
The Role of the Monkey Amygdala in
the Autonomic Expression of Emotion

Item Type text; Electronic Dissertation

Authors Spitler, Kevin M.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 10:15:57

Link to Item http://hdl.handle.net/10150/194823

http://hdl.handle.net/10150/194823


 

 

 

 

 

 

THE ROLE OF THE MONKEY AMYGDALA IN THE AUTONOMIC EXPRESSION 

OF EMOTION 

 

by 

 

Kevin Mark Spitler 

 

 

 

 

______________________ 

 

 

 

A Dissertation Submitted to the Faculty of the  

 

GRADUATE INTERDISCIPLINARY PROGRAM IN NEUROSCIENCE 

 

In Partial Fulfillment of the Requirements 

For the Degree of 

 

DOCTOR OF PHILOSOPHY 

 

In the Graduate College 

 

THE UNIVERSITY OF ARIZONA 

 

 

 

 

 

2007 



 

 

2 

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation  

 

prepared by Kevin Mark Spitler 

 

entitled The role of the monkey amygdala in the autonomic expression of emotion 

 

and recommend that it be accepted as fulfilling the dissertation requirement for the  

 

Degree of Doctor of Philosophy 

 
 

_______________________________________________________________________ Date: October 3, 2007 

Lynn Nadel, Ph.D.    

 

_______________________________________________________________________ Date: October 3, 2007 

Andrew Fugelvand, Ph.D.    

    

_______________________________________________________________________ Date: October 3, 2007 

John Allen, Ph.D.    

 

_______________________________________________________________________ Date: October 3, 2007 

Katalin Gothard, M.D., Ph.D.    

    

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s 

submission of the final copies of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and 

recommend that it be accepted as fulfilling the dissertation requirement. 

 

 

________________________________________________ Date: October 3, 2007 

Dissertation Director:  Katalin Gothard, M.D., Ph.D.



 

 

3 

 

 

 

 

 

 

STATEMENT BY AUTHOR 

 

      This dissertation has been submitted in partial fulfillment of requirements for an 

advanced degree at the University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 

 

      Brief quotations from this dissertation are allowable without special permission, 

provided that accurate acknowledgment of source is made. Requests for permission for 

extended quotation from or reproduction of this manuscript in whole or in part may be 

granted by the head of the major department or the Dean of the Graduate College when in 

his or her judgment the proposed use of the material is in the interests of scholarship.  In 

all other instances, however, permission must be obtained from the author.  

  

 

 

SIGNED: Kevin Mark Spitler______________________ 

 

 

 

 

 

 

 



 

 

4 

ACKNOWLEDGEMENTS 

 

 

This dissertation was made possible by the support and mentoring of Katalin Gothard.  

Special thanks also go to Prisca Zimmerman for help with surgeries and data collection, 

Kelly Brooks for help with data collection, Erin Wolfe, Luann Snyder and Michelle 

Carroll for years of administrative support, Bruce McNaughton for continued support and 

for providing the resources of Neural Systems, Memory and Aging, my entire committee 

for expert guidance, and my family and my wife Anne-Marie Cziko’s family for constant 

support. Most importantly, I thank my wife, Anne-Marie, for her optimism throughout 

my graduate training. 



 

 

5 

TABLE OF CONTENTS 

 

LIST OF FIGURES.……………………………………………………………..………. 7 

LIST OF TABLES...……………………………………………………………..………. 8 

ABSTRACT………………………….……………………………………………..……  9 

CHAPTER ONE: INTRODUCTION .……………………………………………..……10 

 

     The role of autonomic responses in emotion…………………………………........... 11 

     Initial hypothesis and predictions ……………………………………………………15 

     The amygdala is a component of the brain circuit for autonomic responses……….  16    

     Unique contributions of the present study ………………………………………..….18 

 

CHAPTER TWO: LITERATURE REVIEW ..……………………………………........ 21 

 

     The theoretical and empirical value of a monkey model the study of emotion........... 22  

     Neurophysiological studies of the amygdala in the monkey.……………………...... 28 

     Amygdala cell types and intrinsic projections………………………………….….... 30 

     Extrinsic projections of the nuclei of the amygdala..…............................................... 36 

     Brain circuit for the generation of the skin conductance response………….….….... 45 

         Lesions of the amygdala result in reduced skin conductance responses..................45 

         Stimulation studies of the amygdala elicit skin conductance responses..………….48 

         Functional neuroimaging studies of the amygdala and other structures...................50 

     Neurophysiological studies of the amygdala in conjunction with autonomic   

responses……….………………………………………………………………..…57 

          

CHAPTER THREE: NEURAL ACTIVITY IN THE AMYGDALA IS CORRELATED 

WITH THE SKIN CONDUCTANCE RESPONSE…………………………………..... 70 

 

     Introduction…..………………………………..……………………………….…..... 71 

     Materials and Methods………………………..……………………………….…...... 73 

         Subjects…………………………………………………………………………….73                                   

         Surgical preparation of the monkeys for neurophysiological experiments………..73              

         Skin conductance recording.……………………………………………………….74     

         Identifying skin conductance responses ...………………………………...……….75                      

         Measuring the minimum latency of skin conductance responses……………… …76       

         Passive Image Viewing Task…………………………………………..………......76 

         Stimulus Sets ……………………………………………………………...……….77      

         Correlating task parameters with the skin conductance response….…..………......79 

         Reconstruction of recording sites………………………………….…..……….......79 

         Electrophysiological Recordings…..……………………………………...…….…82  

         Analysis of spike trains…………….……………………………………...……….84        

         Neuronal population analysis…….……………………………………...……….   90        

     Results………………………………………..……………………………….…....... 91 

         Behavioral performance in passive image viewing task…………………....….......91 



 

 

6 

 

TABLE OF CONTENTS - Continued 

 

         Latency of skin conductance responses……………………………………......…..92          

         Skin conductance responses in a passive image viewing task………….....……….92      

         Neural responses related to the skin conductance response...……………....….......93 

         Location of recording sites………………………………………………….....….100          

         Functional connection of amygdalar neurons to electrodermal activity.........……106         

Discussion……………………………………..…………………………………..........106 

         Autonomic responses in the context of a passive image viewing task……...…....106 

         Neuronal correlates of skin conductance responses in the dorsal amygdala..…....108 

         Neuronal correlates of skin conductance responses in the ventral amygdala..…...110          

         The amygdala participates in a large brain circuit for SCR generation…......……111      

 

CHAPTER FOUR: CONCLUSION ………..……………………………………….....114 

 

     Brief summary of findings…………………….………………………………….…115 

     Future directions and applications……….………………………………….…........118      

     Conclusions………………………………….………………….……………….…..123                     

 

REFERENCES…………………………………………………………………………124 



 

 

7 

LIST OF FIGURES 

 

 

Figure 2.1: Nuclei of the dorsal and ventral regions of the amygdala …….…….…...... 33 

 

Figure 2.2: Intrinsic projections of the monkey amygdala. …………….….…….…..…37 

 

Figure 2.3: Extrinsic projections of the amygdala …...................................................... 38 

 

Figure 3.1: Example stimulus set used in passive image viewing task ...…..….….…... 78 

 

Figure 3.2: MRI-based reconstruction of electrode trajectories.…..…...….....…...….…81 

 

Figure 3.3: Z-score measure of firing rate changes prior to the SCR ……………...….. 87  

 

Figure 3.4: The relationship between task parameters, stimulus images and skin 

conductance responses.…………………………………………………………………95 

 

Figure 3.5: The SCR is associated with significant changes in neuronal discharge in 

amygdalar neurons.…………………………………………………………………..... 97 

 

Figure 3.6: Neuronal population response aligned to the SCR………………….……. 98 

 

Figure 3.7: Mean firing rate and modulation of firing rate prior to SCR…..……..….. 99 

 

Figure 3.8: The nuclei of the dorsal amygdala have a larger proportion of neurons with 

SCR-related firing rate modulation than the nuclei of the ventral amygdala...……..… 102 

 

Figure 3.9: MRI-based reconstruction of the location of recorded neurons...……..… 103 

 

Figure 3.10: Simultaneous recording of neurons in the dorsal and ventral nuclei of the 

amygdala..…………………………….……………………………………………..… 105 

 



 

 

8 

LIST OF TABLES 

 

Table 3.1: Neural responses in the sampled nuclei of the amygdala …….…….…......104 



 

 

9 

ABSTRACT 

 

     

The skin conductance response is involved in the preparation for and response to stimuli 

with emotional significance.  The neural mechanisms responsible for the generation of 

the skin conductance response are not well understood despite the common use of this 

signal as an index of emotional response.  Data from anatomical, lesion, and 

neuroimaging studies in humans suggest that the amygdala, a component of the brain 

circuit for emotion, plays a critical role in the generation of the skin conductance 

response.  Here we employ a novel combination of existing techniques to understand the 

stimuli that elicit skin conductance responses in the monkey and the neural mechanisms 

in the amygdala that participate in its generation.  We recorded skin conductance 

responses in monkeys trained to perform a passive image viewing task.  This paradigm is 

a staple of human emotion research but to date has not been adapted to the monkey.  In 

addition, skin conductance responses to these stimuli were recorded in conjunction with 

single unit responses from the amygdala.  This study addresses the relationship between 

the activity of single neurons recorded from identified nuclei of the monkey amygdala 

and autonomic responses.  Neurons in multiple nuclei of the amygdala showed reliable 

changes in neuronal discharge prior to the skin conductance response.  These neurons 

were primarily in the dorsal nuclei of the amygdala, which confirms predictions made 

from anatomical and neuroimaging data.  It is suggested that these changes in neuronal 

discharge may correspond to the generation of this autonomic component of the 

expression of emotion.   
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CHAPTER ONE 

INTRODUCTION 
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 The role of autonomic responses in emotion 

 

The study of emotion was a latecomer to the field of neuroscience for the main reason 

that the neural basis of the senses, motion, and certain cognitive processes seemed more 

tractable to researchers.  The field of emotion has progressed in last few decades but there 

are still many challenges including the ability of emotion researchers to settle on a single 

definition of emotion.  One breakthrough in the study of emotion resulted from the search 

for emotion-specific physiology.  A definition of emotion based on quantitative 

measurements of autonomic responses now exists.  Emotion-specific physiology, namely 

the cluster of autonomic responses involved in each emotion, will now allow emotion 

researchers to follow in the footsteps of neuroscientists studying other systems.   

 

The study of emotion has come of age in the late twentieth century (Aggleton, 2000; 

LeDoux, 2000).  During this period of great productivity, neuropsychological and 

neuroimaging studies in humans confirmed and inspired progress in animal research for a 

neural basis of emotion (Tranel, 2000; Dolan and Morris, 2000).  These experimental 

tools had, just a few decades before, proved invaluable for the cognitive revolution (Lane 

et al., 2000) in conjunction with neural recordings from experimental animals.  The 

conserved neural structures and psychophysiological responses in humans and animals 

suggest that the neural mechanisms that underlie emotions are likely shared.  The work 

included in this dissertation attempts to describe neural activity in the amygdala, an 
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important structure in the brain circuit of emotion, and its relationship to the skin 

conductance response, an autonomic index of emotional response.  

 

Charles Darwin’s Expression of the Emotions in Man and Animals (1872) provided the 

foundation for animal studies on which modern studies of the physiological basis of 

emotion stand.  He noted the commonalities in humans and animals in posture and facial 

expression as well as autonomic activity when expressing emotions. Moreover, the 

expression of emotion was similar across cultures, suggesting a strong biological basis 

for emotion (Ekman and Friesen, 1971; Izard, 1971).  This tome paved the way for 

studies in animals, especially of fear, and removed misgivings of anthropomorphism 

(LeDoux, 2000).   

 

Just a few years later, William James’s What is Emotion? (1884) presented a bold 

hypothesis and definition of emotion that ignited several debates.  James claimed that 

stimuli with emotional content first induced autonomic and somatic changes and that 

these bodily responses initiated a subjective state of emotion.  Independently, Lange 

(1885) described a more simplistic model of emotion which resulted from changes in 

heart rate.  The combination of these two hypotheses gave birth to the James-Lange 

theory of emotion, in which the experience of emotion results from the integration of the 

entire range of autonomic responses.  The James-Lange theory has survived despite 

studies that challenge or limit the extent of this hypothesis.  Sherrington (1900) directly 

tested this hypothesis, by transecting the spinal cord and vagus nerve in dogs. Despite the 
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inability of these dogs to perceive autonomic responses from the heart and other viscera, 

these dogs retained their normal behavioral responses to stimuli and their ability to 

express emotions such as joy, anger, and fear (Sherrington, 1900; but see Hebb, 1949).  

Cannon (1927) found similar results in spinal patients, yet he challenged the James-Lang 

theory on a different account.  Cannon’s understanding of the sympathetic nervous 

system led him to believe that the perception of autonomic changes should be identical 

for fight or flight; therefore based on autonomic responses an individual would not know 

the difference between the emotions of rage and fear.  Cannon’s work suggested that the 

sympathetic nervous system was involved in emotion while the parasympathetic nervous 

system was involved in rest.   Modern understanding of the autonomic nervous system 

suggests that the parasympathetic and sympathetic nervous systems are often co-active 

(Porges, 1995), which weakens Cannon’s objection.  Moreover, emotions that depend 

largely on the sympathetic nervous system are dissociable by levels of autonomic 

responses (Ax, 1953).    

 

The emphasis on autonomic changes, such as skin conductance responses, heart rate, and 

respiratory rate, as an integral part of emotion gave subsequent emotion researchers an 

objective measure for study and shifted the study of emotion away from subjective 

measures of emotion, such as feelings and mood.  Studies of autonomic responses in 

experimental paradigms designed to elicit emotions have complemented and given 

credence to subjective descriptions of emotion (Ax, 1953; Lacey and Lacey, 1970; 
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Ekman et al., 1983; Bradley and Lang, 2000).  Moreover, the use of autonomic measures 

has facilitated investigations in nonverbal subjects (Kapp et al., 1992). 

 

Antonio Damasio’s Descartes’ Error (1994) expanded the range of emotion into the 

neural basis for cognition, by arguing that reason (cognition) and emotion were not 

separable mental and neural processes.  Previously, emotion research became a second 

class citizen to cognitive functions in the mid-twentieth century because it was defined to 

be the result of evolutionarily old structures (MacLean, 1949).  In contrast, cognition was 

the major focus of neuroscientists as it was computationally tractable and required the 

activity of the evolutionarily newest brain structures.  Ironically, the neural basis of 

cognition was expanded to include the older brain structures, such as the hippocampus 

(Scoville and Milner, 1957).  Similarly, using the autonomic responses championed by 

James, Damasio's laboratory found a place for emotion in the higher order brain 

structures (Damasio, 1994).  Damasio and colleagues demonstrated that both old 

(amygdala) and newer (orbital and medial prefrontal cortex) brain areas were functionally 

linked with the newest brain structures for cognition (Damasio et al., 1991; Bechara et al., 

1999).  Moreover, cognition required emotion as measured by autonomic responses 

(Bechara et al., 1997, 1999; Naccache et al., 2005).   

 

The research described in this dissertation also used autonomic responses to study 

emotion (Darwin, 1872; James, 1888; Damasio, 1994).  The present study uses the skin 

conductance response as an index of emotion in a non-human primate model for the study 
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of emotion. The brain structure tested, the amygdala, is involved in emotional processing 

at both simple (stimulus-association) (LeDoux, 2000) and complex levels (decision 

making, social cognition) (Adolphs et al., 1998; Bechara et al., 1999).   

 

 

 

Initial hypothesis and predictions 

 

Emotion is an important adaptation because it focuses attention and enhances cognitive 

processes for stimuli with survival value (Davis and Whalen, 2001).  These stimuli are 

also the most likely to elicit strong autonomic and somatic responses (Kapp et al., 1992; 

LeDoux, 2000).  Emotional stimuli engage an extended brain circuit of cortical and 

subcortical structures (Peters et al., 2006).  In this circuit, the amygdala plays a crucial 

role of evaluating the emotional significance of each stimulus and engaging somatic and 

autonomic responses appropriate for the stimulus (Davis, 2000; LeDoux, 2000).   

 

The amygdala is implicated in the production of many autonomic and somatic markers of 

emotion, including heart rate (Kapp et al., 1982, Applegate et al., 1983; Cox et al., 1987), 

facial expression (Fanardjian and Manvelyan, 1987; Lee et al., 2006), pupil dilation 

(Applegate et al., 1983), and electrodermal activity (Yokota et al., 1963; Lang et al., 

1964).  The role of the amygdala in producing these responses is supported by anatomical 

studies (Price, 2003), lesion studies (Bechara et al., 2000), neuroimaging (Peter et al., 

2006), and physiological experiments (Kapp et al., 1992).  Few studies brought direct 
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evidence for the causal relationship between the neurophysiological events in the 

amygdala and the autonomic expression of emotion.  The goal of the work included in 

this dissertation was to determine the neural mechanisms in the amygdala that are 

involved in the generation of the phasic component of electrodermal activity, the skin 

conductance response (SCR). 

 

 

The amygdala is a component of the brain circuit for autonomic responses 

The amygdala slowly climbed the ranks to stardom in the brain circuit for emotion.  The 

amygdala was not included in three early models for the neural basis of emotion (Bard, 

1928; Cannon, 1931; Papez, 1937), which instead emphasized interactions between the 

cortex and hypothalamus.  The amygdala was given a minor role in Maclean’s conception 

(1949, 1952) of the limbic system for emotion.  Finally, Weiskrantz (1956) demonstrated 

that many of the emotional deficits that resulted from temporal lobe removal (Brown & 

Schaffer, 1888; Kluver and Bucy, 1938, 1939) could be replicated by amygdala lesion 

alone.  Since then the amygdala has been given increasing attention (Aggleton, 1992, 

2000) and multiple experimental techniques have been applied to characterize this 

multinucleate structure in emotion processing and generation.  Based on anatomical and 

lesion studies, the main nuclei of the amygdala are thought to carry out a sequence of 

dissociable processes.  The recognition and differentiation of emotional stimuli is 

critically dependent on the basolateral nuclei (LeDoux et al., 1990; Parent and McGaugh, 

1994; Campeau and Davis, 1995; c.f., Killcross et al., 1997; Wilensky et al., 2006), 
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which reside in the ventral portion of the primate amygdala.  The initiation of somatic 

and autonomic responses is critically dependent on the nuclei of the dorsal portion of the 

primate amygdala (Kapp et al., 1982; Hitchcock and Davis, 1986, 1991; Iwata et al., 

1987; Kalin et al., 2004), which includes the anterior amygdaloid area, the central 

nucleus with the medial and lateral division, and medial nucleus.  This scheme is 

consistent with the behavioral deficits that result from selective nuclear lesions in rats, 

compiled over several decades (Davis, 2000; LeDoux, 2000; McGaugh, 2000; Everitt et 

al., 2003; Pare, 2003).   

 

Electrodermal activity is an excellent starting point for investigating the neural 

mechanisms of autonomic responses in the monkey. Electrodermal activity is the product 

of eccrine sweat glands, which are at the highest density at the palmar and plantar 

surfaces, and is initiated by the sympathetic nervous system (Sato, 1977).  Electrodermal 

activity is the measure of the changes in skin conductance during activity of these eccrine 

sweat glands (Dawson et al., 2000).  Electrodermal activity is extensively studied in 

humans because sympathetic activity is linked with emotion, arousal, and attention 

(Fowles et al., 1981; Bouscein, 1992).  Unlike other autonomic responses, electrodermal 

activity reflects the output of a single component of the autonomic nervous system, the 

sympathetic division.  Thus, the neural mechanisms that are responsible for the 

generation of discrete increases in the electrodermal activity, skin conductance responses 

(SCRs), should be easier to address in comparison to other autonomic responses that 

involve a balance of sympathetic and parasympathetic activity.   
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The aim of this research was to relate an autonomic index of emotion to neural activity 

recorded from multiple nuclei in the amygdala.  The activity of single neurons was 

recorded from ventral nuclei (the lateral, basal, and accessory basal) and dorsal nuclei 

(central, medial, and anterior amygdaloid area) of the amygdala in monkeys trained to 

view images with a range of emotional content. The electrodermal activity of the monkey 

was simultaneously recorded and the measure was correlated with the neuronal discharge 

of the amygdala. The correlation was expected to be strongest for the dorsal nuclei 

because these neurons have extensive connections to areas of the brain that control 

autonomic and somatic effectors (Price and Amaral, 1981; Mizuno et al., 1985; 

Ghashghaei and Barbas, 2002).  Neurons in the ventral nuclei do not have this 

connectivity and were expected to show weaker correlations via projections to the dorsal 

nuclei (Amaral et al., 1992). 

 

Unique contributions of the present study 

 

The present study monitored neural activity in monkeys confronted with static images 

depicting conspecific facial expressions, nonsocial biologically-relevant stimuli, and 

abstract images.  Neurons in the amygdala have been demonstrated to respond to these 

stimuli (Sanghera et al., 1979; Leonard et al., 1985; Nakamura et al., 1992; Kuraoka and 

Nakamura, 2007; Gothard et al., 2007), but it was not clear if the response of these 

neurons reflected a neural representation of the stimuli or a generation of an autonomic 
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response elicited by these stimuli.  A combination of autonomic and neural recordings 

can differentiate between these two alternatives. Currently, less than five experiments 

have examined the activity of single neurons of the amygdala in relation to an autonomic 

response in the rabbit and cat.   

 

Previously, physiological examination of the amygdala and autonomic indices of emotion 

have been restricted to a single nucleus, the central nucleus (Pascoe and Kapp, 1985; 

Zhang et al., 1986; Frysinger et al., 1988). The studies reported here extend these studies 

by comparing an autonomic index of emotion with single unit activity recorded from 

identified nuclei of the monkey amygdala. It is expected therefore, that these experiments 

will shed light on intra-amygdaloid mechanisms that might contribute to the generation of 

autonomic responses. In agreement with the results of amygdala lesion studies in rats 

(Davis, 2000; LeDoux, 2000; McGaugh, 2000), anatomical (Price and Amaral, 1981; 

Mizuno et al., 1985; Ghashghaei and Barbas, 2002) and neuroimaging studies (Liberzon 

et al., 2000; Williams et al., 2001; Mackiewicz et al., 2006; Hoffman et al., 2007) have 

suggested different roles for the dorsal and ventral components of the primate amygdala. 

Motivated by these ideas, we tested three dorsal and three ventral nuclei in a single 

experimental paradigm.  Neurons from these nuclei were recorded simultaneously and in 

conjunction with electrodermal activity to compare directly the contribution of the dorsal 

and ventral nuclei to the generation of SCR. 
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Autonomic responses correlate with the subject’s perception of events as emotional or 

neutral (Bradley et al., 2001).  Although verbal report is often used in human studies of 

emotion, the use of autonomic and somatic responses provides reliable empirical 

measures of emotion in both humans and animals (Ax, 1953; Lacey and Lacey, 1970; 

Boysen and Berntson, 1989; Bradley and Lang, 2000).  Static images extracted from a 

comprehensive video library of monkey behaviors were used as ethologically valid 

stimuli. These stimuli included a wide range of monkey facial expressions and gestures as 

well as other social behaviors such as aggressive confrontation and grooming.  In 

addition to these stimuli, we used images of predators, snakes, and food items to elicit 

non-social emotions. As neutral controls, we used images without any presumed 

emotional relevance for the monkeys.  The data obtained with these manipulations will 

determine whether monkeys, like humans, more often generate skin conductance 

responses to biologically prepared stimuli and whether in monkeys, the skin conductance 

response can be used as an objective measure of the emotional impact of visual stimuli. 
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CHAPTER TWO 

LITERATURE REVIEW 
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The theoretical and empirical value of a monkey model the study of emotion 

The monkey model has proved to be an ideal model for the study of the neural basis of 

human emotion.  Humans and monkeys share many of the cognitive processes required to 

cope with the constant challenges of a complex and highly structured social environment 

(Ghazanfar and Santos, 2004).  While the rat model has provided a detailed analysis of 

the neural processes involved in fear (Davis, 2000; LeDoux, 2000), it can only account 

for some of the deficits in emotional and social behavior observed in human and non-

human primates with amygdala damage (Truitt et al., 2007).   

 

Primates with amygdala lesions are less fearful, but they also appear to respond 

inadequately to species-specific social signals, such as gestures and postures (Rosvold et 

al., 1954; Dicks et al., 1969; Kling, 1972; Thompson et al., 1977; Emery et al., 2001).  

Humans with amygdala damage have deficits in recognizing facial expressions and judge 

unfamiliar individuals to be more trustworthy and approachable than controls (Adolphs et 

al., 1994, 1995, 1998; Winston et al., 2002).  These results are generated from different 

experimental paradigms and therefore are not directly comparable.  Nevertheless, these 

studies in humans and monkeys suggest that the primate amygdala is involved as much in 

social behavior as in processing fear-inducing stimuli.  

 

Lesion studies have several caveats and these caveats have special importance when 

considering the amygdala lesion literature.  The majority of lesions studies date back to a 
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period when the amygdala was either surgically removed or destroyed by electrolytic 

lesions (Baxter and Murray, 2000).  Surgical, or aspiration, lesions almost always 

included parts of the surrounding cortex.  Both surgical and electrolytic lesions of the 

amygdala destroyed the fibers of passage that traverse the amygdala but do not carry 

information about amygdala function; therefore the resulting deficits exceeded what 

would result from amygdala damage alone (Murray and Mishkin, 1984, 1985; Gaffan, 

1992; Murray et al., 1993).  With the advent of neurotoxic lesions the cell bodies in the 

amygdala could be destroyed without destroying the surrounding perirhinal and 

entorhinal cortices and the bundle of axons from the rhinal cortices that pass through the 

amygdala.  These fibers of passage included corticothalamic pathways, which connect 

thalamic nuclei with the entorhinal, perirhinal, and TE cortices (Goulet et al., 1998).   

 

Neurotoxic lesions using ibotenic acid or NMDA agonists share some caveats with tissue 

removal lesions.  After the lesion, the brain may reorganize in an attempt to recover from 

the tissue damage, and another brain area may compensate for the lost tissue.  This caveat 

must be considered in studies with negative findings, in which little or no behavioral 

deficit results from the lesion.  A technique intended to avoid compensatory brain 

mechanisms involves temporary inactivation, induced by a local application of a drug 

that reduces neural activity, such as lidocaine and muscimol.  Pharmacological 

inactivation is difficult, however, because the spatial distribution of the drug is hard to 

control and the “lesion” might either include neighboring structures or exclude part of the 

amygdala. Nevertheless, the use of ibotenic acid has improved the accuracy and in some 
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ways re-written our knowledge of the behavioral responses that require the amygdala.  

The most striking difference has been in the ability of monkeys with lesions of the 

amygdala to learn stimulus-reward contingencies.   

 

Early aspiration lesions of the amygdala produced monkeys that were impaired at 

associating a stimulus with reward (Murray and Mishkin, 1985; Gaffan, 1992). Although 

some deficits in the rat and the marmoset have been reported (Everitt et al., 2000; 

Parkinson et al., 2001), rhesus monkeys are unimpaired at making stimulus-reward 

associations after ibotenic acid lesions of the amygdala (Baxter and Murray, 2000; 

Izquierdo and Murray, 2007).  A more prevalent deficit in rhesus monkeys with 

amygdala lesions was the failure to devaluate food reward after satiation (Malkova et al., 

1997; Baxter et al., 2000).  These deficits suggest that the monkey amygdala is essential 

for updating the value of a reward but is not required to make an association between the 

reward and associated objects.   

 

Amygdala lesions produce dramatic deficits in fear conditioning (Davis, 2000; LeDoux, 

2000), and these studies have been replicated with selective lesioning techniques 

(Campeau and Davis, 1995; Koo et al., 2004).  These studies are performed almost 

exclusively in the rat; however, Anoniadis and colleagues (2007) recently found ibotenic 

lesions of the amygdala prevented the acquisition of fear-potentiated startle in the 

monkey.  Deficits in aversive conditioning are more extensive than deficits in learning 
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reward contingencies after amygdala lesions and this bias has supported models of the 

amygdala as the neural substrate for fear (Calder et al., 2001). 

 

Several other behavioral deficits caused by amygdala aspiration have been replicated 

after selective lesion of the amygdala.  One such finding is a reduction in the latency to 

approach and investigate new object, a reduction in neophobia, (Meunier et al., 1999).  

Monkeys with amygdala lesions interact abnormally with other monkeys; some 

investigators found an increase in aggression received by the lesioned animals (Dick et al 

1969; Kling and Steklis, 1979) while others found an increase in affiliative gestures 

received by the lesioned animals (Emery et al., 2001) and an increase in submission and 

affiliative gestured displayed by the lesioned animals (Meunier et al., 1999).  Abnormal 

behavior is also seen during encounters in group situations.  In this case, the monkeys 

with selective amygdala lesions had decreased social inhibition, as indicated by increases 

in proximity with and affiliative displays (e.g., sex present) to other monkeys (Emery et 

al., 2001)   

 

These behavioral changes are consistent with deficits in processing stimuli and 

expressing fear, noted in humans with damage limited to the amygdala (Adolphs et al., 

1994, 1995, 1998).  Although the exact experimental paradigms have not been duplicated 

across species, damage to the amygdala results in impairment in recognizing fearful 

facial expressions (Adolphs et al., 1994, 1995; c.f. Rapcsak et al., 2000).  These results 

come from patient S.M., who has selective amygdala damage due to Urbach-Wiethe 
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disease, an autosomal recessive disease that leads to bilateral calcifications and thus 

degeneration of cells including and sometimes limited to the amygdala (Newton et al., 

1971).  Patient S.M. also judged unknown individuals to be more trustworthy and 

approachable than subjects with intact an amygdala (Adolphs, et al., 1998).  This result is 

similar to the monkeys with increased social interactions after amygdala lesion (Emery et 

al., 2001). 

 

Only one study is available involving selective lesions of the amygdala nuclei in rhesus 

monkeys.  This study (Kalin et al, 2004) found that central nucleus lesions could alone 

produce the reduction in neophobia to new objects and individuals that was demonstrated 

with excitotoxic lesions of the entire amygdala (Meunier et al., 1999).  In examining the 

extent of the lesions, the lesions often included the medial nucleus, which is also an 

important component of the amygdala in generating the emotional response.  In 

particular, these dorsal nuclei are believed to be involved in generation of the autonomic 

response and thus the additional damage to the medial reduces the number of alternate 

pathways for this emotional response.  Nevertheless, since the recognition of complex 

objects is projected to only the nuclei in the ventral amygdala, and the dorsal nuclei are 

dependent on the ventral nuclei to receive this information, it has been argued that a 

ventral nuclei lesion is functionally equivalent to a dorsal nuclei lesion in these tasks 

(Emery and Amaral, 2000).  From this perspective, it is unclear whether selective lesion 

of amygdala nuclei provides the best experimental technique for determining the role of 

the dorsal and ventral nuclei.  This common argument (e.g., LeDoux, 2000), however, is 
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a gross simplification of the anatomical projections and ignores, for example, input to the 

central and medial nuclei from the orbitofrontal cortex (Ghashghaei and Barbas, 2002).  

Recently, selective lesion and inactivation studies in rats (Killcross et al., 1997; Wilensky 

et al., 2006) have produced behavioral deficits that cannot be accounted for by a serial 

model (ventral to dorsal nuclei) of processing in the amygdala.   

 

In summary, amygdala damage leads to many deficits in behavior and learning.  The 

early lesions studies emphasized processing deficits of both of positive and negative 

reinforcement; however, refinements in lesion methodology that limited damage to the 

amygdala produced animals with deficits in fear conditioning, reward devaluation, 

apprehension of novel objects, and social behavior.   Humans with damage to the 

amygdala have deficits in processing emotions with social import, such as recognizing 

facial expressions (Adolphs et al., 1994, 1995; Young et al., 1996) and make errors in 

judging the trustworthiness of faces (Adolphs et al., 1998).  The same experimental 

paradigms have not been used in both species, which makes direct comparison of these 

impairments difficult.  Namely, after amygdala damage, no attempt has been made to 

demonstrate deficits in reward devaluation in humans, and no attempt to demonstrate that 

monkeys can have deficits in recognizing facial expressions.  Nevertheless, both humans 

and monkeys with amygdala damage have deficits in processing fearful stimuli and in 

social behavior.  
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Neurophysiological studies of the amygdala in the monkey 

 

Neurons in the amygdala respond to both emotional and neutral stimuli. The first neurons 

recorded from the amygdala in awake behaving monkeys discriminated between visual 

stimuli that predicted either food reward or an aversive stimulus (Fuster and Uyeda, 

1971; Ono et al., 1983; Ono et al., 1989).  In some of these experiments, stimuli without 

emotional significance were not tested (Fuster and Uyeda, 1971).  Ono and colleagues 

found visually responsive neurons that responded to both conditioned stimuli and 

unfamiliar stimuli (Ono and Nishijo, 1992).  In many cases, their classification of objects 

without emotional significance is dubious (e.g., a spider model). Nevertheless, in some 

cases, they did find responses to unfamiliar objects (e.g., small unfamiliar bottle) that 

suggest amygdala neurons also encode objects with no emotional significance. Gothard 

and colleagues (2007) also found that neurons in the amygdala are equally likely to 

respond to a neutral image (a fractal) and an image with inherent emotional significance, 

such as a threatening facial expression.  These responses suggest that the role of the 

amygdala is more complex than adding a negative or positive “emotional tag” to stimuli. 

The amygdala might encode all stimuli, whether neutral or emotional. Such encoding 

schemes would be useful in comparing the current value of a stimulus with the previously 

experienced, or expected, value (e.g. in a reward devaluation paradigm).   

 

The discharge patterns of amygdala neurons in the monkey are often selective for facial 

expression (Sanghera et al., 1979; Leonard et al., 1985; Gothard et al., 2007).  Since 
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facial expressions convey essential social and emotional information, these studies 

demonstrate that neurons in the monkey amygdala contain information crucial for social 

behavior.  Comparing responses to face and non-face stimuli led to the observation that 

images of monkey faces are among the most effective stimuli that activate neurons in the 

amygdala (Nakamura et al., 1992). Nakamura and colleagues (1992) found that one half 

of the most effective stimuli were monkey faces while none of the two-dimensional 

shapes elicited maximal discharge of neurons of the amygdala.  Some face-responsive 

neurons also differentiate between classes of stimuli, e.g., faces versus objects and human 

faces versus monkey faces (Gothard et al., 2007).  Other neurons are highly selective for 

a single individual or a single facial expression from a particular individual (Gothard et 

al., 2007).  The ability to discriminate individuals and facial expressions is essential for 

social behavior in primates.  It is expected that the deficits in social behavior produced by 

amygdala lesions are due in part to a loss of these neurons. 

 

Rhesus monkeys, like humans, use social knowledge to differentiate between images of 

individuals and facial expressions as indicated by the patterns of visual search (Gothard 

et al., 2004). Monkeys also demonstrate a clear preference of looking at female perinea 

and high ranking male monkeys, which are of high biological value (Deaner et al., 2005), 

similar to behavior of humans confronted with tabloid newspapers (Spitler, unpublished 

observations).  Emotional responses evoked by images in a passive image viewing task in 

monkeys should thus parallel autonomic responses in human subjects (Bradley and Lang, 

2000).   
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Amygdala cell types and intrinsic projections 

 

Despite the complexity of the nuclei and even subnuclei of the amygdala, it is 

anatomically justified to divide these nuclei into a corticomedian and a basolateral group 

(McDonald, 1992).  The corticomedian group consists of the cortical nucleus (C), the 

nucleus of the lateral olfactory tract (NLOT), the central nucleus (Ce), and its rostral 

continuation the anterior amygdaloid area (AAA), and the medial nucleus (M).  The 

basolateral group contains the lateral (L), basal (B), and accessory basal (AB) nuclei.  

This dissertation will use the terminology of dorsal and ventral nuclei to refer to 

components of the corticomedian and basolateral groups, respectively (Figure 2.1).  The 

dorsal nuclei of interest to the present study include three members of the corticomedian 

group: the central and medial nuclei and the anterior amygdaloid area.  The ventral nuclei 

include the three components of the basolateral amygdala. 

 

At its rostral pole, the basal nucleus is continuous with the piriform cortex which 

underscores the cortical-like nature of the nuclei in the ventral amygdala.  Although these 

nuclei lack the layered structure of the cortex, they consist primarily of pyramidal and 

aspiny stellate neurons similar to cortex (Hall, 1972).  These cell types are conserved in 

the monkey (Herzog, 1982; Amaral et al., 1989) and human (Braak and Braak, 1983) 

amygdala.  Pyramidal neurons make up the majority of the cells in the ventral amygdala.  

At the rostral and caudal poles of the ventral amygdala these cells most resemble cortical 

pyramidal cells; cortical and amygdalar pyramidal cells contain a large pyramidal soma, a 
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single apical dendrite, many basal dendrites, and use glutamate as a neurotransmitter 

(Hall, 1972; Herzog, 1982).  The primary dendrite has few spines, while there are many 

spines on distal branches.  Moreover, the apical dendrite of these neurons has a common 

orientation.  These spiny cells are responsible for the common dubbing of the basolateral 

nuclei as being "cortical-like."  

 

Deeper in the ventral amygdala, spiny neurons demonstrate heterogeneity of both 

dendrite orientation and morphological features.  Spiny neurons of the basolateral nuclei 

include cells with bifurcating apical dendrites, two apical dendrites, or primary dendrites 

of uniform thickness (Millhouse and De Olmos, 1983).  The latter neurons are similar in 

morphology to the spiny stellate neurons found in the cortex.  The complexity of the 

spiny neuron class in the basolateral amygdala is mirrored in the cortex (Lund, 1984).  

The main difference between the two structures is the presence of a common orientation 

of apical dendrites in the cortex.   

 

The non-pyramidal neurons in the ventral amygdala resemble their cortical counterparts 

(Feldman and Peters, 1978).  These neurons also use GABA as a neurotransmitter and 

have few or no spines (McDonald, 1982).  Non-pyramidal neurons in the ventral 

amygdala are heterogeneous in nature, but include multipolar, bitufted, and bipolar, and 

are fewer in number than pyramidal neurons.  The inhibitory non-pyramidal cells in the 

ventral nuclei have some striking differences with their cortical counterparts, however.  

Almost half of the axons of inhibitory cells synapse on the spines of pyramidal neurons, 
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compared to only 10-20% in the cortex (Muller et al., 2007).  Finally, the input to 

dendritic spines includes spines that contain calcium-calmodulin-dependent protein 

kinase II, an important molecule for learning and memory (Muller et al., 2007).  These 

results suggest that the inhibitory neurons in the ventral nuclei, although few in number, 

may have a powerful role in emotional learning and stimulus encoding. 

 

The morphological similarity of cells in the dorsal nuclei and the putamen has led to 

descriptions of this area as striatal-like as opposed the cortical-like ventral nuclei (see 

Figure 2.1 for a diagram summarizing features of the dorsal and ventral nuclei).  Golgi 

preparations poorly distinguish the central nucleus, anterior amygdaloid area, and medial 

nucleus, although clear distinctions are made between these areas and the cortical 

nucleus, another member of the corticomedian subdivision of the amygdala (Hall, 1972).   
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Figure 2.1: Nuclei of the dorsal and ventral regions of the amygdala.  The ventral portion 

of the amygdala (green) consists of the lateral (L), basal (B), and accessory basal (AB) 

nuclei.  The pyramidal neuron is the primary neuron of the ventral region, similar to the 

cortex.  These pyramidal neurons release an excitatory neurotransmitter, glutamate, onto 

postsynaptic targets. The dorsal portion of the amygdala (red) consists of the anterior 

amygdaloid area (AAA), the central nucleus (C), and the medial nucleus (M).  The 

medium spiny neuron is the primary neuron of the dorsal region, similar to the striatum.  

The medium spiny neuron releases an inhibitory neurotransmitter (GABA). 
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The medium spiny neuron is the primary cell type in the medial nucleus (Millhouse and  

 

DeOlmos, 1981).  The anterior amygdaloid area also contains medium spiny neurons and  

this area is either not distinguished from the central nucleus (Johnston, 1923) or described 

as similar (Hall, 1972).  The lateral portion of the central nucleus contains primarily cells 

that resemble the medium spiny neurons of the putamen, like the medial nucleus and 

anterior amygdaloid area (Hall, 1972).  The medial portion of the central nucleus 

primarily consists of moderately spiny cells with multiple primary dendrites and a 

fusiform soma (Cassell and Gray, 1989).   

 

These medium spiny neurons in the dorsal nuclei have spine dense distal dendrites and 

their axons often synapse on other medium spiny neurons in the lateral central nucleus.  

The medium spiny neurons in the central nucleus and putamen can be distinguished 

based on unique neuropeptide chemistry.  For example, the medium spiny neurons in the 

central nucleus do not contain neuropeptide y (DeOlmos et al., 1985; Gustafson et al., 

1986).     

 

The central and medial nuclei are similar in that there are many GABA-ergic cells in 

comparison to the cortex-like ventral nuclei (McDonald and Augustine, 1993; Pitkanen 

and Amaral, 1994).  The lateral nucleus and intercalated nuclei contained the highest 

proportion of GABA-ergic neurons outside these dorsal nuclei.  Additionally, the 

neuropil of the central and medial nuclei shows the highest GABA-ergic staining 

suggesting that these output areas are under tight inhibitory control.  The anterior 
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amygdaloid area is unique in this respect in that it contains few GABA-ergic cells and it 

has little to moderate GABA-ergic staining of its neuropil.   

 

Despite the similarity in cell types, the individual nuclei of the ventral and dorsal regions 

of the amygdala can be distinguished based on the distribution of axonal projections 

within the amygdala.  Overall, the intra-amygdalar connectivity can be characterized by: 

1) a lateral to medial trend and 2) a ventral to dorsal trend (see figure 2.2 for a summary 

of intrinsic projections within and between the dorsal and ventral nuclei).  Thus, the 

lateral and basal have strong projections to the accessory basal, while the accessory basal 

has weak return projections.  Secondly, the ventral nuclei project to the dorsal nuclei, but 

the return projection from the dorsal nuclei is sparse.  This pattern is illustrated in Figure 

2.2, which has hot colors in the upper right quadrant to indicate the large ventral to dorsal 

projection. Cool colors in the lower left quadrant represent the sparse return projection.  

This pattern of projections is the basis of a serial model in which the ventral nuclei 

analyze incoming signals and command the dorsal nuclei to generate an autonomic 

response.  Additionally, the extrinsic connectivity of the amygdala, reviewed in the next 

section, is to a large extent in support of this quasi-unidirectional information flow 

through the nuclei of the amygdala.  Nevertheless, a strict serial model of processing 

requires a de-emphasis on several projections to the dorsal nuclei, which recent lesion 

studies have implicated as important for fear behavior (Killcross et al., 1997; Wilensky et 

al., 2006). 
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Extrinsic projections of nuclei of the amygdala  

 

The extrinsic connections of the amygdala nuclei have been summarized as belonging to 

three systems (Price, 2003).  The first system involves loops between the ventral nuclei, 

unimodal sensory cortices, multimodal sensory cortices, and thalamic nuclei. Through 

this system the amygdala receives signals from all areas of the cortex that process 

information from the external or internal environment.  The second system involves loops  

between the amygdala and several areas of the prefrontal cortex.  This loop is involved in 

both the processing of stimuli of emotional import, in emotion regulation, and the 

generation of the autonomic and somatic components of the emotional response.  The 

third system involves loops between the dorsal nuclei and the portions of the 

hypothalamus and brainstem involved in the autonomic expression of emotion.  These 

distinct loops are consistent with a model in which the amygdala receives constant input 

on the arrival of new stimuli, evaluates the stimuli in conjunction with sensory and 

prefrontal cortices, and participates in the generation of the emotional response (Adolphs 

et al., 1994; LeDoux, 2000, Davis and Whalen, 2001).  These three loops also emphasize 

both the similarities within and the differences between the ventral and dorsal regions of 

the amygdala.  Finally, these loops present multiple pathways for the generation of 

autonomic responses (see Figure 2.3 for a summary of the three systems).  

 

The first system involves the major source of input to the amygdala.  The ventral nuclei, 

especially the lateral nucleus, receive highly processed sensory input from visual areas    
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Figure 2.2: Intrinsic projections of the monkey amygdala.  The matrix summarizes the 

density of the intra-amygdalar projections from each nucleus (row).  Each column of the 

matrix summarizes the density of projections that each nucleus receives.  Overall, the 

projections between each pair of nuclei are not symmetrical.  For example, the intrinsic 

projections of the nuclei in the ventral amygdala have a larger lateral to medial projection 

than medial to lateral (upper left quadrant).  Additionally, the ventral nuclei send a larger 

number of axons to the dorsal nuclei (upper right) in comparison to a light return 

projection (lower left).  The dorsal nuclei are moderately interconnected (lower right 

quadrant), and additional projections may exist but have not been reported (black).  

L= lateral nucleus, B = basal nucleus, AB = accessory basal nucleus, C = central nucleus, 

AAA = anterior amygdaloid area, M = medial nucleus. 
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Figure 2.3: Extrinsic projections of the amygdala.  The extrinsic projections of the 

amygdala are depicted in diagram form.  System 1 (blue) summarizes the reciprocal loops 

between the ventral nuclei of the amygdala and the unimodal sensory cortices.  System 2 

(green) summarizes the interconnection of the amygdala and the prefrontal cortices, 

which provide an indirect route for the amygdala to generate skin conductance responses 

(SCR).  System 3 (red) summarizes the direct route from the amygdala for SCR 

generation.  The nuclei of the ventral (moderate density, dashed line) and dorsal 

(extensive density, solid line) amygdala project to targets that contribute directly to the 

generation of the SCR (far right vertical column).  

A1 = primary auditory cortex, A2 = secondary auditory cortex, AAA = anterior 

amygdaloid area, AB = accessory basal nucleus, B = basal nucleus, C = central nucleus, 

L= lateral nucleus, M = medial nucleus, mPFC = medial prefrontal cortex, MDN = 

mediodorsal nucleus of the thalamus, MGN = medial geniculate nucleus of the thalamus, 

OFC = orbitofrontal cortex, PRh = perirhinal cortex, S1 = primary sensory cortex, S2 = 

secondary sensory cortex, SCR = skin conductance response, TE = inferior temporal 

cortical visual area, V1 primary visual cortex.  
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Aggleton et al., 1980), auditory areas (Yukie, 2002), and somatosensory cortices 

(Friedman et al., 1986). The largest source of projections comes from area TE (Amaral et 

al., 1992), which is the final stage of unimodal visual processing  (Ungerleider and 

Mishkin, 1982; Logothetis and Shineberg, 1996).  The lateral nucleus receives this input 

exclusively (Amaral et al., 1992) and projects to the basal nucleus, which then sends a 

return projection to these sensory cortices (Amaral and Price, 1984).  In the primate, this 

projection extends to the primary visual and auditory cortex (Iwai and Yukie, 1987).  The 

projections to area TE and V1 are predominantly excitatory (Freese and Amaral, 2005, 

2006).  

 

The thalamus provides rapid auditory input but indirect visual input to the amygdala. The 

medial geniculate nucleus sends auditory input primarily to the lateral nucleus, but also to 

the accessory basal, central, and medial nuclei (Mehler, 1980; LeDoux et al., 1990b).  In 

contrast, the lateral geniculate nucleus, the major processing station of visual input in the 

thalamus, does not project to the amygdala.  Recently, Linke and colleagues (1999) have 

identified an extrageniculate pathway to the amygdala.  By using a combination of 

anterograde (in the superior colliculus) and retrograde tracers (in the lateral nucleus), they 

identified a population of cells in the suprageniculate nucleus of the posterior thalamus 

(Linke et al., 1999), which might provide rapid visual and auditory information to the 

amygdala. These fast pathways that presumably convey coarsely processed sensory 

information to the amygdala are complemented by a more delayed stream of information 

that brings highly processed sensory input to the amygdala from the neocortex.  The 
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nuclei of the ventral amygdala are thus in position to both receive from and send signals 

to the neocortex. 

 

In primates, the increased size of the ventral nuclei of the amygdala correlates with the 

increase in size of the neocortex and the size of social groups (Barton and Aggleton, 

2000). It appears that the neocortex and cortical-like nuclei of the amygdala co-evolved 

(Young et al., 1994) because the expansion and specializations of the neocortex in 

primates parallels the expansion and specialization of the amygdala and is reflected in the 

types of signals processed by the amygdala.  This relationship between the amygdala the 

neocortex also has relevance for the second system (Figure 2.3), described below. 

 

The second system involves reciprocal connections of the amygdala with the medial and 

orbital prefrontal cortex, the insula, and the temporal pole (Amaral and Price 1985; 

Carmichael and Price 1995).  These cortical areas are involved, among other functions, in 

the autonomic manifestation of emotion (Critchley et al., 2000).  The ventral nuclei, 

especially the basal nucleus, send projections to these cortical areas.  The anterior 

amygdaloid area also participates in the projection to the orbital frontal cortex (Barbas 

and De Olmos, 1990).  Additionally, the ventral nuclei of the amygdala have an indirect 

route to the prefrontal cortex via a major projection to the mediodorsal nucleus of the 

thalamus (Aggleton and Mishkin, 1984).  The central and medial nuclei send a minor 

projection to this thalamic nucleus.   The return projections from the orbital and medial 

prefrontal cortex target a mixture of dorsal and ventral nuclei (Ghashghaei and Barbas, 
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2002).  This second system provides an indirect pathway for the amygdala to generate 

SCRs, because the cortical areas involved, especially the medial prefrontal cortex, project 

to the lateral hypothalamus (Ongur et al., 1998; Ghashghaei and Barbas, 2002).  The 

lateral hypothalamus, via projections to the medullary reticular formation, is involved in 

the generation of the skin conductance response because this pathway terminates at the 

eccrine sweat glands of the palm.  The final common pathways to the sweat glands are 

the preganglionic neurons in the lateral horn of the spinal cord, and the postganglionic 

neurons in the paravertebral sympathetic chain ganglia. The intermediate synaptic relays 

are the reticular formation in the brain stem and reticulospinal tract that connect to the 

preganglionic sympathetic neurons in the T1-T3 thoracic spine.  

 

Stimulation of the hypothalamus evokes SCRs at lower stimulation intensity than the 

thalamus (Bloch and Bonvallet, 1960).  In contrast, the reticular formation has a powerful 

inhibitory effect on SCRs via the reticulospinal tract.  Transection at the level of the 

colliculi, which removes descending projections, produces a strong inhibition of the SCR 

(Wang et al., 1956a).  Conversely, transections below the level of the reticular formation 

return the SCR to its normal level, suggesting that the spinal preganglionic neurons are 

released from inhibition (Wang and Brown, 1956a).  Finally, Wang and Brown (1956b) 

demonstrated inhibition of the SCR via stimulation of ventromedial reticular formation in 

cats under heavy chloralose anesthesia.  A similar inhibitory effect of the reticular 

formation was found under immobilization by Flaxedil, a potent neuromuscular blocking 

agent, which does not interfere with neural transmission along the pathways that generate 
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SCRs (Yokota et al 1963).  In addition to the hypothalamo-reticular fibers, the 

hypothalamus also has a direct anatomical connection to the preganglionic neurons via 

the hypothalamo-spinal tract and presumably innervates sudomotor neurons, the neurons 

that stimulate the sweat glands (Saper et al., 1976).   

 

The third system involves reciprocal connections with autonomic centers, including the 

hypothalamus and brain stem.   The dorsal nuclei of the amygdala have a more extensive 

projection to the hypothalamus (Ghashghaei and Barbas, 2002) than the basal and 

accessory basal nuclei.  In addition, the central nucleus sends projections to every portion 

of the brainstem that is part of the sympathetic nervous system (Price and Amaral, 1981).  

For example, the central nucleus projects to all levels of the reticular formation 

(midbrain, pons, and medulla) and all levels of the reticular formation participate in the 

reticulospinal tract (Amaral et al., 1992). With regard to the generation of SCR, this 

pathway parallels the pathways that originates in the ventral nuclei and reaches the spinal 

cord via the hypothalamo-spinal tract. Moreover, like the hypothalamus, the central 

nucleus projects directly to the cervical spinal cord in the monkey (Mizuno et al., 1985), 

and thus may be able to directly effect sudomotor neurons in the final common pathway 

for SCR production (Anderson et al., 1989).  In the cat, this projection has been 

confirmed to be predominantly from the central nucleus, although the medial nucleus also 

participates (Sandrew et al., 1986).  Thus the central nucleus is in position to control the 

eccrine sweat glands of the palms, via monosynaptic projections to the preganglionic 

sympathetic (sudomotor) neurons in the thoracic segment (T1-T3) of the spinal cord.  
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Additional studies are required to identify the spinal cells involved in this pathway, and 

thus at present this pathway could also be involved in motor activity or spinal analgesia 

in times of stress (Kuypers, 1982).  

 

Recent studies have identified an inhibitory component in these pathways for SCR 

generation.  Ghashghaei and Barbas (2002) noted that the neurons in the ventral nuclei 

that project to the prefrontal cortex do not contain calbindin and parvalbumin, markers 

found in inhibitory neurons (van Brederode et al., 1990).  Similarly, the neurons in the 

basal nucleus that project to the lateral hypothalamus also lack these markers, suggesting 

that these pathways are also excitatory.  Thus, the projections of the ventral nuclei have 

an excitatory role on the indirect pathway for SCR generation, which is typical of 

cortical-like projections.   

 

Other projections from the amygdala to the hypothalamus did contain markers for 

GABA-ergic neurons in various proportions (20% from accessory basal and medial 

nucleus, 12% of fibers from central nucleus and anterior amygdaloid nucleus).  This 

inhibitory projection is typical of the striatal-like projections.  Additionally, at least half 

of the projections from the central nucleus to its brainstem targets are GABA-ergic 

(Jongen-Relo and Amaral, 1998).  Thus it appears that the indirect and direct projections 

from the amygdala to the autonomic centers contain a mixture of inhibitory and 

excitatory fibers. 
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The mixed projection from the dorsal nuclei increases the potential complexity of 

interaction of the dorsal nuclei with the brainstem nuclei for the generation of SCR.  Only 

one electron-microscopic study documents the existence of synapses between the axon 

terminals of the projection neurons from the central nucleus and the neurons of the 

brainstem.  Saha and colleagues (2000) suggested that the inhibitory projections from the 

central nucleus synapse on excitatory neurons in the nucleus of the solitary tract.  The 

nucleus of the solitary tract does not project to sympathetic preganglionic neurons; 

therefore this study does not have direct bearing on the generation of SCRs.  Since this is 

only one of many synaptic stations of the projection from the central nucleus, it is 

unknown if the inhibitory fibers of the neurons of the central nucleus innervate 

exclusively excitatory neurons in the brainstem.  With this neural architecture, a decrease 

in the activity of the central nucleus would release the target neurons from inhibition.  In 

the case of the reticular formation a different scheme can be envisioned. The reticular 

formation has an inhibitory effect on the generation of the SCR, suggesting the SCR is 

facilitated when the reticular formation is inhibited.  It is possible that the inhibitory 

projections from the central nucleus then synapse on inhibitory neurons in the reticular 

formation, which would be the opposite scheme to that found in the nucleus of the 

solitary tract (Saha et al., 2002). Many other schemes are possible, but with the limited 

anatomical data available, it is difficult to determine the precise interactions between the 

central nucleus and the brainstem nuclei involved in the generation of SCRs. 
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As shown in Fig 2.3, the amygdalospinal projection is expected to be responsible for the 

shortest latency SCRs that might originate in the amygdala.  The other projections 

include additional synaptic delays before activation of the preganglionic neurons (see Fig 

2.3 for the direct [system 3 in red], and indirect [system 2 in green] pathways for SCR 

generation).  Synaptic delays are orders of magnitude shorter than the delays imposed by 

sweat secretion by the palmar eccrine sweat glands; therefore the different activation 

times along the parallel pathways of SCR generation cannot be physiologically 

distinguished. 

 

Brain circuit for the generation of the skin conductance responses 

 

Lesions of the amygdala result in reduced skin conductance responses 

Monkeys and humans with damage to the amygdala have deficits in SCR generation.  

This is remarkable because there are redundant pathways for SCR generation that 

originate in for example, the prefrontal cortex, the hypothalamus, the insula, and the 

anterior cingulate.  Thus, if the amygdala is only one of the many possible initiators of a 

sympathetic response, it is expected that deficits of sympathetic activation caused by 

amygdala damage would be compensated by the alternative pathways. It has been shown, 

indeed, that damage to amygdala results in reduced or absent SCRs in both monkeys 

(Bagshaw et al., 1965; Bagshaw and Coppock, 1968) and humans (Bechara et al., 1995; 

1999).  This deficit spans a variety of tasks tested to date, including orienting to stimuli 

(Bagshaw et al., 1965), classical aversive conditioning (Bagshaw and Coppock, 1968; 
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Bechara et al., 1995),  anticipation of receipt of secondary positive and negative 

reinforcers (Bechara et al., 1999), and passive image viewing (Glascher and Adolphs, 

2003).  

 

Asahina and colleagues (2003) found a complete loss of SCRs in a patient with 

hemorrhagic lesions caused by encephalitis.  Remarkably this lesion was limited almost 

exclusively to the amygdala bilaterally, but did include minor damage in right medial 

prefrontal cortex.  After the patient recovered from the encephalitis (4 months from 

onset), SCRs were recovered suggesting that other brain structures can compensate in the 

generation of SCR.  Indeed, when Tranel and Damasio (1989) studied patients with 

amygdala damage 12 years after the fact, they found normal frequency and amplitude of 

SCR production.  In contrast, patients with Urbach-Wiethe disease, an autosomal 

recessive disease that leads to bilateral degeneration and calcification of the amygdala 

(Newton et al., 1971), have lasting deficits in SCR production (Bechara et al., 1995, 

1999, 2003).  Typically, deficits in SCR production are reported in terms of mean 

amplitude, although changes in frequency are reported in some cases.  For example, in 

sharp contrast to normal controls, SCRs were virtually nonexistent when a patient with 

damage to the amygdala recalled a variety of recent emotional events, including sad, 

happy, angry, and fearful ones (Bechara et al., 2003). 

 

Patient SM, who has bilateral amygdala damage with no other lesions, did not show 

SCRs to conditioned stimuli that predict aversive noises (Bechara et al., 1995).  Patient 

SM and other brain damaged subjects with intact amygdala were presented with different 
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colored slides, and one slide (conditioned stimulus) was paired with a shock. Patient SM, 

who has damage to the amygdala, did not develop greater SCRs to the conditioned 

stimulus compared to the unconditioned stimuli.  In contrast, controls and a subject with 

damage limited to the hippocampus did develop the SCR modulation to the stimulus that 

predicted shock (Bechara et al., 1995).   

 

Patients with amygdala damage have deficits in the Iowa gambling task, a task that 

uncovered the role of emotion in decision making.  In this task, subjects choose from four 

decks of cards with the goal of earning money.  Normal subjects learn to choose from 

advantageous decks, which result in predominantly small monetary rewards, and avoid 

the disadvantageous decks, which predominantly result in large monetary losses but also 

a few large monetary gains.  During the beginning of this task, subjects generate larger 

amplitude SCRs prior to choosing from the disadvantageous deck compared to choosing 

from the advantageous deck.  At this point in the task, the subjects cannot verbalize 

which deck is advantageous (Damasio, 1994).  Like patients with damage limited to the 

orbital and medial prefrontal cortex, patient SM and four other patients with brain 

damage including, but not limited to, the amygdala did not learn the advantageous 

strategy in this task.  Both patient groups lack a differential SCR response before 

choosing from a disadvantageous deck of cards compared to the advantageous deck.  The 

amygdala damage resulted in a reduction in the mean SCR amplitude during anticipation 

of advantageous and disadvantageous card decks by approximately 67% and 80%, 

respectively (Bechara et al., 1999).  The patients with prefrontal damage had a similar 
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reduction in SCR production.  After a deck is chosen, subjects are informed about the 

result of their choice (monetary gain or loss).  Like control subjects, the patients with 

orbital and medial prefrontal damage generated SCRs to these secondary reinforcers.  In 

contrast, the Urbach-Wiethe patient and the other patients with damage to the amygdala 

failed to generate SCRs when they received monetary rewards or losses (Bechara et al., 

1999).  In sum, amygdala damage results in a reduction, or lack, of SCRs to a range of 

emotional processes and this deficit in SCRs is correlated with deficits in behavior 

(Bechara et al., 2003). 

 

In summary, the amygdala is required for normal SCR production in a variety of tasks 

despite the presence of intact parallel pathways for SCR production.  In these studies, the 

entire amygdala was damaged; therefore, no conclusion on the relative importance of 

individual nuclei for SCR generation was gained from them.   

 

Stimulation studies of the amygdala elicit skin conductance responses 

All amygdala stimulation studies evoked SCRs.  Yokota and colleagues (1963) 

stimulated the lateral nuclei of the amygdala and evoked increases in frequency of SCRs.  

Lang and colleagues (1964), interested in the epileptogenic nature of the amygdala, 

reported that the after-discharge caused by the stimulation of the basolateral amygdala 

evoked an increase in the frequency of SCRs.  This increase in SCRs lasted the duration 

of the after-discharge in the amygdala.  Stimulation that was of lower intensity, and did 

not induce an after-discharge, resulted in a single SCR.  These effects in cats have been 
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replicated in human studies.  Mangina and Beuzeron-Mangina (1996) stimulated the 

amygdala in epileptic human subjects and noted a significant ipsilateral enhancement of 

SCRs with stimulation of either the left or right amygdala.  In this study, amygdala 

stimulation yielded the greatest increase in SCRs in comparison with the hippocampus 

and cortex.   

 

These studies showed an unambiguous effect of amygdala stimulation on the frequency 

and amplitude of SCRs but all four studies lack a systematic approach and omit critical 

experimental details that prevent a full interpretation of the data. In light of anatomical 

studies, the central nucleus would be the best choice for eliciting SCRs because it has 

direct connections to the sudomotor neurons.  These connections predict that a systematic 

stimulation of all nuclei would find that the central nucleus has the lowest stimulation 

threshold.  In the human study, Mangina and Beuzeron-Mangina do not mention any 

difference between the nuclei of the amygdala and it is likely that the precise position of 

the stimulating electrode within the amygdala was not known.  

 

The results of the stimulation in the human study (in terms of the appropriateness of the 

intensity and the focal spread) are difficult to interpret in light of the fact that more than 

half of the stimulation trials were discounted due to seizure induction. Unfortunately, 

stimulation protocols vary widely in studies of the brain and limit the interpretation of the 

results (Strick, 2002).  Additionally, epileptics are often anxious and have more SCRs, 

which may be due to either the brain pathology including the amygdala or to the stress 
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resulting from the epileptics being unable to predict the occurrence of the next seizure.  

For example, clinical trials have demonstrated seizure reduction in epileptics after 

biofeedback training, in which epileptics monitor and reduce SCRs (Nagai et al., 2004).  

Thus, stimulation studies in animals are perhaps more informative than stimulation 

studies in epileptics (Lanteaume et al., 2007). 

 

Finally, these papers do not report the latency of stimulation-elicited SCRs.  Mangina and 

colleagues (1996) included SCRs within a 6 second window from stimulation.  Typically 

the longest latency considered in human studies is 4 s, and a latency of 1-3 s is the most 

common period (Barry, 1990; Dawson et al., 2000). Thus, SCRs with a latency of 4-6 s 

may not be caused by the stimulation. It is also difficult to envision how Mangina and 

colleagues saw ipsilateral SCRs only. Even though the two amygdalae are not directly 

connected in humans, there are connections between the left and right side at every 

station in the brainstem for the generation of SCR.  Desynchronous SCRs between the 

limbs require axial spinal transection (Ladpli and Wang, 1960), which suggests that only 

the neurons in the spinal cord are unconnected.  In summary, future studies of the 

relationship of amygdala activity and enhancement of SCRs using the stimulation 

paradigm should include: (1) latency to enhancement, (2) a range of stimulation intensity 

and durations, and (3) a systematic investigation of nuclei.  

 

 

Functional neuroimaging studies of the amygdala and other structures 
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Given that a large network of structures is implicated in the generation of SCR (Roy et 

al., 1993), noninvasive neuroimaging approaches are the ideal experimental tool to 

determine the activity and the relative contribution of each component of this network.  

Recent neuroimaging studies have investigated the relationship between hemodynamic 

responses (blood-oxygen level dependent [BOLD] signal) in the brain of normal 

volunteers and autonomic indices of emotion, such as heart rate (Critchley et al., 2003) 

and SCR (for review, Peper et al., 2006), .  Strong correlations between the BOLD signal 

in the amygdala and the SCR were found in many (LaBar et al., 1998 ) but not all of 

these studies. 

 

An initial study related to the role of the amygdala in the generation of the SCR used a 

fear conditioning paradigm to activate the amygdala (LaBar et al., 1998).  Unfortunately, 

the SCRs evoked by this paradigm were measured in a separate behavioral study; 

therefore, a direct correlation between the amygdala and the SCR could not be made.  

Nevertheless, the magnitude of the amygdala BOLD response in the fear conditioning 

paradigm correlated with the magnitude of the SCRs across the multiple presentations of 

the conditioned stimulus.   

 

An interesting feature of this study was the time limited role of the amygdala during both 

the acquisition and extinction phases of the experiment.  The BOLD signal in the 

amygdala was only found during the early phases of acquisition and extinction (no 

amygdala activity was noted in the late phases).  During the late portion of both phases, 
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however, some subjects continued to have SCRs.  This limited role for the amygdala in 

SCR production is characteristic of some but not all studies.   

 

LaBar and colleagues displayed the individual and average BOLD response locations in 

their subjects in Figure 2 of their manuscript.  A close inspection of these maps reveals 

activation in the dorsal portion of the amygdala during the early phases of acquisition and 

extinction.  The authors do not discuss the locus of activation in the amygdala (perhaps 

because all subject brains were set in register and aligned to the same coordinate system); 

they focus instead on how the results of neural recordings in the lateral amygdala related 

to their findings. They conclude that they have neuroimaging confirmation of lesion and 

neurophysiological data for the time limited role of the lateral nucleus, a component of 

the ventral nuclei, in the acquisition of fear conditioning. 

 

In a related study, Phelps and colleagues (2001) examined brain activation in the context 

of instructed fear.  The subjects were verbally instructed that one stimulus will be paired 

with a shock, while another stimulus will be safe.  The subjects were also told that they 

will receive the shock during at least one presentation of the stimulus and up to three 

times over the course of the experiment.  In actuality, the subjects never received the 

expected shock.  This is in contrast to the previous classical conditioning experiment in 

which the subject actually experienced a pairing of the shock with the stimulus.  The 

amygdala and insula showed increased BOLD signal to the stimulus that subjects were 

instructed to fear in comparison to the safe stimulus.  The magnitude of the BOLD signal 
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in both the amygdala and insula were correlated with concurrently measured SCRs.  

Notably, the amygdala correlation with the SCR (R=0.65) was weaker than the 

correlation between the insula and the SCR (R=0.85).  Moreover, the amygdala 

demonstrated a time limited role in the experiment while the insula was engaged for the 

entire experiment.   

 

As expected based on the anatomical connections with the autonomic nervous system, the 

highest BOLD signal was observed in the dorsal amygdala.  This dorsal activation is not 

commented on by the authors.  The amygdala activation was restricted to the BOLD 

signal to the instructed fear stimulus. A different point of view would suggest that the 

dorsal amygdala activity in this study is correlated with the SCR because the dorsal 

amygdala sends a large number of axons to the hypothalamus, brainstem, and spinal cord 

to generate the SCR. 

 

Other studies also found correlations between the BOLD signal in the amygdala and 

concurrently recorded SCR.  Liberzon and colleagues (2000) found a positive correlation 

in amygdala activity, as measured by positron emission tomography (PET), and SCR 

during passive viewing of aversive pictures versus neutral pictures.  The pictures were 

taken from the International Affective Picture System (IAPS, Lang and Greenwood, 

1989) and included an equal number of face and non-face stimuli in the aversive and 

neutral categories.  The aversive pictures included corpses and faces with wounds or 



 

 

54 

mutilation.  Subsequent studies found positive correlations between amygdala activity 

and the SCR using less aversive stimuli. 

 

Likewise, Williams and colleagues ( 2001) reported a correlation of amygdala BOLD 

signal and SCR to fearful facial expressions.  This study demonstrated that images of 

facial expressions that induce SCR modulation have concomitant amygdala activation 

while the images without SCR modulation did not (p < 0.001). Close scrutiny of the 

illustration from this study revealed that the reported activity was prominent in the dorsal 

but not ventral amygdala (Williams et al., 2001). This study limited investigation of the 

link between amygdala BOLD response and SCRs produced in response to images (1-3 s 

after stimulus onset).  This restricted analysis period is typical of these studies.  SCRs 

were elicited by 7 images on average per subject and they were randomly distributed 

throughout the experimental session.       

 

Recently, Cheng and colleagues (2006) measured SCR concurrently with BOLD signal in 

the amygdala in a fear conditioning task.  The simultaneous recording of SCR during the 

fMRI experiment allowed a different and more convincing analysis than the LaBar study 

(1998).  This study found the amygdala responded to the conditioned stimulus only on 

the trials that generated a SCR.  In contrast to the data of LaBar and colleagues (1998), 

Cheng and colleagues (2006) did not report a time-limited role for the amygdala.  This 

study showed a single horizontal brain slice to illustrate the voxels that showed the 
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highest change in the BOLD signal; this is not sufficient to determine the precise locus of 

activity within the amygdala that correlates with SCRs.  

 

A relationship between the BOLD response in the amygdala and the SCR is not found in 

all studies (e.g., the gambling task used by Critchley et al., 2000).  This negative result 

could be explained by task differences, because these studies use tasks that do not evoke 

activation of the amygdala, as measured by the BOLD signal.  Thus, either correlation 

between the amygdala activity and the SCR is task specific, or the amygdala activation is 

not detectable in all circumstances.  There are several technical reasons for difficulty in 

detecting the BOLD signal in the amygdala in fMRI studies.  First, amygdala activation 

can be missed due to susceptibility-induced loss of signal (Cordes et al., 2000), which is 

common for medial temporal lobe structures.  Second, the parameters used to image the 

whole brain may not be sufficient to detect amygdala activation (Stocket et al., 2006).  

The studies that found the amygdala-SCR correlation defined the amygdala to be a region 

of interest in the scanning parameters, and thus avoided this issue.  Finally, the amygdala, 

especially the dorsal part, may be involved with the generation of the SCR but the 

hemodynamic change required for this generation may not be measurable with current 

techniques.  In these studies, the amygdala activation over an entire block of one type of 

stimulus presentation minus the activation over a block of a second stimulus type was 

correlated to the differential SCR production.  Thus, neuroimaging techniques may be 

best suited for determining the role of the amygdala in SCR production in certain tasks. 
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Hoffman and colleagues (2007) used high resolution fMRI (4.7 Telsa magnet) to 

investigate the response of the monkey amygdala to images depicting facial expressions 

of conspecifics.  The dorsal amygdala, including the central nucleus, had a higher BOLD 

signal to images of monkeys with gaze averted from the viewer.  Two different monkeys 

tested with the same images outside the scanner produced, on average, more frequent 

SCRs in response to the faces with averted gaze. Taken together, these two studies 

suggest that images with averted gaze evoke SCRs via a pathway involving the dorsal 

amygdala.  In contrast, the ventral nuclei showed differential levels of BOLD signal in 

response to aggressive, neutral, and appeasing facial expressions.  The SCRs in two 

monkeys tested with the same image set did not distinguish between facial-expression 

categories.  This study provides evidence that in the rhesus monkey a similar distinction 

between the roles of various nuclei in SCR generation can be envisioned.  

 

In summary, the relationship found between amygdala activity and SCR in neuroimaging 

studies corroborate the predictions derived from the anatomical connections of the 

amygdala.  Unlike animal studies, neuroimaging studies often consider the amygdala a 

single entity (c.f., Whalen et al., 2001).  Most studies report the existence of a correlation 

between SCR and amygdala activity, but on a closer look it appears that this correlation 

exists on the account of the activation of the dorsal amygdala. 
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Neurophysiological studies of the amygdala in conjunction with autonomic 

responses 

Experimenters who recorded neural activity in the amygdala of monkeys either did not 

compare the response profiles in the dorsal and ventral nuclei (Fuster and Uyeda, 1971; 

Leonard et al., 1985; Sanghera et al., 1979; Wilson and Rolls, 1992) or noted modest, if 

any, differences between the neural responses in the dorsal and ventral amygdala (Ono 

and Nishijo, 1992; Gothard et al., 2007).  In these experiments however, the monkeys 

typically performed a visual task, and the recorded activity was aligned to the stimuli 

rather than to a somatic or autonomic response.  Simultaneous recordings of autonomic 

and neural responses hold the promise of differentiating the correlates of sensory input 

from the correlates of autonomic output.    

 

Kapp and colleagues were the first to pair recordings of single neurons in the amygdala 

with an autonomic response.  They used the Pavlovian fear conditioning model in the 

rabbit (Powell and Kazis, 1976).  The offset of a conditioned tone stimulus (CS+) was 

paired with periorbital shock (unconditioned stimulus, US).  Typical of conditioning 

paradigms, the learning of this association was associated with autonomic responses, and 

Kapp’s group focused on bradycardia, a transient decrease in the heart rate. Prey animals, 

including rabbits and rodents, have an innate defensive reaction consisting of cessation of 

locomotion (“freeze”) in response to threatening stimuli (Bronstein and Hirsch, 1976).  A 

deceleration in heart rate would support freezing behavior.   
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Lesions of the central nucleus prior to Pavlovian conditioning resulted in a diminished 

bradycardiac response to the CS+ (Kapp et al., 1979), and a similar effect was found 

using fibers-of-passage-sparing ibotenic acid lesions of the central nucleus (McCabe et 

al., 1992).  Likewise, pharmacological manipulation of the central nucleus altered the 

strength of the conditioned autonomic response (Gallagher et al., 1980, 1981, 1982).  

Injection of beta-propranolol, a beta-adrenergic antagonist, into the central nucleus 

impaired bradycardia to the CS+ (Gallagher et al., 1980).  Gallagher, Kapp and 

colleagues (1981) found injection of the opiate agonist levorphanol into the central 

nucleus impaired bradycardia while the opiate antagonist naloxone increased bradycardia 

to the CS+.  These effects were specific to injection to the central nucleus.  Notably, these 

drugs did not have effects on baseline heart activity, suggesting that the role of the central 

nucleus in bradycardia is limited to the response to conditioned stimuli.   

 

Finally, stimulation of the central nucleus resulted in short-latency bradycardiac and 

depressor responses (Kapp et al., 1982, Applegate et al., 1983; Cox et al., 1987).  

Stimulation to sites ventral to the central nucleus elicited bradycardia of lower magnitude 

(Kapp et al., 1982).  These stimulation, lesion, and pharmacological studies motivated a 

neurophysiological recording experiment in the central nucleus.   

 

The first investigation involved the recording of multiunit responses from the central 

amygdala during Pavlovian conditioning (Applegate et al., 1982).  These recordings 

showed increases in multi unit activity starting after five pairings of a tone and shock.  
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This increased activity lasted the duration of the tone (5 s) and was present in the first 

extinction trial.   Thus, this study demonstrated the existence of increased discharge in the 

neurons of the central nucleus in response to the CS+, which is a phenomenon that could 

underlie the conditioned bradycardia (Applegate et al., 1982).  Fortunately, this study was 

followed with single unit recordings, because the multiunit responses did not allow the 

authors to note a second neural mechanism in the central nucleus described below, in 

addition to the increase in neuronal responses, for the generation of bradycardia. 

  

Pascoe and Kapp’s (1985) seminal work involved the simultaneous recording of single 

neurons in the central nucleus and heart rate.  This study demonstrated two populations of 

neurons with responses related to the CS+.  In one group, the neurons had increased 

firing rates that could be used to predict the magnitude of deceleration of the heart rate.  

Pascoe and Kapp (1985) stimulated the ventral amygdalofugal pathway, which contains 

fibers from the central nucleus to the brainstem, to determine if these neurons sent axons 

to cardiac centers in the brainstem.  Stimulation of these axonal fibers is expected to 

induce antidromically an action potential in the cell bodies from which they originate 

(neurons of the central nucleus in this case). They found that the cells that increased their 

firing rate in conjunction with heart rate decelerations could not be activated 

antidromically from the ventral amygdalofugal pathway. The authors concluded that 

bradycardia is induced by these neurons via multisynaptic pathways.  One possible 

multisynaptic pathway is the projection from the central nucleus to the lateral 

hypothalamus (which projects to autonomic centers in the brain and spinal cord).  
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LeDoux and colleagues (1988) demonstrated that lesions of the hypothalamus disrupted 

conditioned autonomic responses.  It is possible that the neurons in the central nucleus 

that increase their firing rate to modulate heart rate project primarily to the hypothalamus 

(Ghashghaei and Barbas, 2002).  Alternatively, these neurons may be interneurons and 

are involved in bradycardia by modulating another population of cells in the central 

nucleus that project directly to the cardiomotor centers of the brain stem.   

 

The second group of cells in the central nucleus that showed changes in firing rate in 

conjunction with conditioned bradycardia were antidromically activated (Pascoe and 

Kapp, 1985).  These projection neurons in the central nucleus decreased their firing rate 

in response to the conditioned stimulus tone (CS +), but showed no response to the 

unconditioned tone (CS -).  Since a large proportion of the projection neurons in the 

central nucleus release inhibitory neurotransmitter on neurons in the brainstem (Jongen-

Relo and Amaral, 1998), it is tempting to speculate that the neurons that decrease their 

firing rate during bradycardia participate in this inhibitory projection.  In one study, the 

inhibitory projection neurons from the central nucleus were shown to synapse on 

excitatory neurons in the brainstem; therefore, these data could support a model in which 

a reduction in the inhibitory signal from the central nucleus, via a removal of the baseline 

response from these neurons, allows the autonomic centers of the brainstem to change 

their output.   
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Kapp and colleagues championed a model in which the central nucleus is the locus of 

plasticity for the association of the conditioned stimulus with the unconditioned stimulus.  

This model preceded the now well-established idea that the lateral nucleus was the locus 

of plasticity. They suggested that the magnocellular medial geniculate nucleus of the 

thalamus transmitted information about the behavioral relevance of the stimulus because 

neurons of the magnocellular medial geniculate responded differentially to the CS+ and 

CS- tones (Supple and Kapp, 1989).  The arrival of the unconditioned stimulus was 

proposed to reach the central nucleus by way of the parabrachial nucleus.  This nucleus 

receives nociceptive input via the trigeminal (Cechetto et al., 1985) and somatosensory 

pathways (Light et al., 1987).  The parabrachial nucleus would then relay the arrival of 

the US in conjunction with the relay of the CS+ from the medial geniculate to the central 

nucleus.  The central nucleus would store this association and evoke an autonomic 

response to the CS+. 

 

While the majority of laboratories turned their attention to the lateral nucleus, Harper, 

Zhang and Frysinger continued the work along the lines of the investigations of Kapp and 

colleagues.  They recorded the activity of single neurons in the central nucleus 

simultaneously with the electrocardiogram and respiratory rate in cats.  In contrast to 

Kapp and colleagues, these recordings were performed without conditioning or any other 

explicit task.  These studies uniformly reported correlated activity between the neuronal 

discharge in the central nucleus and cardiorespiratory responses. These investigators 

constructed cross-correlation histograms of spiking activity using the onset of inspiration 
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or the heart beat as a reference signal.  Visual inspection of these histograms identified 

periodic spiking activity from neurons of the central nucleus in reference to the onset of 

inspiration or the heart beat, and this correlation was eliminated after randomly shuffling 

the spike train.  

 

Harper and colleagues studied the relationship between neural activity in the central 

nucleus and autonomic activity across the sleep-wake cycle.  They restricted their 

analysis of the non-sleep segments of data to quiet wakefulness.  The advantage of this 

approach is that the relationship between autonomic and neuronal responses is 

established in the resting, default state, and is not confounded by visual or auditory 

stimuli.   

 

First, Harper and colleagues (1984) stimulated the central nucleus during sleep and quiet 

wakefulness.  They found that single stimulation pulses to the central nucleus were able 

to shift the respiratory cycle toward inspiration.  Moreover, they were able to entrain the 

respiration rate with rhythmic stimulation of the central nucleus.  Interestingly, the 

entrainment was only possible during wake periods.  This state dependent effect was also 

noted in the single unit recordings.  

 

The explanation for these effects rests with the monosynaptic connections between the 

medial segment of the central nucleus and parabrachial nuclei (Price and Amaral, 1981). 

Via these connections the central nucleus influences respiration and modulates pain. 
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Stimulation of this region causes a quick inspiration followed by a short period of apnea 

(Mileikovskii, 1988). These happen to be the involuntary respiratory manifestations of 

fear, surprise, but also unexpected, sharp pain.  

 

Harper's group performed two single neuron recording studies of the central nucleus in 

conjunction with respiratory and cardiovascular recordings (Zhang et al., 1986; Frysinger 

et al., 1988).  The data were analyzed during periods of slow wave sleep, rapid eye 

movement sleep, and quiet wakefulness.  The periods of wakefulness analyzed were 

restricted to times in which the cat was not moving or responding to stimuli.  Independent 

cross-correlation plots were constructed from the spike train of each neuron using the 

onset of the autonomic variables as a reference during three periods in the sleep-wake 

cycle (rapid eye movement (REM) sleep, non-REM sleep, and quiet wakefulness).  These 

studies found neurons with strong correlations to only one autonomic variable, either to 

onset of inspiration or the R wave of the electrocardiogram (Zhang et al., 1986; Frysinger 

et al., 1988).  Like Pascoe and Kapp (1985), they provide evidence for two populations of 

neurons in the amygdala in reference to the autonomic variables.  Cross-correlation of the 

autonomic responses with the spiking activity of neurons in the central nucleus 

demonstrated that neurons decrease or increase firing rate at the onset of the autonomic 

response. Interestingly, the correlation was only present in one state (i.e., REM, non-

REM, or quiet wakefulness).  For example, this neuron would only demonstrate the 

timing correlation during one of the three states in the sleep-wake cycle.   
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Additionally, a neuron with strong timing correlation to the heart beat would not have a 

correlation with blood pressure changes, nor with respiration.   

 

These findings suggest an extreme division of labor within the central nucleus.  By 

extrapolation, the neurons that generate skin conductance responses are a separate 

population from the neurons that control respiratory and cardiovascular systems.  

Additionally, a separate group of neurons would control facial expression and pupil 

dilation.  Finally, each group would have 3 subgroups for the three stages of the sleep-

wake cycle.  This extreme specialization of neurons in the central nucleus is less 

plausible than a model that would take into account the different patterns of thalamic 

input and the presence or absence of various neuromodulators across the sleep-wake 

states.  It is likely that the thalamic influences across various states of sleep and 

wakefulness are similar in the amygdala and the cortex (Bazhenov et al., 2002).  

Alternatively, or in addition, the central nucleus is the recipient of several 

neuromodulators and these inputs may regulate the role of the amygdala across the sleep-

wake cycle. 

 

Does this neural architecture have implications for the definition of emotion?  Emotions 

are classified in one of several schemes.  In the first scheme, emotions are discrete, and 

usually include 6-8 different emotions (e.g., Ekman et al., 1983; Calder et al., 2001).  

Each emotion is associated with a different constellation of autonomic responses and a 

different intensity level of each autonomic and somatic component of the emotional 
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response.  In a second scheme, emotional responses vary on a continuum, to support 

approach and withdrawal (e.g., Hebb, 1949; Rolls, 2000).  The neural architecture of fine 

control of each component and subcomponent of the autonomic nervous systems, as 

suggested by the data from Frysinger and colleagues (1988), would be excessive for the 

later scheme.  Nevertheless, the ability to extrapolate from observational studies to 

schemes of motivated behavior may exceed the resolution of the data.  For example, it is 

possible that a fourth set of neurons would have correlated responses with cardiovascular 

and respiratory activity during periods when the cat was awake and responding to 

emotional stimuli.  It is this potential fourth group that would be most relevant to the 

discussion of the definition of emotion. Alternatively, if the neurons described above 

participate in generating autonomic responses via organized activity with other neurons 

(e.g., in cell assemblies [Hebb, 1949]), additional data collection involving high density 

recording techniques may be required to address the neural basis for emotion.  

 

Folowing the work of Kapp and his colleagues on the central nucleus, 

electrophysiologists turned their attention to the lateral nucleus of the amygdala (Maren 

et al., 1991; Quirk et al., 1995; Repa et al., 2001; Goosens et al., 2003).  These studies 

were motivated by the striking deficits in conditioned fear behavior after lesions of the 

lateral nucleus (LeDoux, 2000).  These investigators disregarded the pathway suggested 

by Kapp and colleagues, perhaps because the projections from medial geniculate to the 

central nucleus are less robust than the projection to lateral nucleus (LeDoux et al., 1984, 

1985; Clugnet et al., 1990).  Instead of proposing parallel pathways that would include 
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both projections and several sites where plasticity might take place, a serial pathway was 

proposed for auditory fear conditioning. This pathway originates from the medial 

geniculate, enters the amygdala by way of the lateral nucleus, and exits by way of the 

central nucleus (Davis, 2000; LeDoux, 2000).  Recently, this single loop, unidirectional 

model has been revised even by its proponents who found evidence of plasticity in the 

central nucleus (Wilensky et al., 2006).  

 

LeDoux and colleagues recorded individual neurons in the lateral nucleus during fear 

conditioning (Quirk et al., 1995; Repa et al., 2001) and found neurons that selectively 

encoded the CS+ with low latency (<20 ms).  The low latency response is in agreement 

with their proposed thalamo-amygdala pathway as opposed to the cortico-amygdaloid 

pathway.  The cells maintained the response to the CS+ for a limited time during 

extinction when the rat has reduced behavioral and (presumably) autonomic responses to 

the CS+.  Autonomic responses were not recorded in conjunction with activity in the 

ventral nuclei, despite known correlations between autonomic expression of emotion and 

the presentation of conditioned stimuli; therefore, the neurons in the ventral nuclei that 

are correlated with the conditioned stimulus may also be correlated with autonomic 

responses.  The authors of these studies generally assume from their anatomical model 

that the ventral nuclei do not have these responses, and several features of their data 

suggest that their assumption is correct.  First, the neural responses to the CS+ develop 

prior to a behavioral expression of fear (Repa et al., 2001).  Second, a proportion of the 

neurons continue to respond to the conditioned stimulus after extinction of the fear 
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response (Repa et al., 2001).  Finally, neurons from the lateral nucleus encode contexts 

that are dissociated from fear responses (Goosens et al., 2003).  These data suggest that 

the major role of the ventral nuclei is not to express emotion but to detect stimuli with 

emotional impact. 

 

These authors do not cite Supple and Kapp (1989) who demonstrated that the neurons in 

the medial geniculate nucleus of the thalamus also differentiate an auditory CS+ from the 

CS-.  Thus, the authors did not discuss the possibility that the responses of the lateral 

nucleus to the CS+ might be merely relayed from the medial geniculate.  A later study by 

Poremba and Gabriel (2001) used a novel combination of neural recordings and 

inactivation to demonstrate that the amygdala and medial geniculate are coordinated in 

the encoding of associations during conditioning.  They recorded single neurons from the 

medial geniculate while inactivating the amygdala during a fear conditioning paradigm.  

The inactivation of the amygdala prevented the medial geniculate from developing neural 

responses that discriminated between the CS+ and CS-.  Thus the medial geniculate and 

amygdala are coordinated during the learning of fear responses.  Recently, Wilensky and 

colleagues (2006) demonstrated the importance of both the lateral and central nuclei in 

learning Pavlovian fear conditioning.  This inactivation study stresses the importance of 

dissociating the encoding of the CS+ versus generating autonomic responses in the 

central nucleus.  
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In summary, all neurophysiological studies agree that a component of the dorsal nuclei 

(central nucleus) is correlated with autonomic responses.  In contrast, the ventral nuclei 

have not been tested for relation to autonomic responses, yet their responses suggest that 

they are not involved in the generation of emotion.  A missing link in the proposed 

division of labor between the nuclei of the amygdala is a neurophysiological study 

encompassing dorsal and ventral nuclei in conjunction with an autonomic response.   

 

In sum, the main findings of this literature review are: 

- Multiple anatomical pathways originating from the amygdala are important for the 

generation of autonomic activity.  The dorsal nuclei have more extensive projections to 

several structures that project to the final common pathway for SCR generation. 

 

- Deficits in SCR production are often found in monkeys and humans with damage to the 

amygdala. 

 

 - Neuroimaging studies suggest the neural activity in the amygdala is often correlated 

with the SCR.  This correlation is most often found in the dorsal portion of the amygdala. 

 

- The neurons of the central nucleus have correlated spiking activity with autonomic 

indices of emotion (e.g., heart rate deceleration).  Different groups of neurons increase 

and decrease their firing rate with autonomic variables.  There are no reports of correlated 
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activity in the neurons of the ventral nuclei of the amygdala with autonomic activity 

despite several neurophysiological investigations.  
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CHAPTER THREE 

NEURAL ACTIVITY IN THE AMYGDALA IS CORRELATED WITH THE SKIN 

CONDUCTANCE RESPONSE 
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Introduction 

 

The main role of the amygdala is to evaluate the emotional significance of stimuli 

encountered by the organism and to generate in response the somatic and autonomic 

expressions of emotion.  The mechanisms that transform the outcome of this evaluation 

into the autonomic expression of emotions are unknown; however, the functional 

organization of the amygdala suggests a differential participation of the component 

nuclei. The nuclei in the dorsal region, the central nucleus, medial nuclei, and the anterior 

amygdaloid area, are expected to contribute directly to the generation of autonomic 

responses via their connections with the hypothalamus and the autonomic centers of the 

brain stem (Price and Amaral, 1981; Ghashghaei and Barbas, 2002).  In contrast, the 

lateral, basal, and accessory basal nuclei, in the ventral region of the amygdala, exchange 

signals primarily with cortical areas (Amaral and Price, 1984; Stefanacci and Amaral 

2000, 2002) and are expected to contribute to sensory-motor and cognitive functions, 

rather than autonomic responses.  This division of labor between the dorsal and ventral 

group of nuclei has been confirmed by lesion studies.   

 

In rodents, lesion of the central nucleus (dorsal group) interferes with the expression of 

conditioned fear (Kapp et al., 1979; Hitchcock and Davis, 1986, 1991) and conditioned 

appetitive responses (Parkinson et al., 2000; Everitt et al., 2003). These deficits are 

associated with a failure to mount the autonomic component of the learned emotional 

response. In contrast, selective lesions of nuclei in the ventral group leave the somatic 
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and autonomic expression of emotions intact, but block the acquisition of both fear and 

appetitive conditioning (Cador et al., 1989; LeDoux et al, 1990; Burns et al., 1993; Parent 

and McGaugh, 1994; Campeau and Davis, 1995; c.f., Killcross et al., 1997; Wilensky et 

al., 2006). Nucleus-selective lesions in primates have been rarely performed (c.f. Kalin et 

al., 2004) but destruction of the entire amygdala impairs the skin conductance response 

(SCR), a peripheral manifestation of sympathetic activity (Bagshaw and Coppock, 1967; 

Bechara et al., 1995, 1999). The intrinsic and extrinsic connectivity of the amygdaloid 

nuclei appears to be conserved across mammals (Price, 2003), and these anatomical 

similarities suggest comparable nuclear specializations across species.  

 

Direct evidence for dissociable nuclear functions in the monkey amygdala came from 

Hoffman and colleagues (2007) who used high-resolution fMRI to show that different 

dimensions of face stimuli activated the dorsal and ventral group of nuclei. The 

magnitude of the BOLD signal in response to the stimuli that activated the dorsal nuclei 

was correlated with the magnitude of the SCRs. Earlier neuroimaging studies in humans 

reported a correlation between BOLD signal in the amygdala and increased SCRs 

(Liberzon et al., 2000; Williams et al., 2001) but only a few studies considered the nuclei 

as separate entities and identified conditions that selectively activate the dorsal or ventral 

group (Whalen et al., 2001; Mackiewicz et al., 2006).  
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Materials and methods 

 

We recorded skin conductance responses in conjunction with single unit activity from the 

amygdala in two adult male rhesus monkeys (Macaca mulatta) performing a passive 

image viewing task.   The experimental protocol conformed to NIH guidelines and was 

approved by the IACUC at the University of Arizona. 

 

Subjects 

Monkey H and monkey T, weighing 10-13 kg, were born and raised in large social 

groups in a semi-naturalistic environment, at the California National Primate Research 

Center.  At age 7, the monkeys were transported to the University of Arizona for the 

present experiment.  Each monkey proceeded through the same experimental steps of 

surgical implantation of head posts and of a recording chamber, behavioral training, and 

neurophysiological recordings. 

 

Surgical preparation of the monkeys for neurophysiological experiments 

For aseptic surgeries, the monkey was initially immobilized with a dissociative agent 

(Ketamine, 10-15 mg/kg), intubated, mounted in a stereotaxic frame (Crist Instruments, 

Hagerstown, MD), and maintained under general anesthesia (Isoflurane gas 1-1.5%).  

Three custom-manufactured titanium plates (Thomas Recording, Germany) were 

attached to the skull: one plate near the midline (4 cm anterior to the interaural line) and 

the two other plates placed each at 2 cm posterior to the interaural line and 1.5 cm lateral 
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from the midline.  Each plate had three 8 mm legs extending at 120º from a central ring.  

The legs were bent to conform to the curvature of the skull and attached to the bone with 

3-5 mm skull screws (Stryker-Leibinger, Kalamazoo, MI).  Titanium pins (1 cm long) 

were threaded into the central ring of each plate and bound with cyanoacrylate.  The scalp 

was perforated at the emergence of each pin.  These pins served as attachment points for 

a ring that was secured in a head fixation device.  A period of at least 4 months was 

allowed for the bone to grow around the screws of the plates before head immobilization 

training.   

 

In a second aseptic surgical procedure, a recording chamber was implanted on the skull to 

the stereotaxic coordinates of the amygdala.   The coordinates of the amygdala were 

calculated based on structural MR images from each monkey.  Bone screws were used to 

anchor the dental acrylic (Motloid, Chicago), which held the chamber to the skull.  A 

craniotomy (~13 mm diameter) was made in the center of the recording chamber and the 

exposed dura was covered with sterile silicone elastomer (Kwik Sil, World Precision 

Instruments, Sarasota, FA).  The silicone elastomer plug maintained the sterility of the 

dura and prevented the development of scar tissue (Spitler and Gothard, unpublished 

observations).   The silicone elastomer was removed prior to each recording session and 

replaced at the end of each experiment. 

 

Skin Conductance Recording 
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The monkey was first habituated to a primate chair and to the laboratory environment.  In 

preparation for skin conductance recordings, the monkey received food reward for 

presenting his hands to the experimenter.  The palm was cleaned with a damp towelette.  

Two adhesive EKG electrodes (TenderTrodes, Vermed, Vermont) were placed on the 

palm.  A lead was attached to each electrode and the palm was covered with a Styrofoam 

pad.  The hand and pad were wrapped with elastic veterinary wrap that prevented full 

finger flexion while maintaining good circulation of the hand.  The arm was restrained 

with Velcro straps to a metal plate mounted on the chair. Skin conductance responses 

were recorded with a constant voltage skin conductance recording instrument (Cambridge 

Electronic Design (CED), 2502, UK).  If necessary, the electrodes were repositioned on 

the palm to maintain a baseline range of electrodermal activity from 3-20 µS.   SCRs 

were recorded simultaneously from both hands.  No significant differences were noted in 

the frequency or onset times of SCRs between the recordings from the left and right hand. 

  

Identifying skin conductance responses 

The electrodermal activity was processed with different techniques for two analyses that 

related the neural activity with the SCR.  For the first analysis the onset of discrete skin 

conductance responses, (the phasic component of electrodermal activity) was marked 

automatically by custom software (Spike 2, CED) and independently verified by an 

experimenter.  Skin conductance responses were used as reference events to which the 

spiking activity of single neurons was aligned (see Figure 3.3A).  The second analysis 

quantified spike triggered averages of the electrodermal activity.  To allow averaging of 
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the electrodermal activity triggered on the spike train, the falling baseline of the 

electrodermal activity was removed by a high pass filter and the resulting negative 

components of the signal were removed by half-wave rectification. 

 

 

Measuring the minimum latency of skin conductance responses 

An auditory startle probe (350 Hz tone, 100 dB) was presented ten times at random 

intervals (inter-tone interval range 7-20 s) in a single session.  The tone presentations 

were controlled by custom software written for the data acquisition system (Spike 2, 

CED).  This experiment identified the minimum latency of the SCR in the monkeys. 

 

Passive Image Viewing Task 

Using head immobilization and eye movement tracking the monkey was trained to 

maintain gaze on images displayed for 3 s on a computer monitor.  The monkey’s head 

was positioned 59 cm from a 15 inch computer monitor in a sound attenuated booth. At 

this distance, 1 cm on the monitor corresponds to 1 degree of visual angle (dva). The 

monitor displayed static images controlled by NIMH Cortex software (NIMH, 

www.cortex.salk.edu).  Eye movements were sampled at 60 Hz by an infrared eye tracker 

(ISCAN, Burlington, MA) with 0.5 dva resolution.  Training started with the display of a 

white fixation icon (a square subtending 0.5 dva). If the monkey fixated this icon for at 

least 100 ms, the icon was replaced with a centrally positioned image subtending 12 x 12 

dva.  The monkey was allowed to scan the image for 3 s without looking outside the 
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image boundaries.  Each successful image viewing was rewarded with 1 ml liquid reward 

(juice and applesauce mixture). The duration of the inter-trial interval was 3 s.  If the 

monkey failed to maintain gaze on the image, the image was removed and a 2 s period 

was added to the inter-trial interval.  This task did not require water restriction.  

 

Stimulus Sets 

The stimuli were chosen from a wide array of digitized images in an attempt to create a 

set comparable to the positive, negative and neutral images in the International Affective 

Picture System (Lang et al., 2005) used for similar experiments in humans (e.g., Bradley 

et al., 2001). The images included stills of monkeys, humans, other animals, and objects 

(example stimulus set in Figure 3.1).  Monkey images came from a large library of 

monkey facial expressions (Gothard et al., 2004).  Three types of facial expressions were 

used: appeasing (lipsmack or fear grimace [Image 10, Figure 3.1]), aggressive (threat or 

yawn [Image 9, Figure 3.1]), or neutral facial expression(Image 6, Figure 3.1), each with 

either direct or indirect gaze.  Other stimuli included monkey perinea, monkeys 

grooming, and neutral, full body images. Human images included both familiar and 

unfamiliar humans displaying various poses and behaviors.  Animal images included 

predator and prey animals.  Objects included images of familiar (food and laboratory 

instruments) and unfamiliar entities (nature scenes, and images of fractals).  To limit 

habituation, a novel image set was used for each experiment. A stimulus set consisted of 

10-24 digitized color images (300 x 300 pixels), which were delivered in pseudo-random 

succession in blocks, repeated 10-30 times during an experiment.  
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Figure 3.1:  Example stimulus set used in passive image viewing task.  Each stimulus set 

contained images of primates, non-primates, arousing objects, and non-arousing objects.  

Primate images depicted affiliative gestures and expressions (images 6 [grooming] and 

10 [fear grimace]), aggressive expressions (image 9 [yawn]), and neutral expressions 

(images 7 [neutral facial expression] and 8 [full body neutral posture]) of primates.  

Arousing non-primate images depicted animals (images 1 [dog] and 5 [fox]) and food 

(image 4 [bananas]).  Non-arousing images depicted natural scenes (image 3 [flowers]) 

and abstract art (image 2 [fractal]). 
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Correlating task parameters with the skin conductance response 

The temporal relationship between the image presentation and SCRs was examined for 

100 images viewed by both monkeys for at least 10 blocks (i.e., each image was viewed 

10 times).  Only trials in which the monkey viewed the image for the required 3 s were 

used for this analysis.  Taking into account the minimum latency of 1s for the expression 

of the SCR (obtained in the control experiment with the auditory startle probe), we 

considered image-elicited SCRs, those that occurred in an interval from 1 to 4 s from 

image presentation.  Control measurements were made during a period of equal duration 

during the inter-trial interval prior to image onset.  The SCRs that occurred in this 3 s 

period were categorized as nonspecific SCRs. 

 

Reconstruction of recording sites 

Following the chamber implant surgery an MRI scan was taken to determine the 

coordinates of the target nuclei of the amygdala.  The MRI parameters (T1 weighted 

inversion recovery pulse sequence in a 1.5 and a 3 T magnet for monkeys H and T, 

respectively) were chosen to maximize the grey/white matter contrast.  We used as a 

fiducial marker a slip fit cylindrical insert with a 4-mm diameter central tunnel filled with 

vitamin E that was placed in the recording chamber.  The coronal MR slices were aligned 

to the vitamin E column.  The MRI slices were imported into a graphical program (Corel 

Draw, Canada) and gray- white matter boundaries were traced on each image that 

delineated several anatomical structures, including the amygdala, basal ganglia, optic 
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tracts, entorhinal cortex, and perirhinal cortex (Figure 3.2).  The nuclear divisions of the 

amygdala were determined based on these drawings with the aid of a monkey brain atlas 

(Paxinos et al., 2000) and several recent publications (Bauman and Amaral, 2005; 

Ghashghaei and Barbas, 2002).  The trajectory and depth of each electrode was drawn on 

the appropriate image based on the chamber insert, electrode cannula position, and 

electrode depth. 

 

Both monkeys are involved in ongoing studies that preclude histological confirmation of 

the electrode targets at this time; however, the MRI-based method of anatomical analysis 

(Saunders et al., 1990; Rebert et al., 1991; Alvarez-Royo et al., 1991) has been adapted 

for the neurophysiological study of the amygdala and confirmed with histology (Gothard 

et al., 2007).   
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Figure 3.2: MRI-based reconstruction of electrode trajectories.  MRI slices were aligned 

to a column of vitamin E placed in the axis of the recording chamber.  L= lateral nucleus, 

B = basal nucleus, AB = accessory basal nucleus, C = central nucleus, AAA = anterior 

amygdaloid area, M = medial nucleus. 
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Electrophysiological Recordings 

A custom built 7-channel Eckhorn drive (Thomas Recording, Germany) delivered to the 

amygdala 7 microelectrodes (quartz-glass insulated tungsten electrodes, 75-80 µm 

diameter).  Each electrode was housed in a sharpened 30 ga cannula that extended 6 mm 

from a cylindrical microdrive head (4 mm outer diameter). The Eckhorn drive consisted 

of 7 precision stepping motors (1 µm precision) to independently push or withdraw each 

electrode (Mountcastle et al., 1991; Eckhorn and Thomas, 1993).  The drive was mounted 

on a 3-dimensional manipulator (Thomas Recording) and secured to a precision 

positioning system (Thomas Recording) that allowed omni-directional positioning of the 

microdrive head with respect to the axis of the recording chamber.  The known position 

of each nucleus of the amygdala relative to the chamber coordinates was used to advance 

the electrodes to select targets.  The positioning system and the precise depth 

advancement of each electrode allowed simultaneous neural recordings from the dorsal 

and ventral nuclei of the amygdala. 

 

The electrode array was aligned to the recording chamber via cylindrical inserts, which 

ensured that the microdrive head was parallel to the axis of the chamber and also aligned 

to the MRI slices that contained the amygdala.  The cylindrical inserts were stainless steel 

slip-fit cylinders with a precision-machined bore to accommodate the 4-mm diameter 

microdrive head.  The cylinders with the central bore gave access to the single 4-mm 

diameter area of the craniotomy. For access to other areas of the craniotomy we used 

inserts with bores drilled at  1, 2, or 3 mm offset from center. By rotating these inserts, 
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the 4-mm diameter microdrive head could be positioned to any area of interest within the  

craniotomy (the anterior-posterior and medio-lateral expanse of the monkey amygdala is 

approximately 6 mm).  

 

All manipulations in the recording chamber were done under strict sterile conditions. At 

the beginning of each recording session, the silicone elastomer seal was removed from 

the chamber and the dura was anesthetized with 2% lidocaine.  A sterile cylindrical insert 

was inserted in the chamber for drive alignment.  The microdrive head was aligned to the 

cylindrical insert bore, and the sharp cannulae were lowered through the bore and 

inserted 5 mm below the anesthetized dura.  While the monkey was in a state of quiet 

wakefulness the microelectrodes were pushed by a remotely controlled gear motor 

system operated at a speed of 100 µm/s to the dorsal border of the amygdala.  While the 

electrodes were lowered through the cortex, basal ganglia, and other structures, expected 

transitions from gray to white matter, calculated based on the corresponding MRI slice, 

were confirmed by monitoring electrophysiological changes with audio monitor and 

digital oscilloscope (Spike2, CED).  Beyond the dorsal surface of the central/medial 

nuclei (Cm) or anterior amygdaloid area (AAA), the electrodes were advanced at a lower 

speed of 20-30 µm/s to isolate single neurons.  After stable recording of spike waveforms 

were obtained and the signal to noise ratio was at least 2:1 on the majority of electrodes, 

the passive image viewing task was started. 
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Neural signals were preamplified with a head stage built into the Eckhorn drive (gain 20), 

amplified and filtered (1000 gain, 0.6 to 6 kHz, Lynx-8, Neuralynx, Tucson), and 

sampled continuously at 32 kHz (Spike, CED).  The Spike data acquisition system also 

recorded the electrodermal activity (sampled at 100 Hz) and experimental markers 

transmitted from the NIMH Cortex experimental control software.  Experimental markers 

included the time of onset and offset of the fixation icon and of the stimulus images.  A 

template-matching algorithm combined with principal components analysis was used for 

off-line spike sorting (Spike 2, CED).  Only well-isolated neurons that were recorded for 

sufficient duration to accumulate at least 40 skin conductance responses were included in 

the analysis.  

 

Analysis of spike trains 

Neural responses were analyzed with custom software (Spike, CED; MATLAB, 

Mathworks, Natick, MA).  The association between neural activity and the SCR was 

evaluated in two complementary ways.  In the first measure, the average firing rate of 

each neuron was aligned on the onset of the SCR event.  In the second measure, SCRs 

were averaged based on the spike times of the recorded neurons.  The first measure, SCR-

triggered average firing rate, has the advantage that it detects changes in firing rate that 

may contribute to the generation of the SCR.  This measure does not consider (or 

penalize) the neuron for responding to additional events in the experiment.  It has the 

disadvantage that the spike train of the neuron must be expressed as a firing rate with a 

large smoothing window to account for the large and variable latency of the SCR.  The 
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second measure, spike triggered averaging of the SCR, has the advantage that it uses the 

raw spike train and therefore does not require smoothing but it has the disadvantage that 

any spiking activity of the neuron that is not associated with the SCR will detract from 

the spike triggered average.  Thus, the second measure is more stringent but may not 

detect neurons that contribute to the generation of the SCR. 

 

For the first measure of the association of the neural activity and the SCR, the firing rate 

of each neuron was expressed in 10 ms bins as the mean firing rate within a sliding 

window, spanning 1 s around each bin (Figure 3.3A).  In addition the firing rates were 

smoothed with windows of 0.4 and 0.2 s duration. The unusually large window size is 

justified by 1-3 s latency for the development of the SCR, which is due to variability in 

the temporal summation of neural activity at the multiple synaptic relays of the neural 

pathway for SCR production (Bagshaw et al., 1965; Barry, 1990; Vrana, 1995; Dawson 

et al., 2000).  

 

The smoothed firing rate of each neuron was aligned to the onset of the SCR (Figure 

3.3B) and changes in firing rate were measured with a z-score.  Two segments of firing 

rate were considered in reference to the onset of a skin conductance response: a response 

segment of 1 s duration, corresponding to a period of time when the neurons in the 

amygdala might have initiated a SCR (spanning the 1 s prior to the onset of the SCR), 

and, for a control measurement, a baseline segment of 3 s duration (spanning 2-5 s prior 

to the SCR).  Both segments are illustrated in Figure 3.3C. The average and standard 

deviation of the firing rate of each neuron was calculated in the baseline segment.  A z-
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score expressed the difference in the firing rate between the response segment, in which 

the amygdala may have initiated a SCR, and the baseline segment, used as a control 

measurement [(mean response segment – mean baseline segment)/standard deviation of 

baseline segment]. 
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Figure 3.3:  Z-score measure of firing rate changes prior to the SCR.  A, The spike train 

of an example neuron (top trace) was expressed as the mean firing rate (middle trace) 

within a 1 s sliding window (10 ms time bin width).  The onset of the corresponding 

SCRs in the electrodermal recording (bottom trace) is indicated by vertical lines. B,  

Multiple firing rate segments of 40 s duration were aligned to the onset of the SCR (top 

four segments) to calculate the SCR-triggered firing rate of each neuron for all SCRs 

(bottom trace). C, A z-score indicates the difference between the firing rate in the 

response segment (red bracket) prior to the SCR (time 0) and the baseline segment (blue 

bracket) starting 5 s prior to the SCR.  The color-coded bottom trace shows the 

normalized average firing rate as z-scores  for a period of 9 s centered on the SCR.  



 

 

89 

 

The significance level was set to p < 0.05 for these statistical tests, which corresponds to 

z-score values exceeding ± 1.96.  Increased or decreased neuronal activity in reference to 

the skin conductance response is expressed by positive or negative z scores, respectively. 

 

Visual responsiveness of recorded neurons was determined by comparing the average 

firing rate in the 1 s preceding the onset of the image to the first 1 s of image viewing 

(Wilcoxon signed rank test, p < 0.01) for each image.  Neurons with visual 

responsiveness to at least one image and a significant z-score for SCR-related activity 

were further tested to rule out the possibility that the increase or decrease of firing rate in 

relation to the SCR was due to visual responsiveness.  Neurons that showed increases or 

decreases of firing rate in relation to SCRs that occurred during image presentations 

(significant z-scores only to the SCRs that occurred during image presentation) were 

excluded from further analyses. 

 

Spike triggered averaging (STA) assessed the functional connection of each neuron to 

electrodermal activity.  The STA was used as an additional measure of SCR-related 

activity because the STA does not require smoothing of the spike train.  An 8 s period of 

electrodermal activity was centered on each spike of each neuron.  Shuffled spike trains 

served as controls.  The inter-spike intervals of the spike train of each neuron were 

shuffled thirty times to create thirty control spike trains. Each control spike train was 

used to create a control spike-triggered average of the electrodermal activity.  The mean 
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and standard deviation of the STAs for the 30 control spike trains was calculated over the 

8 s window.  Portions of the STA generated from the original spike train that exceeded 

±2 standard deviations of the control STA were considered significant (p < 0.05).   

 

Neuronal population analysis 

A pseudo-population response was estimated by considering the relationship between the 

SCR’s and the entire sample of recorded neurons.  The magnitude of the population 

response in relation to the SCR was compared to a control, obtained by shuffling the 

timing of the SCR’s with respect to the same population response.  The sampled neural 

population activity was calculated with 3 different smoothing windows of 1 s, 0.4 s, and 

0.2 s duration..  For a baseline value, the mean and standard deviation of the firing rate of 

each neuron was calculated in a 3-s period starting 13 s prior to the onset of the SCR.  

Then, the firing rate in two 10 s segments of the spike train preceding and following the 

onset of the SCR was calculated and the difference from baseline was expressed as a z-

score (the z-score was calculated in 10 ms time steps for the 20 s period centered on the 

SCR).  Finally, the population response was expressed as the root mean square of the z-

scores for all neurons in each 10 ms bin.  The root mean square accounted for both 

increases and decreases in the firing rates.  The neural population activity calculated with 

this method was compared to the population activity of an artificially generated control 

dataset. In the control dataset, the intervals between SCRs were shuffled. The event times 

obtained by this procedure retain the distribution of the inter-SCR intervals but eliminate 

the precise coincidences between firing rate changes and SCR events.  A nonparametric 
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Wilcoxon rank sum test compared the population response aligned to the recorded SCRs 

with the population response aligned to the shuffled SCRs. 

 

The distribution of neurons with correlated activity to SCRs across the dorsal and ventral 

regions was assessed with a Fisher exact test (p < 0.05).  Three comparisons were made 

between the regions to determine the relative proportion of neurons with increased, 

decreased, or no change in SCR-related firing rate.  A Bonferroni correction adjusted for 

multiple comparisons between the two amygdalar regions for neurons (p < 0.017). 

 

Results 

 

Behavioral performance in passive image viewing task 

During the collection of data reported here, monkey H and monkey T performed the task 

at 77% correct (± 11) and 75% correct (± 14) respectively.  At this level of performance, 

10 repeated blocks of a stimulus set of 10 images were successfully viewed in 

approximately the same amount of time in both monkeys (18 ± 3 minutes monkey H; 22 

± 7 minutes, monkey T). During this period monkey H and T generated 75 ± 20 and 61 ± 

25 skin conductance responses, respectively.   Monkey H had a higher rate of SCRs per 

minute than monkey T (4.3 ± 1.2 monkey H; 2.8 ± 1.1 monkey T; p < 0.05 Wilcoxon 

rank sum test). 
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Latency of skin conductance responses 

The minimum latency of the skin conductance response elicited by a loud tone was 1.02 s 

for monkey H and 0.96 s for monkey T. The mean latency of the skin conductance 

response averaged over ten presentations of the tone was 1.2 s ±0.3SD s for monkey H 

and 1.1 s ± 0.1SD for monkey T.  These values are similar to previous results in rhesus 

monkeys (Bagshaw et al., 1965) and humans (Barry, 1990; Vrana, 1995; Dawson et al., 

2000). 

 

Skin conductance responses in a passive image viewing task 

In monkey H, the non-specific SCRs, produced between image presentations were more 

frequent than the image-elicited SCRs, produced in an equivalent period of time during 

image viewing (p < 0.01, Wilcoxon rank sum test).  Figure 3.4A shows a gradual increase 

in SCRs in monkey H as the image presentation approached.  When successful trials were 

compared to trials in which the monkey failed to view the image for the required period 

of 3 s, no difference was found between the number of SCRs generated prior or during 

successful or failed trials (p > 0.7, Wilcoxon rank sum test).  The higher probability of 

SCR in the period preceding image presentation can be accounted for by some form of 

anticipation or anticipatory anxiety. In contrast, monkey T generated SCRs more 

frequently during the image viewing period (p < 0.01, Wilcoxon rank sum test). In this 

monkey behavioral performance accounted for the number of SCRs during the image 

viewing period: fewer SCRs were generated during aborted trials that were not followed 

by reward (p < 0.01, Wilcoxon rank sum test) because the monkey failed to maintain 
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gaze during the entire 3 s period of image presentation. For the aborted trials there was no 

difference between the number of SCRs generated during the image viewing period and 

the period between image presentations (p > 0.07, Wilcoxon rank sum test).   Compared 

to monkey H, who seemed to be aroused by the anticipation of images, monkey T 

appeared to be more aroused by the anticipation of reward. In general, monkey T seemed 

to be more motivated by food reward during training of other behavioral tasks than 

monkey H, who was more motivated by tasks that were not repetitive. The difference 

between the subjects was further emphasized by the observation that a different subset of 

images reliably elicited SCR in each monkey.  There was no correlation between the 

number of trials when a particular image elicited a SCR in monkey H and monkey T (R
2
 

= 0.03, Figure 3.4B).   

 

 

Neither monkey showed a reduction in the number of SCRs (habituation) with repeated 

presentation of the same stimulus set (Figure 3.4C).  The number of skin conductance 

responses in block 1 compared to the average of blocks 2-10 was not significantly 

different (p > 0.2 for monkey H, p > 0.5 for monkey T, Kolmogorov-Smirnov two sample 

test).   

 

Neural responses related to the skin conductance response 

A total of 249 neurons were recorded in conjunction with SCRs (194 neurons, monkey H; 

55 neurons, monkey T) during the passive image viewing task (25 sessions, monkey H; 
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17 sessions, monkey T). Approximately equal numbers of neurons increased (42 (17.5%); 

31 monkey H, 11 monkey T) and decreased (53 (22.1%); 37 monkey H, 16 monkey T) 

their firing rate in a time window that preceded by at least 1 s the onset of the SCR 

(Figure 3.5).
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Figure 3.4:  The relationship between task parameters, stimulus images and skin 

conductance responses. A, The probability of an SCR as a function of time in a trial. In 

subject T (black circles) the largest number of SCRs were elicited in response to images, 

while in monkey H (white circles) more SCRs were elicited prior to image presentation in 

the inter-trial interval (p < 0.01 for monkey H, p < 0.01 for monkey T, Wilcoxon rank 

sum test). B, Individual differences with regard to SCRs elicited by the stimuli. For each 

stimulus image, the percent of image presentations that evoked a SCR from monkey T 

was different from the percent of image presentation from monkey H (R
2
 = 0.03).  Error 

bars indicate standard deviation. ITI, inter-trial interval; SCR, skin conductance response. 

C, Habituation is not block specific. The mean percent of images in a stimulus set that 

elicit SCR did not habituate across block presentations (block 1 compared to blocks 2-10, 

p > 0.2 for monkey H, p > 0.5 for monkey T, Kolmogorov-Smirnov two sample test).   
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Figure 3.5:  The SCR is associated with significant changes in neuronal discharge in 

neurons of the amygdala.  Each row in the graph depicts the rank-ordered differential 

firing rate of a single neuron in reference to the onset of the SCR (time 0, vertical dashed 

line; firing rate normalized as z-score in 100 ms time bins).  The top 42 neurons showed a 

significant increase in firing rate in the 1 s window preceding the SCR (above top dashed 

horizontal line).  The bottom 53 neurons had a significant decrease in firing rate in the 

same period (below bottom dashed horizontal line).   
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Figure 3.6:  Neuronal population response aligned to the SCR.  The population response 

(solid black line) aligned to the SCR (time 0) exceeds the population response aligned to 

shuffled SCR times (dotted black line) in the 1 s prior to the event (vertical lines, p <    

10
-15

, Wilcoxon rank sum test).  The population response was re-calculated after other 

smoothing windows were applied to the spike train.  Similar population responses 

resulted from the data after application of smoothing windows as small as 0.2 s in 

duration (purple line); however, fewer neurons had significant responses.  
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Figure 3.7:  Mean firing rate and modulation of firing rate prior to SCR.  For each 

neuron, the z-score measure of the neuronal modulation prior to the SCR was plotted as a 

function of the average firing rate, calculated across the session (open circle, neuron with 

significant z-score; closed circle, neuron with non-significant z-score).  As a population, 

no relationship was found between the baseline firing rate and the firing rate modulation 

prior to the SCR (R
2
=0.00). 
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Indeed, the SCR-related modulation of neural discharge in the amygdala was limited to a 

period of time preceding the onset of the SCRs by 1-2 s.  The population response 

aligned to the veridical skin conductance responses exceeded the control population 

response (Wilcoxon rank sum test, p < 10
-5

, Figure 3.6), indicating that the population 

modulation prior to the SCR is unlikely to occur by chance.  The subset of neurons with 

significant z-scores included neurons with high and low firing rates.  The average firing 

rates of the recorded neurons were not predictive of their temporal relationship with the 

SCRs or to the direction of the modulation of firing rate (R
2
 = 0.00, Figure 3.7).  Nine 

neurons were visually responsive and showed correlations with the SCR only during the 

image viewing period leaving open the possibility that the increase in firing rate was due 

to the image rather than to the neural modulation of the SCR (n=4, monkey H; n=5, 

monkey T). removing these neurons from the analyzed population did not change any of 

the results. 

 

Location of recording sites 

The nuclei in the dorsal region of the amygdala contained a larger proportion of neurons 

that increased firing rate (p < 0.017, Fischer exact test with Bonferroni correction) and a 

larger proportion of neurons that decreased firing rate prior to the SCR (p < 0.017, Fisher 

exact test with Bonferroni correction) compared to the nuclei of the ventral region.  The 

nuclei in the ventral region contained a larger proportion of neurons that did not change 

firing rate prior to the SCR (p < 0.017, Fischer exact test with Bonferroni correction, 

Figure 3.8, 3.9, Table 1).  These data confirm our hypothesis that the dorsal group has a 
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more direct role in generating SCRs.  Simultaneous recording of neurons from the dorsal 

and ventral nuclei illustrate this phenomenon (Figure 3.10). In 16 of the 42 recording 

sessions, neurons from the dorsal and ventral group of nuclei were recorded 

simultaneously.  On average, neurons recorded from the dorsal regions of the amygdala 

were more likely to show firing rate modulation in conjunction with the SCR than 

neurons recorded from the ventral regions (p < 0.05, Fisher exact test).  This suggests that 

the observed SCR-related changes in firing rate were not related to a global phenomenon 

that engaged the dorsal and the ventral nuclei to the same extent.  
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Figure 3.8: The nuclei of the dorsal amygdala have a larger proportion of neurons with 

SCR-related firing rate modulation than the nuclei of the ventral amygdala. The nuclei in 

the dorsal region of amygdala contained a higher proportion of neurons with decreased 

(grey, p < 0.017) and increased firing rate prior to the SCR (white, p<0.017) than in the 

ventral regions of the amygdala.  Fewer neurons showed SCR-related modulation of 

firing in the ventral nuclei (black; p < 0.017, Fisher exact test with Bonferroni 

correction). The dorsal amygdala included sampling from the central nucleus, medial 

nucleus, and anterior amygdaloid area, and the ventral amygdala included sampling from 

the lateral, basal, and accessory basal nuclei. 
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Figure 3.9: MRI-based reconstruction of the location of recorded neurons.  Neurons with 

SCR-related decreases (left column, blue circles) and increases (right column, red circles) 

in firing rate are plotted on serial sections of the amygdala.  In comparison with neurons 

with SCR-related activity, neurons without SCR-related activity (center column, yellow 

circles) were found in similar locations throughout the anteroposterior extent of the 

amygdala. 
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Table 3.1 Neural responses in the sampled nuclei of the amygdala 

Nc Count 

f.r. increase prior to 

SCR 

f.r. decreases prior to 

SCR 

baseline f.r. 

Hz 

L 5 0 (0%) 1 (20%) 1.1 ± 0.87 

B 29 4 (13.7%) 3 (10.3%) 2.78 ± 4.07 

AB 109 14 (12.8%) 18 (16.5%) 4.0 ± 6.5 

C 27 7(25.9%) 10(37.0%) 4.5 ± 7.29 

M 48 10 (20.8%) 14 (29.2%) 3.5 ± 5.4 

AAA 22 7 (31.8%) 7 (31.8%) 2.0 ± 2.2 

Dorsal 97 24(24.7%) 31(32.0%) 3.3 ± 5.0 

Ventral 143 18(12.6%) 22(15.3%) 3.4 ± 5.3 

 

Firing rate (f.r.) values are the mean ± standard deviation. Nc, nucleus; L, lateral; B, 

basal; AB, accessory basal; C, central; M, medial; AAA, anterior amygdalar area; SCR, 

skin conductance responses
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Figure 3.10: Simultaneous recording of neurons in the dorsal and ventral nuclei of the 

amygdala.  Neurons in the dorsal (AAA, M) and ventral (AB) were recorded 

simultaneously from individual electrodes (electrode locations, figure left).  Neurons in 

the dorsal nuclei had increases in the average firing rate in the 1 s period (red bar) prior to 

the onset of the SCR (vertical black line, figure right).
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Functional connection of amygdalar neurons to electrodermal activity 
Over half (62%) of the amygdala neurons that demonstrated a correlation in firing rate 

with the onset of the SCR also demonstrated a functional connection with the 

electrodermal activity, as indicated by the STA.  The STA identifies the predominant 

stimulus feature or motor output to which a neuron responds or participates in generating 

(Jones and Palmer, 1987; Simoncelli et al., 2004).  Significant changes in the STA of the 

electrodermal activity was found in neurons of the basal (2, 6.9%), accessory basal (23, 

21.1%), medial (15, 31.2%), and central nuclei (8, 29.6%) and anterior amygdaloid area 

(13, 59.1%).  As expected, neurons that had increases in STA also had an increase in 

firing rate prior to the SCR (as indicated by a positive z-score).  Conversely, neurons that 

had a decrease in the STA had a decrease in firing rate prior to the SCR.  Neurons that 

did not demonstrate SCR-related changes in firing rate also did not have significant STA 

of electrodermal activity. 

 

Discussion 

 

The experiments described here indicate that 40% of the neurons in the amygdala 

increased or decreased their firing rate prior to SCRs and these neurons are found 

primarily in the dorsal portion of the amygdala 

 

Autonomic responses in the context of a passive image viewing task 

Passive image viewing studies, when used as a method of emotion elicitation in humans, 

reported that the SCR was correlated with verbal report of arousal and valence of the 
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stimuli (Bradley et al., 2001). Non-verbal assessment of the impact of simple stimuli, 

such as a startle probe, however, showed striking individual differences in SCR 

production (Hodes et al., 1985). In our study, monkeys also generated SCRs when 

viewing of images of monkey faces, human faces, and objects, but each monkey 

responded to different images. The monkeys responded differently to even species-

specific stimuli, such as threatening monkey faces.  The absence of a set of images that 

were arousing for both monkeys suggests that the judgment of valence and arousal is 

likely individual-specific.  Furthermore, each monkey tended to generate the largest 

number of SCRs in a different phase of the task. In monkey T, the majority of SCRs were 

evoked by images. The highest density of SCRs was observed toward the end of the 

image viewing period, which was followed immediately by reward. The SCRs were 

produced, therefore, either by the emotional content of the image or by the anticipation of 

reward.  In monkey H, the inter-trial interval was the period when the majority of SCRs 

were recorded.  The highest density was observed immediately before image 

presentation, suggesting anticipation rather than a reaction to the stimulus. The number of 

SCRs produced in this anticipatory period was not related to task performance, i.e., 

successfully completed trials and aborted trials (when the monkey failed to maintain gaze 

on the image) resulted in a comparable number SCRs.  Even during quiet resting periods 

the frequency of SCRs in different monkeys was highly variable (Spitler and Gothard, 

unpublished data). These, and other individual differences, might be related to 

temperament, rank in the social hierarchy of the colony, or other unknown variables. 
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Individual differences, however, are not expected to reflect on the neural mechanisms 

that contribute to the generation of SCRs 

 

Neuronal correlates of skin conductance responses in the dorsal amygdala 

As hypothesized, the dorsal nuclei contained the highest proportion of neurons with 

modulation of firing rate prior to the SCR.  Previous studies that examined the relation of 

neuronal discharge in the amygdala to autonomic markers of emotion, such as changes in 

heart rate, focused exclusively on the central nucleus of the amygdala (Pascoe and Kapp, 

1985; Zhang et al., 1986).  We confirm the role of the central nucleus in generating 

autonomic responses and expand these findings to nuclei with similar input and output 

connectivity.  

 

Our sample contained neurons that either increased or decreased their rate of discharge in 

relation to the SCR, which raises the possibility that these neurons belong to different 

functional classes. Pascoe and Kapp (1985) found in the central nucleus of amygdala a 

similar, bimodal modulation of firing rate, in conjunction with conditioned heart rate 

deceleration in rabbits.  They used antidromic stimulation of the amygdalofugal pathway 

to the brainstem to determine whether these two types of responses are attributable to 

projection neurons or local interneurons.  Antidromically activated neurons (identified 

projection neurons) decreased their firing rate to a conditioned stimulus that predicted an 

aversive shock.  In contrast, neurons that could not be antidromically activated increased 

their firing in conjunction with heart rate deceleration (putative local interneurons).As in 
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our sample, both classes of neurons had low (<2 Hz) spontaneous activity, indicating that 

firing rate alone cannot differentiate with certainty projection neurons from interneurons 

in the dorsal amygdala.  Indeed, Likhtik and colleagues (2006) recently confirmed that 

identified projection neurons in ventral nuclei of the amygdala do not fall into a single, 

clear class based on either firing rate or waveform. One possibility is that the 

antidromically unidentified neurons are not local interneurons but projection neurons to 

the hypothalamus, a site of importance for the production of autonomic responses 

(LeDoux et al., 1988; Barbas et al., 2003).   

 

The available anatomical and physiological data are insufficient to determine whether 

neurons that increase and decrease their firing rate in relation to SCR play a different role 

in autonomic regulation. Some of the GABA-ergic projections from the central and 

medial nucleus of the amygdala (dorsal region) target the lateral hypothalamus (Barbas et 

al., 2003). Approximately half of the projection neurons from the central nucleus to the 

brainstem are also GABA-ergic (Jongen-Relo and Amaral, 1998; Batton et al., 2002).  

These fibers synapse on excitatory neurons in the nucleus of the solitary tract (Saha et al., 

2000).  If the inhibitory projections targeting other autonomic centers also terminate on 

excitatory neurons, then SCR-related decreases in discharge in the amygdala might have 

the effect of releasing the autonomic centers of the brainstem from tonic inhibition.  We 

speculate that SCR-related increases in activity are from either interneurons or non-

GABA-ergic projection neurons.  In this scenario, a SCR is generated every time the 
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sympathetic centers in the hypothalamus and brainstem are released from inhibition due 

to shifts of attention, conditioned stimuli, or stimuli with strong emotional impact.  

 

Neuronal correlates of skin conductance responses in the ventral amygdala 

The ventral nuclei contained significantly fewer neurons with SCR-related activity as 

predicted by the relatively sparse projections to the brainstem from this region.  The 

largest cluster of SCR-related neurons was found at the dorsal border of the basal and 

accessory basal nuclei, where a projection from the orbitofrontal cortex terminates 

(Ghashghaei and Barbas, 2002). In the monkey, the accessory basal and basal nuclei also 

project, albeit less extensively, to the region of the lateral hypothalamus that in turn 

projects to the intermediolateral column of the spinal cord (Barbas et al., 2003).  The 

sympathetic neurons in this area are involved in the generation of SCRs (Anderson et al., 

1989).  The contribution of the ventral nuclei, in addition to the dorsal nuclei, to the 

activity of subcortical structures suggests that autonomic responses during emotional 

states may be initiated via parallel pathways (Koo et al., 2004; Balleine and Killcross, 

2006).  The parallel loops might converge at different levels of the descending pathway 

to the autonomic effectors (hypothalamus, brainstem, preganglionic sympathetic 

neurons).  

 

Despite the existence of multiple loops, the present study suggests that the ventral nuclei 

have a smaller role in the generation of autonomic responses.  This finding is in 

agreement with neurophysiological studies that examined the role of the ventral group in 
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processing stimuli and generating autonomic responses.  Neural responses in the ventral 

nuclei (lateral and basal nuclei) are strongly correlated with the presentation of 

conditioned stimuli, yet these physiological studies have yet to note correlated discharge 

in these nuclei with autonomic responses (Maren et al., 1991; Quirk et al. 1995; Pare and 

Collins, 2000).  The presentation of the conditioned stimulus is correlated generally with 

measured autonomic changes such as heart rate, and this potential confound must be 

considered.  In the present study, few neurons demonstrated responses related to both the 

images and SCR, and these neurons were not considered in the analysis. 

 

Recently, neuronal responses have been dissociated from fear behavior in the lateral 

nucleus (Repa et al., 2001; Goosens et al., 2003), which lacks a projection to the 

hypothalamus.  These data suggest that the neurons in the ventral nuclei play a relatively 

minor role in the generation of autonomic responses.  Instead, the ventral nuclei are more 

involved with the detection of stimuli with emotional import while the dorsal nuclei are 

responsible for the activation of autonomic and somatic components of the emotional 

response (LeDoux, 2000).  This idea is further supported by our observation that during 

simultaneous recordings from both groups of nuclei, the ventral group contained 

significantly fewer neurons with SCR-related activity.  

 

The amygdala participates in a large brain circuit for SCR generation 

The insula, the anterior cingulate, and the orbitofrontal cortex (Crichtley et al., 2000; 

Phelphs et al., 2001; Critchley et al., 2002) are involved in the SCR.   These areas are 
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reciprocally connected with the amygdala (Porrino et al., 1981; Amaral and Price, 1985; 

Friedman et al., 1986) but also send direct projections to the hypothalamus (Gashghaei 

and Barbas, 2002); therefore each area might be able to generate SCRs independently of 

the amygdala.  Nevertheless, SCR production is reduced or eliminated immediately after 

damage to the amygdala (Bagshaw et al., 1965; Asahina et al., 2003).  Given time, the 

remaining network is sufficient to recover SCR production in many tasks (Tranel and 

Damasio, 1989), perhaps via alternate pathways like the projection of the medial 

prefrontal cortex to the hypothalamus (Ongur et al., 1998; Barbas et al., 2003).  The intact 

network identifies stimuli with emotional import and produces the appropriate emotional 

response, and this may be the foundation for the ability of primates to perform complex 

tasks like social interactions and decision making.  For example, the amygdala 

participates with the orbital and medial prefrontal cortex in the generation and 

interpretation of somatic states necessary for decision making (Bechara et al., 1999, 

2003).  It is likely that the deficits in social judgment and interactions after amygdala 

damage are also attributable to deficits in generating and interpreting somatic markers in 

conjunction with the prefrontal cortex and insula (Adolphs et al., 1998; Emery et al., 

2001). 

 

The amygdala and these cortical structures have been implicated in these emotional 

processes (decision making, social cognition) primarily by neuropsychological studies.  

Such studies have not clarified the nature of the interaction between these areas for both 

the generation of the SCR and the performance of the task.  For example, deficits in SCR 
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production are noted after damage to either the orbital and medial prefrontal cortex 

(omPFC) or the amygdala in the gambling task (Bechara et al., 1999).  Why can’t the 

intact structure compensate for damaged structure?  Anatomical studies suggest that the 

omPFC and the amygdala should be equally able to generate SCR without the other 

structure (Ghasghaei and Barbas, 2003).  A neurophysiological study that combines 

parallel recording of the amygdala, the omPFC, and the SCR may better describe the 

interaction between these structures for the generation of the SCR and performing the 

task.  For example, an adaptation of the gambling task to a neurophysiological study may 

uncover unique roles for the amygdala and the omPFC.  One difficulty in dissociating 

these structures in the generation of SCR may be the long and variable latency of the 

SCR.  As the monkey learns the gambling task, however, it may be found that some of 

these structures have a time-limited involvement in SCR production.  For example, it is 

possible that the ventral nuclei of the amygdala are coordinated with the omPFC during 

the learning phase of the task and these structures are involved in the generation of the 

SCR only during this period.  In contrast, the neurons of the dorsal nuclei may be 

correlated with the generation of the SCR throughout the task.  Alternatively, neurons 

from all these structures may form a cell assembly that is always recruited for the 

generation of the SCR throughout the phases of the task.  A neurophysiological 

experiment has the promise to complement neuropsychological studies for the complex 

interactions in the brain circuit for emotion. 
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CHAPTER FOUR 

CONCLUSION 
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Brief summary of findings 

 

Multiple lines of evidence indicate that the amygdala has an important role in the 

generation of autonomic responses to stimuli with emotional import, but the neural 

signals involved in this phenomenon are poorly understood.  The present study suggests 

that many neurons in the amygdala increase or decrease their firing rate prior to the 

generation of the SCR.  The neurons situated in the dorsal portion of the amygdala, which 

project extensively to subcortical and brainstem structures connected to autonomic 

effectors were the most likely to modulate their firing rate prior to the SCR.   

 

Anatomical studies suggest that the neurons of the dorsal nuclei project more extensively 

to the hypothalamus and the brainstem structures involved in the generation of the SCR.  

Thus, both regions were expected to have SCR-related responses but the dorsal nuclei 

were expected to have more neurons with these responses.  The present study confirmed 

these hypotheses.  Typically, a single probe is used to record neurons from the monkey 

amygdala.  With this technique, differences in the level of neuromodulators or other 

factors may exist between recording sessions and may present difficulties in comparing 

the data collected across experiments.  The use of simultaneous recordings of the dorsal 

and ventral nuclei in the present study ensures that the noted difference in SCR-related 

activity cannot be attributed to global modulation of these two regions of the amygdala. 
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The passive image viewing task reliably elicited SCRs from both monkeys.  The SCRs 

that were elicited from each monkey, however, occurred at different phases of task.  In 

monkey H, the majority of SCRs occurred in the period prior to the onset of the image, 

whereas monkey T generated the majority of SCRs near the offset of the image.  The 

SCRs from monkey H could be attributed to anticipation of the upcoming image.  This 

monkey also had an overall increased rate of SCRs during the passive image viewing task 

and perhaps this preponderance of pre-image SCRs may be a sign of anticipatory anxiety.  

Despite the higher rate of SCRs, this monkey had a lower range of SCRs to the images 

compared to monkey T (each image elicited SCRs in 0-40% of the trials in monkey H, 

whereas some images elicited SCRs from monkey T in 60% of trials).  In addition to 

anticipation, an alternative explanation of these pre-image SCRs could involve attention.  

The study was not designed to distinguish anticipation and attention, because the pre-

image SCRs were an unexpected result.  In the present study, the images were displayed 

in random order.  A manipulation of the image order may allow these possibilities to be 

distinguished, namely, the images could be displayed in a predictable order.  Should the 

pre-image SCRs occur before a particular image(s), the pre-image SCRs could be 

attributed to anticipatory anxiety of the particular image(s). 

 

In general, monkey T was more food-motivated than monkey H.  Notably monkey T had 

more SCRs near the offset of the image which was coincident with liquid reward.  

Nevertheless, monkey T, like monkey H, produced a differential percentage of SCRs to 

the stimuli, which would not be expected if his SCRs were attributable to reward 
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anticipation.  Finally, the stimulus set did not contain a common set of images that 

elicited SCRs in both monkeys.  Moreover, even when ignoring the majority of the data, 

the few images that elicited a common percentage of SCRs in both monkeys did not 

contain common features for categorization.  Thus, the emotional response to the images, 

as indexed by the SCR, was not similar between the monkeys.  It is likely that the 

differences in SCR can be attributed to differences between the monkeys in terms of 

temperament or position in the social hierarchy.  These monkeys will participate in future 

studies and other differences in their behavior may inform the conclusions of this study.  

  

Several possibilities account for the discrepancy between the present study and human 

studies in which image categories can differentially elicit SCRs (Bradley et al., 2001).  

First, human studies include more subjects, usually by about two orders of magnitude.  

Individual differences may also be present in human subjects but may be lost in the grand 

average.  Secondly, there are important differences in the task.  Humans were rewarded 

for their participation at the end of the task.  In contrast, the monkeys were rewarded after 

the presentation of each image.  Thus, the various images have the same relation to a 

primary reinforcer, and this Pavlovian conditioning may override the emotional content 

of each image.  Each monkey showed a relatively larger incidence of SCR elicitation to 

certain images and this observation argues against this possibility.  Finally, the monkeys 

had an additional requirement of maintaining gaze within the boundaries of the image.  In 

this way, the human subjects were truly passive in the experiment while the monkeys 

have additional, although not tremendously taxing, behavioral requirements.  It is known 
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that task demands can change the autonomic and neural responses to the same stimuli 

(e.g., Lane et al., 1997; Liberzon et al., 2000) and any task difference may be sufficient to 

obscure immediate comparison of the relationship of SCRs to images in the present study 

with human studies.  To facilitate a direct comparison, humans could participate in a 

passive image viewing task with the same behavioral requirements as the present task.  

For example, the SCRs generated by human subjects performing this task would be 

examined for evidence of pre-image SCRs.  Finally, it should be noted that the IAPS 

database was created from study of a large number of subjects.  Thus, additional subjects 

should be tested with the current and other stimulus sets to create a similar standard 

image library for emotion studies in the monkey.  For example, images of mutilated body 

parts from the IAPS are often used to evoke SCR from human subjects (e.g., Liberzon et 

al., 2000).  Such images may have a similar effect on monkeys but were not included in 

the stimulus set in the present study.  

 

Future directions and applications 

 

One well-established finding is that the amygdala is a key structure in the complex brain 

circuit of emotional disorders.  The amygdala has abnormal activity in patients with 

anxiety (Thomas et al., 2001), depression (Drevets, 2000), post-traumatic stress disorder 

(Shin et al., 1997; Rauch et al., 2000), and social phobia (Birbaumer et al., 1998).  

Additionally, patients with these disorders present abnormal activity in the autonomic 

response to emotional stimuli (Lader , 1967; Raskin, 1975; Bernstein et al., 1995; Ladwig 
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et al., 2002).  Thus, it is interesting to speculate on the role of the neural mechanisms 

described in the present study in these complex syndromes. 

 

Recently, Schwartz et al., (2003) found that adults that had been diagnosed with inhibited 

temperament at age 2 have increased BOLD signal in the amygdala to novel faces 

relative to familiar faces.  This correlation of novel faces and increased amygdala activity 

in behaviorally inhibited individuals makes sense in light of decreases in inhibition seen 

in monkeys with lesions of the complete amygdala or central nucleus (Meunier et al., 

1999; Emery et al., 2001; Kalin et al., 2004).  Although SCR was not measured in these 

subjects, Kagan et al. (1988) found that children with inhibited temperament also had 

abnormally high sympathetic activity, as measured by heart rate, during a battery of 

cognitive tasks compared to a baseline measurement.  These children had high heart rate 

and low heart rate variability.  In light of the present findings, the elevated autonomic 

activity may be related to elevated activity in the amygdala.  Ideally, the results from the 

present study could be immediately applied to the situation described for inhibited 

temperament. Perhaps the over-activity of the amygdala measured in the neuroimaging 

task is causing the increase in autonomic responses.  If the neurons with SCR-related 

increases in firing rate become more active, more SCRs would be expected.  What about 

the neurons with SCR-related decreases in firing rate?  If these neurons increase their 

firing rate, fewer SCRs would be expected.  Thus, a simple global excitation of these 

neurons does not fit the data of inhibited temperament; at least not without more 

information on how these neurons are involved in the network for the generation of SCR.  
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Additionally, more information is required to translate the increase in BOLD signal in the 

amygdala into the activity of single neurons in the amygdala.   

 

We found that the amygdala contains two populations of neurons that increase or 

decrease their firing rates prior to the SCR.  These two neuronal populations can be 

incorporated into our current anatomical knowledge in multiple ways.  It is known that 

the dorsal nuclei send projections to multiple points in the pathway of SCR generation, 

including the hypothalamus, brainstem nuclei, and the spinal cord (Amaral et al., 1992).  

The first issue is to determine if these two neuronal populations project to one, all, or 

none of these components of this pathways.  Pascoe and Kapp (1985) found that the 

neurons that included axons in the ventral amygdalofugal pathway to the brainstem all fit 

into a single class based on their firing rate decreases prior to bradycardia.  Ideally, the 

neurons in the primate amygdala with SCR-related activity will also be neatly 

distinguished.  A careful identification of these neurons with SCR-related activity would 

require multiple stimulating electrodes in the various structures that project to the final 

common pathway for SCR generation (i.e., the sudomotor neurons in the spinal cord and 

the postganglionic neurons that synapse on eccrine sweat glands).   Neurons with SCR-

related activity may be antidromically activated by one or more of these stimulating 

electrodes, indicating a direct projection from the amygdala to the stimulation site.  In 

contrast, neurons with SCR-related activity that cannot be antidromically activated would 

be identified as interneurons.   
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The second issue involves the complexity of the anatomical projections of the dorsal 

nuclei.  It is known that the dorsal nuclei send both GABA-ergic (inhibitory) and non-

GABA-ergic (putative excitatory) fibers to the hypothalamus and the brain stem (Jongen-

Relo and Amaral, 1998; Ghashghaei and Barbas, 2002).  A major breakthrough in our 

knowledge of this system will require the identification of the neurotransmitter(s) used by 

these two neuronal populations with SCR-related activity.  The simplest arrangement 

would entail each neuronal population using either an excitatory or inhibitory 

neurotransmitter exclusively.  Unfortunately, the derivation of this knowledge would 

require a rather heroic experiment even if the previous issue (identification of the target 

of the projection neuron by the nature of the SCR-related firing rate change) will have 

been solved previously.  Namely, once the cell had been identified as SCR-related, a cell 

would need to be labeled to be identified with anatomical techniques.  This combination 

of behavioral neurophysiology, intracellular (or juxtacellular) recording, and anatomical 

techniques (immunocytochemistry for GABA and other neurotransmitters) would press 

even the most experimentally gifted laboratory.  Hopefully, technical breakthroughs in 

experimental neuroscience will make this experiment feasible in the near future. 

 

The third major issue is to identify the nature of the final common pathway for the 

integration of amygdalar input.  Stimulation studies have been extremely consistent in the 

excitatory nature of the amygdala and hypothalamus and the inhibitory nature of the 

reticular formation for the generation of the SCR (references).  Sparse anatomical data is 

available, however, to discern the nature of the interaction of these systems.  Both the 
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hypothalamus and the dorsal nuclei (both central and medial nuclei) have identified tracts 

to the spinal cord, which presents the possibility that these structures can generate SCR 

without the involvement of the brainstem.  Nevertheless, the relatively large number of 

the axons contributed to the brainstem suggests that the hypothalamospinal and 

amygdalospinal projections are minor players.  The nature of the interactions at the 

interface of the amygdala and the brainstem has only recently been studied (Saha et al., 

2000).  This labor-intensive study identified an inhibitory projection from the amygdala 

that synapses on excitatory neurons within the nucleus of the solitary tract.  Even if this 

observation of inhibitory neurons (dorsal nuclei) synapsing on excitatory neurons 

(brainstem nuclei) is confirmed to be a general rule applicable to all the brainstem nuclei, 

currently nothing is known about the non-inhibitory (putative excitatory) projection that 

makes up the second half of projections from the central nucleus.     

 

In summary, three major research projects are required to determine the role of the SCR-

related responses found in neurons of the amygdala in the present study.  These projects 

will look for commonalities within the two neuronal populations of the amygdala, as 

these cells are identified as: projection or local cells of the amygdala, excitatory or 

inhibitory neurons, and their interactions with components of the final common pathway 

for generation of the SCR.   
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Conclusions 

The main conclusion of the present dissertation is that the amygdala contains neurons 

with SCR-related changes in neuronal discharge predominantly in the dorsal nuclei.  

These neurons are expected to interact with several structures that synapse on sudomotor 

neurons, the final common pathway for SCR generation.  Although the amygdala is an 

important component of the brain circuit for the autonomic expression of emotion, it is 

likely that in the intact brain the amygdala is coordinated with brain areas including the 

insula and prefrontal cortex for SCR generation.  This coordination may be universal or 

may be specific to the cognitive or emotional processes involved in the SCR-eliciting 

event.  As there are no other studies that looked at the relationship between SCR and 

neural activity, we can only speculate on the nature of these potential interactions.  Future 

studies of neural activity in amygdala in conjunction with the other components of the 

brain circuits of emotion will be required to understand how autonomic responses are 

generated.  
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