, VT = visual/tactile, VA = 

visual auditory, TA = tactile/auditory, and VTA = visual/tactile/auditory. 
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CHAPTER 3: Dissociable mesoscopic-scale networks 

in the primate amygdala 
 

Abstract 

This final results chapter describes how electrophysiological signals called local field 

potentials (LFPs) could be used to assess sensory processing in the same experiment from 

chapter 2. As previously stated, the amygdala is a collection of richly interconnected, yet 

functionally and anatomically heterogeneous nuclei. Networks of interactive neurons within and 

between these nuclei support a multitude of functions. It is possible that the neural activity 

underlying these functions gives rise to oscillations in the local field potential; however, next to 

nothing is known about these mesoscopic-scale signals in the primate amygdala. Here, we 

extracted patterns of coactivity from multicontact LFP signals collected from sites within (and 

occasionally around) the amygdala using a signal decomposition method based on generalized 

eigendecomposition (GED). These coactivity patterns (called components) reflect statistically 

dissociable network-level activity that arose as a function of the delivery of stimuli from multiple 

sensory modalities. Both the modality of the stimulus and the location of the contacts within (or 

around) the amygdala influenced the component signals suggesting that both functional and 

spatial information is carried by the LFP in the amygdala. Delta, theta, and low- and high-gamma 

band oscillations were prominent in the spectral profile of the component signals. These findings 

demonstrate that is it possible to extract stimulus-driven spatially-refined LFP activity from the 

primate amygdala using GED-based analyses. 

 

Contributions to this work 
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 The experiments described in the following chapter were developed and executed in the 

Gothard laboratory. Experiment setup was performed by myself under the guidance of Dr. Gothard 

with assistance from Dr. Clayton Mosher. The analyses detailed in this chapter were developed in 

collaboration with Dr. Michael X. Cohen from the Donders Centre for Neuroscience in Nijmegen, 

Netherlands. I collected the data with the help of staff from the Gothard Laboratory. 

3.1 - INTRODUCTION 

Electrophysiological signals recorded via intracerebral electrodes contain a low-

frequency component (<300 Hz) typically referred to as the local field potential (LFP) that is 

produced by the aggregate activity of hundreds to tens of thousands of neurons (Buzsáki et al., 

2012; Einevoll et al., 2013). Though the interpretation of LFPs can be difficult, these signals 

provide a valuable mesoscopic-scale view of brain activity (i.e., at a spatial scale between 

extremely precise single-unit recordings and relatively large scale functional neuroimaging). 

Elucidating the role of the primate amygdala in affective and social behavior benefited greatly 

from the analysis of spike trains recorded from single neurons or simultaneously active 

ensembles of neurons. Greater use of the relatively unexplored LFP signals could provide a 

similar boost to our understanding of the primate amygdala by providing a larger-scale, 

temporally precise view of neural activity. 

Task-relevant electrophysiological signals at the mesoscopic scale have been successfully 

extracted from the local field potentials recorded in the amygdala of multiple non-primate 

species in the context of fear conditioning (Bauer et al., 2007; Courtin et al., 2014; Paré, 2002; 

Seidenbecher et al., 2003; Stujenske et al., 2014) and anticipatory anxiety (Paré, 2002). 

Likewise, gamma oscillations in the amygdala of cats have been shown to be related to reward 
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learning (Popescu et al., 2009). Reliable phase relationships of gamma oscillations and the 

spiking activity of principal neurons in the basolateral nucleus of the amygdala have also been 

reported in rodents (Amir et al., 2018), suggesting that LFP activity can coordinate (or at least is 

reflective of) single-unit activity in this structure. Similar findings have not been reported for the 

primate amygdala despite the feasibility of similar behavioral paradigms and the similarity of 

intra-amygdala cellular composition and network configuration.   

We recently found that a simple task designed to assess multisensory processing robustly 

elicited responses from a large proportion of neurons in the primate amygdala (Morrow et al., 

2019). The responses at the single-unit level differentiated stimuli by their sensory modality 

using a variety of changes in their spike train metrics. To determine whether the LFP of the 

primate amygdala also carried information about these stimuli, we extracted and analyzed the 

LFP signals from a 16 contact linear electrode array acutely delivered to the amygdalae of two 

adult male monkeys across 41 recording sessions. 

 Clear deflections in the contact-wise LFP signals were observed during the delivery of 

various sensory stimuli. Rather than assess the signal on each contact individually, we used a 

method of non-orthogonal covariance matrix decomposition called generalized 

eigendecomposition (GED) to identify statistically dissociable multicontact “component” signals 

(i.e., patterns of activity that covaried across multiple electrodes). GED has been proposed as a 

feasible solution to the blind source separation problem (Tomé, 2006) and was recently shown to 

reliably reconstruct network-level LFP dynamics in both simulated and empirical data that are 

often missed by conventional methods of source separation (Cohen, 2017). Here, we used GED 

to generate component signals, constructed from weighted averages of LFP signals collected 

across a multicontact electrode array, which maximized LFP activity related to sensory 
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processing. We found that multiple, statistically dissociable components were present on the 

majority recording days. Importantly, we also found that the activity of these component signals 

was differentially influenced by both the sensory modality of the stimuli and the spatial location 

of the contacts within and around the amygdala. Because GED was conducted blind to these 

aspects (i.e., there are no inputs to GED for stimulus identity or spatial location of contacts) it is 

unlikely that these features of the components were trivially due to the use of the GED method. 

Rather, these component signals likely reflect mesoscopic-scale network activity that is tied to 

the functional and spatial structure of the amygdala. 

 

3.2 - MATERIALS AND METHODS 

3.2.1 - Surgical procedures 

         Two adult male rhesus macaques, F and B (weight 9 and 14 kg; age 9 and 8 years 

respectively) were prepared for neurophysiological recordings from the amygdala. The stereotaxic 

coordinates of the right amygdala in each animal were determined based on high-resolution 3T 

structural magnetic resonance imaging (MRI) scans (isotropic voxel size = 0.5 mm for monkey F 

and 0.55 mm for monkey B). A square (26x26 mm inner dimensions) polyether ether ketone 

(PEEK), MRI compatible recording chamber was surgically attached to the skull and a craniotomy 

was made within the chamber. The implant also included three titanium posts, used to attach the 

implant to a ring that was locked into a head fixation system. Between recording sessions the 

craniotomy was sealed with a silicone elastomer that can prevent growth and scarring of the dura 

(Spitler and Gothard, 2008). All procedures comply with the NIH guidelines for the use of non-
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human primates in research and have been approved by the Institutional Animal Care and Use 

Committee. 

 

3.2.2 - Experimental Design 

Electrophysiological procedures 

         Local field potential activity was recorded with linear electrode arrays (V-probes, Plexon 

Inc., Dallas, TX) that have 16 equidistant contacts along a 236 μm diameter shaft. The first contact 

is located 300 μm from the tip of the probe and each subsequent contact is spaced 400 μm apart; 

this arrangement allowed us to monitor simultaneously the entire dorso-ventral expanse of the 

amygdala. Impedance for each contact typically ranged from 0.2 to 1.2 MΩ. The anatomical 

location of each electrode was calculated by drawing to scale on each MRI slice the chamber and 

aligning it to fiducial markers (co-axial columns of high contrast material). During recordings, 

slip-fitting grids with 1mm distance between cannula guide-holes were placed in the chamber, this 

allowed a systematic sampling of most medio-lateral and anterior-posterior locations in the 

amygdala. 

         LFP signals were initially referenced to the shaft of the probe located in the tissue above 

the amygdala. The analog signal from each channel on the V-probe was digitized at the headstage 

(Plexon Inc., HST/16D Gen2) before being sent through a Plexon pre-amplifier, filtering from 0.1 

to 300 Hz and sampling continuously at 40 kHz. LFP was extracted and downsampled at 1 kHz 

for analysis. A common average reference was applied to all channels prior to analysis. 
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Stimulus delivery 

The monkey was seated in a primate chair and placed in a recording booth featuring a 

1280x720 resolution monitor (ASUSTek Computer Inc., Beitou, Taiwan), two Audix PH5-VS 

powered speakers (Audix Corporation, Wilsonville, OR) to either side of the monitor, a custom 

made airflow delivery apparatus (Crist Instruments Company Inc., Damascus, MD), and a juice 

spout (Figure 3.1). The airflow system was designed to deliver gentle, non-aversive airflow stimuli 

to various locations on the face and head (the pressure of the air flow was set to be perceptible but 

not aversive). The system, based on the designs of Huang and Sereno (Huang and Sereno, 2007)  

and Goldring et al. (Goldring et al., 2014), consists of a solenoid manifold and an airflow regulator 

(Crist Instruments Company, Inc.) which controlled the intensity of the airflow directed toward 

the monkey. Low pressure vinyl tubing lines (ID 1/8 inch) were attached to ten individual 

computer-controlled solenoid valves and fed through a series of Loc-line hoses (Lockwood 

Products Inc., Lake Oswego, OR). The Loc-line hoses were placed such that they did not move 

during stimulus delivery and were out of the monkey’s line of sight. All airflow nozzles were 

placed ~2 cm from the monkeys’ fur and outflow was regulated to 20 psi. At this pressure and 

distance, the air flow caused a visible deflection of the monkeys’ fur. 

Stimulus delivery was controlled using custom written code in Presentation Software 

(Neurobehavioral Systems, Inc., Berkeley, CA). The monkey’s eye movements were tracked by 

an infrared eye tracker (ISCAN Inc., Burlington, MA, camera type: RK826PCI-01) with a 

sampling rate of 120 Hz. Eye position was calibrated prior to every session using a 5-point test. 

During the task the animal was required to fixate for 125 ms a central cue (“fixspot”) that 

subtended 0.35 dva. Successful fixation was followed by the delivery of a stimulus randomly 

drawn from a pool of neutral visual, tactile, and auditory stimuli. Each stimulus was presented 12-
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20 times and was followed by the same amount of juice. Trials were separated by a 4 s inter-trial 

interval (ITI).  

         Each day, a set of eight novel images were selected at random from a large pool of pictures 

of fractals and objects. Images were displayed centrally on the monitor and covered ~10.5x10.5 

dva area. During trials with visual stimuli, the monkey was required to keep his eye within the 

boundary of the image. If the monkey looked outside of the image boundary, the trial was 

terminated without reward and repeated following an ITI. 

         Tactile stimulation was delivered to eight sites on the face and head: the lower muzzle, 

upper muzzle, brow, and above the ears on both sides of the head. The face was chosen because in 

our previous study a large proportion of neurons in the amygdala respond to tactile stimulation of 

the face (Mosher et al., 2016). Two “sham” nozzles were directed away from the monkey on either 

side of the head to control for the noise made by the solenoid opening and/or by the movement of 

air through the nozzle. Pre-experiment checks ensured that the airflow was perceptible (deflected 

the hairs) but not aversive. The monkeys displayed slight behavioral responses to the stimuli during 

the first few habituation sessions, but they did not respond to these stimuli during the experimental 

sessions. 

         For each recording session, a set of eight novel auditory stimuli were taken from 

freesound.org, edited to be 1 second in duration, and amplified to have the same maximal volume 

using Audacity sound editing software (Audacity® version 2.1.2). Sounds included musical notes 

from a variety of instruments, synthesized sounds, and real-world sounds (e.g., tearing paper). The 

auditory stimuli for each session were drawn at random from a stimulus pool using a MATLAB 

script (The MathWorks Inc., Natick, MA, version 2016b). 
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         All stimuli were specifically chosen to be unfamiliar and devoid of any inherent or 

learned significance for the animal. Stimuli with socially salient content like faces or 

vocalizations were avoided as were images or sounds associated with food (e.g., fruit or the 

sound of the feed bin opening). Airflow nozzles were never directed toward the eyes or into the 

ears to avoid potentially aversive stimulation of these sensitive areas.   

3.2.3 - Data Analysis 

Computational advantage of generalized eigendecomposition  

When using multi-electrode recording approaches, it is possible that several electrodes 

will capture portions of the same signal. Indeed, signals from a variety of sources tend to mix in 

a linear manner across the recording electrodes in electrophysiology experiments (Bell and 

Sejnowski, 1995; Einevoll et al., 2013). Determining how to “unmix” these signals according to 

their statistically separable “sources” is an example of the well described blind source separation 

problem (Pal et al., 2013). There are many solutions to this problem; however, we believe that a 

non-orthogonal, covariance-based decomposition method called generalized eigendecomposition 

provided the ideal framework for analyzing the multi-contact LFP data collected in these 

experiments. Because generalized eigendecomposition (GED) is likely an unfamiliar analysis to 

many neuroscientists, a brief primer on how the method was used in these analyses is given in 

this section.  

While other source-separation techniques like PCA or ICA extract statistically distinct 

signals from data pooled together into a single condition (Bell and Sejnowski, 1995; Harold 

Hotelling, 1933; Hyvärinen and Oja, 2000; Jolliffe, I.T., 2002), GED works to maximally 

differentiate the multivariate signals in two separate conditions. In these data the pre-stimulus (-
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1.5 to -0.5 s relative to stimulus onset) and stimulus delivery (0 to +1.0 s relative to stimulus 

onset) time periods were used. GED finds “components” (patterns of covarying activity across 

multiple contacts) that “subtract out” a baseline signal from a signal collected during a time 

window of interest (e.g., stimulus delivery minus prestimulus activity). The components derived 

from GED will therefore show how the network of neurons that contribute to the LFP signals 

(collected across the recording array) change in response to visual, tactile, and auditory 

stimulation. The results produced by GED are easily interpretable and are conceptually similar to 

the outputs derived from the commonly used principal components analysis method (discussed 

below). Lastly, GED is extremely fast in terms of computation time, working on the order of 

milliseconds to process the ~50 hours of 16-contact LFP data collected in the 41 recording 

sessions (as opposed to a source-separation technique like the InfoMax version of independent 

components analysis (Bell and Sejnowski, 1995), which took up to two hours per session). Taken 

together these points make GED ideal for analyzing these data. 

Here, we used a GED-based analysis to find changes in network-level activity of the LFP 

that were present during stimulus delivery but not during baseline. Note that “network-level” is 

used in this manuscript to refer to signals that arise from the aggregate activity of the hundreds 

(or potentially thousands) of neurons contributing to the LFP recorded across the contacts. The 

principles of GED are not new engineering and statistics (Chandrupatla and Belegundu, 2011; 

Datta, 2004) but they have been seldom applied in neuroscience. As the name suggests, 

generalized eigendecomposition is similar to eigendecomposition, which forms the basis of the 

commonly used dimensionality reduction technique called principal components analysis (aka 

PCA). I will first discuss this basic form of eigendecomposition before moving to the generalized 

form. 
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Through use of the eigenvalue formula, 𝑆𝑤 = 𝑤𝜆, eigendecomposition finds a value (𝜆) 

that can be multiplied by a vector (w) that gives the same product as multiplying an entire matrix 

(S) by the vector w. 𝜆 is called an eigenvalue, while w is referred to as an eigenvector. 

Multiplying S by w does not affect the direction of vector w but rather simply stretches or shrinks 

it in the same manner that multiplying 𝜆 would stretch or shrink w. What this means in practice is 

that w is a dimension that maximally captures the variance in the matrix S. In these data, S is a 

covariance matrix created from the LFP signal collected across multiple contacts (see the 

“Covariance matrix” section below for more details). This means w is a vector that points in the 

direction of maximum covariance amongst the contact-wise signal. Signals that tightly or 

consistently covary likely arise from the same source (Jolliffe and Cadima, 2016; Jolliffe, I.T., 

2002) meaning they could be represented by a single “component” signal without losing much 

information from the individual signals. 

There are exactly as many eigenvalues (𝜆) and eigenvectors (w) as there are dimensions 

in S (with some special case exceptions). Expanding the eigendecomposition formula to account 

for all eigenvectors and eigenvalues simply means rewriting the equation as 𝑆𝑊 = 𝑊𝛬, where 

W is now a matrix of eigenvectors (each vector is contained in the columns of the matrix) and 𝛬 

is a diagonal matrix of eigenvalues. The larger the eigenvalue, the more information is contained 

along the dimension defined by the corresponding eigenvector. Furthermore, these eigenvectors 

can be used to create “filters,” or channel-by-channel weights, that can be applied to the original 

set of signals used to create the S covariance matrix. Each channel weight attenuates or amplifies 

the signal on that channel according to how much the activity of the channel covaries with the 

overall “component” signal captured by the eigenvector (hence the “component” in principal 

components analysis). After applying the filter to the raw data, the filter weighted signals can be 
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averaged together to create a single component time series. The components therefore contain 

the information across the entire recording space, weighted by the dimensions that maximally 

explained the covariance between the multicontact signals. The component with the largest 

eigenvalue corresponds to the vector pointing along the axis containing the largest covariance 

(with the second largest value pointing along the axis containing the second largest amount of 

the covariance, and so on).  

Because empirical data do not typically covary independently across the recorded signals 

(i.e., it is likely that the same source signal will be picked up on multiple channels), a majority of 

the covariance can be explained by only a few eigenvectors. Again, these eigenvectors are the 

ones associated with the largest eigenvalues. Therefore, PCA (and eigendecomposition) is a way 

of reconstructing a dataset according to the dimensions of maximal covariance in a multivariate 

signal. What this effectively means is that the information contained in the M-by-M dimensional 

covariance matrix (S) can be reduced to sets of vectors (w) and scalar values (𝜆) that best capture 

the variance in S in a rank ordered fashion.  

Although eigendecomposition/PCA is a powerful tool in signal processing, there are 

some major drawbacks of this method. In PCA, the eigenvectors are by definition pairwise 

orthogonal (Jolliffe, I.T., 2002), meaning that the information contained in each component is 

completely non-overlapping. While this feature is useful for dimensionality reduction and can 

lead to valid source separation, it can also result in PCA doing a poor job of separating distinct 

sources of signals when those signals are partially correlated (as is often the case in empirical 

data). Another issue with PCA and many other source separation and/or dimensionality reduction 

techniques is that they tend to be tailored to decomposing signals from a single condition. For 

example, the covariance matrix (S) in PCA could be derived from signals across all contacts 
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during a stimulus delivery time window. The condition here is stimulus delivery with no other 

time periods being assessed in this PCA. Decomposing the S matrix using PCA gives a sense of 

the structure of the signal in that time period but does not provide any information about whether 

that structure is different from what is seen at other times in the recording (e.g., during the inter-

trial interval). Likewise, other well-described solutions to the blind source separation problem, 

like independent components analysis (ICA), attempt to unmix multivariate signals taken from 

individual conditions (Bell and Sejnowski, 1995; Hyvärinen and Oja, 2000). These conventional 

methods provide extremely useful tools for signal processing; however, they do not readily allow 

for comparison between experimental conditions.  

Fortunately, a solution to these issues can be found by generalizing the eigenvalue 

formula from one matrix (𝑆𝑊 = 𝑊𝛬) to two covariance matrices as 𝑆𝑊 = 𝑅𝑊𝛬where R is a 

reference matrix. The utility of this formula can be more easily understood by moving R to the 

left side of the equation through matrix multiplication: (𝑅−1𝑆)𝑊 = 𝑊𝛬. It is impossible to 

divide matrices directly, however, R-1S is conceptually the same as dividing S by R in the same 

way that ⅔ is the same as 3-1 x 2. Therefore GED can be thought of as taking some signal (S) and 

finding the eigenvectors that maximally differentiate it from a reference (R). Importantly, the 

mathematical constraint of orthogonality in the eigenvectors is not present in GED as R-1S no 

longer forms a symmetrical matrix (Blankertz et al., 2008; Jolliffe, I.T., 2002). This means that, 

unlike PCA, GED is free to find component signals that may contain partially correlated 

information. 

In the analysis for the current chapter, GED was used to create components, generated 

from the weighted averages of signals across all electrodes, which maximized the difference 

between the multicontact covariances taken from two temporally distinct conditions (baseline 
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and stimulus on). A visualization of the GED formula and application to an example dataset can 

be found in figure 3.2. We used a baseline period from -1.5 s to -0.5 s relative to stimulus onset 

to generate the R (reference) covariance matrix and used the period from 0 to +1.0 s relative to 

stimulus onset to generate the S (signal) covariance matrix (figure 3.2a-c). GED then extracts 

covarying signals present during stimulus delivery that are not present at baseline, thereby 

providing network-level signals that arise as a function of stimulus delivery. 

As discussed in the previous section, the eigenvectors (columns of the W matrix in figure 

3.2a) created via eigendecomposition can be used as filters to weight the signal on each contact 

by its contribution to the component signal. The “filter maps” shown in figure 3.2 d and f 

illustrate the effect of the channel weights when multiplying the eigenvector by the covariance 

matrix, S. These maps are displayed next to the MRI-based reconstructions in figure 3.3 to show 

how the component activity shifts around anatomical boundaries within and around the 

amygdala. These filters are applied to the raw LFP data to generate GED-based component time 

series. Averaging the component time series from each trial together (figure 2 e and g) gives a 

rough idea of the overall activity of the component. The trial-by-trial time series can be used for 

time-frequency decompositions (more detail in the “Time-frequency and spectral analysis” 

section below). 

To determine whether the components resulting from GED captured significant 

differences between S and R, we generated a distribution of eigenvalues using S and R matrices 

that were created from random time windows in the peri-event LFP (i.e., windows that were not 

aligned to the delivery of the stimulus or baseline periods). We performed GED using these 

matrices and repeated this process 500 times to generate a distribution of eigenvalues from data 

that no longer contained stimulus aligned activity. If structure in the LFP data arose due to the 
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delivery of the stimuli and not other factors contained within the baseline and stimulus delivery 

time periods, then the actual eigenvalues should be larger than those seen in this eigenvalue 

distribution. Eigenvalues derived from GED on the actual data that were greater than a threshold 

set at the 99th percentile of this distribution were considered significant and kept for further 

analysis.  

Covariance matrices 

Covariance matrices were generated using the formula:  

 

𝐶𝑥,𝑦 =
1

𝑛 − 1
∑  

𝑛

𝑖=1

(𝑥𝑖 − 𝑥)(𝑦𝑖 − 𝑦) 

Where xi and yi are the LFP signals on a given trial, 𝑥 and 𝑦 are the means of the signals 

across all trials and n is the number of trials. The covariance was calculated for all possible 

contact pairs to generate a square, symmetric covariance matrix for each time period of interest. 

By taking the signals collected at each timepoint (T) for each recording electrode (E), an 

electrode-by-time points (E-by-T) data matrix can be created for each trial. Multiplying this 

matrix by its transpose generates an electrode-by-electrode covariance matrix that describes how 

each channel covaries with all other channel activity. The trial-by-trial covariance matrices were 

then averaged together and used for PCA and GED analyses. Note that in these covariance 

matrices the diagonal reflects the variance of the signal across trials, unlike a correlation matrix, 

in which the diagonal would reflect a channels correlation with itself (i.e., 1). 

 

Time-frequency and spectral analysis  

The channel-weighted component time series for each trial during stimulus delivery was 

decomposed via fourier transformation, convolved with a series of complex Morlet wavelets 
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(from 1 to 100 Hz, 70 logarithmic steps), and converted to an analytic signal via an inverse 

fourier transform. The analytic signal could then be plotted as a function of frequency over time 

with the power in each frequency band relative to baseline shown in the color scale (figure 3.4).  

The dominant spectral profiles across all recording days was extracted by 1) rank 

ordering the GED-based components on each day according to their eigenvalues 2) extracting the 

component-based spectral profile for each component using complex Morelet wavelet 

convolution and 3) averaging the profiles together according to the component rank (i.e., the 

components associated with the largest eigenvalue for each day were averaged together, then the 

components associated with the second largest eigenvalue for each day were averaged together 

and so on). PCA was then used to extract the prominent features of these profiles.  

 

Reconstruction of recording sites 

 The location of recording sites were the same as in chapter 2; however, we further 

verified the precision of our estimates using a combination of a high-resolution 7T, post-mortem 

MRI scan (isotropic .25 mm) and histology (Neuroscience Associates, Knoxville, TN).  
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3.3 - RESULTS 

3.3.1 - Multisensory stimuli elicit event-related changes in LFP activity in the primate amygdala 

We recently found that a large proportion of individual neurons in the monkey amygdala 

are multisensory (Morrow et al., 2019) using a simple task that required monkeys to fixate a 

visual cue that was followed by a visual, tactile, or auditory stimulus (figure 3.1a). Despite the 

rich collection of diverse responses at the single-unit level, it was uncertain if larger scale signals 

like local field potentials would be similarly influenced by the multisensory stimuli. Here, we 

analyzed the local field potentials collected via a 16-contact linear electrode array (V-probe, 

Plexon) with 400 μm inter-contact spacing that spanned 6,000 μm, encompassing the entire 

dorso-ventral extent of the amygdala (figure 3.1b). Systematic sampling of various anterior-

posterior and medio-lateral locations allowed us to determine whether LFP signals recorded 

simultaneously from different nuclei contained spatial (across contacts) and functional (task-

related) structure. We reconstructed the anatomical location of each recording site based on high 

resolution pre- and post-mortem MRI scans and verified histologically that the MRI-based 

reconstruction was accurate (supp. fig. 3.1). The LFPs were sampled at 1000 Hz and bandpass 

filtered from 0.1 to 300 Hz. All signals were initially referenced to the shaft of the electrode and 

were re-referenced offline to the average signal across all electrodes on the probe (i.e., a common 

average reference was used). This referencing scheme eliminated the contribution of volume 

conduction and ensured that the recorded LFPs reflected local mesoscale brain dynamics. 

Despite the lack of layered or columnar organization of dendritic processes in the primate 

amygdala, large changes in LFP activity were seen immediately following the delivery of stimuli 

(examples in figures 3.1 and 3.2). Assessment of these event-related signals is discussed in the 

following sections. 
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Figure 3.1. Event-related activity readily elicited by simple task designed to assess multisensory processing 

(a) Task schematic. Each trial was separated by a 3-4 second inter-trial interval (ITI). A fixation cue appeared at the 

center of the screen following the ITI. If the monkey successfully fixated on the cue for 125-150 ms, a single 

stimulus from one of three sensory domains (visual, tactile, or auditory) would be delivered. The same amount of 

juice reward was given after every trial. (b) Example of the LFP activity averaged across all trials for each contact 

during an experiment session (left). The schematic on the right shows the reconstruction of the position of the 16 

channel linear electrode array over the outline of the major nuclei of the amygdala based on a high-resolution (0.5 

mm isotropic) 3T MRI scan. Each line in the peri-stimulus LFP (left) and each contact in the anatomical 

reconstruction (right) is color coded by the estimated nuclear location of the contact (i.e., green = central; gold = 

accessory basal; cyan = basal; black = non-amygdala; the color is split when contacts were estimated to be within 

200 µm of a nuclear boundary). The gray dotted line indicates the time of fixation cue onset. Nucleus abbreviations: 

ME = medial; CE = central; AB = accessory basal; BA = basal; LA = lateral. 
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3.2.2 - Multiple separable subnetworks in the amygdala revealed by GED 

In order to determine if there were task-related spatial patterns across the multicontact LFP 

signal, we applied a non-orthogonal covariance-based decomposition method (generalized 

eigendecomposition, GED) to isolate multivariate patterns in the correlational structure across the 

16 channels of our probe in the amygdala (figure 3.2a-g). Extensive details regarding GED are 

provided in the “Computational advantage of generalized eigendecomposition” section of the 

Methods. The extracted covariance patterns, called “components,” are linear, weighted 

combinations of the contact signals that maximally separate the signal collected during stimulus 

delivery from the signal collected during the pre-stimulus time period. Essentially, this means that 

GED extracts signals that are present during stimulus delivery but are not present during baseline. 

 An important benefit of GED is that it allows for permutation-based statistical thresholding 

that enables us to determine how many of these components are statistically significant (Cohen, 

2017). Permutation testing revealed that there were in total 116 statistically significant components 

collected from 41 recording sessions from two monkeys. The number of components ranged from 

1 to 5 within each recording session (figure 3.2h). Scree plots can be used to show the eigenvalue 

spectra and significance thresholds for each decomposition (figure 3.2i). Only results from 

significant components are discussed for the remainder of this manuscript. 

GED is blind to spatial organization in that it does not utilize any anatomical information 

(electrode locations or inter-electrode distances) when computing components, but each 

component can be visualized anatomically by computing a “forward model” of the spatial filters 

in the eigenvector matrix (Haufe et al., 2014) (figure 3.2 d and f). Each component also has its 

own time series (figure 3.2 e and g) generated from the weighted combination of the channels 

given by the spatial filters. For more information on spatial filters and the generation of component 
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time series see the “Computational advantage of generalized eigendecomposition” section of the 

Methods. 

Because the linear electrode array was sometimes driven across the boundaries of the 

amygdala into the surrounding tissue, it is possible that some of these components primarily reflect 

non-amygdala activity. Therefore, we repeated the decomposition excluding any contacts that were 

located outside the boundaries of the amygdala as defined by high-resolution MRIs. This analysis 

found 92 significant components (i.e., 92/116, 79.3%) remaining after excluding the non-amygdala 

contacts, with between 0 and 5 amygdala-specific components in each recording session. In some 

sessions removal of non-amygdala contacts did not affect the number of significant components 

(left two panels in figure 3.2 k); however, small decreases (figure 3.2 k third from left) were 

common and occasional large decreases (as in figure 3.2 k far right) were also observed. 

Interestingly, the LFP data used to create the scree plots in the far right panel of figure 3.2 k was 

collected from 7 contacts in the amygdala and 7 contacts in the hippocampus (with a couple 

contacts located in the lateral ventricle that separates the two structures). The loss of significant 

components when removing non-amygdala contacts from analysis suggests that major anatomical 

boundaries may influence what component signals GED extracts (discussed in more detail in the 

next section). 
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Figure 3.2. Visualization of GED on amygdala LFP. (a) The linear algebra-based formulation of generalized 

eigendecomposition (R W𝛬= S W) given as a series of heatmap images using data from an example recording 

session. The general color scale for all the heatmap images is shown under the left side of the equation. The 16x16 

channel-wise covariance matrices R and S are generated using the LFP signal taken from the baseline and stimulus 

delivery time periods, respectively (see arrows to shaded regions in panel c). The columns in the W matrix 

(highlighted by the ▲’s below the plot) contain the eigenvectors. Each eigenvector from the matrix can be written as 

wn (indicated by the w1 → w16 above the plots). The diagonal matrix of eigenvalues is represented by 𝛬. The 

individual eigenvalues are denoted by the 𝜆1→ 𝜆16shown along the diagonal. (b) MRI-based reconstruction of 

recording sites in this session and (c) the average peri-stimulus LFP for each contact (color convention is the same 
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as in figure 3.1). In c, the light gray shading indicates the baseline period and the purple shading denotes the 

stimulus delivery time period. The time of fixspot onset is shown as the gray dotted line. (d-g) Examples of the 

outputs from GED taken from the two components associated with the largest (d,e) and second largest (f,g) 

eigenvalues. d and f show the forward models of the spatial filters (created by multiplying S by an eigenvector, wn) 

for the first two GED-based components. In e and g the filters in d and f have been applied to the signal in c to 

create the average peri-stimulus component time series. (h) Histogram of the number of significant components per 

session when including all contacts regardless of location (i.e., within or outside of the amygdala). (i) Scree plots of 

the eigenvalues derived from GED from four example sessions when all contacts were included in analysis 

regardless of location. (j) Histogram of the number of significant components per session when only amygdala 

contacts were included in the analysis. (k) Scree plots of the eigenvalues from the same sessions in i but only using 

amygdala contacts. Note that decreasing the number of contacts decreases the number of components that GED is 

able to extract.  

 

Although GED is well suited to uncovering signals that are only related to sensory 

processing, we also found that conventional methods of dimensionality reduction can extract 

structure from the same data. For example, PCA and ICA also extracted component signals from 

the same data used in figure 3.2 (supp. fig. 3.2). This result shows that there is clearly structure 

within these neural data that can be extracted via multiple methods, and is therefore solely 

attributable to GED. However, PCA and ICA (like most dimensionality reduction techniques) 

only describe the structure of the data under a single condition (e.g., LFP activity during stimulus 

delivery). Because of this feature, they were not ideal for these analyses in which we were 

interested in maximizing the sensory processing aspects of LFP signals in the amygdala.  

 

3.2.3 - GED components map onto anatomical boundaries 

It is possible that the component signals were driven by inter-nuclear differences in LFP 

activity captured across the linear electrode array. To assess this possibility, we generated 

anatomically interpretable forward models of the GED-based spatial filters by multiplying the 

stimulus covariance matrix (S) by the contact weight matrix (i.e., the eigenvector matrix W) 

(Haufe et al., 2014). These models essentially show how the signal on each contact was weighted 

in the creation of the component signal (see Methods). Note that the magnitudes of the contact 
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weights are the important features in these models. The farther from 0 the channel weight is, the 

stronger the covariance between the signal on that contact and other contacts of the same 

polarity. Values of opposing polarities inversely covaried with one another while values near 0 

were uncorrelated with the component activity. Despite having no information about the 

anatomical position of the recording contacts, GED components often mapped well onto 

anatomical boundaries within and surrounding the amygdala (figure 3.3).  

Large transitions between contacts located within versus outside of the amygdala were 

common (figure 3.3a and b). Likewise, transitions in the contact weights that tightly adhered to 

estimated nuclear boundaries within the amygdala were prevalent (figures 3.3c and d). 

Interestingly, cases of within-nucleus transitions were also observed in the contact weights 

(figures 3.3e and f), suggesting that further subdivisions of the amygdala may be warranted. 

Indeed, it is well-documented that the amygdala nuclei outlined here can be further subdivided 

based on refined examination of the cytoarchitecture and connectivity patterns of the intra-

nuclear neurons (Aggleton et al., 1980; Amaral and Price, 1984; Chareyron et al., 2011; Janak 

and Tye, 2015; Sah et al., 2003).  
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Figure 3.3. GED-based channel weights map onto anatomy. The forward models of the spatial filters plotted 

alongside the MRI-based reconstruction of recording site locations. (a-b) Large transitions in the channel weights 

were typically seen around the boundaries between the amygdala and the surrounding tissue. The weights on the 

ventral contacts in a (likely in entorhinal cortex) were large relative to the rest of the contacts while the weights for 

the contacts in the ventral portion of the lateral nucleus were largest in b. (c-d) Transitions between amygdala nuclei 

are often present in channel weights. In c the component signal is mostly driven by contacts in the accessory basal 

nucleus (relative to the other nuclei), though some inversely covarying signal from the basal nucleus also influences 

this spatial filter. The signal from the accessory basal nucleus contributed little to the component in d relative to 

contacts in the basal nucleus. (e-f) Within nucleus transitions in channel weights were also occasionally present, 

particularly within the basal nucleus. Color codes follow the same convention as all previous figures. Dotted 

boundaries denoted a ventricles. ER indicates the entorhinal cortex. 

 

3.2.4 - GED component activity is influenced by stimulus modality 

A recent report found that a large proportion of individual neurons in the amygdala were 

responsive to the delivery of the stimuli in this experiment (Morrow et al., 2019). The firing 

activity of a majority of these responsive neurons differentiated the stimuli according to their 

sensory modality. To determine if the sensory modality of the stimulus influenced the 

component-based signals described here, we separated the LFP data based on the trial type 

(visual, tactile, or auditory) and performed a time-frequency decomposition of the GED-based 

component time series (see figure 3.2e and g). The contact-weighted component time series for 

each trial were then decomposed via fourier transformation, convolved with a series of complex 

Morlet wavelets (from 1 to 100 Hz), and converted to an analytic signal via an inverse fourier 

transform. The analytic signal could then be plotted as a function of frequency over time with the 

power in each frequency band relative to baseline shown in the color scale (figure 3.4). 

Similar to what was seen in the single-unit data, we found a diverse array of changes in 

the LFP activity that was related to the sensory modality of the stimulus. Increases in power were 

most common (figure 3.4a-f) but occasional decreases (e.g., the 2-20 Hz decrease in power in 

response to visual stimuli in figure 3.4e) were also observed. Though changes in power at 

various frequency bands during stimulus delivery were common, no overt or systematic changes 
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in were seen for any particular stimulus type (i.e., all manner of activity was seen across the 

sensory modalities).  

To determine if any frequency bands were particularly prevalent across the recording 

sessions, we created a spectral profile based on the significant component signals across all 

recording days (figure 3.4g). To achieve this we first rank ordered the GED-based components 

on each day according to their eigenvalues. The spectral profiles of these component signals 

were extracted using complex Morelet wavelet convolution and averaged according to the 

component rank (i.e., the components associated with the largest eigenvalue for each day were 

averaged together, then the components associated with the second largest eigenvalue for each 

day were averaged together and so on). PCA was then used to extract the prominent features of 

these profiles. The signals associated with four principal components accounting for the most 

explained variance (figure 3.4g, scree plot on right) were analyzed (figure 3.4g). The spectra 

(plotted on the left of figure 3.4g) show prominent peaks around the delta (3.5-4.5 Hz), theta (6-

8), low-gamma (~38 Hz) and high-gamma (63-75 Hz) frequency bands.  

To determine if the peaks seen in the spectral profile could be attributed to the LFP 

collected on amygdala-adjacent contacts, we recalculated the across-sessions spectral profile 

using only data from contacts estimated to be within the amygdala (figure 3.4h). Though some 

qualitative shifts occurred (e.g., the low-frequency peak from the second principal component in 

figure 3.4g is now split between third and fourth principal components in figure 3.4h) the overall 

shape and location of the peaks remained highly similar between the two analyses. Further 

assessment of the differences between using only contacts in the amygdala and including 

contacts from adjacent tissue can be seen in supplemental figures 3 and 4.  



121 

 

 

Figure 3.4. GED-based components show task-related, stimulus-specific changes in multiple frequency bands 

(a-f) Time-frequency plots created from the GED-based component activity separated by trial type (i.e., visual, 

tactile, and auditory). Each plot shows the relative difference in power between the baseline and stimulus delivery 

time periods for a GED-based component signal (scale at far right) plotted as a function of time across a range of 

frequencies (1-100 Hz, logarithmic scale). (a) Increase in power centered around 4.5 Hz elicited by tactile stimuli. 

(b) Increase in power across low (1-6 Hz) and high (>30 Hz) frequencies elicited by visual stimuli. (c) Moderate 

increase in power from 2-5 Hz during delivery of visual stimuli and slightly weaker increase for auditory stimuli. (d) 

Transient increase in power for visual stimuli, prolonged increase for tactile stimuli, and a weaker transient increase 

for auditory stimuli. (e) Disparate responses across visual, tactile, and auditory stimuli. Note the decrease in power 

during delivery of visual stimuli for the lower frequencies (>35 Hz but particularly around 2-3 Hz), the large 

increase in power below ~13 Hz for tactile stimuli, and the increases in power for all stimuli around 40 Hz (note the 

varying time courses). (f) Another example of differing changes in power across modality and frequency bands. (g) 

Spectral profiles of the ranked component signals across sessions (left) and scree plot using the relative amounts of 

explained variance by component (right). These plots were created using all available data regardless of estimated 



122 

 

location of the contact. The spectral profile and scree plots were color coded according to the rank of the associated 

component (largest = blue; 2nd = orange; 3rd = yellow; 4th = purple). The power at each frequency is plotted in 

arbitrary units of energy. (h) Same as in g but only using data from contacts that were estimated to be within the 

amygdala. The same peaks appear across the four profiles, though which peaks were captured in which component 

changes. 

 

These plots highlight the rich diversity of response profiles seen in the amygdala and also 

demonstrate the utility of GED-based analysis at discovering signals in LFPs that were related to 

stimulus delivery. Despite the generalized eigendecomposition analysis being blind to trial type, 

many of the component signals appear differentially influenced by the modality of the stimuli. 

 

3.4 - CONCLUSIONS 

We used a method of source separation based in generalized eigendecomposition to 

assess the functional and spatial structure within the local field potentials of the primate 

amygdala. These results demonstrate that statistically distinct networks exist within these signals. 

Similar to what was seen in a previous report on single-unit activity during this task (Morrow et 

al., 2019), many GED-based component signals were influenced by stimulus modality. 

Interestingly, the component activity was often defined by anatomical boundaries between the 

nuclei of the amygdala and/or between the amygdala and surrounding tissue. Peaks in the across-

session spectral profile at the delta, theta, and gamma bands were prominent during stimulus 

delivery, suggesting that these may be important frequencies for processing of sensory 

information in the amygdala. Findings of similar implications concerning the functional 

organization of the primate amygdala have not been reported. 
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3.4.1 - GED provides a powerful method of hypothesis-driven source separation 

A common use of dimensionality reduction and source-separation methodologies is to 

generate component signals that reflect weighted activity from the entire sampling space. This 

allows for analyses that focus on the most prominent features of the entire dataset rather than 

looking at the signal at each recording site individually. Local field potentials can be sampled 

from multicontact recording arrays and are generally amenable to source-separation techniques. 

LFPs have traditionally been studied in brain regions that are well-organized like the 

hippocampus (Arnolds et al., 1980; Buzsáki, 2002; Buzsáki et al., 1983) or cortical areas (Di et 

al., 1990; Katzner et al., 2009; Szymanski et al., 2011) in part due to the benefits that the spatial 

configuration of the neurons in these regions provide to LFP signals (Buzsáki et al., 2012; 

Einevoll et al., 2013; Herreras, 2016; Xing et al., 2009). Despite this, it is possible to extract 

meaningful LFP signals from cytoarchitectonically complex structures. Indeed, a recent report 

demonstrated that ICA could be used to extract spatial structure from LFPs collected in the 

lateral geniculate nucleus of awake monkeys (Makarova et al., 2014). GED provides a relatively 

untapped method of decomposing the structure in LFP signals according expected differences in 

experimental conditions. Here we were able to assess the hypothesis that new networks of 

covarying activity would develop as a function of stimulus delivery by using GED. If no unique 

covariance patterns were present during stimulus delivery, the analysis would have not returned 

any significant components. Instead we found that multiple, simultaneously active network-level 

component signals could be extracted from the LFP of the primate amygdala using GED in most 

recording sessions. The GED-based components here maximized sensory processing by 

normalizing the signal during stimulus delivery to a reference signal taken during periods where 

no stimulus was present. Although the task design in this experiment was simple, the GED-based 
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methodology is applicable to many experiments that seek to examine large-scale neural networks 

within or across brain structures (Cohen, 2017).  

 

3.4.2 - Localization of signals 

There are no inputs for spatial information into GED, so the mapping of the contact 

weights of the GED-based filters onto nuclear and subnuclear boundaries is not a trivial finding. 

These results suggest that GED-based components extracted from the LFP may depend on the 

cell types, connectivity, or the spatial configuration of the cells in each nucleus. The neurons in 

the lateral, basal, and accessory basal nuclei are of cortical type and are connected according to 

cortical connectivity schemes. These nuclei contain pyramidal cells that receive excitatory 

glutamatergic inputs from other pyramidal neurons inside or outside the amygdala. These 

pyramidal cells also receive GABAergic inputs from parvalbumin neurons on the proximal 

segment of the apical dendrite (i.e., close to the soma) and from somatostatin neurons on the 

distal segment. The consequence of this connectivity scheme of cortical circuits (Klausberger 

and Somogyi, 2008; Rudy et al., 2011) is that the two types of inhibitory interneurons can 

dynamically regulate the processing of sensory modality (Gidon and Segev, 2012; Miles et al., 

1996; Pouille et al., 2009, 2013). In contrast, the majority of the neurons in the central nucleus 

are GABAergic, striatopallidal in origin, and establish connections of reciprocal inhibition. 

Furthermore, each nucleus of the amygdala receives inputs from and sends outputs to different 

sets of brain regions (Aggleton et al., 1980; Amaral and Price, 1984; Sah et al., 2003). The 

presence of these parallel, nucleus-anchored processing loops, along with the distinct inter-

nuclear cellularity may induce nuclear-specific patterns of neural activity.  
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It should be noted that it is not possible to determine the precise origin of the signal 

sources in these data. Because we only used a single linear electrode array, we only have 

information about the dorsal-ventral differences in LFP activity. While use of common average 

referencing eliminates the contributions of distance electrical signals to the LFP, it is 

nevertheless difficult to determine how LFP signals spread along the medial-lateral or anterior-

posterior planes in these experiments. To more accurately map the spatial configuration of the 

LFP, higher density recordings with simultaneously sampling along medial-lateral and/or dorsal 

ventral planes must be added to allow for triangulation of the sources. Therefore, these results 

only provide an initial step toward assessing the issues outlined above. More work will be 

needed to specifically address the precise spatial configuration of the LFP in the primate 

amygdala. 

Regardless of this issue, it is likely that neural activity from the amygdala gave rise to 

most of the signals captured in these analyses. Again, the use of common average referencing 

helped to remove volume conducted signals from distant brain regions (or non-brain activity like 

EMG artifacts). The finding that nearly 80% of components remained when removing non-

amygdala contacts from analysis also support the idea that these signals are generally amygdala 

specific. Furthermore, there is evidence that LFP signals in the amygdala are generated locally. 

For example, neurons in the basolateral amygdala show intrinsic membrane oscillations at the 

theta frequency range (Pape et al., 1998; Pare et al., 1995) and synchronizations between lateral 

nucleus theta and hippocampal theta are observed during retrieval of memories (but not during 

spatial exploration when hippocampal theta is high) (Narayanan et al., 2007; Seidenbecher et al., 

2003).  
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3.4.3 - Multiple scales of neural activity show observable responses in a simple multisensory 

processing task 

We previously reported that a large portion of individual neurons were activated in 

response to a simple task designed to assess multisensory processing in the primate amygdala 

(Morrow et al., 2019). At the single-unit level, responses variations in the magnitude, polarity 

(increases or decreases in firing rate), and duration (from brief phasic responses at stimulus onset 

to sustained responses that persisted throughout the delivery of the stimulus) were all observed, 

occasionally all from the same neuron. No systematic differences in these response 

characteristics were seen for stimuli of particular modalities (e.g., visual, tactile, and auditory 

responses all spanned the same range of magnitudes and were equally likely to be excitatory vs. 

inhibitory). This extraordinarily flexible range of response profiles suggested that the population 

of individual neurons in the amygdala can represent a diverse array of stimuli in highly complex 

ways.  

Here, we assessed the response profiles observed in the LFP of the primate amygdala 

during the same task. Similar to the complex response properties of the single-units, the LFP 

showed a rich diversity of response profiles. Increases in power at various frequency bands were 

most prevalent, however, some decreases were observed as well. Oscillations in many well-

documented frequency bands were prominent in the spectral profile generated from the 

component signals including delta, theta, and low- and high-gamma. For example, the role of 

hippocampal theta oscillations in spatial navigation is one of the most studied phenomena in 

neuroscience (Buzsáki, 2002). Elucidating the roles of these oscillations in the amygdala will be 

a key focus of future studies and may help provide a better understanding of how the activity of 

networks of neurons in the amygdala is coordinated. 
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         In conclusion, our results show the following: 1) multiple, statistically-distinct networks 

can be extracted from the LFP of the amygdala using a GED-based analysis; 2) both spatial 

(across contacts) and functional (i.e., task-related) factors appear to influence the activity of the 

GED-based component signals; 3) oscillations in the delta, theta, and low- and high-gamma 

bands were prominent frequencies in the component signals across the recording sessions. This 

report is the first to show the utility of GED-based analysis of empirical data collected from 

depth electrodes. These results lay the foundation for deeper exploration of LFP activity within 

the primate amygdala. 
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3.6 - SUPPLEMENTAL FIGURES 

 

Supplemental Figure 3.1: Histological verification of electrode placement. All images show coronal slices of the 

right hemisphere of the brain at the anterior-posterior location of a dye injection into the amygdala (indicated by the 

X’s in each image). (a) 3T MRI from monkey B showing the right hemisphere of the brain. Scan performed 

following the surgical placement of the recording chamber. The green X indicates the predicted site of a cell stain 
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injected immediately preceding the euthansia of the monkey. (b) An ex vivo, high resolution 7T MRI. The scan was 

performed on the skull of monkey B ten weeks after the euthansia date. The brain was fixated in 4% PFA 

immediately following euthansia. The gold X indicates the position of the dye injection. The dye appears to have 

spread slightly ventral and medial from the tip of the injection cannula. Note that electrode tracks can be seen dorsal 

and lateral to the injection site. (c) Histological verification of injection site estimates on a neutral-red stain. The red 

X indicates the position of the dye injection. The spread of the dye ventral and medial to the location of the cannula 

can be seen better here. (d) The estimated locations of the dye injection site along with the boundaries of major 

temporal lobe structures (contained in the orange boxes) from the three images were overlaid. The numbers around 

the injection site reconstructions (i.e., the X’s) indicate the distances between the centers of the farthest separated 

sites (green and blue) in the dorsal-ventral (0.39 mm) and medial-lateral (0.30 mm) axes. The tight grouping of the 

X’s indicates high fidelity between our estimated and actual recording sites. 
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Supplemental Figure 3.2: Multiple source separation methods discover structure in amygdala LFP signals. 

(a) The same MRI-based reconstruction and LFP signal as shown in figure 3.2 b and c. The purple shaded region 

indicates the stimulus delivery time period. No gray shaded region is shown as the methods covered in this figure 

are not normalized to a reference time period. Dotted gray line indicates time of fixspot onset. Color conventions are 

the same as all previous figures. (b-e) PCA uncovers some structure in the data. (b) The forward model of the spatial 
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filter using the eigenvector associated with the largest eigenvalue. As was typical for PCA, the first principal 

component was not spatially refined and instead split the signal across the contacts into two groups. This division of 

the covariance may be a computationally efficient way to capture information across the dimensions of the dataset 

but it is not particularly well suited for extracting interesting features from the signal. (c) The channel-weighted 

component time series obtained by applying the filter in b to the raw LFP signal and averaging across all channels 

and all trials. Only the signal during stimulus delivery is shown here since the PCA only included data from this 

time range. This signal is an amalgam of the ERPs across all channels and does not seem to highlight any localized 

signal. (d) The forward model of the spatial filter obtained from the second principal component. This filter is much 

more spatially refined (mainly centered around contact 10). (e) The channel weighted time series shown here does a 

much better job of highlighting features of the ERP collected around contact 10. (f-j) ICA extracts spatially refined 

features in the LFP signal. (f) The channel weights generated from ICA were centered around electrode 10 (similar 

to PC2). (g) The scaleless, channeled weighted component time series generated from application of the filter in f to 

the signals in a (similar to what was done for both PCA and GED). (h) The spatial filter and (i) the component 

signal for independent component 2. (j) The number of components per session that accounted for greater than 5% 

of the explained variance across the principal components derived from PCA. (k) The number of components per 

session with greater than 5% of the explained variance across the independent components derived from ICA.  
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Supplemental figure 3.3. Effects of removing non-amygdala contacts on time-frequency decompositions. 

The time-frequency (TF) plots (left) follow the same convention as in figure 3.3, the MRI-based reconstructions 

(middle) follow the same convention as in figure 3.1, and the spatial filter plots (far right) follow the same 
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convention as in figure 3.2. (a) The same time-frequency plot (left) shown in figure 3f is displayed here. Note that 

two contacts (15 and 16) were estimated to be outside of the amygdala in the MRI-based reconstruction (middle). 

The forward model of the spatial filter displayed to the right of the reconstruction shows that these contacts had 

relatively high weights that are inversely related to the weights on the dorsal contacts (~1-3). (b) Same information 

as in (a) with the exception that the non-amygdala channels are removed (i.e., the signals from the contacts that were 

color-coded as black were not included in the GED-based analysis). The difference in the TF plot is extremely 

minimal, suggesting that the signals captured on the ventral contacts were also well represented on the other contacts 

(albeit in an inverse manner). (c) A TF plot for a recording session where two contacts (1 and 2) were located dorsal 

to the central nucleus of the amygdala (see reconstruction, middle). (d) When removing these contacts from analysis, 

some changes in the TF power were seen. For example some of the increases in low frequency power elicited by 

visual stimuli were lost and more broad band increases in power immediately preceding the stimulus (i.e., the time 

of fixation) are seen. (e) Here several contacts (14-16) were estimated to be ventral to the amygdala with contact 16 

and potentially contact 15 located in the entorhinal cortex (see reconstruction, middle). Furthermore, the component 

signal is heavily influenced by these ventral contacts (spatial filter, right). The TF plots show large increases in 

power at low and high frequencies with a decrease in power in the beta range during delivery of visual stimuli. More 

moderate increases in power in the low to mid ranges are observed for the tactile and auditory stimuli. (f) Removal 

of these contacts from analysis results in very different TF plots. Much of the changes in power for the visual and 

auditory stimuli are lost; however, a large increase in power around the theta range (~4-8 Hz) and in the gamma 

bands (40-100 Hz) are now seen for the delivery of tactile stimuli. Unlike the previous two examples, the spatial 

filter also shifted quite strongly with a large increase in the weight on channels 11 and 12.  



134 

 

 

Supplemental Figure 3.4. Further validation that GED will find component signals when non-amygdala 

contacts are removed.  

(a) A component associated with the largest eigenvalue for a recording session that showed large increases in power 

across a range of frequencies and modalities that was driven by non-amygdala activity (note the large contact 

weights for the ventral electrodes). (b) A component from the same session associated with the second largest 

eigenvalue. The increases in power for visual and auditory stimuli are relatively absent here. (c) The component 

associated with the largest eigenvalue when removing the non-amygdala contacts. Notice the high degree of 

similarity in b and c. While some strong component signals were driven by non-amygdala activity (as in a) other 

components from the same session could be relatively unaffected by these non-amygdala contacts (as shown in b 

and c). 
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GENERAL CONCLUSIONS 
 

 

The amygdala is a complicated structure. It has widespread connections with most other 

areas of the brain and is involved in a myriad of functions ranging from the regulation of basic 

drives to modulation of social behaviors. It is no surprise that researchers have had a difficult time 

describing exactly what the amygdala does. While studies focused on individual aspects of 

amygdala function (e.g., reinforcement learning) have provided foundational knowledge about this 

structure, it is likely that these studies often miss out on the bigger picture. Studies assessing 

multidimensional responses in the amygdala are becoming increasingly common (Grabenhorst et 

al., 2019; Kyriazi et al., 2018; Morrow et al., 2019), and have helped highlight the issues with 

overly controlled non-naturalistic experimental paradigms. Indeed, new discoveries have been 

made when researchers have designed their experiments to be more naturalistic and include 

broader stimulus spaces (Gothard et al., 2018). The experiments detailed in this thesis provide 

steps toward understanding sensory processing in the primate amygdala by using more naturalistic 

experiments. It was often the case that the data from these experiments was unexpected or 

contradicted widely held beliefs about amygdala function.  

For example, it was theorized that visually responsive neurons in the amygdala would have 

large receptive fields and would respond to unattended salient stimuli to due to the response 

properties of areas upstream of the amygdala (like the superior temporal sulcus) (Tanaka, 1993; 

Tovee et al., 1994). However, much of our understanding of visual processing in the primate 

amygdala was built upon studies that only used individual images (Baylis et al., 1985; Gothard et 

al., 2007; Mende-Siedlecki et al., 2013; Sanghera et al., 1979), making it difficult to assess these 

theories. In everyday life, primates constantly deal with visual scenes that are filled with a variety 
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of stimuli. In the experiments described in chapter 1, we added more complexity to traditionally 

used visual stimulus spaces by displaying arrays of images. We found that the receptive fields of 

visually responsive neurons in the amygdala are actually fairly small. Furthermore, the activity 

within the amygdala was gated by whether or not the monkey was fixating on an image, suggesting 

that these neurons were not acting as low-level salience detectors. Instead these neurons appeared 

to be selectively responding to physical aspects of the images themselves. While the responses of 

these neurons often seemed to categorize stimuli according to their content (e.g., social vs. 

nonsocial), it was frequently the case that many diverse stimuli could all activate the same cell. 

These results do not discredit previous work done in the field, but instead help to refine our 

understanding of visual processing in the primate amygdala. These data can be used to guide more 

accurate theories of how the primate amygdala functions in processing everyday visual scenes that 

are naturally more complex and diverse than what is often used in laboratory settings. 

 Just as visual scenes typically include more than one stimulus, the natural world is 

comprised of stimuli from more than one sensory domain. The experiments in chapter 2 extended 

our attempts at creating more naturalistic stimulus spaces by using visual, tactile, and auditory 

stimuli. These experiments were designed to provide a basic understanding of multisensory 

processing in the primate amygdala. We used stimuli that lacked any obvious inherent value and 

we set the reward amount for completing all trials to be the same in order to avoid capturing 

intrinsic or extrinsic value-related activity. Because we controlled for these value associations, we 

expected to see a fairly small number of responsive cells. After all, previous research had suggested 

that neurons in the amygdala rarely responded to basic sensory features of stimuli (Sanghera et al., 

1979) but readily response to salient features like intrinsic and extrinsic value (Bermudez and 

Schultz, 2010; Gothard et al., 2007; Leonard et al., 1985; Paton et al., 2006). In reality, we found 
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that nearly 70% of the neurons we recorded responded in some way to these stimuli. This suggests 

that perhaps we underestimated how reactive neurons in the primate amygdala are in part because 

previous studies typically only used stimuli from a single sensory domain. We did confirm our 

hypothesis that many of the responsive neurons would be multisensory; however, we were 

surprised to see that the firing rates of the responsive neurons often discriminated between the 

sensory modality of the stimuli. While previous observations that the responses of amygdala 

neurons often can be categorized to some degree according to the content of the stimulus space 

(Gothard et al., 2007; Kadohisa et al., 2005; Minxha et al., 2017; Paton et al., 2006), these studies 

used stimuli that were more salient for the monkeys (e.g., social images or images associated with 

differing reward values). Categorization according to sensory domain suggests that neurons in the 

amygdala can be tuned to broader categories than previously expected. Another interesting result 

from these experiments was that the same neurons used different variations in spiking activity to 

respond to stimuli from different sensory domains. Variations in the magnitude, polarity 

(excitatory or inhibitory), and duration of responses often distinguished the activity during visual, 

tactile, or auditory stimulus delivery. These flexible response dynamics suggest intricate wiring 

within the amygdala where individual neurons likely receive diverse types of inputs from the 

upstream sensory processing areas. It will be interesting to see how these results fit into the current 

knowledge in the field. On one hand, several reports suggest that responses of neurons in the 

amygdala represent abstract features of stimuli (Averbeck and Costa, 2017; Bermudez and Schultz, 

2010; Genud-Gabai et al., 2013; Paton et al., 2006), yet the results in chapter 2, along with other 

studies, show that sensory properties influence amygdala activity (Dębiec et al., 2010; Kadohisa 

et al., 2005). In reality, it is likely that a combination of simple and complex factors influence the 

activity of neurons in the amygdala. It is also possible that is the activity of neurons in the amygdala 
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scales to the environment. Perhaps it is the case that neurons in the amygdala respond to the value 

associated with a stimulus when this is the most salient feature in the stimulus space. In the absence 

of more salient dimensions, features like the sensory modality may become a categorization factor. 

Building upon the experimental design outlined in chapter 2 will hopefully provide an avenue for 

further assessment of these issues. 

In the third chapter of this thesis, we attempted to make use of the relatively unexplored 

local field potential signals in the primate amygdala. Previous modelling and empirical work had 

demonstrated that LFP signals benefit from having defined spatial organization of neurons in a 

brain region (Buzsáki et al., 2012; Einevoll et al., 2013). Given that the amygdala lacks this 

structure, few attempts to extract meaningful signals from the LFP in the primate amygdala have 

been reported. Yet, the robust peri-event activity we observed in the experiments detailed in 

chapter 2 gave us reason to believe we could make use of these larger-scale signals. We used an 

analysis method based on generalized eigendecomposition to extract distinct LFP signals that were 

related to sensory processing. Despite the layerless architecture of the amygdala we were able to 

see clear spatial patterns in the LFP that matched well with the anatomical boundaries separating 

amygdala nuclei. Interestingly, the LFP signals extracted via GED appear to be differentially 

influenced by the sensory modality of the stimuli (similar to what was seen at the single-unit level). 

This suggests that spatially refined networks of neurons differentially process incoming sensory 

information. Though the existence of functional differences in inter-nuclear processing within the 

amygdala have been theorized (mainly based on excellent work in rodents), evidence of this 

division of labor has been hard to come by in primates (Janak and Tye, 2015; Mosher et al., 2010; 

Swanson and Petrovich, 1998). The data in chapter 3 suggest that perhaps the LFP of the amygdala 
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can provide a better resource (relative to single-unit data) for assessing inter-nuclear differences 

in function. 

Taken together, the experiments outlined in this thesis add to our general understanding of 

the role of the amygdala in sensory processing. It is clear that current beliefs about how the 

amygdala responds to stimuli are incomplete. Attempts to find clearly delineated categorizations 

for amygdala neural activity are typically partially successful at best. Diversification of stimulus 

spaces and use of more naturalistic experiment designs will be needed to truly understand the role 

of the amygdala in everyday behavior. These studies demonstrate that pushing toward these goals 

can provide critical new insights into the functions of the amygdala. 
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