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ABSTRACT 
 

The superior colliculus (SC) and amygdala are central components of the 

defensive system within the brain. The SC processes conscious and non-conscious 

visual information and directs orienting and defensive behavioral responses. The 

amygdala exerts “top down” control over SC and may interact with the SC to regulate 

emotional response to visual stimuli.  

To determine the anatomical connectivity between the SC and the amygdala, I 

injected retrograde tracers into the amygdala and anterograde tracers into the SC and 

examined regions of colocalization within the pulvinar, a vision associated region. 

Anterograde tracers labeled axonal projections that colocalized with cell bodies labeled 

by the retrograde tracer, concentrated in the medial portions of the medial (PM), oral 

(PO) and inferior pulvinar (PI). These data support the existence of a "bottom up” 

pathway mediating fast processing of emotionally salient information projecting from the 

SC to the amygdala through the pulvinar.  

To determine the causal association of activity in the amygdala on (1) autonomic 

activity, (2) emotional reactivity to social and threatening stimuli, and (3) social 

dominance, I used a pharmacological microinjection approach. I inhibited the amygdala 

via GABAA agonist muscimol (MUS) and activated it with GABAA antagonist bicuculline 

methiodide (BMI). Saline was injected as a control. Following drug infusion, animals 
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were tested in the above behavioral domains. Activity in the amygdala was associated 

with decreased heart rate, nonspecific avoidance behavior, and decreased dominance. 

Inhibition of the amygdala was associated with decreased heart rate, reduced 

responsiveness to a threatening stimulus, increased responsiveness to a social 

stimulus, and decreased dominance. 

To determine if activity within the SC regulated autonomic responses, I 

microinjected BMI into the SC and measured heart rate and blood pressure. Consistent 

with its laminar structure and segregated zones of anatomical inputs and outputs, 

subregions of the SC showed a diversity of responses, but primarily decreased heart 

rate and blood pressure, localized in intermediate and deep layers. 

I have shown that BLA and SC separably regulate autonomic outputs. BLA 

additionally regulates behavioral response to threats and challenges to established 

behavioral patterns, reflecting alterations in larger networks involved in recognizing and 

responding appropriately to environmental cues.   
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Chapter 1: Introduction 
 

The primate visual system is highly specialized. There are evolutionary reasons for 

this: primates primarily hunt and forage during the day, and their specialized hands are 

optimized for reaching and grasping, necessitating the development of visual guidance 

for smooth, precise movement towards colorful stimuli (Baldwin et al., 2017; Neitz and 

Neitz, 2017). When a visual stimulus is presented, light is taken up by ganglion cells in 

the retina, where the information is transmitted through the optic nerves and crosses over 

at the optic chiasm (half of the visual field input from each eye remains on the ipsilateral 

side) (Erskine and Herrera, 2014). Visual information continues to travel through the optic 

tracts to the thalamus, where it enters the lateral geniculate nucleus (LGN). The LGN 

consists of layers of magnocellular, parvocellular, and koniocellular cells that process 

different types of visual information (Jeffries et al., 2014). LGN neurons synapse onto 

cells within the striate cortex, also known as primary visual cortex or V1. From V1, visual 

information is separated into either a dorsal stream, primarily concerned with objects’ 

location and movements, or a ventral stream, concerned with color, shape, and other 

features of an object (Born and Bradley, 2005; Farivar, 2009; Lyon et al., 2010). Some 

efferents from the retina additionally travel directly to brain regions such as the 

hypothalamus and superior colliculus (SC) (Abrahamson and Moore, 2001; Schiller, 

2010). Visual information processed through these pathways guides behavioral 

responses – for example, when an animal sees a food source, the SC helps coordinate 

a motor response to reach for it. When an animal sees or hears a predator, the SC help 

coordinate a response to escape from it. 
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 One of the most remarkable features of the brain is its ability to coordinate a 

whole-body response to a stimulus. When an animal is eating food, its sympathetic 

nervous system is activated, relaxing its muscles and allowing the gut to work. Signals 

within the brain determine when the animal is satiated and can stop eating, while 

signals from the gut and pancreas provide feedback, informing the brain of sugar levels 

and stomach space (Heisler and Lam, 2017). When a threat approaches, the 

parasympathetic system takes charge, increasing blood flow to the skeletal muscles, 

restricting digestion, and increasing heart rate and respiration (Garfinkel and Critchley, 

2016). Rapid signaling within the sensory systems, specialized for threat detection, 

allows for more attention to the surroundings, allowing the animal to detect small 

changes in the environment (Öhman et al., 2001; Kawai et al., 2016).  

 Once the sensory information about the environment has been processed, the 

animal may have an affective, or emotional reaction to the stimuli around it. In the case 

of food, the animal may experience feelings of pleasure, while a threat may evoke fear. 

This is a necessary aspect for survival, as an organism that fails to respond 

appropriately to a stimulus risks injury or death. The well known case study of patient 

SM provides an insight: SM, who appeared not to experience fear as a result of Urbach-

Wiethe disease, was frequently the victim of violence and other threats to her life 

(Feinstein et al., 2011).  

 Emotions are a key component not only in survival situations but also in the 

formation and maintenance of social bonds, which themselves often indirectly influence 

an organism’s survival. All animals experience some form of social behavior, and many 

animals live within social groups. Affect helps to drive behavior that helps an animal to 
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mate, care for its young, and defend itself from competitors. In this sense, both the 

display of emotion and the recognition of emotion in others is vital for survival. As 

primates are highly visually-oriented species, this is one reason that facial recognition 

and attention to facial features or expressions is a highly developed skill in many 

primates, including humans.  

 

1.1 Structure of the Amygdala 

Located within the anterior temporal lobe, the amygdala is a complex structure that 

forms part of the limbic circuit, along with the mammillary bodies, fornix, and 

hippocampus (Morgane et al., 2005). The amygdala is composed of multiple nuclei, 

commonly combined into groups. The primary input nucleus to the amygdala, the lateral 

nucleus, can be considered along with the basal and accessory basal nuclei to form the 

basolateral complex of the amygdala (BLA), a functional rather than anatomical 

distinction (Chareyron et al., 2011). In proximity to the basal and basal accessory nuclei 

are the medial nucleus, located ventromedially, and the central nucleus, located 

dorsomedially. These are commonly referred to as centromedial nuclei (Sah et al., 

2003). The central amygdala (CeA) is the primary output nucleus of the amygdala. The 

superficial or corticomedial nuclei are located near the cortex and have cortical-like 

properties. These include the nucleus of the lateral olfactory tract, anterior and posterior 

cortical nuclei, and the periamygdaloid complex (PAC). The remaining areas of the 

amygdala are the anterior amygdala area (AAA), amygdalo-hippocampal area (AHA), 

paralaminar nucleus, and intercalated nuclei (Sah et al., 2003; Chareyron et al., 2011). 

Most amygdala nuclei heavily project to one another, forming a dense network (Price 
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and Amaral, 1981; Sah et al., 2003). The lateral nucleus projects to all other subnuclei, 

accessory basal projects to central, lateral, and medial, while basal projects to lateral 

and central, and medial projects to all but basal (Sah et al., 2003). The central 

amygdala receives projections from all other nuclei but projects back only weakly 

(Jolkkonen and Pitkanen, 1998). 

The lateral nucleus receives sensory information such as taste from posterior 

thalamus, vision from the inferior temporal cortex, and audition from the superior 

temporal cortex (Price, 2010). Some of these afferents also project to the basal nucleus. 

In return, basal and lateral amygdala project back to these sensory association areas 

and even to primary sensory cortices, although they do not reciprocally project to the 

thalamus (Norita and Kawamura, 1980). The basolateral amygdala also projects heavily 

to the hippocampus and perirhinal cortex, playing a role in memory formation (Izquierdo 

et al., 2016; McDonald and Mott, 2017). Perirhinal and entorhinal cortex efferents 

project to all amygdala subnuclei (McDonald and Mascagni, 1997). The basal, 

accessory basal, and central nuclei project out to the hypothalamus and periaqueductal 

grey, exerting control over visceral functions (Oka et al., 2008). The hypothalamus 

projects back to central, lateral, and medial amygdala (Sah et al., 2003). Basal and 

medial amygdala reciprocally project to orbitofrontal and medial prefrontal cortex, areas 

which have been implicated in decision making (Ghashghaei and Barbas, 2002). The 

central nucleus additionally projects to the reticular formation, medulla, and vagal nuclei, 

and brain stem in turn projects back to it (Fanselow, 1994). The central nucleus 

reciprocally connects to the nucleus of the solitary tract, which provides further 

gustatory and visceral information (Geerling and Loewy, 2006). The medial nucleus is 
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the major target in the amygdala of projections from olfactory cortex. Studies in both 

monkey and rat have confirmed that the amygdala also projects to the ventral striatum, 

primarily from basal amygdala (Russchen and Price, 1984; Russchen et al., 1985). See 

Figure 1.1 for a summary of the amygdala nuclei and projections. 

The diversity of connections of these nuclei suggest that they mediate different 

behavioral responses and underscore the importance of examining them separately. 

While differential roles of individual nuclei of the amygdala have been extensively studied 

in a variety of behavioral processes in rodents, nuclei-specific manipulations are 

understudied in primates (LeDoux, 2007, 2014). Indeed, almost all studies of the 

amygdala in primates have employed large lesions that damage multiple nuclei. The 

history of amygdala studies began with this research approach: early studies of amygdala 

function consisted of aspiration lesions of the anterior temporal lobe and behavioral 

observations (Klüver and Bucy, 1937, 1938a; Bucy and Klüver, 1955). This is still the 

approach used in most human studies of amygdala function; patients with damage to the 

temporal cortex are interviewed and observed. As an example, patient HM, who 

experienced a bilateral temporal lobectomy as treatment for epilepsy, provided insight 

into how the hippocampus was necessary for memory formation, while patient SM, who 

experienced amygdala calcification through a congenital condition, seemed to display no 

fear (Scoville and Milner, 1957; Milner et al., 1968; Adolphs et al., 1994, 1995).  

Many early lesion studies in animals used this model, ablating whole areas of the 

brain. This approach can be informative, but aspiration lesion techniques are only 

possible when the area to be lesioned can be surgically visualized (i.e. generally no 

subcortical structures) and it additionally destroys fibers of passage. Excitotoxic lesions 
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were the next step to more specifically lesion a region of interest. This technique uses a 

high dose of an activating drug such as glutamate that causes cells in the region to die 

(Winn et al., 1984). This technique can be used subcortically and spares fibers of 

passage, but it is a unidirectional manipulation can only irreversibly damage regions of 

interest. Pharmacological microinjection makes use of a similar technique in which drug 

is injected into the brain region of interest, but doses are low enough not to damage the 

tissue, and a variety of modulatory drugs can be used to influence activity via either 

activation or inactivation of the structure of interest (Dias and Segraves, 1997).  

  

1.2 Emotional Regulation 

The amygdala is well known for its role in regulating emotion. Dysfunction of 

amygdala circuitry has been proposed as one of the factors underlying anxiety disorders. 

In both animal models of anxiety disorders and human studies, dysregulation of 

corticotropin-releasing factor or serotonin within the amygdala causes anxiety-like 

phenotypes (Bijlsma et al., 2011; Frick et al., 2015; Johnson et al., 2015; Kalin et al., 

2016; Marcinkiewcz et al., 2016; Bakshi et al., 2018). The functional connectivity of the 

amygdala appears to be altered in patients with anxiety disorders (Toazza et al., 2016; 

Fonzo and Etkin, 2017; Minkova et al., 2017), including a reduction in connectivity to 

postcentral gyrus and an increase in connectivity to the anterior cingulate from the 

amygdala (Pagliaccio et al., 2015). Autism spectrum disorder (ASD) has also been 

proposed to be an amygdala circuit dysfunction disorder (Baron-Cohen et al., 2000). For 

example, people with ASD have enlarged amygdala volume and reduced connectivity 

(Nacewicz et al., 2006; Schumann et al., 2009; Groen et al., 2010; Bellani et al., 2013; 
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Rausch et al., 2016). Functional imaging studies have additionally observed atypical 

activity in the amygdala coincident with atypical behavioral response to faces in people 

with ASD (Ashwin et al., 2006; Tottenham et al., 2014). From these studies, it has been 

proposed that the amygdala regulates attention and response to social stimuli as well as 

to threatening or fearful stimuli. 

The amygdala projects to the striatum, including the nucleus accumbens, 

commonly associated with reward (Russchen and Price, 1984; Schultz, 2000). The 

amygdala does not appear to be involved in reward seeking or value encoding behavior; 

however, it does appear to play a role in updating reward values (Gallagher et al., 1990; 

Hatfield et al., 1996; Thornton et al., 1998). Monkeys with amygdala lesions are impaired 

in tasks that require updating or changing the value of a reward, causing perseveration 

(Málková et al., 1997; Izquierdo and Murray, 2007).  

The amygdala’s role in mediating fear learning and association is also well 

established (Izquierdo et al., 2016). In rodents, Pavlovian fear conditioning relies on the 

amygdala to produce fear learning. Specifically, the integration of the conditioned and 

unconditioned stimuli within the lateral amygdala, as well as the intra-amygdala 

communication among the lateral, medial, and central nuclei, appear to be essential to 

the process of fear learning (Maren and Fanselow, 1996; Maren et al., 1996; LeDoux, 

2000; Maren, 2001; Johansen et al., 2011; Herry and Johansen, 2014; Krabbe et al., 

2018). The projection from the lateral to medial nuclei specifically controls social fear 

learning such that the silencing of this projection impairs this form of learning (Twining 

et al., 2017).  
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Consistent with its role in learned fear, lesion studies in humans (notably patient 

SM) and animal models indicate that the amygdala is also critical in mediating 

unconditioned fear responses (Adolphs et al., 1994, 1995; Meunier et al., 1999; Prather 

et al., 2001; Chudasama et al., 2009). Amygdalectomy causes blunted affect (Klüver 

and Bucy, 1938b) but specifically reduces acute fear response (Kalin et al., 2001). 

Specific amygdala outputs also appear to play a role in anxiety-like behaviors (Tye et 

al., 2011; Felix-Ortiz et al., 2016; Shackman and Fox, 2016). Patient SM was also 

unable to recognize fearful expressions, although she could recognize and reproduce 

other expressions. Interestingly, when SM was instructed to direct her gaze to the eyes, 

she was able to recognize a fearful expression, suggesting that the amygdala may be 

involved in directing aspects of visual attention and facial processing (Adolphs et al., 

2005).  

Both learned and unconditioned fear responses are associated with autonomic 

activation and the amygdala’s projections to the periaqueductal grey and brainstem 

nuclei are necessary and sufficient to drive this response (Tovote et al., 2016). 

Autonomic activation is a process that is often necessary to respond to the threats that 

the amygdala is attuned to detect. In rats, activation of the BLA with GABA antagonist 

bicuculline methiodide (BMI) increases heart rate and blood pressure (Sanders and 

Shekhar, 1991, 1995). Effects of activation of the CeA have not been examined. 

Moreover, in macaques, heart rate is increased by amygdala lesions (Mitz et al., 2017). 

Blood pressure increases are abolished by amygdala lesions in marmosets (Braesicke 

et al., 2005).  
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In summary, activation of the BLA with BMI in rats produced autonomic system 

activation while in primates blood pressure does not change after amygdala lesion, but 

heart rate is raised. It remains unknown if the same results seen in the rodent may 

occur in the primate after pharmacological activation of the BLA. 

 

1.3 Social Cognition 

For social organisms, survival can mean more than finding food. Finding a mate, 

a home group, raising young, and sharing resources are all necessities. This may be 

especially important in primates, where development is protracted and social groups are 

necessary to successfully rear young. Primates have evolved specialized visual 

processing to detect identity and behavior within their social groups, which are 

composed of complex social hierarchies. Like humans, macaques visually orient to 

features of the face such as the eyes and mouth when presented with an image of a 

conspecific (Haaf and Bell, 1967; Leonard et al., 2012). The amygdala has been shown 

to contain neurons sensitive to facial expression and facial identity (Leonard et al., 

1985; Gothard et al., 2006; Hoffman et al., 2007), factors essential to assessing social 

threat displays from other members of a group (Steuwe et al., 2015). 

 Bilateral amygdala lesion in an adult macaque seemed to abolish fearful behavior 

and create a blunted affect (Klüver and Bucy, 1938b). The animal instead became 

seemingly unable to distinguish between types of objects, regarding food, toys, and 

other items with equal interest, as though she was unable to recognize them. In wild 

monkeys, amygdala lesion proved fatal for older animals, who were unable to respond 

appropriately to social signals (Dicks et al., 1969). Younger animals that received 
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bilateral amygdala lesions were able to adjust their behavior, perhaps due to neural 

plasticity that allowed them to compensate for the loss of their amygdalae. When more 

precise excitotoxic lesions were used in a laboratory setting, amygdala lesion animals 

elected to spend more time in contact with familiar partners (Emery et al., 2001). These 

results are similar to those seen when the amygdala is acutely inactivated rather than 

lesioned; monkeys with either inactivated basolateral or central amygdala spent more 

time in contact with the familiar partner, and solicited more grooming than controls 

(Wellman et al., 2016). Activation of BLA but not CeA reduced total social contact. 

Interestingly, systemic diazepam (an anxiolytic) did not influence social behavior, 

indicating that the alterations in social contact are not driven by anxiety.  

In rats, the neural circuitry of social behavior has been more thoroughly 

described. Stimulation of BLA terminals in either the medial prefrontal cortex or the 

ventral hippocampus increases anxiety behaviors and reduces social interaction in a 

resident-intruder paradigm, while inhibition of either of these projections produces a 

reduction in anxiety behavior and an increase in social behavior (Felix-Ortiz and Tye, 

2014; Felix-Ortiz et al., 2016). These findings, taken together, imply a difference in 

anxiety circuitry in rodents and primates that may be relevant to treatment strategies in 

humans.  

In rhesus macaque populations, females generally remain in their natal group, 

while young males enter new groups and must compete for a social rank within the 

group (Maestripieri and Hoffman, 2011). The dominance rank of an individual is 

therefore subject to change and highly relevant when examining social behavior. 

Rosvold and colleagues (1954) found that after bilateral anterior temporal lobe lesion, 
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the social behavior of animals within a group was disrupted such that the animal that 

had formerly been the most dominant in the group became the least dominant and 

displayed fearful, subordinate behavior to all others in the group. In contrast, a lower 

ranking animal became more aggressive after amygdala lesion. All lesion animals 

displayed unusual behavior in individual testing cages when only the experimenter was 

present – regardless of social status in the group, all three animals showed increased 

aggressive behavior.  

 The amygdala plays a vital role in directing attention to affective stimuli, both 

environmental and social. Animals with amygdala lesions show a reduction in attention 

to the eyes in free viewing of social videos, an area of the face essential for interpreting 

social interactions, and specifically a reduction in attention to areas of the face involved 

in threat displays such as the mouth (Dal Monte et al., 2015). The rapid processing that 

the amygdala is capable of suggests that some of its detection of stimuli may be 

automatic, and not dependent on attention (Öhman et al., 2001). It has been proposed 

that one way sensory information may reach the amygdala so rapidly is by traveling 

through a subcortical pathway that transmits information from low order visual 

processing areas such as the superior colliculus. 

 In summary, the amygdala regulates social attention, prosocial behaviors such 

as grooming, and dominance behavior in a group. It remains unknown what the effects 

of inactivation or stimulation of the BLA in a dominance paradigm would be, or if 

inactivation of the BLA will have the same effects as lesion of the amygdala on tasks of 

social attention and threatening stimulus presentation. 
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1.4 Structure of the Superior Colliculus 

One of the first steps in the visual system is the superior colliculus (SC). The 

mammalian SC consists of multiple laminated anatomical layers distinguished by 

cellular organization, projections, and function. These layers are organized into 

categories of superficial, intermediate, and deep layers. The most dorsal layer of the 

superficial SC is the stratum zonale (SZ), the outermost layer of the SC that contains 

few cells. Underneath the SZ is the stratum griseum superficiale (SGS). The SGS varies 

in cell density across species, with highly visual species such as monkeys and squirrels 

possessing a more robust SGS than species that rely more heavily on other senses, 

such as rodents (Hilbig et al., 2000). The SGS can be further divided into upper and 

lower sublaminar layers. The upper SGS, which comprises approximately two thirds of 

the total layer, consists of densely packed cells with smaller receptive fields, while the 

lower SGS contains larger cells with larger receptive fields arranged in a patchy 

organization (Pollack and Hickey, 1979). Below the SGS is the stratum opticum (SO), 

which is primarily composed of fibers, although it does contain cell bodies (May, 2006). 

A wide variety of cell types have been reported within the superficial layers, including 

interneurons, narrow and wide receptive field vertical cells, stellate cells, and marginal 

cells (located at the border with SZ) (Mooney et al., 1988).  

The superficial layers of the SC primarily receive inputs from the retina, striate, 

and extrastriate cortices (V1, V3, and MT); the ventrolateral geniculate, parabigeminal 

nucleus, pretectum, and locus coeruleus also project onto this area (Perry and Cowey, 

1984; Baizer et al., 1991; Büttner-Ennever et al., 1996). The retinotectal pathway 

primarily innervates SGS, with some projections to SO (Pollack and Hickey, 1979). Both 
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M- and K- type retinal ganglion cells transmit information to SC in this way. Striate 

cortex projects to the SGS and SO, providing visual sensory information (Lui et al., 

1995). Cells within the superficial layers project down to the deep layers (Moschovakis 

et al., 1988), as well as out to other brain regions. Neurons within the dorsal layers of 

superficial SC project outward to the lateral geniculate nucleus, while more ventrally 

located neurons project to the pulvinar, primarily within inferior and lateral pulvinar 

(Huerta and Harting, 1983; Elorette et al., 2018). The colliculus projects back out to 

areas V3 and MT of the dorsal visual stream, but not areas V2 and V4, which are part of 

the ventral stream (Lyon et al., 2010). 

The layers below the superficial layers of SC are commonly grouped together. 

The intermediate and deep layers of the SC are the stratum griseum intermediale (SGI, 

often divided into upper and lower areas), stratum album intermediale (SAI), and 

stratum griseum profundum (SGP). The stratum album profundum (SAP) separates the 

superior colliculus from the periaqueductal grey.  

Many diverse brain regions project to the deep layers of the SC – in the cat, it 

was shown that among the cortical regions, only striate cortex (Brodmann Areas 17 and 

18) does not innervate the DLSC (Harting et al., 1992). The cuneate and gracile nuclei 

project contralaterally  to caudal SGI and SGP (Wiberg et al., 1987), carrying sensory 

information from the brainstem and spinal cord. The trigeminal nucleus, which conveys 

sensory information about the position of the head and neck, projects to SGI in the 

macaque (Wiberg et al., 1987). 

In the rat and mouse, SC projects to several thalamic nuclei, including the lateral 

posterior nucleus (the rodent pulvinar homolog) and the suprageniculate nucleus, as 
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indicated by retrograde labeling of all layers of SC from injections into the lateral 

posterior (Taylor et al., 1986; Linke et al., 1999; Zhou et al., 2017). Similarly, the SC 

projects to the pulvinar of the treeshrew, a proto-primate (Chomsung et al., 2008). This 

projection is also conserved in primates (May, 2006; Elorette et al., 2018). In macaques, 

retrograde tracer injections into medial pulvinar result in dense labeling of cells within 

the deep and intermediate layers of SC (Benevento and Standage, 1983). 

Additionally, output pathways of the SC have been characterized in the rat into 

two main projections. The ipsilateral projection pathway extends through the 

parabigeminal nucleus, the lateral mesencephalic reticular formation, the cuneiform 

area, the pontine nucleus, and finally down to the ponto-medullary reticular formation. 

The contralateral projection crosses the midline at the dorsal tegmental decussation and 

innervates the nucleus reticularis tegmenti pontis, pedunculopontine nucleus, peri-

abducens/raphe area, inferior olive, and the cervical spinal cord (Redgrave et al., 1987; 

Dean et al., 1988b). These projections originate from separate cells located within the 

DLSC and are largely spatially segregated within the SC. The SC’s projections to the 

parabrachial nucleus and medulla are involved in the regulation of cardiovascular 

function and respiration. See Figure 1.2 for a summary of the SC layers and 

projections. 

In summary, the superficial layers of the SC are important in processing visual 

information and communicating it to subcortical structures, while the deep and 

intermediate layers of SC receive sensory information from multiple systems and 

coordinate motor responses. 
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1.5 Blindsight  

It has been known for decades that some patients with damage to primary visual 

cortex are able to retain some responses to visual stimuli, even if they are not conscious 

of what they are perceiving (Pöppel et al., 1973; Richards, 1973; Sanders et al., 1974; 

Weiskrantz et al., 1974). This puzzled clinicians: how can someone who is functionally 

blind still distinguish between colors, shapes, and locations of objects presented within 

the visual field? Research into the anatomy of the visual stream showed that there are 

more complex connections to the visual processing areas of the brain than previously 

thought: the retina itself projects directly to the thalamus and hypothalamus, allowing for 

circadian rhythms to be preserved, as well as some visual processing that does not 

pass through V1, the primary visual cortex. The lateral geniculate nucleus (LGN) of the 

thalamus, which receives retinal projections, is the primary relay to V1, but it also 

projects to other, higher order visual cortices such was V4 and MT. These areas are 

involved in detecting aspects of vision such as color or motion (Born and Bradley, 

2005). Because the patient is not aware of the stimulus but can still “see”, this 

phenomenon is known as blindsight. 

Animal studies have clarified the findings from human patients. Non-human 

primates can track moving stimuli and distinguish between different textures, colors, 

shape, or frequency of presentation of stimuli after total lesion of area V1 (Weiskrantz, 

1963; Humphrey and Weiskrantz, 1967; Mohler and Wurtz, 1977; Miller et al., 1980). The 

SC, which also receives direct retinal input, has been suggested as a relay for visual 

processing when V1 is removed or damaged. This hypothesis was supported by studies 

in macaques that showed that pharmacological inactivation of either LGN or SC would 
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disrupt blindsight (Schmid et al., 2010; Kato et al., 2011). These findings imply the 

existence of a subcortical visual pathway that passes through SC. It has been suggested 

that such a visual pathway may provide input to the amygdala for the rapid detection of 

threatening stimuli, which may play a role in evoking defensive responses (Koller et al., 

2018). 

 

1.6 Behavioral Responses of Superior Colliculus 

Early studies of the colliculus revealed its role in recognizing and responding to 

visual stimuli, and more interestingly, producing saccadic eye movements. A saccade is 

defined as a rapid, ballistic movement of the eyes that changes the fixation point. This 

opened an entirely new avenue of research into the function of the SC, as it indicated 

that not only was the SC involved in visual processing, but it also played a role in 

producing directed motor outputs. Electrical stimulation studies of the SC have shown 

that the retinotectal projection produces a map of the visual field in the SC, but also that 

the motor component of the SC is similarly spatially organized (Robinson, 1972). 

Further, the visual and motor projections within the SC are represented in the same 

areas (Schiller and Stryker, 1972). Stimulation of the superficial and deep layers of SC 

will produce stronger (superficial layers) or weaker (deep layers) saccadic movements, 

with the y-axis directionality influenced by whether the stimulation is applied laterally or 

medially. Postural changes are also important to pursuit of a target, in addition to 

saccades. The substantia nigra (SN) plays a role in controlling the posture of the head 

and neck; additionally, because of the projections extending from the SN to the SC, 
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concurrently inactivating SN and SC reverses the torticollis evoked by SN inactivation 

alone (Holmes et al., 2012; Dybdal et al., 2013; Hikosaka and Wurtz, 2017).  

Redgrave et al. (1993) proposed that the outputs of SC activity can be classified 

as approach, avoidance, or physiological changes. Saccades and other orienting 

responses are examples of approach category responses. In rats, activation of the SC 

produces different directed behavioral responses in association with which region of SC 

has been manipulated (Comoli et al., 2012). The medial SC is mapped to the upper 

visual field, and activation of this region orients a rat upward, where a predator might 

approach. When medial SC is stimulated rats will display fearful behaviors such as 

freezing or fleeing. The lateral SC is mapped to the lower visual field, where rodents 

seek prey. Stimulation of this area of the SC in rats produces pursuit behavior. In 

primates, the organization of the visual field within the SC is preserved, but the 

behavioral responses produced by stimulation of these areas are not restricted to upper 

and lower visual fields. Stimulation anywhere within the deep and intermediate layers of 

the SC in the macaque will produce defensive behaviors (DesJardin et al., 2013).  

The SC exerts influence on autonomic function via its projections to the 

periaqueductal grey (PAG) and spinal cord. Downstream nuclei within the spinal cord 

act to produce autonomic activation, increasing heart rate and increasing vasodilation. 

In rodents, this pathway has been studied via both electrical stimulation and 

pharmacological manipulation. Treatment with NMDA in the superior colliculus 

produced increases in blood pressure in rats, particularly when medial SC was activated 

(Keay et al., 1990). This is in line with the medial SC’s role in modulating response to 

predator threat in rodents. Stimulation of PAG with NMDA produced similar responses. 
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In the majority of these sites, NMDA treatment also raised heart rate, and sometimes 

altered heart rate without affecting blood pressure. Keay and colleagues (1988) also 

showed that activation of the SC via electrical stimulation or application of bicuculline 

methiodide, a GABAA antagonist, produces differential responses on heart rate and 

blood pressure depending on the mediolateral location of the stimulation. Electrical 

stimulation of the deep layers of SC and PAG produced increases in blood pressure 

while lowering heart rate. Activation of lateral SC with BMI decreased blood pressure, 

while activation of medial SC increased heart rate and blood pressure. As with electrical 

stimulation, the deep layers of SC and PAG produced the most responses. These 

studies have previously been performed in several other species, including cats, dogs, 

and rabbits, with similar results (Lindgren et al., 1956; Abrahams et al., 1960; Schramm 

and Bignall, 1971).  

 

1.7 Acute Microinjection 

Traditionally, circuit manipulations in animal models have been performed via 

lesion of the region of interest. This approach involves damaging or removing a brain 

region in order to study its influence on behavior. However, this method often involves 

removing or damaging surrounding regions or fibers of passage, and over time 

compensation can occur, confounding the effects of the lesion. Although the discovery of 

compensation after brain lesion was an encouraging finding for human stroke patients 

and others that suffer from damage to the brain, it has complicated the study of lesions in 

animal models (Will and Kelche, 1992).  

Among the methods of temporary stimulation or silencing, two are genetic in nature 
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(chemogenetics and optogenetics), some are only effective on cortical areas (transcranial 

or transmagnetic stimulation and cortical cooling), and some are only capable of 

unidirectional influence (electrical stimulation). Microinjection allows for reversible, 

transient alteration of brain activity in an area of interest that can bidirectionally influence 

activity of the area. This technique works by infusing a pharmacological agent into the 

brain structure of interest via an acutely inserted cannula. This technique is not without 

its own flaws – mechanical damage can be performed to the site of interest after repeated 

injections, there is no way to target specific cell types, and the activity of the drug is limited 

by the spread through the area of interest. However, it remains the most feasible way in 

the primate to transiently alter activity within a specific brain structure, particularly for deep 

brain structures. 

Microinjection is a common technique in rodents, and its application in primates 

does not differ significantly. Numerous studies from our lab and others have examined 

the efficacy and spread of drug after acute microinjections. An autoradiographic study in 

the rat found that the spread of 1 µl of either lidocaine or muscimol when microinjected 

had a radius of approximately 1.7mm over the course of an hour (Martin, 1991). This 

finding is similar to what we and others have observed via injection of gadolinium, a 

contrast agent that shows up on structural MRI (Schmid et al., 2010; DesJardin et al., 

2013; Forcelli et al., 2014; Malkova et al., 2015). The same autoradiography study found 

that muscimol remains active for as long as two hours post injection, but its half life is 30 

minutes. For this reason, we have restricted our behavioral experiments to a maximum 

testing time of one hour post infusion.  

Both muscimol, a GABAA agonist, and bicuculline methiodide, a GABAA 
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antagonist, have been examined for their specificity and binding efficacy (Andrews and 

Johnston, 1979). Muscimol and bicuculline are both specific for GABAA receptors, 

although they likely bind to different sites, and their affinity for the receptor is high with 

minimal nonspecific binding (Johnston et al., 1968; Möhler and Okada, 1977; Mohler and 

Okada, 1978). 

 

1.8 Goals of the Dissertation 

In this dissertation, I use a combination of anatomical tracers, pharmacological 

microinjection, cardiovascular monitoring, and behavioral testing techniques to ask 1) 

what the roles of the superior colliculus and amygdala are in processing emotionally 

salient visual stimuli, 2) how does the amygdala regulate physiological and behavioral 

measures of arousal in response to social or fear-inducing stimuli, and 3) how does the 

superior colliculus regulate physiological arousal in the absence of stimuli?  
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Figure 1.1. Connectivity of the amygdala. A schematic showing an example section 
of the amygdala in a macaque (left) and a cartoon of the amygdala subnuclei (right). 
Arrows indicate projections among the subnuclei. Examples of information entering and 
exiting the amygdala complex are listed. Schematic adapted from (Sah et al., 2003). 
AB, accessory basal; B, basal; CE, central amygdala; L, lateral; M, medial; PL, 
paralaminar. 
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Figure 1.2. Connectivity of the Superior Colliculus. A schematic showing an 
example section of the superior colliculus in a macaque (left) and a cartoon of the SC 
lamina (right). Arrows indicate projections among the regions of SC. Examples of 
information entering and exiting the SC are listed. Schematic adapted from (Dean et al., 
1989). SZ/SGS, stratum zonale/stratum griseum superficiale; SO, stratum opticum; 
SGI/SAI, stratum griseum intermedium/stratum album intermedium; SGP, stratum 
griseum profundum; SAP, stratum album profundum; IC, inferior colliculus; CG, central 
(periaqueductal) grey.  
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Chapter 2: Anatomy of the projections from superior colliculus to amygdala1 
 

2.1 Introduction 

Threatening stimuli require fast detection and response from an organism. The 

canonical cortical visual processing stream refines information from coarse, low level 

representations in early cortical areas to detailed, high level information. The "trade off" 

for this refinement is that it requires many synaptic connections. Conserved patterns of 

low-level visual information, e.g., something moving quickly in peripheral vision, may be 

sufficient to serve as a threat detection pathway (Dean et al., 1989; Soares et al., 2017). 

On the basis of behavioral and anatomical studies some have suggested that low level 

or coarse visual information may travel to the forebrain in a rapid, subcortical manner 

(LeDoux, 1996; Silverstein and Ingvar, 2015). 

 Despite a lack of conscious recognition, patients with damage to primary visual 

cortex can retain appropriate responses to visual stimuli (Pöppel et al., 1973; Richards, 

1973; Sanders et al., 1974; Weiskrantz et al., 1974). In a non-conscious manner, patients 

with so-called “blindsight” can detect, localize, and distinguish between stimuli that are 

presented within the field of vision damaged by a lesion (Cowey and Stoerig, 1991; 

Sahraie et al., 1998). Similarly, even after total destruction of V1, non-human primates 

can track moving stimuli and distinguish between different textures, colors, shape, or 

frequency of presentation of stimuli (Weiskrantz, 1963; Humphrey and Weiskrantz, 1967; 

Mohler and Wurtz, 1977; Miller et al., 1980). The preservation of visual processing in 

blindsight is subserved in part by projections from the retina to the lateral geniculate 

nucleus of the thalamus (LGN, Warner et al., 2010). The LGN, which is the primary relay 

                                                        
1 Previously published in Frontiers in Neural Circuits (Elorette et al., 2018) 
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to visual cortex, projects not only to primary visual areas, but also to higher order cortical 

regions (e.g., V4, MT; Born and Bradley, 2005). These extrastriate projections are likely 

preserved after damage to V1 (Schmid et al., 2009). In addition, the superior colliculus 

(SC), which receives direct retinal input, may provide a relay for visual processing in the 

absence of V1. Accordingly, inactivation of either the LGN or the SC disrupts blindsight 

in macaques (Schmid et al., 2010; Kato et al., 2011; Takakuwa et al., 2017).  

 In addition to the preservation of these non-conscious visual abilities, processing 

of emotional information in patients with blindsight is likewise preserved. For example, 

patients can continue to discriminate between facial expressions (De Gelder et al., 1999) 

or fear-evoking images (Morris et al., 2001) after damage to V1. Furthermore, activation 

of the amygdala in response to emotionally salient visual stimuli has been observed using 

fMRI in cortically blind individuals (Vuilleumier et al., 2002). Consistent with the notion 

that rapid detection of threatening stimuli may rely on a fast (subcortical) relay, in intact 

individuals masked presentation of emotionally salient stimuli, which are presented too 

quickly to be consciously perceived, likewise activate the amygdala in the absence of 

conscious awareness (Whalen et al., 1998; Liddell et al., 2005). While the LGN likely 

mediates many features of blindsight as described above, other subcortical structures 

have been suggested to mediate the fast processing of emotionally salient information. 

Notably, both the SC and pulvinar display coincident activation with the amygdala during 

processing of emotional stimuli (Morris et al., 1999; Koller et al., 2018); together with the 

amygdala, these structures have been suggested to serve as a coarse, fast, subcortical 

pathway for the detection and response to emotionally salient visual information 

(Weiskrantz et al., 1974; LeDoux, 1996).  



 

 

 

25

 The superior colliculus in primates receives input from ~10% of retinal ganglion 

cells and detects stimuli both in the central and peripheral field of vision (Perry and 

Cowey, 1984; Hofbauer and Dräger, 1985); in this way the SC may be optimally suited 

for detection of approaching threats. While the SC does not project directly to the 

amygdala, there is a well-documented projection from the SC to the pulvinar (Gattass et 

al., 2018, for review). Both the superficial and deep layers of SC project to pulvinar, 

including to the inferior (Stepniewska et al., 2000), medial, lateral, and oral regions 

(Benevento and Fallon, 1975; Trojanowski and Jacobson, 1975; Benevento and 

Standage, 1983). Likewise, a projection from the pulvinar to the amygdala has been 

described (Locke, 1960; Jones and Burton, 1976; Aggleton et al., 1980; Norita and 

Kawamura, 1980; Romanski et al., 1997; Stefanacci and Amaral, 2000) with the majority 

of this projection targeting the lateral nucleus.  This finding is consistent with previous 

findings that the bulk of subcortical and cortical inputs in the amygdala enter through the 

lateral nucleus (Amaral et al., 1992), considered the main input nucleus of the amygdala. 

Neuroimaging studies in both human and macaque subjects have shown probabilistic 

connectivity among SC, pulvinar, and amygdala (Tamietto et al., 2012; Rafal et al., 2015). 

2015) using diffusion tensor imaging methods. However, it remains to be determined if 

the regions of the pulvinar that project to the amygdala are the same regions that receive 

input from the SC. In the present study, we aimed to address this gap. To achieve this 

goal, we injected anterograde tracers in the SC and retrograde tracers in the lateral 

nucleus of the amygdala and documented an overlap between retrograde and 

anterograde labeling within the pulvinar.    
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2.2 Methods 

Subjects 

Two male macaque monkeys (1 Macaca mulatta (Y), 1 Macaca nemestrina (S)) were 

used for these experiments. Animal Y was 4 years old and weighed 8.2 kg and Animal S 

was 6 years old and weighed 17.4 kg at the time of surgery. The subjects used in this 

study were anatomically typical, with no observable abnormalities.  MRI-guided injections 

of anatomical tracers were performed stereotaxically under sterile conditions. Injection 

sites, tracers used, and volumes of injection for each case are shown in Table 2.1. The 

animals received bilateral injections of anterograde tracer (fluoroemerald; FE) in superior 

colliculus and retrograde tracer (choleratoxin B; CTB) in the lateral nucleus of the 

amygdala; this yielded 4 hemispheres for anatomical analysis.  The study was conducted 

under a protocol approved by the Georgetown University Animal Care and Use 

Committee, in accordance with the Guide for the Care and Use of Laboratory Animals.  

 

MRI, Surgery, and Injections 

To obtain a pre-operative MRI scan, each animal was sedated with ketamine (10 

mg/kg), intubated, and maintained at a stable plane of anesthesia using isoflurane (1-

4%). Animals were then transported to the imaging facility (Center for Molecular Imaging 

at Georgetown University Medical Center) where they were placed into a standard MRI-

compatible stereotaxic frame. Each animal received a T1-weighted MRI scan using a 

custom surface coil in Siemens Trio 3T MRI scanner, as previously described (Wellman 

et al. 2005). An MPRAGE pulse sequence (TR = 1600 ms, TE = 4.38 ms, TI = 640 ms, 

flip angle = 15 degrees, averages = 3, FOV = 256 x 256 mm2) was used to acquire a 3D 
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volume of the monkey brain with an effective resolution of 1.0 mm3. The resulting subject-

specific atlas was used to calculate injection coordinates relative to the earbar and the 

superior sagittal sinus, both of which were visible on the scans (Saunders et al., 1990).  

After the MRI scan, each animal was transported to the surgical suite while remaining 

in the stereotaxic frame.  During surgery, vital signs (heart rate, respiratory rate, body 

temperature, oxygen saturation, electrocardiogram, and end-tidal CO2) were monitored. 

Body temperature was maintained using a heated table and blankets. Intravenous fluids 

(lactated Ringer's solution) were delivered during the surgery.  

The skin and galea were opened in anatomical layers to expose the cranium. A 

midline craniotomy (approximately 4 by 6 mm) was placed at the anteroposterior level of 

the intra-aural plane to expose the superior sagittal sinus, which served as the midline 

reference point. Craniotomies were placed above the amygdala and superior colliculus 

(three in total), the dura was incised, and a Hamilton syringe (30 gauge) was lowered to 

the MRI-derived coordinates. Injections were performed at a rate of 0.2 μL / min, and the 

syringe was left in place for a minimum of 10 min following injection to prevent reflux of 

the tracer up the needle tract. At the conclusion of the injections, the dura, galea and skin 

were closed in anatomical layers. Post-operatively, animals received antibiotics, 

analgesics, and dexamethasone (0.5-1 mg/kg) in consultation with the facility 

veterinarians.  

 

Tissue Preparation 

After a survival period of 14 days for Animal Y and 15 days for Animal S, the animals 

were deeply anesthetized with a sodium pentobarbital-based euthanasia solution and 
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perfused transcardially with phosphate buffered saline followed by 4% paraformaldehyde. 

Brains were removed from the skull and post-fixed overnight in 4% paraformaldehyde. 

Following post-fixation, brains were cryoprotected in a solution of 10% glycerol and 2% 

DMSO in phosphate buffer for 24 hours, then transferred to a 20% glycerol, 2% DMSO 

solution in phosphate buffer for 48 hours (Rosene et al., 1986). Cryoprotected brains were 

blocked in the coronal plane and then flash frozen in -80°C isopentane and stored at -

80°C until sectioning. The tissue was cut coronally in sections of 40µm thickness on a 

freezing stage sliding microtome (American Optical Model 860 Microtome Physitemp 

Instruments Inc., BFS-40MP Freezing stage).  

 

Histological Procedures 

Every tenth section from each brain was mounted onto gelatin subbed slides and 

air dried. The mounted sections were processed through a series of ethanol solutions, 

defatted, stained with thionin, and cover slipped using DPX mountant (Sigma-

Aldrich). These thionin stained sections were used to visualize the subdivisions of the 

thalamic nuclei, amygdala and superior colliculus. 

To visualize CTB and FE labeling a series of sections was processed for each case 

through the pulvinar; adjacent sections were spaced by ~400µm. The antibodies, 

suppliers, and dilutions used for immunohistochemical and immunofluorescent staining 

procedures are listed in Table 2.2. 

 

Immunofluorescence  

Sections were washed in phosphate-buffered saline (PBS) containing 0.3% Triton X-
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100 (TX-100) three times for five minutes and placed in blocking solution with agitation 

for one hour. Blocking solution consisted of 2% bovine serum albumin, 3.75% normal 

goat serum, 0.3% TX-100, all in PBS. Primary antibodies (anti-CTB B and anti-FE, 

described in Table 2.2) were added to the blocking solution and the tissue was incubated 

for an additional 48 hours at 4°C. Sections were washed five times for five minutes, then 

placed in secondary antibody solution (donkey anti-goat Alexa 594 and donkey anti-rabbit 

Alexa 488, described in Table 2.2), which consisted of 2% BSA, 0.3% TX-100, and 3.75% 

normal goat serum, all in PBS. Sections were incubated in secondary antibody for 90 

minutes with agitation at room temperature. Following incubation in secondary antibody, 

sections were washed with PBS five times for five minutes each, mounted on gelatin-

coated slides, briefly air dried, and coverslipped with Vectashield hard set with DAPI 

(Vector Laboratories). This process was used for cases Y1, Y2, and S2. In case S1, two 

one-in-ten series through the pulvinar were stained separately. In one series, axons 

projecting from the SC to the pulvinar were visualized via immunofluorescence as 

described above, using only the antibodies (anti-FE) corresponding to the tracer injected 

in SC. The second series was processed for immunohistochemistry (described below). 

For all cases, sections through the amygdala and SC were processed as described 

above to visualize the injection sites. The procedure was the same as that described for 

immunofluorescence above, but only the antibodies that corresponded to the injection 

sites were used (anti-CTB in the amygdala and anti-FE in the SC).   

 

Immunohistochemistry 

For one case (S1), visualization of the CTB was enhanced using 
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immunohistochemistry. Sections were washed in phosphate-buffered saline (PBS) 

containing 0.3% Triton X-100 (TX-100) three times for five minutes, quenched in 0.6% 

peroxide and PBS solution for 10 minutes, and placed in blocking solution with agitation 

for one hour. Blocking solution consisted of 2% bovine serum albumin, 3.75% normal 

goat serum, 0.3% TX-100, all in PBS. Primary antibody (anti-choleratoxin B, described in 

Table 2.2) was added to the blocking solution and the tissue was incubated for an 

additional 48 hours at 4°C. Sections were washed five times for five minutes, then placed 

in secondary antibody solution (Biotin-SP conjugated donkey anti-goat, described in 

Table 2) and incubated with agitation for 90 minutes at room temperature. These sections 

were washed five times for five minutes in PBS, placed in ABC solution (Vector Labs) for 

90 minutes with agitation, washed five times for five minutes, and placed in 

diaminobenzide tetrachloride (DAB, Sigma Aldrich) solution for ten minutes with agitation. 

Then 0.025% peroxide was added and the sections were allowed to stain for 

approximately 3.5 minutes until there was visible contrast in the tissue. Sections were 

then washed with PBS five times, mounted on gelatin-coated slides, air-dried, and 

dehydrated through ascending concentrations of ethanol before being cleared in xylenes 

and coverslipped with DPX.  

 

Microscopy and Data Analysis 

To outline the boundaries of individual subdivisions of the pulvinar, amygdala, and 

superior colliculus, we used thionin stained sections from a normal macaque brain (Fig 

2.1). These sections were photographed using a Nikon NiE-E research microscope. 

Images were uniformly edited for brightness and noise reduction. The boundaries of 
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amygdala nuclei and layers of the superior colliculus follow the divisions of Amaral et al. 

(1992) and May (2006), respectively. The boundaries of thalamic subnuclei were drawn 

following the conventions of the macaque thalamus atlas of Olszewski (1952). For further 

discussion of inferior pulvinar divisions, see Gutierrez et al. (1995).  

To document the sites of tracer injections, immunofluorescent sections through the 

amygdala and the superior colliculus were photographed using a stereo microscope 

(Omano, China). Resulting micrographs were adjusted for brightness and contrast in 

Photoshop CC 2017 (Adobe) and are presented in Fig 2.2 together with drawings of 

matching sections from a standard rhesus macaque brain atlas generated in the 

Laboratory of Neuropsychology (LN), at the National Institute of Mental Health (NIMH).   

Using sections processed for immunofluorescence (cases Y1, Y2, S2), labeled cell 

bodies and fibers (Fig 2.3, 2.4, 2.6) were localized using a Zeiss Axiophot microscope 

fitted with an MDPlot digitizer and software (Accustage, Shoreview MN). The outline of 

each section was traced and the individual axons and cell bodies labeled with the different 

tracers were plotted. Cell bodies labeled with CTB within the pulvinar were differentiated 

from non-specific background signal on the basis of distinctive color, luminance, and 

morphology. Labeled cells were brighter than background signal and had a characteristic 

nuclear exclusion of fluorescence. Axons labeled with fluroremerald within the pulvinar 

were differentiated from non-specific background signal on the basis of distinctive color 

and luminance. The plotted sections were exported to Illustrator CS (Adobe) and aligned 

with images of the adjacent thionin stained section. In case S1, DAB staining of cell bodies 

in the pulvinar and fluorescent staining of axons from SC were marked as described 

above, then overlaid onto each other. These merged images were overlaid onto their 
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corresponding thionin sections (Fig 2.5). In all figures, the plotted sections were cropped 

to show only the relevant regions. Labeling outside of the thalamus is not shown. 

Sections through the pulvinar containing both retrogradely labeled cell bodies from 

tracers in the amygdala and axons labeled by anterograde tracers placed in the SC were 

acquired using a confocal microscope (Leica SP8) with 20x and 63x lenses (Leica HC PL 

APO 20x/0.75 IMM CORR CS2, Leica HC PL APO 63x/1.40 OIL CS2). Z-stacks were 

acquired for each region of interest, and maximal Z-projections were then pseudocolored 

and adjusted for brightness and contrast using Image J. Brightness and contrast were 

separately adjusted for each channel and each image, but all processes were applied to 

the entire image. Representative examples are presented in Fig 2.7. 

 

2.3 Results 

Injection Sites 

 In Case Y1 (Fig 2.2A), the CTB injection site in the amygdala extended along the 

lateral border of the lateral nucleus. Tracer extended into the white matter at the dorsal 

aspect of the injection. The dorsoventral extent of this injection spanned the majority of 

the lateral nucleus. The corresponding injection site in superior colliculus was localized 

to the lateral portion of stratum griseum intermedium, stratum album intermedium, stratum 

griseum profundum and stratum album profundum. Together, these layers constitute the 

intermediate and deep layers of the superior colliculus. This injection site was the most 

ventral of the four cases.  

In Case Y2 (Fig 2.2B), the CTB injection site in the amygdala was localized 

primarily to the dorsal portion of the lateral nucleus. The corresponding injection site in 
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the superior colliculus was localized to the lateral stratum opticum, with some tracer 

extended into the stratum griseum superficiale and stratum griseum intermedium. The 

medial-lateral spread of the tracer was limited with most the tracer located immediately 

lateral to the brachium.  

 In Case S1 (Fig 2.2C), the CTB injection site in the amygdala was localized to the 

dorsolateral portion of the lateral basal nucleus and the dorsal portion of the lateral 

nucleus. The injection site extended beyond the boundary of the amygdala into the 

laterally adjacent white matter.  The FE superior colliculus injection site was centered on 

the intermediate layers of SC with tracer extending into the superficial (stratum opticum, 

stratum griseum superficale, and stratum zonale) and deep layers. The SC injection site 

in this case was the most medial of the four cases. 

In Case S2 (Fig 2.2D), the CTB injection site in amygdala was centered in the 

dorsal aspect of the lateral nucleus. The injection covered the dorsal half of the lateral 

nucleus and extended medially into the dorsal part of the lateral basal nucleus, with some 

coverage of the lateral adjacent white matter. The superior colliculus injection site was 

localized to the lateral SC and extended throughout the superficial and intermediate 

layers. The injection site, while lateral, did not extend into the brachium. 

 

Localization of Anterograde and Retrograde Label Within the Pulvinar   

In Case Y1 (Fig 2.3), labeling of SC axons extended through the SC and spread 

through the medial pulvinar, lateral pulvinar, and suprageniculate. Several fiber bundles 

followed along the brachium of the superior colliculus, with the lateral extent along the 

borders of the thalamic nuclei. Retrogradely labeled cell bodies from injections in the 
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amygdala were present along the brachium, in the medial pulvinar, the lateral pulvinar, 

and within the suprageniculate nucleus, and were concentrated to the ventromedial 

aspects of these regions. Areas of both anterogradely labeled axons (from SC) and 

retrogradely labeled cell bodies were observed medially, in medial and (sparsely) in 

lateral pulvinar (Fig 2.3B-D, Fig 2.7A).  

In Case Y2 (Fig 2.4), labeled axons from anterograde injections in SC extended 

through the SC into the oral pulvinar and mediodorsal thalamus, and further extended to 

the lateral posterior and ventroposteriolateral nuclei of the thalamus. These fibers were 

localized to the ventromedial medial pulvinar and the lateral portion of the mediodorsal 

thalamus. Retrogradely labeled cell bodies were present in oral pulvinar, medial pulvinar, 

inferior pulvinar, and nucleus limitans. These labeled cells were located in close proximity 

to the brachium, although a few cells were observed in the dorsal oral pulvinar. Areas of 

overlapping anterograde and retrograde labeling were observed in oral, medial, and 

inferior pulvinar, concentrated ventromedially in these regions (see Fig 2.7B for an 

example of labeling within inferior pulvinar).  

In Case S1 (Fig 2.5), labeled axons extended through the SC and laterally from 

the brachium into medial, lateral, and inferior pulvinar. The tracts largely appeared to 

travel mediolaterally and were densest in the ventral aspect of the medial pulvinar and 

the lateral aspect of the inferior pulvinar. Retrogradely labeled cell bodies resulting from 

injection in the amygdala were present in medial and lateral pulvinar, and to a lesser 

extent within the suprageniculate/medial geniculate nucleus. Most cell bodies were 

ventromedially localized, but there were a large number present in medial pulvinar that 

extended dorsoventrally to cover approximately half of the area of the nucleus. Areas of 
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overlap between the labeled axons and cell bodies were not directly observed due to the 

type of staining utilized in this case (see methods), but both labeled axons from the SC 

and labeled neurons projecting to the amygdala were present in the ventromedial aspect 

of the medial pulvinar. The more extensive retrograde signal in this case may be due to 

the better signal-to-noise of the DAB-based immunohistochemistry as compared to 

immunofluorescence used in other cases.  Since in this case, fluorescent CTB was used 

in one hemisphere and non-fluorescent CTB in the contralateral hemisphere, we were 

able to evaluate whether labeling was present only ipsilaterally or if it was also present 

contralaterally.  In this case, labeling in the pulvinar appeared to be only ipsilateral. 

In Case S2 (Fig 2.6), labeled axons extended from SC along the brachium, through 

the oral, medial, and lateral pulvinar, as well as through central and parafascicular nuclei 

of the thalamus. Labeled axons were most densely concentrated in oral and medial 

pulvinar, in the ventromedial aspect (see Fig 2.7D for high power magnification of an area 

in ventromedial oral pulvinar). Retrogradely labeled cell bodies resulting from the 

amygdala injection were present in oral, medial, and lateral pulvinar and the medial 

geniculate nucleus. Likewise, the pattern of labeling was ventromedial across the 

thalamus, with most cell bodies appearing in small clusters. Areas of overlap between 

these labeled axons and cell bodies were found within oral, medial, and lateral pulvinar, 

and medial geniculate. The area of most dense overlap was caudally distributed within 

the medial pulvinar. 

In summary, within the pulvinar, retrogradely labeled cell bodies were often 

observed in close proximity to anterogradely labeled axons. In all cases, the labeling of 

the cell bodies in the pulvinar after amygdala injections was sparse, suggesting it is a 
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small projection. The areas where the retrograde label overlapped with anterograde 

axonal label from the SC injections were quite limited. While the oral and medial pulvinar 

showed the largest degree of overlapping labeling, some overlap was also observed in 

the lateral and inferior pulvinar, but to a lesser degree. Confocal imaging was used to 

extend these observations. Fig 2.7 shows images within the pulvinar from cases Y1, Y2, 

and S2. Choleratoxin-positive cell bodies (pseudocolored red) and their processes within 

the pulvinar were found within a field of fluoroemerald-labeled axons (pseudocolored 

cyan) resulting from the FE injections in SC. Representative labeling is shown in medial 

(2.7A), oral (2.7C, 2.7D), and inferior (2.7B) pulvinar. Low-power (20x) magnification 

shows several choleratoxin-positive cell bodies in close proximity to fluoroemerald-

labeled axons, while high-power (60-63x) magnification shows the processes of cell 

bodies and axons in close proximity to one another. As described above, labeling of cells 

projecting from the pulvinar to the amygdala was sparse and ventromedially 

concentrated, while labeling of axons from SC was ubiquitous in all images. 

Fluoroemerald-labeled axons in medial pulvinar followed along the brachium, while 

labeling within oral and inferior pulvinar was more diffuse. Choleratoxin B-labeled cells 

frequently appeared within close proximity of one another. 

 

 

2.4 Discussion 

 Here we have shown a colocalization of projections from the SC with amygdala-

projecting neurons in all nuclei of the macaque pulvinar, with the heaviest label occurring 

ventromedially in oral and medial pulvinar. The overlapping distributions of retrograde and 
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anterograde label were present in all four cases analyzed. These data provide an 

anatomical basis for the previously hypothesized subcortical connection between the SC 

and the amygdala, via the pulvinar. Since we found the same pattern of labeling in the 

pulvinar in two species of macaques, it is thus likely that these anatomical projections are 

preserved throughout this genus. While prior studies have suggested the presence of this 

pathway in primates through MRI-based approaches, these data provide the first direct 

anatomical evidence for colocalization of these projections within the primate pulvinar.  

The cases we presented were tightly clustered and highly overlapping with respect 

to their injection sites in the amygdala and superior colliculus. Despite this there were 

some observable differences. For example, following the injection of the tracers in the 

amygdala, labeling in the oral pulvinar was present in the two cases with more medial 

placement (Case Y2 and S2) within the lateral nucleus, and absent in the two cases with 

more lateral placement (Case Y1 and S1). We did not note other patterns with respect to 

the location of injections within the amygdala. This projection was examined in more detail 

by others (e.g., Stefanacci and Amaral, 2000). With respect to the injections in the 

superior colliculus, we noted that the two cases with more superficial injections (Y2 and 

S2) were associated with stronger labeling in the oral pulvinar; we did not note any other 

patterns. As with the amygdala, the topography of projections from SC to pulvinar were 

examined in detail by others (Benevento and Standage, 1983; Huerta and Harting, 1983).   

More detailed assessment of this pathway, with injection sites aimed at the different layers 

of the SC and different subregions of the amygdala, should be addressed in future 

studies.  
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Superior Colliculus Projections to the Pulvinar 

 In the rat and mouse, SC projects to several thalamic nuclei, including the lateral 

posterior nucleus (the rodent pulvinar homolog, see Harting et al., 1972) and the 

suprageniculate nucleus (Taylor et al., 1986; Linke et al., 1999; Zhou et al., 2017). 

Similarly, the SC projects to the pulvinar of the treeshrew, a proto-primate (Chomsung et 

al., 2008). This projection is also conserved in primates (May, 2006). In macaques, 

retrograde tracer injections into medial pulvinar result in dense labeling of cells within the 

deep and intermediate layers of SC (Benevento and Standage, 1983). Moreover, lesions 

made in the superficial, intermediate, and deep layers of the SC result in degenerating 

fibers in medial and lateral pulvinar (Benevento and Fallon, 1975). Fibers projecting from 

the SC to pulvinar course laterally from the brachium and terminate throughout all of the 

subdivisions of the pulvinar of the squirrel monkey, owl monkey and macaque (Benevento 

and Fallon, 1975; Huerta and Harting, 1983; Stepniewska et al., 2000), a pattern similar 

to that reported here. Thus, our present findings are in line with those previously reported 

in the literature. 

 

Pulvinar Projections to the Amygdala 

 As with projections from the superior colliculus to the pulvinar, projections from the 

pulvinar to the amygdala have also been described across species. In rodents, for 

example, the lateral posterior nucleus projects to the lateral amygdala (Doron and 

LeDoux, 1999; Zhou et al., 2018). In macaques, large retrograde (horseradish 

peroxidase) tracer injections into the amygdala (Aggleton et al., 1980), as well as tracer 

injections restricted to the lateral nucleus (Norita and Kawamura, 1980; Stefanacci and 
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Amaral, 2000), produce light labeling in the medial pulvinar, primarily in a region adjacent 

to the brachium. In the latter study, three cases were presented in which retrograde 

tracers were placed in either the dorsal division or ventral intermediate division of the 

lateral nucleus of the amygdala. These cases displayed labeling across the rostrocaudal 

extent of the medial boundary of the pulvinar, a profile similar to that we observed in our 

cases S2 and Y2 (Fig. 2.2, 2.4 and 2.6). These projections have also been confirmed 

after injections of anterograde tracer into the lateral and medial pulvinar in both squirrel 

and macaque monkeys resulted in dense terminal labeling in the dorsal division of the 

lateral nucleus of the amygdala (Jones and Burton, 1976; Romanski et al., 1997). More 

restricted injections into the medial division of the medial pulvinar (i.e., along the brachium 

of the SC) preferentially label a narrow band at the lateral edge of the lateral nucleus of 

the amygdala (Burton and Jones, 1976). This pattern of labeling is consistent with what 

we observed in Case Y1 (Fig. 2.2 and 2.3).  

 

Convergent Labeling within Pulvinar 

 In the mouse, a monosynaptic relay between the lateral SC and the lateral 

amygdala has been described (Wei et al., 2015). This projection is mediated by a synapse 

in the lateral posterior nucleus of the thalamus, the mouse homolog of the primate pulvinar 

(Harting et al., 1972). Interestingly, this projection is necessary for species typical 

responses to looming threatening stimuli (Wei et al., 2015). A similar relationship has 

been suggested in the rat and the treeshrew (Linke et al., 1999; Day-Brown et al., 2010). 

Evidence from imaging studies is consistent with these findings. In both macaque and 

human subjects, reports using diffusion tensor imaging (DTI) suggest that axons run from 
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the SC to the pulvinar, and from the pulvinar to the amygdala (Rafal et al., 2015). Tamietto 

and colleagues used DTI to compare human control subjects to a patient with lesions to 

striate cortex (2012). They found that probabilistic fiber bundles connecting the SC, 

pulvinar, and amygdala exist in both lesioned and control patients, but that the projection 

is more robust ipsilateral to the damage in striate cortex in the lesioned subject. DTI is a 

probabilistic technique and cannot conclusively show either functional or anatomical 

coupling among the areas. Our data fill the gap between the human and primate imaging 

studies and the rodent data, by confirming that there is an area of overlapping projection 

in the pulvinar that likely connects the superior colliculus with the amygdala.  

 

Relevance to Behavior 

 Studies of blindsight have long suggested that superior colliculus is necessary for 

rapid visual processing, by providing an additional subcortical route for information 

transfer (Schneider, 1969; Weiskrantz et al., 1974). Accordingly, while lesions to striate 

cortex partially spare performance on visually-mediated tasks (Schmid et al., 2010), 

lesions or inactivation of both striate cortex and SC produce more profound deficits 

(Mohler and Wurtz, 1977; Solomon et al., 1981; Kato et al., 2011). 

This pathway likely also serves to support rapid, non-conscious perception of 

threat via projections from the SC to the pulvinar, and from the pulvinar in turn, to the 

amygdala. Consistent with this, an increase in correlated activation among the amygdala, 

pulvinar, and SC is observed via fMRI when angry faces are presented in a manner that 

precludes conscious perception of the stimuli (Morris et al., 1999).  The importance of 

pulvinar in this pathway is further underscored by a finding in a patient with pulvinar 
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damage, who displays impaired fear responses to subliminally presented threatening 

visual stimuli (Ward et al., 2005).  

 Studies have also suggested that processing within the pulvinar per se may 

contribute to the rapid detection of and response to visual threats. Both humans (as 

measured via MRI) and macaques (as measured by single unit activity) display increased 

activity in the pulvinar when presented with images of snakes (Van Le et al., 2013, 2014; 

Almeida et al., 2015; Le et al., 2016; Soares et al., 2017). Of particular relevance to our 

present findings, there are two apparent clusters of snake-responsive neurons in the 

macaque pulvinar: one cluster in the dorsal portion of the lateral pulvinar, and the other 

in the ventromedial portion of the medial pulvinar. This latter area is where we observed 

consistent colocalization across all four cases. In their paper, Van Le and colleagues 

suggested that at least one route that could mediate rapid responses to threating stimuli 

such as snakes was a pathway from the SC to the pulvinar to the amygdala; our data are 

consistent with their interpretation.  

Although it is possible that the pulvinar is relaying purely visual information to the 

amygdala, the intermediate and deep layers of the superior colliculus, which we have 

targeted in this study, receive multimodal input from different sensory systems (Stein et 

al., 2009). Given that other studies (Benevento and Standage, 1983) have reported 

preferential labeling in the intermediate and deep SC following injections into the medial 

pulvinar, it seems likely that the labeling we observed was also due to projections from 

the deep and intermediate layers. This would be consistent with a multimodal relay, rather 

than a purely visual relay. The multimodal integration properties of the intermediate and 

deep layers of SC may enable its critical role for fast, reflexive defense responses (Dean 
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et al., 1989; Brandão et al., 1994). We have recently reported that these defense 

responses, which are evoked by pharmacological activation of the primate superior 

colliculus (DesJardin et al., 2013), can be partially attenuated by concurrent inactivation 

of the basolateral amygdala (Forcelli et al., 2016). However, as no direct projection from 

SC to amygdala has been reported, it is tempting to speculate that the pulvinar is a 

component of the network underlying these defense responses.    

 In summary, here we have described a zone within the pulvinar that receives 

projections from the superior colliculus and contains neurons that project to the amygdala. 

While such a projection has been hypothesized in humans and macaques, these data 

provide the first direct anatomical evidence for its existence.  
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Figure 2.1. Photomicrographs of Nissl-stained coronal sections through the 
amygdala, superior colliculus (SC), and pulvinar. Panel (A) shows the location of 
panels (B–F) within the brain. Amygdala nuclei (B) are outlined and labeled according to 
(Amaral et al., 1992). AB, accessory basal; B, basal; L, lateral; M, medial; PL, 
paralaminar. SC nuclei (C) are outlined and labeled according to May (2006). SZ/SGS, 
stratum zonale/stratum griseum superficiale; SO, stratum opticum; SGI/SAI, stratum 
griseum intermedium/stratum album intermedium; SGP, stratum griseum profundum; 
SAP, stratum album profundum. Thalamic nuclei (D–F) are outlined and labeled 
according to the delineations of the Olszewski (1952). CM, centromedial nucleus; H, 
habenula; L, nucleus limitans; LGN, lateral geniculate nucleus; LP, lateral posterior 
nucleus; MD, mediodorsal nucleus; MG, medial geniculate nucleus; PI, inferior pulvinar; 
PL, lateral pulvinar; PM, medial pulvinar; PO, oral pulvinar; SG, suprageniculate 
nucleus; VPL, ventroposteriolateral nucleus.  
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Figure 2.2. Tracer injections localized in Superior Colliculus and Amygdala. 
Injection sites for cases Y1 (A), Y2 (B), S1 (C), and S2 (D). All injection sites are 
depicted as in the right hemisphere. Each injection site is shown (in gray) on drawings 
of coronal sections through a standardized rhesus macaque atlas at the level of the 
amygdala (1st column) and the SC (2nd column). Images on the right show 
photomicrographs of the fluorescent tracer injections in amygdala (choleratoxin B 
(CTB); 3rd column; scale bar = 5 mm) and SC (fluoroemerald (FE); 4th column; scale 
bar = 1 mm).  
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Figure 2.3. Pattern of overlapping label in Case Y1. All labeling is depicted as in the 
right hemisphere. Each panel (A–D) presents a plot of labeled cell bodies or fibers from 
different rostro-caudal levels through the pulvinar. Anterograde label (putative axons) 
after injection of FE in the SC are shown in cyan. Retrograde label (cell bodies) after 
injection of CTB in the amygdala are shown in red. Abbreviations for thalamic nuclei are 
as in Figure 2.1. 
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Figure 2.4. Pattern of overlapping label in Case Y2. All labeling is depicted as in the 
right hemisphere. Each panel (A–D) presents a plot of labeled cell bodies or fibers from 
different rostro-caudal levels through the pulvinar. Anterograde label (putative axons) 
after injection of FE in the SC are shown in cyan. Retrograde label (cell bodies) after 
injection of CTB in the amygdala are shown in red. Abbreviations for thalamic nuclei are 
as in Figure 2.1. 
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Figure 2.5. Pattern of overlapping label in Case S1. All labeling is depicted as in the 
right hemisphere. Each panel (A,B) presents a plot of labeled cell bodies or fibers from 
different rostro-caudal levels through the pulvinar. Anterograde label (putative axons) 
after injection of FE in the SC are shown in cyan. Retrograde label (cell bodies) after 
injection of CTB in the amygdala are shown in red. Abbreviations for thalamic nuclei are 
as in Figure 2.1. Br, brachium of the superior colliculus. 
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Figure 2.6. Pattern of overlapping label in Case S2. All labeling is depicted as in the 
right hemisphere. Each panel (A–C) presents a plot of labeled cell bodies or fibers from 
different rostro-caudal levels through the pulvinar. Anterograde label (putative axons) 
after injection of FE in the SC are shown in cyan. Retrograde label (cell bodies) after 
injection of CTB in the amygdala are shown in red. Abbreviations for thalamic nuclei are 
as in Figure 2.1. 
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Figure 2.7. Colocalization of retrograde and anterograde labeling in the pulvinar. 
All labeling is depicted as in the right hemisphere. Fluoroemerald-labeled fibers 
resulting from injection into the SC are shown in cyan. CTB-immunoreactive cell bodies 
resulting from injection into the amygdala are shown in red. Atlas pictures are included 
to illustrate where each photo was taken. The case from which the images are derived 
is shown in the upper right corner. (A) Images of cells within medial pulvinar, case Y1. 
Atlas image is shown in A1. Low power confocal image (20x magnification, A2) showing 
a band of labeled cell bodies (red) within the field of labeled axons running along the 
medial boundary of the medial pulvinar, parallel to the brachium of the superior 
colliculus. Chevrons indicate cell bodies. A3 and A4 are higher power (60x) 
magnifications of the areas indicated by boxes in A2. (B) Images of cells within inferior 
pulvinar, case Y2.  Low power (20x, B2) confocal image showing colocalization of 
labeled cell bodies and axons in inferior pulvinar. Chevrons indicate cell bodies. B3 and 
B4 show high power (60x) magnification.  As in A, chevrons in B3 and B4 indicate areas 
of overlap in labeled cell bodies and axons. (C, D) High power (63x) confocal images 
showing individual cell bodies and finer axonal processes in close proximity in cases Y1 
(C) and S2 (D). Arrows indicate close associations between labeled terminal boutons 
and labeled cells. Scale bars are as indicated in each panel. 
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Table 2.1. Tracer injections across cases. 

 

Case Tracer Supplier Site Hemisphere Volume (ul) 

Y1 

Choleratoxin B List Labs Amygdala Left 2 

Fluoroemerald Invitrogen SC Left 2.3 

Y2 

Choleratoxin B List Labs Amygdala Right 2.5 

Fluoroemerald Invitrogen SC Right 2.3 

S1 

Choleratoxin B 
AlexaFluor-594 

conjugate 

 
 

Invitrogen Amygdala 

 
 

Left 2.6 

Fluoroemerald Invitrogen SC Left 2 

S2 

Choleratoxin B List Labs Amygdala Right 1.8 

Fluoroemerald Invitrogen SC Right 2 
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Table 2.2. Antibodies used for immunofluorescence and immunohistochemistry. 

 

Antibody 
Supplier 
Catalog # 

Type Host Dilution Immunogen 

Anti CTB 
List Biological 

#703 
Polyclonal Goat 1:3200 

B subunit 
(choleragenoid) 

Anti goat 
AlexaFluor 

594 
conjugated 
secondary 

Jackson 
Immunoresearch 

#705-586-147 

IgG (H+L) Donkey 1:2000 Goat IgG 

Anti goat 
HRP 

conjugated 
Secondary 

Jackson 
Immunoresearch 

#705-005-147 

IgG (H+L) Donkey 1:200 Goat IgG 

Anti FE 
ThermoFisher 

#A-11095 
Polyclonal Rabbit 1:4000 Fluorescein 

Anti rabbit 
AlexaFluor 

488 
conjugated 
secondary 

Jackson 
Immunoresearch 

#705-545-003 

IgG (H+L) Donkey 1:2000 Rabbit IgG 
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Chapter 3: The role of the amygdala in physiological and affective arousal 
 

3.1 Introduction 

The amygdala is at the heart of a circuit that integrates sensory information, 

processes the associated emotional valence, and guides behavioral and autonomic 

responses to these stimuli. Almost half a century of studies in experimental animals have 

demonstrated that permanent damage to the amygdala dysregulates social behavior 

(Rosvold et al., 1954; Mirsky, 1960; Kling and Brothers, 1992; Machado and Bachevalier, 

2006; Machado et al., 2008), fear-associated behavioral responses (Klüver and Bucy, 

1938b, 1938a), reward processing (Málková et al., 1997; Rudebeck et al., 2013), and 

autonomic functions (Braesicke et al., 2005; Rudebeck et al., 2013). However, the 

amygdala is not a homogenous structure – it is a collection of nuclei (Amaral et al., 1992; 

Chareyron et al., 2011), which, while understudied in primates, have divergent functions 

in rodents (LeDoux, 2007).  

Across species, multimodal sensory information enters the amygdala via the lateral 

and basal nuclei (together with the accessory basal referred to as the basolateral 

complex), which project to the central nucleus (amongst other targets), the major output 

nucleus of the amygdala (Amaral et al., 1992). The central nucleus, in turn, projects to 

targets including the bed nucleus of the stria terminalis, periaqueductal grey, locus 

coeruleus, and paraventricular nucleus of the hypothalamus (Price and Amaral, 1981).  

Thus, the amygdala can integrate and coordinate behavioral and autonomic 

responses to salient stimuli. Consistent with this, fear-inducing stimuli, such as snakes 

and spiders result in increased BOLD signal in the amygdala (Öhman et al., 2007). 

Moreover, large lesions that damage multiple nuclei of the amygdala reduce fear-
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associated behavioral responses to snakes (Meunier et al., 1999; Morris et al., 1999; 

Bachevalier et al., 2001; Kalin et al., 2001, 2004; Machado and Bachevalier, 2007; De 

Gelder et al., 2014).  Interestingly, selective damage to the central nucleus (CeA) induces 

a similar response (Kalin et al., 2004). However, there are several gaps in knowledge: (1) 

what role does BLA per se play in this behavior? and (2) is increased activity in BLA 

causally associated with increased fear or avoidance responses? 

Increased BOLD activity in the amygdala has also been associated with social 

anxiety disorder and autism spectrum disorder in humans (Tottenham et al., 2014; Fonzo 

and Etkin, 2017). Consistent with this, lesions to the amygdala alter social behavior (Kling 

and Brothers, 1992; Emery et al., 2001; Machado et al., 2008), including a loss of 

dominance in formerly dominant animals (Rosvold et al., 1954). More recently, our 

laboratory has shown that transient inactivation of BLA increased, while activation 

decreased, affiliative social interactions in dyads (Wellman et al., 2016). The question has 

remained whether these effects are due to alterations in or dependent upon the social 

rank of the infused animal.  

In addition to coordinating higher-level behavioral responses, the BLA also 

modulates cardiovascular activation (Sanders and Shekhar, 1991; de Abreu et al., 2015). 

With respect to heart rate and blood pressure, amygdala lesions disrupt anticipatory 

changes in blood pressure in marmosets and increase resting heart rate in macaques 

(Braesicke et al., 2005; Mitz et al., 2017). In rodents, inactivation of BLA during restraint 

stress blunts the typical increase in heart rate (Salomé et al., 2007). Moreover, 

pharamacological activation of the BLA increases heart rate and blood pressure (Sanders 

and Shekhar, 1991; Sajdyk and Shekhar, 1997; Soltis et al., 2018). However, no studies 
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to date have evaluated the impact of pharmacological activation or inhibition of the BLA 

on cardiovascular responses in macaques.  

To address these gaps, I used a focal microinjection approach to transiently 

inactivate and activate the BLA in rhesus macaques. I hypothesized that inactivation of 

BLA would reduce anxiety-like responses, alter cardiovascular function, and disrupt social 

dominance. I likewise hypothesized that activation of BLA would increase anxiety-like 

responses, cause cardiovascular activation, and impair social function.  

 

3.2 Methods 

Subjects 

Nine male rhesus macaque monkeys (Macaca mulatta) were used for these 

experiments (TH, NO, AB, YO, LO, SL, RE, OD, RA). Animals ranged in age from 3-6 

years old and weighed between 4.4-10.6 kg at the time of testing. The study was 

conducted under a protocol approved by the Georgetown University Animal Care and 

Use Committee, in accordance with the Guide for the Care and Use of Laboratory 

Animals.  The monkeys were housed in a room with a regulated 12:12 h light:dark cycle 

and maintained on primate lab diet (Purina Mills, catalog #5049) supplemented with fresh 

fruit. Water was available ad libitum in the home cage. Care and housing of the monkeys 

at Georgetown University Division of Comparative Medicine met or exceeded the 

standards as stated in the Guide for Care and Use of Laboratory Animals (National 

Research Council (U.S.) Institute for Laboratory Animal Research, 2011), Institute for 

Laboratory Animal Research recommendations, and AAALAC International accreditation 

standards.  
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 All of the animals in this study were used (either before, or concurrently) for other 

behavioral tasks (e.g., spatial memory, reinforcer devaluation, delayed non-match to 

sample). Most of these animals thus also received microinfusions into other brain regions, 

including the substantia nigra pars reticulata (Aguilar et al., 2018), superior colliculus, 

periaqueductal grey, hippocampus, and parahippocampal cortex. Given the minimal 

tissue damage we routinely report after drug microinfusions, these other experiments are 

unlikely to have impacted the present studies (Dybdal et al., 2013; Forcelli et al., 2016).  

 

Experimental Design  

 Animals were group housed, such that experimental partners were all highly 

familiar with one another. After extensive socialization, animals were pole-and-collar and 

chair trained to enable the microinfusion procedure (see below). Animals were implanted 

with a cranial infusion platform (see below) which enabled stereotaxic, MRI guided 

infusion into the BLA. Animals were tested under both drug-infused and vehicle-infused 

conditions to enable within-subject comparisons.  

 For animals that were used in multiple behavioral experiments, each behavioral 

testing session occurred after a separate drug infusion. For animals used in both RESST 

and the social dominance experiment, these animals were tested on both paradigms 

during the same time period, but on separate days after separate drug infusions. All 

animals tested on telemetric monitoring of heart rate and blood pressure underwent these 

experiments last, after all other behavioral testing had been completed. 
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Surgery 

A cranial microinfusion platform was implanted in a sterile surgery as we have 

extensively described in prior publications (Wellman et al., 2005; West et al., 2011). In 

brief, animals were anesthetized and their vital signs were monitored during the 

procedure. An infusion platform was anchored to the skull via sterile retaining clips and 

acrylic. Post-operatively, animals received antibiotics and analgesics in consultation with 

the facility veterinarians.  

In a subset of animals (NO, LO, RE, and SL) we subsequently implanted a large 

animal telemetry implant (Model D70 for NO, LO and SL; Model HD-S10 for RE) to 

monitor heart rate and blood pressure (Data Sciences International, St. Paul MN). The 

skin and connective tissue of the abdomen were opened in layers over the left oblique 

muscle and a pocket was created in the body wall between the external and internal 

oblique muscles. The telemetry implant body was placed in the pocket and secured with 

3-0 silk suture. The pressure catheter was tunneled toward the left femoral artery, which 

was isolated from the femoral vein and nerve and catheterized. The pressure catheter 

was advanced to the abdominal aorta while the pressure signal was monitored. Once a 

clear signal was detected, the catheter was secured in place with 3-0 silk suture. The 

connective tissue and skin were closed in anatomical layers with absorbable suture. 

Experiments commenced after a minimum two weeks after surgery.  

 

Infusion Platform and Injector 

A custom-designed chamber was produced from MRI-compatible material as 

previously described (West et al., 2011). The chamber had a removable lid, allowing the 
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placement of a stereotaxic grid which allowed insertion of cannulae with 2mm resolution 

in the anterior-posterior and medial-lateral planes. A custom-built telescoping infusion 

apparatus fit snugly into the infusion platform and allowed acute insertion of a removable 

cannula (27 gauge) with sub-mm resolution in the dorsoventral plane (Wellman et al., 

2005).  

 

MRI 

Each animal had at least one post-operative MRI scan (T1-weighted, 1 x 1 x 1 mm 

effective resolution) for which they were sedated with ketamine and xylazine (10 mg/kg, 

1 mg/kg). Animals transported to the imaging facility (Center for Molecular Imaging at 

Georgetown University Medical Center) and placed into a standard MRI-compatible 

stereotaxic frame (Crist Instruments). Tungsten microelectrodes were placed at pre-

calculated coordinates in the infusion platform grid, immediately dorsal to the structures 

of interest. The MRI was used to create a subject-specific atlas to calculate final injection 

coordinates as we have previously described (Holmes et al., 2012; DesJardin et al., 2013; 

Dybdal et al., 2013; Malkova et al., 2015). 

Postmortem MRI was performed to confirm injection sites as described previously 

(Forcelli et al., 2014). Cryoprotected brains were wrapped loosely in paper towel 

moistened with cryoprotectant and placed into a plastic bag. The brain was centered in a 

72-mm transmit/receive volume coil within a 7-Tesla Bruker Biospin magnet running 

Paravision 4.0. The brain was imaged using a TURBO-RARE sequence (TE = 12 ms, 

rare factor = 8, TR =1,400 ms) with four averages. The in-plane resolution was 0.25 mm 

with 0.5-mm slice thickness.  
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Drug Microinfusion 

The GABAA agonist muscimol (MUS, 9mM) was used to inhibit (decrease) activity 

in the BLA, while GABAA antagonist bicuculline methiodide (BMI, 13.5mM) was used to 

activate (disinhibit) BLA. Drug was infused in a volume of 1 μl for a resulting dose of 9 

nmol for MUS and 13.5 nmol for BMI. These doses are based on our prior studies in the 

amygdala and other structures (Holmes et al., 2012; DesJardin et al., 2013; Dybdal et al., 

2013; Forcelli et al., 2014, 2016, 2017a; Malkova et al., 2015; Wellman et al., 2016).  

While MUS was infused bilaterally, BMI was infused only unilaterally. This is 

consistent with our prior studies in amygdala, and is based on the notion that bilateral 

inactivation is required for loss of function (i.e., one hemisphere could support normal 

behavior if the contralateral hemisphere was inactivated), whereas unilateral gain of 

function is often sufficient to have behavioral effect(s).  

Each drug was infused at a rate of 0.2 μl per minute, and the injection cannula was 

left in place for a minimum of one minute to reduce drug reflux up the cannula track. 

Control sessions consisted of sham infusions (i.e., the animal was chaired, the headcap 

was cleaned, but no cannula was inserted) or, at least once in every subject at sites for 

which drug treatment is shown to have an effect, a bilateral infusion of 1 μl saline. A 

minimum of two days elapsed between drug treatments in the same area. The volume 

and concentration of drug we infused produces a reliable and robust degree of site-

specificity (2mm resolution). Using these parameters, even in closely adjacent structures 

(e.g., CeA vs. BLA; subthalamic nucleus vs. substantia nigra) we have evoked different 

responses (Dybdal et al., 2013; Malkova et al., 2015; Wellman et al., 2016). 
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Tissue Preparation and Histological Procedures 

 At the completion of behavioral testing, animals were anesthetized with a sodium 

pentobarbital-based euthanasia solution and perfused transcardially with phosphate 

buffered saline followed by 4% paraformaldehyde. Brains were removed from the skull 

and post-fixed overnight. After fixation, brains were scanned at high field strength (7T) as 

described above, then cryoprotected and sectioned, stained with thionin and examined 

for localization of cannula placement (Fig 3.1).  

 

Behavioral Testing 

 

RESST (Reactivity to Emotionally Salient Stimuli Test) 

Animals were tested on an experimental paradigm used to measure emotional 

reactivity to stimuli, adapted from previous studies (Mineka et al., 1980, 1984; Meunier et 

al., 1999; Kalin et al., 2001; Nelson et al., 2003; Izquierdo et al., 2005; Rudebeck et al., 

2006; Izquierdo and Murray, 2007; Machado and Bachevalier, 2007; Chudasama et al., 

2009). This testing was conducted in a Wisconsin General Testing Apparatus (WGTA). 

The animal’s response to emotionally relevant stimuli was measured by its latency to 

retrieve a food reward placed on top of a transparent box containing, in succession, 

various objects (example stimuli shown in Fig 3.2B).  

On each of ten trials, a neutral (8 trials) or threatening object (2 trials) was placed 

inside the box and presented to the animal in pseudorandom order for 30 sec. The 

interstimulus interval was a minimum of 30 sec. The threatening objects used in this study 

were taxidermy snakes. A total of six taxidermy snakes were used. Snakes were 
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presented a maximum of two times per animal, with at least two intervening sessions 

between repeated presentations of the same snake. Neutral objects were trial unique. 

After the presentation of these ten stimuli, for the next ten trials, a computer screen 

was used to play eight neutral (landscapes) and two social videoclips (30 sec) while the 

box remained empty. The two social videoclips consisted of one video of a macaque 

staring at the camera and one unfamiliar human staring at the camera. The eight neutral 

videos presented in each testing session were obtained from youtube.com and consisted 

of landscape scenes without animals. These stimuli were presented in a pseudorandom 

order. All the videos used were trial unique.  

A total of 11 social videos (5 of monkey faces, 6 of human faces) were used. All 

videos were 40 seconds long to allow for a continuous 30 second presentation. A subset 

of macaque videos were provided by Dr. Peter Rudebeck as reported in (Rudebeck et 

al., 2006). The remaining 4 macaque videos were obtained from youtube.com. The 

human faces consisted of videos of one experimenter wearing a rubber mask (four 

masks, two male and two female, with the eye holes enlarged to show the experimenter’s 

eyes clearly) as well as three videos of unfamiliar humans recorded on an Apple desktop 

computer in our lab. All human videos consisted of the subject staring at the camera with 

a neutral expression. 

Trials were presented such that the threatening or social trials were never the first 

or last trial and two threatening stimuli were never presented back-to-back. At least one 

week elapsed between repetitions of the task. 

Prior studies indicate (Mineka et al., 1980; Nelson et al., 2003) that monkeys can 

quickly habituate to snake presentations over the course of several sessions. For this 
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reason we planned to compare, on a between group basis, the effect of inactivation of the 

BLA (Fig 3.2A). We also planned to assess activation of the BLA following habituation on 

a within-subject basis (Fig 3.2A). Data were scored in Noldus Observer XT. Latency to 

retrieve the food reward was scored for each trial.  

 

Social Dominance 

 The nine nine experimental subjects were arranged into 17 dyads based on their 

availability and social compatibility. Infusions for each dyad are shown in Table 3.2. All 

the dyads used in this study were housed together and were highly familiar with one 

another. 

I used a modified version of a previously described dominance paradigm (Mirsky 

et al., 1957; Malkova et al., 2010) wherein two food-restricted, familiar dyadic partners 

were taken from their home cage to an observation cage (85 cm x 95 cm x 100 cm) in a 

separate room. 50 fruit flavored pellets (300 mg dustless precision pellets, BioServ) were 

dispensed at 10 sec intervals into the food hopper of the cage. The pellets taken by the 

infused subject and the non-infused conspecific animal were counted.  

Baseline sessions consisting of sham infusions or saline infusion were used to 

assess the dominance relationship within each dyad. The dominance index for baseline 

trials was defined as 
# ������� ��	�
 �� �������# ������� ��	�
 �� ����
��

����� ������� ��	�

 for each dyad. The upper 

quartile of the dominance index results were defined as dyads where the infused animal 

was dominant (RE/OD, RA/RE, OD/RA, OD/RE); the infused animal is listed first in each 

dyad. The lower quartile of the dominance index results were defined as dyads where the 

infused animal was subordinate (RA/OD, RE/LO, NO/TH, and LO/TH). The remaining 
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dyads were classified as neutral (YO/NO, AB/NO, AB/YO, SL/RE, SL, RA, SL/OD, 

RE/RA, LO/RE, NO/LO). These categories were used to stratify data for subsequent 

analyses.   

For 30 min following the delivery of the last pellet, we measured duration of social 

contact, which we defined as play, grooming (giving, receiving, soliciting), and physical 

contact. We compared this to active (locomotion) and passive behavior (sitting alone). 

The categories of passive and locomotion were mutually exclusive conditions.  The 

definitions of these behaviors follow the ethograms we have used in prior reports 

(Wellman et al., 2016; Forcelli et al., 2017b). Behaviors were scored using Noldus 

Observer XT.  

 

Telemetric Monitoring of Heart Rate and Blood Pressure 

 For this experiment four animals were used (LO, NO, SL, RE). NO, SL, and RE 

each received one saline infusion, one MUS infusion, and one BMI infusion. Animal LO 

received one saline infusion, two MUS infusions (which were averaged for data analysis), 

and three BMI infusions (which were averaged for data analysis). 

For each session, the animal was moved from the home cage to the primate chair, 

at which point the telemetry implant was activated. Heart rate and blood pressure were 

monitored for a minimum of twenty minutes prior to the start of the microinfusion 

procedure (the last fifteen minutes of this were used for a pre-infusion baseline), 

continued through the infusion and concluded 50 minutes after the infusion. Although the 

animals were habituated extensively to the chair, this likely represented a mild stressor, 
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and thus may be akin to mild restrain paradigms used in rodents (Salomé et al., 2007) as 

compared to normal resting conditions. 

Data were acquired via a Powerlab analog-to-digital converter using LabChart 

software (AD Instruments, Colorado Springs, CO) software or via the PHYSIOTEL 

connect DSI-LabChart bridge software package. Recordings were low pass filtered (100 

Hz) to remove artifacts. Heart rate (HR), systolic pressure, diastolic pressure, pulse 

pressure (i.e., systolic minus diastolic pressure), and mean arterial pressure (MAP, 

calculated as 1/3 (systolic) + 2/3 (diastolic)) were calculated from the blood pressure 

trace. These measures were averaged across five-minute intervals to obtain values for 

each time bin. Data immediately following the end of the infusion were normalized to the 

average of the pre-infusion baseline values for each subject, for each treatment. We did 

not analyze, statistically, the data during the infusion, as the recordings become noisy 

during the microinfusion procedure. 

 

Data Analysis and Statistics 

In all experiments, the results of saline and sham infusions for each animal were 

pooled as these conditions did not differ on a within-subject basis (RESST neutral objects 

t=0.74, df=4, P=0.50; snake t=0.92, df=4, P=0.41; neutral videos t=0.48, df=4, P=0.65; 

monkey/human faces t=0.18, df=4, P=0.87; social dominance t=0.77, df=5, P=0.47; 

locomotion t=0.36, df=13, P=0.72; passive t=0.95, df=13, P=0.36; total social contact 

t=0.41, df=12, P=0.69). For HR and BP, only saline infusions, and not sham/baselines 

were performed. 
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All data with multiple factors were analyzed using linear mixed effect analyses in 

SPSS. Sidak corrections for multiple comparisons were applied to our a priori planned 

comparisons (e.g., saline vs. MUS, saline vs. BMI). PPI was analyzed using a two-way 

ANOVA with variables of drug treatment and prepulse intensity. Holm-Sidak multiple 

comparison test was used to correct these data. Paired student’s t-test was used to 

analyze baseline acoustic startle response. Statistical analyses were conducted using 

GraphPad Prism (Ver 8, Graph Pad Inc, La Jolla, CA) and SPSS (Ver 25, IBM, Armonk, 

NY).  

 

 

3.3 Results 

Localization of Infusions 

 As shown in Fig 3.1, my infusion sites all correctly targeted the BLA. Cannula 

tracks are evident in the postmortem MRI scans as well as the histological panels. 

Infusion sites for NO, TH and RA fell within the accessory basal nucleus, AB, RE within 

the lateral nucleus, LO within the basal nucleus, YO within the lateral and accessory 

basal, OD within the lateral and basal, and SL at the border of the basal and lateral nuclei. 

 

BLA Inactivation Reduces Snake Fear While BLA Activation Reinstates Fear 

I tested nine animals on the RESST paradigm. Animal LO was excluded from this 

experiment as he was a statistical outlier, showing a ceiling effect across stimulus type 

on baseline trials. Animals NO, AB, YO, and TH were in group Control First (Fig 3.2A). 

Animal TH was only used for the first session as it received an additional baseline on the 
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second session. Because this animal received multiple baseline sessions, it was included 

in the analysis of stimulus habituation across baselines presented in Fig 3.2C. This 

animal did not have BMI infusion and therefore was not included in further analyses. 

Animals OD, RE, and RA were in group MUS First (Fig 3.2A). Animal SL was not used 

for analyses in Fig 3.2D-K, as it received an infusion in an unrelated area (data not 

shown) for its first trial, but otherwise went through a similar sequence of infusions. Data 

from this animal are included in the analyses in Fig 3.2L-O. Each animal (except TH) was 

tested at least once following bilateral infusion of saline, bilateral infusion of MUS, and 

unilateral infusion of BMI. The order of which side was used for the activation experiment 

was alternated between animals. Because the behavioral responses to human faces and 

monkey faces did not differ (no significant effect of stimulus type F1,27.3=1.0, P=0.33; no 

significant stimulus type-by-treatment interaction F3,14.15=0.11, P=0.97; mixed model) 

these data were collapsed for subsequent analyses. 

Consistent with prior reports (Nelson et al., 2003), our animals habituated to the 

presentation of threatening stimuli across multiple test sessions (Fig 3.2C; between-

subject analysis showed main effect of session F1.58, 11.06=6.61; p=0.02).  

As planned, I performed a between subject comparison of the first two sessions in 

a cross-over design. Thus, Group Control First was infused with saline on the first session 

and Group MUS First was infused with saline on the first session. For the second session, 

the treatments were reversed for these groups (Fig 3.2A, D-K).  To assess the effects of 

amygdala activation, we compared the performance of animals habituated to the snake 

stimuli to that following a subsequent BMI infusion, in a within-subject design. For this 

analysis, data from the two groups were collapsed in one group (Fig 3.2L-O). 
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I performed a mixed-effects analysis, with stimulus type (i.e., snake, neutral object, 

face videos, neutral videos) and test session as within-subject variables, and drug 

treatment as a between subject variable. We found a significant main effect of stimulus 

type (F1,31.1=18.98, P=0.0000003), a significant stimulus type-by-treatment interaction 

(F3,31.1=7.1, P=0.001), a significant treatment-by-session interaction (F2,7.5=14.2, 

P=0.003), and a significant stimulus type-by-treatment-by-session three-way interaction 

(F6,31.1=7.95, P=0.000030). There was no significant main effect of treatment (F1,32.2=1.26, 

P=0.27). I did not test for any other main effects or interactions.  

On the first test session, in the control group, I detected an effect of stimulus type 

(F3,31.1=30.3, P=0.000000009, Fig 3.2D-G). This was due to a significantly longer latency 

to retrieve food from the snake stimulus as compared to the other stimulus types 

(Ps<0.0000005). This effect was not present during the second test session (F3,31.1=1.99, 

P=0.14; Fig 3.2H-K). On the first session, the MUS treated group also displayed an effect 

of stimulus type (F3,31.1=12.15, P= 0.000020; Fig 3.2D-G). This was driven by a significant 

increase in latency in the monkey/human face video condition as compared to the other 

stimulus types (Ps<0.005). The latency for snake stimulus trials did not differ from that of 

neutral object trials (P=0.37). On the second test session, there was no effect of stimulus 

type for the MUS treated group (F3,31.1=2.4, P=0.09; Fig 3.2H-K).  

Between-group analysis of the first session revealed significantly shorter latencies 

on snake trials in the MUS-treated group (F1,21.6=13.99, P=0.001, Sidak corrected), as 

well as significantly longer latencies on the neutral object and monkey/human face video 

trials in the MUS-treated group (F1,21.6=5.07, P=0.035 and F1,21.6=28.4, P=0.000025, 
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respectively). On the second session, there were no significant differences between 

groups.  

Thus, in snake-naïve animals, the presence of a snake stimulus increased latency 

to retrieve food rewards. Pre-treatment of the BLA with MUS abolished this avoidance 

response, while increasing latency on other trial types, but most notably in response to 

videos of monkey/human faces. 

We next analyzed the effect of BMI infusion (Fig 3.2L-O) after habituation to the 

stimuli (2-3 sessions), on a within-subject basis. The baseline preceding the BMI session 

was used for analysis. A two-way ANOVA (stimulus type and drug treatment as within-

subject variables) revealed a significant main effect of drug (F1,4=27.92, P=0.0062), a 

borderline significant effect of stimulus type (F3,12=3.33, P=0.056), but no stimulus type-

by-drug interaction (F3,12=1.03, P=0.41). Pairwise comparisons revealed significantly 

increased latency to retrieve the food reward for each of the stimulus types following BMI 

infusion (Fig 3.2L-O Ps<0.05). Thus, BMI infusion was associated with a significant 

increase in latency across all stimulus types, suggesting a non-specific increase in 

avoidance.  

To determine if the presentation of the snake stimulus impacted responses on 

subsequent trials within a session, we compared the latency to retrieve the food reward 

on snake presentation trials with that on the neutral trials that immediately preceded and 

followed (Fig 3.3). This analysis is similar to that reported following lesions to the 

orbitofrontal cortex (Pujara et al., 2019). For this analysis we compared between groups 

on the first session (Control First vs. MUS First, as in Fig 3.2D-G) and within subject, 

across session for the BMI vs habituated baseline (as in Fig 3.2L-O).  
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For the first session (Fig 3.3A), as expected,  found a significant main effect of 

trial, i.e., the trial before a snake, the snake trial, the trial following a snake (F2,10=31.91, 

P<0.0001), no main effect of drug treatment (F1,5=0.022, P=0.89), and a significant trial-

by-drug treatment interaction (F2,10=25.5, P=0.0001). This interaction effect was driven 

by a significantly shorter latency to retrieve the food on the snake trial in the MUS-treated 

group, consistent with our analyses in Fig 3.2. In the control group (Control First), the 

latency to retrieve the food was significantly greater on the snake trial than both the 

preceding and subsequent neutral object trials (Ps<0.001, Sidak corrected), whereas the 

neutral object trials did not differ from one another (P=0.85, Sidak corrected). This 

indicates that the prior experience with the snake did not affect the latency to retrieve a 

reward on the subsequent neutral trial. The MUS-treated group failed to show differences 

across trial types (Ps>0.18).  

When we compared the habituated baseline session to the BMI-infused session 

on a within-subject basis (Fig 3.3B), we found a significant main effect of drug (F1,4=9.53, 

P=0.037), a borderline effect of trial type (F1.2,4.7=4.67, P=0.084), but no significant trial-

by-drug treatment interaction (F1.9,7.8=0.41, P=0.67). As in our analysis in Fig 3.2L-O, the 

latency on the snake trial was significantly greater following BMI infusion (P=0.04, Sidak 

corrected). The latencies on the preceding and subsequent neutral trials, while 

numerically higher than the habituated session, did not reach the level of statistical 

significance in this analysis (Ps=0.35 and 0.19, respectively). This differs from the 

analysis in Fig 3.2, but this difference is likely due to the smaller sampling of neutral trials 

in this type of analysis. 

 



 

 

 

69

Bidirectional Manipulation of BLA Alters Social Dominance Behavior in Familiar Dyads 

I generated 17 dyads from the nine experimental subjects (see methods); several 

animals were used in multiple dyads with different partners. Data were stratified by 

baseline dominance status (see Methods). Four dyads were categorized as “Submissive 

Partner Infused”, nine as “Neutral”, and four as “Dominant Partner Infused”. All dyads 

were tested under control (sham or saline), and MUS conditions. 16 of the 17 dyads 

received BMI (one dyad in the submissive condition [LO/TH] was unavailable for BMI 

infusion). We compared the effects of MUS and BMI infusion on the numbers of pellets 

taken as a function of dominance status and infusion status, i.e., by either the infused 

subject and non-infused conspecific animal.  

I performed a three-way mixed effects analysis with treatment as a within subject 

variable and subject/conspecific and dominance status as between subject variables. We 

found a significant three-way interaction between subject/conspecific status-by-

treatment-by-dominance status (F9,27.3=17.1, P=0.000000005), but no other main effects 

or interactions [(treatment [F2, 60.7 = 1.00, P=0.37], dominance status [F2,63=1.3, p=0.28], 

treatment by dominance status [F4, 62.5=0.16, P=0.96]).  

Pairwise comparisons showed that, as expected based on our group definitions, 

under control conditions, submissive animals took fewer pellets, neutral animals took 

equal numbers of pellets, and dominant animals took more pellets, as compared to the 

non-infused conspecific (Fig 3.4). In submissive animals, neither MUS nor BMI infusion 

altered the number of pellets taken by the infused subject (MUS p=0.80, BMI p=0.79). 

Similarly, in neutral animals, neither MUS nor BMI infused altered the number of pellets 

taken by the infused subject (MUS p=0.77, BMI p=0.81). By contrast, in dominant 
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animals, both MUS and BMI infusion resulted in the dominant animal taking fewer pellets 

(MUS p=0.017, BMI p=0.000006). Concurrent with this, the non-injected conspecific 

animal took a greater number of pellets than during the control session (MUS p=0.03, 

BMI p=0.01). Thus, both inactivation and activation of the amygdala affected competitive 

reward seeking behavior, but only when the infused subject was the dominant partner.   

 After dominance testing was performed, 14 of the 17 dyads were observed for an 

additional thirty minutes (one submissive dyad and two neutral dyads were not observed 

for all conditions and thus are not included in this analysis). We assessed changes in 

activity (passive behavior and locomotion) and social behavior. For each behavior, 

performed a two-way mixed model analysis with dominance status as a between groups 

variable and treatment as a within-subject variable.  

 For passive behavior, we found a main effect of drug treatment (F1.5,16=4.2, 

P=0.04) but neither an effect of dominance status (F2,11=3.6, P=0.06) nor a drug 

treatment-by-dominance status interaction (F4,22=0.20, P=0.94). The drug effect was due 

to a significant increase in passive behavior in the BMI-infused condition (Fig 3.4B, 

P=0.038, Sidak corrected).  

 For locomotion, we found a main effect of drug treatment (F1.6,17.4=6.2, P=0.013) 

but neither an effect of dominance status (F2,11=0.63, P=0.55) nor a drug treatment-by-

dominance status interaction (F4,22=0.25, P=0.91). The drug effect was due to decreased 

locomotion in the BMI-infused condition (Fig 3.4C, P=0.013, Sidak corrected), which 

coincided with a significant increase in passive behavior in the BMI-infused condition.  
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For total social contact, we found no significant main effects or interactions [Fig 

3.4D, drug treatment (F1.2,13.1=1.2, P=0.31); dominance status (F2,11=0.69, P=0.52); drug 

treatment-by-dominance status (F4,22=0.62, P=0.65)].  

We stratified the data from Fig 3.4D into asymmetrical dyads (i.e., dyads in which 

there was a dominant or submissive animal) and neutral dyads (Fig 3.4E). Stratification 

by dyad type produced a similar profile, i.e., no main effects or interactions [drug treatment 

(F1.2,14.9=1.7, P=0.21); dominance status (F1,12=0.33, P=0.58); drug treatment-by-

dominance status (F2,24=0.27, P=0.76)]. Thus, after a period of social competition for food, 

amygdala inactivation and amygdala activation were without impact on social contact, 

while amygdala activation reduced general activity.  

 

Bidirectional Manipulation of BLA Lowers Heart Rate 

Finally, I assessed heart rate and blood pressure following infusion of MUS or BMI 

into BLA in four animals while they were restrained in a primate chair. Representative 

traces are shown in Fig 3.5A. Data were analyzed using a mixed linear model with drug 

treatment and time as within-subject factors. 

For heart rate (Fig 3.5B), I found a main effect of drug treatment (F2,78=23.37, 

p=0.00000001), but neither a main effect of time (F8,78=1.71, P=0.101), nor a time-by-

treatment interaction (F16,78=0.18, P=1.0). The main effect of drug was due to a significant 

decrease in heart rate after BMI infusion (P=0.000000006, Sidak corrected), as well as a 

significant decrease in heart rate after MUS infusion (P=0.036, Sidak corrected). For 

pulse pressure (Fig 3.5C), I found a significant main effect of treatment (F2,78=39.2, 

P=0.0000000000016), but neither a significant main effect of time (F8,78=0.057, P=1), nor 
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a time-by-treatment interaction (F16,78=0.11, p=1.0). The main effect of drug treatment 

was due to a significant increase in pulse pressure in the BMI-infused condition 

(P=0.00000000015, Sidak corrected). For mean arterial pressure (traces not shown) I 

found a trend toward an effect of drug treatment (F2,78=2.85, p=0.064), but neither a main 

effect of time (F8,78=0.34, p=0.95), nor a time-by-treatment interaction (F16,78=0.34, 

p=0.99).  

I analyzed the peak change in HR, comparing the baseline time bin to the bin with 

the largest deviation from baseline on a within-subject basis (Fig 3.5D). For two subjects 

the peak change in HR occurred in the 15 min post-infusion bin, for one subject at the 40 

min bin and for the last at the 45 min bin.  I compared, via one-sample t-test, the change 

in HR against a test value of zero (i.e., no change). MUS produced a significant decrease 

(-28 BPM) in HR (t=3.84, df=3, P=0.03). BMI produced a similar profile (-47 BPM), but 

this condition was more variable than MUS, as there was a single subject that had a much 

larger decrease than the others. When that animal was included in the statistical 

analyses, the effect was borderline significant (t=2.5, df=4, P=0.069); when the animal 

was excluded, the decrease in heart rate was numerically smaller (-26 BPM), but 

statistically significant (Fig 3.5D, t=7.87, df=2, P=0.016).  The peak changes in systolic 

pressure (Fig 3.5E1), and diastolic pressure (Fig 3.5E2) did not differ from zero (Ps 

ranged from 0.11 to 0.92). The peak change in pulse pressure (Fig 3.5F1) revealed a 

decrease in pulse pressure in the saline condition (t=3.78, df=3, P=0.032), which perhaps 

reflected habituation to the chair over the course of the session. The MUS treated group 

displayed a trend toward a decrease in pulse pressure (t=2.56, df=3, P=0.084). For both 

the saline and MUS conditions, all of the peak responses were decreases in pulse 



 

 

 

73

pressure. For the BMI condition, the peak responses were all increases in pulse pressure. 

The same subject that had a larger response for heart rate also displayed a larger 

response in terms of pulse pressure. When this value was included, there was no 

significant change from baseline evident, despite a 4.6 mmHg average increase in pulse 

pressure. When this value was excluded, the magnitude of the average increase was 

smaller (1.7 mmHg), but statistically significant (Fig 3.5F1, t=6.14, df=2, P=0.026).  No 

significant effect in MAP was found (Fig 3.5F2). 

 
 
 
3.4 Discussion 
 

Here I report a constellation of behavioral changes resulting from inactivation and 

activation of the BLA. (1) Inactivation of BLA reduced avoidance of fear-inducing stimuli, 

but it increased latency to food retrieval in the presence of monkey and human faces, 

suggesting increased attention and/or interest in social stimuli. By contrast, activation of 

BLA caused nonspecific avoidance behavior across stimuli. (2) Both inactivation and 

activation of BLA reduced competitive reward-seeking in dominant, but not neutral or 

submissive monkeys, and (3) reduced resting heart rate. Thus, both hypoactivity and 

hyperactivity of the BLA led to dysregulated behavior across a spectrum of tasks, 

suggesting that a narrow range of activity is necessary for normal functions. 

 

BLA Inactivation Decreases Attention to Threatening Stimulus but Increases Attention to 

Social Stimulus 

Transient inhibition restricted to BLA reduced fear-associated behavioral 

responses to threatening stimuli, an effect consistent with lesion studies that damaged 
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the entire amygdala (Meunier et al., 1999; Izquierdo et al., 2005; Machado and 

Bachevalier, 2007; Chudasama et al., 2009) or the CeA (Kalin et al., 2004). This suggests 

that the BLA is critical for normal processing of threatening stimuli, a finding consistent 

with work in rodents in which BLA lesions or inactivation reduce anxiety-like behavior 

(Bueno et al., 2005; Lázaro-Muñoz et al., 2010). At a network level, a loss of function in 

BLA deprives the CeA of incoming information, thus both nodes of the circuit are likely 

necessary for processing of ethologically relevant fear-producing stimuli.  

Interestingly, inactivation of BLA selectively increased the latency to retrieve a food 

reward when monkeys were shown videos of monkey or human faces. While decreased 

motivated responding following BLA inactivation (Simmons and Neill, 2009; West et al., 

2012) could contribute to the longer latencies on neutral object trials, it cannot account 

for longer latencies for the face videos as compared to all other stimuli types. Other 

possibilities may explain this difference. First, the amygdala contains neurons sensitive 

to both facial expression and identity (Gothard et al., 2006; Hoffman et al., 2007), and 

inhibition of the amygdala may have slowed or disrupted facial processing resulting in 

longer latencies to parse the face. Second, inactivation of the BLA increases affiliative 

social interactions (Forcelli et al., 2016; Wellman et al., 2016); thus, it is plausible that the 

animals had a higher motivation to view social videos as compared to other stimuli. 

Combining the microinfusion approach with eye tracking in future studies is likely to be 

revealing in this regard.  

After habituation across sessions, BLA activation resulted in increased latency to 

all stimuli, suggesting nonspecific avoidance.  Whether a lower dose of BMI in BLA would 

have produced effects selective to one stimulus type (e.g., snakes) over others merits 
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future exploration. The increased avoidance observed after BMI infusion is reminiscent 

of increased anxiety-like behavior seen after amygdala activation in the elevated plus 

maze (Zarrindast et al., 2008), open field (Siuda et al., 2011), and foraging in the presence 

of an artificial predator (Choi and Kim, 2010) tasks. Our manipulations thus may model 

the increased amygdala activity seen in patients with anxiety disorders (Fonzo and Etkin, 

2017; Stevens et al., 2017) and in humans viewing anxiety-producing images (Adolphs 

et al., 1995; Vuilleumier et al., 2002; Schlund et al., 2010; Rabellino et al., 2016). Our 

data suggest that in the primate, increased activity in the amygdala can be causally 

associated with increased anxiety. 

 

Bidirectional Manipulation of BLA Activity Alters Competitive Reward Seeking Behavior 

Within Familiar Dyads 

In macaques, large lesions to the amygdala and associated temporal cortices 

reduce the status of dominant animals (Rosvold et al., 1954; Kling and Cornell, 1971; 

Thompson et al., 1977). However, smaller excitotoxic lesions restricted to the amygdala 

do not change competitive reward seeking in hierarchies established prior to surgery 

(Machado and Bachevalier, 2006). Our prior microinfusion studies of dyadic social 

interactions have different outcomes from these lesions (Wellman et al., 2016). While we 

found striking pro-social effects of BLA and CeA inactivation, Machado and Bachevalier 

observed a trend toward a reduction in pro-social behavior. Thus, it was possible that 

transient manipulations would again produce a differing result. However, our findings are 

generally consistent with this lesion study – with submissive and neutral animals showing 

no change after amygdala manipulation. While decreased competitive reward seeking in 



 

 

 

76

dominant animals could reflect a change in dominance status, it may also reflect other 

processes. As discussed above, MUS infusion in BLA can reduce response vigor and 

BMI infusion in BLA increased passive behavior. Thus, the reduction in competitive 

reward seeking may be due to a reduction in the rate of responding, and not due to altered 

social rank. This may have been selectively observed in the dominant animals, as 

submissive animals were near a floor effect and neutral animals required only mild 

exertion to obtain a portion of the pellets.  

A second caveat of this task is a question of its relative stability. We had 4 dyads 

in which both partners served as the infused animal in separate sessions. In one of the 

dyads, the dominant animal remained dominant in both sessions. In two, the pattern 

reversed (dominant to submissive) and in the remaining dyad, the pattern changed 

(dominant to neutral).  It is possible that the experience of task competition under a drug 

condition might have affected the relationship within the dyad for future interactions.  

In the period immediately following the food competition task, activation of BLA 

increased passive behavior and reduced locomotion; MUS was without effect. This differs 

from our prior findings, in which MUS increased passive behavior and decreased 

locomotion, and BMI was without effect (Wellman et al., 2016). Similarly, we failed to 

observe our previously reported increase in social contact after MUS infusion in BLA. 

Several variables may explain these differences. First, in our prior studies, animals were 

tested either in their home cage or in a neutral environment; here they were tested in the 

same environment in which they had just undergone competition for food. Second, in our 

prior studies, behavior was observed in the first half hour following drug infusion; here, 

observations began ~30 min after drug infusion as our primary goal was to observe food 
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competition (Forcelli et al., 2016). Thus, drug spread and/or metabolism may have 

impacted the responses. 

 

BLA Activation and Inactivation Lowers Heart Rate Without Altering Blood Pressure 

Activation of the BLA in anesthetized rodents increases heart rate and blood 

pressure (Sanders and Shekhar, 1991). However, there are conflicting reports regarding 

the effect of inhibition of amygdala, with some studies showing increased heart rate and 

blood pressure (Mesquita et al., 2016), others reporting no effect (Yoshida et al., 2002), 

and others still reporting decreased heart rate (Salomé et al., 2007). These prior studies 

differed in terms of the state of the animal (anesthetized vs. awake, restrained vs. freely 

moving). In non-human primates, amygdala lesions increase resting heart rate (Mitz et 

al., 2017), and attenuate anticipatory increases in blood pressure associated with 

aversive (Mikheenko et al., 2010) and appetitive (Braesicke et al., 2005) conditioned 

stimuli. Unexpectedly, we found that both activation and inhibition of the BLA decreased 

HR, although the magnitude of the decrease was much larger for the BMI condition as 

compared to the MUS condition. Our finding with MUS is consistent with data in awake 

restrained rodents (Salomé et al., 2007), but differs from lesions in macaques (Mitz et al., 

2017), suggesting that acute vs. chronic disruption of amygdala function produces 

divergent effects on cardiovascular function. The differing impact of amygdala activation 

between rats and our data in the primate may be due to differences in experimental 

conditions; while the rats treated with BMI were anesthetized, our monkeys were awake, 

but restrained in a primate chair. 
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The reduction in HR observed after BMI was surprising, as activation of the 

amygdala was associated with increased anxiety-like responses in the snake task, and 

fear responses are typically associated with acute increases in heart rate and blood 

pressure (Martin, 1961). However, there is a difference between the acute response to a 

threat or stressor, which produces short latency changes in HR/BP and activation of a 

structure that lasts for tens of minutes. Both HR and BP are quickly and dynamically 

regulated to maintain a narrow range of values. A heightened pulse pressure after BMI 

infusion coincided with a decrease in HR; this is consistent with a baroreceptor-reflex 

mediated homeostatic response, i.e., when blood pressure increases, HR decreases in 

order to maintain BP within a physiological range.  

 

Amygdala and Broader Networks 

The amygdala is part of a broader network for social and emotional valuation. 

Lesions to other components of this network reduce responsiveness to social (anterior 

cingulate cortex) or threatening (orbitofrontal cortex) stimuli (Izquierdo et al., 2005; 

Rudebeck et al., 2006). These findings are similar to those we observed after amygdala 

inactivation, suggesting that these areas within the socioemotional valuation network 

work in concert with the amygdala to differentially influence responses to social or 

naturalistic stimuli.  

The study of separable neural circuits both within the amygdala and in the 

amygdala’s projections to other brain regions is a growing field in the rodent (Janak and 

Tye, 2015). In primates, most previous research has focused on the role of the amygdala 

as a whole on behavior, but the manipulation of individual subnuclei shows differential 
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effects. Kalin and colleagues, for example, showed that whole amygdala lesion in the 

macaque disrupted measures of acute fear but did not alter anxiety-like phenotype, while 

lesion of the central nucleus, the primary output nucleus of the amygdala, altered both 

fearful and anxiety-like behavior (Kalin et al., 2001, 2004). The central amygdala likely 

directs many of the outputs from the BLA to different targets downstream, such as the 

frontal cortex that may mediate decision making behavior related to choices and attention 

during RESST, the hypothalamus and BNST that may regulate the changes in social 

dominance, and the periaqueductal grey and medulla that may mediate reflex and 

autonomic alterations such as those seen cardiovascular responses. 

 Here I identified specific roles for the BLA in the regulation of fear, social, 

and autonomic responses in the macaque. My data both converge and diverge 

(depending on the behavioral domain) with extant data from rodent and human studies. 

My findings thus underscore the continuing need to investigate the unique circuitry of the 

amygdala within primate models. 
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Figure 3.1. Documentation of infusion sites in BLA. A) Infusion sites plotted on 
drawings of coronal sections through the amygdala (the numerals, +16 and +14, 
represent distance from the interaural plane) from a rhesus macaque brain atlas 
(Laboratory of Neuropsychology, NIMH).  Shaded areas denote the targeted area within 
the basolateral complex of the amygdala (BLA; i.e. the lateral, the basal, and the 
accessory basal nuclei).  The symbols in red represent each individual animal and are 
consistent with the animal identification in B. The infusion placement was reconstructed 
from a combination of in vivo MRI, post mortem MRI, and/or histology.  B) Top and 
bottom rows show in vivo MRI images at the plane of the targeted infusions.  In some 
cases, the tungsten electrodes are visible with the tip of the electrode dorsal to the 
intended site.  Final adjustment of the cannula length was made based of these images.  
In the other cases, the electrode was placed in adjacent sections and was used as a 
landmark for the final cannula placement.  Second row presents images showing 
cannula tracts from post mortem high-resolution (7T) MRI in corresponding cases. Third 
row shows the matching histological section.  For cases RE, OD, and RA, only in vivo 
MRI was available. 
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Figure 3.2. Inactivation of the Basolateral Amygdala reduces fearful response to 
threatening stimulus and increases reaction to social stimulus, while activation of 
Basolateral Amygdala increases fearful response to all stimuli. A) Experimental 
design for each group of animals, those that received a control treatment on first 
exposure to the snake and staring monkey/human videos (N=4), and those that 
received MUS first (N=3). B) Latency to retrieve the food reward from the snake 
stimulus goes down over repeated exposures to different taxidermy snakes. C) 
Examples of snake, neutral novel object, staring monkey video, and neutral novel video 
stimuli. D-G) Latency to retrieve the food reward after first presentation of snake, neutral 
object, staring monkey/human video, and neutral video. H-K) Latency to retrieve the 
food reward after second presentation of snake, neutral object, staring monkey/human 
video, and neutral video. L-O) Latency to retrieve the food reward after BMI treatment 
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upon presentation of snake, neutral object, staring monkey/human video, and neutral 
video.  
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Figure 3.3. Comparison of latencies on trials immediately preceding (Before 
Snake) and immediately following (After Snake) the snake stimulus (Snake) in the 
first session. A) Between-group analysis: Consistent with the data presented in Figure 
2, group Control First showed significantly longer latencies for snake compared to the 
neutral stimulus presented either before or after it; latencies to the two neutral stimuli 
did not differ from each other.  This indicates that the prior experience with the snake 
did not affect the latency to retrieve a reward on the subsequent neutral trial. B) Within-
group analysis: Consistent with the data presented in Figure 2, the latency on the snake 
trial was significantly greater following BMI infusion than in the preceding baseline 
(habituated) session, whereas the other between-session comparisons did not reach 
the level of significance, likely due to the smaller sampling of neutral trials in this type of 
analysis. No significant differences were found for either of the two within-session 
comparisons, indicating that the prior experience with the snake did not affect the 
latency to retrieve a reward on the subsequent neutral trial. Symbols that represent 
scores from individual animals correspond to those presented in Figure 1.   
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Figure 3.4. Dominant animals take fewer rewards in a competitive reward-seeking 
task within a familiar dyad after either activation or inactivation of Basolateral 
Amygdala. A) Number of food pellets taken under the treatment with control (saline or 
sham infusion), BMI, or MUS in BLA, as a function of dominance status (Submissive, 
Neutral, Dominant) of the infused animal within the dyad. The infused animal and the 
non-infused conspecific are indicated by the solid and hashed bars, respectively. Within 
the Dominant infused animals, MUS and BMI both resulted in a significant reduction in 
pellets taken by the subject and an increase in pellets taken by the non-infused 
conspecific. B-E indicate behaviors of the animals within each dyad recorded 
immediately after the competitive task (30 minutes). B) BMI significantly increased 
passive behavior in the infused animal compared with MUS and Control condition. C) 
BMI significantly reduced total locomotion in the infused animal compared with MUS 
and Control condition. D) Total social contact was not altered across drug treatments. 
E) Total social contact does not differ by drug treatment when compared in 
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asymmetrical dyads (infused animal is submissive and the non-infused partner is 
dominant and vice versa) versus symmetrical dyads where no clear hierarchy exists. 
*p<0.05, relative to the control session.  ^=p<0.05, relative to the other partner. 
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Figure 3.5. Both inactivation and activation of Basolateral Amygdala decrease 
heart rate in a mild restraint paradigm whereas Basolateral Amygdala activation 
increases pulse pressure. A) Examples of data recorded before and during the drug 
infusion and immediately after drug infusion (marked as End of Infusion) of saline, MUS, 
or BMI in case LO.  Top panel: Heart rate (HR); Bottom panel: Pulse pressure. B) Heart 
rate expressed in percentage of baseline averaged across subjects for each treatment 
(+/- SEM). Heart rate was filtered for noise and averaged over five-minute intervals 
across 45 minutes of recording.  Both MUS (* = P<0.05) and BMI (*** = P<0.001) 
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significantly decreased HR compared to control (saline). C) Pulse pressure averaged 
over five-minute intervals across 45 minutes of recording.  BMI significantly increased 
pulse pressure compared with control (*** = P<0.001). D-F) Peak change from pre-
infusion baseline period after saline, MUS, or BMI in D) heart rate, E1) systolic blood 
pressure, E2) diastolic blood pressure F1) pulse pressure, and F2) mean arterial 
pressure (MAP).  Both MUS and BMI resulted in a significant peak decrease in HR 
(*p=0.03; ^p=0.016 when a statistical outlier was removed, shorter bar overlaid on BMI).  
BMI resulted in a significant increase in peak pulse pressure (^ p=0.026 when a 
statistical outlier was removed, shorter bar overlaid on BMI) whereas MUS resulted in a 
borderline significant decrease (# p=0.084); pulse pressure resulted in a significant peak 
decrease under control condition (* p=0.032), likely reflecting habituation to the chair 
during the course of the session. The remaining measures yielded no significant 
changes from baseline. 
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Table 3.1. Order of exposure to threatening and social stimuli. 

 
 

Animal Order of Treatment 

NO Baseline MUS in 
AMY 

Baseline 
2 

BMI in 
AMY 

  

YO Baseline MUS in 
AMY 

MUS in 
PULV 

Baseline 
2 

Baseline 
3 

BMI in 
AMY 

TH Baseline Baseline 
2 

MUS in 
AMY 

Baseline 
3 

MUS in 
PULV 

 

LO Baseline MUS in 
PULV 

Baseline 
2 

BMI in 
AMY 

  

AB Baseline MUS in 
AMY 

Baseline 
2 

MUS in 
PULV 

Baseline 
3 

BMI in 
AMY 

SL MUS in 
PULV 

MUS in 
AMY 

Baseline Baseline 
2 

Baseline 
3 

BMI in 
AMY 

RE MUS in 
AMY 

Baseline Baseline 
2 

Baseline 
3 

BMI in 
AMY 

 

OD MUS in 
AMY 

Baseline     

RA MUS in 
AMY 

Baseline     
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Table 3.2. Pairs of dyads used in the social dominance experiments. Injected 
subject is listed first. 

 
# Dyad Baseline MUS in BLA BMI in BLA 

1 NO/LO Yes Yes Yes 

2 LO/NO Yes No No 

3 NO/TH Yes Yes Yes 

4 YO/NO Yes Yes Yes 

5 AB/NO Yes Yes Yes 

6 LO/TH Yes No Yes 

7 AB/YO Yes Yes Yes 

8 SL/RE Yes Yes No 

9 SL/RA Yes Yes Yes 

10 SL/OD No No Yes 

11 RA/RE Yes Yes Yes 

12 RE/RA Yes Yes Yes 

13 OD/RE Yes Yes Yes 

14 RE/OD Yes Yes Yes 

15 OD/RA Yes Yes Yes 

16 RA/OD Yes Yes Yes 

17 LO/RE Yes Yes Yes 

18 RE/LO Yes Yes Yes 
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Chapter 4: The role of superior colliculus in autonomic response 
 

4.1 Introduction 

The superior colliculus (SC) is a laminar structure that along with the inferior 

colliculus forms the corpora quadrigemina, or tectum, a component of the midbrain. The 

superficial layers of SC receive input primarily from early visual processing regions 

(retina, striate and extrastriate cortices), while the intermediate and deep layers of SC 

(referred to as DLSC) receive diverse inputs from across the brain and are concerned 

with integration of sensory and motor information and outputs (Pollack and Hickey, 

1979; Benevento and Standage, 1983; Redgrave et al., 1987; Stein et al., 2009).  

The presentation of threatening stimuli in the absence of any manipulation will 

produce defense responses, a behavioral pattern characterized by freezing, escape, or 

aggressive behaviors accompanied by changes in cardiovascular response (Schenberg 

et al., 1993). The superior colliculus has been thought to regulate aspects of attention, 

both in the context of appetitive or seeking behaviors as well as in aversive, threat 

detecting behaviors such as the defense response (Sahibzada et al., 1986; Dean et al., 

1989). Early studies of stimulation of the SC with either electrical input or 

pharmacological agents found that activation of the SC evokes defensive behaviors 

(Sahibzada et al., 1986; Dean et al., 1988a; da Silva et al., 2018). 

In rats, the superior colliculus is organized in a topographic fashion such that the 

medial SC is associated with the upper visual field and produces defensive or aversive 

behavioral responses when stimulated, while the lateral SC is associated with the lower 

visual field and produces appetitive, hunting behaviors when it is stimulated. The 

primate SC retains the topographic organization of the SC, but produces consistent 
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behavioral responses regardless of the site of stimulation (Comoli et al., 2012; 

DesJardin et al., 2013). Pharmacological activation of SC in primates produced 

cowering, escape behaviors, and fearful vocalizations in a dose-dependent manner.  

Lesion of SC in either rodents or primates abolishes these behavioral and 

physiological responses to threats (Goodale and Murison, 1975; Maior et al., 2011). 

Although much of the coordinated response to threatening stimuli is likely achieved via 

downstream projections of SC to the PAG and brainstem, these findings suggest that 

SC is necessary to evoke integrated defensive responses (Schenberg et al., 2005). 

Further, the cardiovascular changes associated with the defense response have been 

observed in rodents after stimulation of the SC, in addition to behavioral responses 

(Iigaya et al., 2012; Müller-Ribeiro et al., 2014, 2016). Stimulation via electrical input or 

pharmacological activation of different sites within the SC evokes separable changes in 

both heart rate and blood pressure in rodents (Keay et al., 1988, 1990). 

Given that the organization of the behavioral responses after SC stimulation 

appears to differ from rodents to primates, the question remained whether the 

autonomic changes evoked by SC stimulation would replicate the findings in the rodent 

when performed in primates. In this study I present blood pressure and heart rate 

response after SC activation from three macaques to answer this question.  

 

4.2 Methods 

See description of implant placement, injector, MRI, telemetry implant, and tissue 

processing in chapter 2. Nissl stain was performed on all sections through the SC for all 

animals to document injection sites. 
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Subjects 

Three juvenile male rhesus macaques monkeys (Macaca mulatta) were used for this 

study (NO, LO, SL). Animals ranged in age from 4-7 years at the time of testing and 

weighed between 4.8-7.7 kg. In all animals, this was the last experiment performed 

before tissue collection and processing.  

 

Microinfusion 

Bicuculline methiodide (BMI) was used in this study to activate the superior colliculus. A 

volume of 0.18 µl at a concentration of 13.5nM was used to achieve a dose of 2.5nmol. 

Our lab has previously investigated the effects of BMI infusion into the SC on behavior 

in doses as high as 10nmol (DesJardin et al., 2013). However, for the purposes of this 

study I chose to restrict the dose to 2.5nmol, in the interest of determining if a dose that 

is below the threshold to evoke defense behavior is still capable of influencing 

physiological response. The drug used in this study remains active in the brain for 

approximately an hour. Control trials consisted of sham infusions or, at least once in 

every subject, a bilateral infusion of 1 μl saline. A minimum of two days elapsed 

between drug treatments in the same site. Injection sites are visualized in Figure 4.1. 

All injections were targeted to the SC across all layers, but some injection sites instead 

extended into nearby structures such as the inferior colliculus and periaqueductal grey 

and were analyzed in addition to the superior colliculus injections. Generally, all 

injections were performed by choosing a site in the superficial SC, then injecting into 

new, more ventral sites at intervals of 0.5 or 1mm until the deep layers of SC were 

reached. If bilateral injection sites, or two unilateral sites, were obtained in an animal 
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(dependent on the positioning of the implant platform) injections were performed in this 

manner at each site. To ensure a more precise localization of injection site than the in 

vivo structural MRI allows for, exact sites of each injection were determined post tissue 

processing by referencing the length of the injection cannula at the most ventral 

injection site for each mediolateral track. I calculated the depth of each injection dorsal 

to this final site, with the most ventral injection as a reference point. 

 

Telemetric Monitoring of Heart Rate and Blood Pressure 

See chapter 2 for details on the telemetry implant used and the implantation surgery. 

Monitoring began twenty minutes prior to a microinjection and concluded 50 minutes 

post injection. For the sake of examining the maximal response to the drug, however, 

we present data only from the fifteen minutes post injection. 

Data were acquired via a Powerlab analog-to-digital converter using LabChart 

software (AD Instruments, Colorado Springs, CO) software or via the PHYSIOTEL 

connect DSI-LabChart bridge software package. Recordings were low pass filtered (100 

Hz) to remove artifacts. Heart rate, systolic pressure, diastolic pressure, and mean arterial 

pressure were calculated from the blood pressure trace. These measures were averaged 

across five minute intervals to obtain values for each time point.  

 

Data Analysis and Statistics 

Changes in autonomic response after infusion of saline were combined with the pre-

injection baseline recordings for each experiment to create a range of control values for 

heart rate, mean arterial pressure, systolic blood pressure, and diastolic blood pressure. 
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The 99% confidence interval was calculated for each of these measures, individually for 

each animal. Values falling outside of this control range were considered to be 

alterations in the physiological response caused by injection of BMI.  

 

 

4.3 Results 

Influence of BMI on Cardiovascular Response 

In the twenty five sites targeted in this study, all but one evoked changes in heart rate, 

and all sites evoked changes in mean arterial pressure (Figure 4.2). The targeted sites 

were primarily targeted to the superficial and intermediate layers of SC, with some 

injections to the deep layers of SC, ventral PAG, and inferior colliculus. The injection 

sites were bilateralized roughly equally, with eight injection sites in the SC in the left 

hemisphere and thirteen on the right hemisphere. All PAG sites were lateralized to the 

right hemisphere, while all IC sites were lateralized to the left. Responses in heart rate 

and blood pressure are summarized for each injection site in Figure 4.3 and, for 

injection sites within the SC alone, in Figure 4.4. 

 

Effects of BMI on Heart Rate 

In all sites, the majority (64%, sixteen of twenty five) caused increased heart rate, six 

caused decreased heart rate, two had a mixed response, and one was unresponsive. 

Within the individual anatomical layers, there was a high degree of variability. Within the 

superficial SC, three out of six sites (50%) caused decreased heart rate, two caused 

increased heart rate, and one caused increased heart rate followed by decreased heart 
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rate. In the intermediate layers, the majority of injection sites (70%, seven of ten sites) 

caused increased heart rate. The remaining three sites caused decreased heart rate. 

Within the deep layers, one site did not evoke any changes in heart rate. Of the 

remaining sites, 50% (two of four) caused increased heart rate, while the other 50% 

caused decreased heart rate. All sites within the PAG caused increased heart rate. 

Within the IC, the most ventral site had a mixed response in which it initially caused 

increased heart rate followed by decreased heart rate. The two more dorsal both 

caused decreased heart rate.  

 

Effects of BMI on Mean Arterial Pressure 

In all sites, the largest fraction (44%, eleven of twenty five) caused a decreased blood 

pressure response, eight caused an increased blood pressure response, and six had a 

mixed response. Within the individual anatomical layers, decreased blood pressure 

responses dominated the intermediate and deep layers, with many of the increased 

blood pressure responses restricted to the IC and PAG. Within the superficial SC, three 

out of six sites (50%) caused a mixed response. Two of these were increases in MAP 

followed by a decrease, while one caused the reverse. Two caused a decreased blood 

pressure response, and one caused an increased blood pressure response. In the 

intermediate layers 44% (four of nine) injection sites caused a decreased blood 

pressure response. Three had a bimodal response; two of these sites decreased, then 

increased MAP. One increased MAP, decreased it, and finally increased it again. The 

remaining two sites evoked a increased blood pressure response. Within the deep 

layers, the majority of sites (60%, three of five) decreased MAP. Of the remaining sites, 
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one decreased MAP, then increased it, and one only caused an increase. Two of three 

sites within the PAG caused a decreased blood pressure response, and one site near 

the border of the DLSC caused an increased blood pressure response. Within the IC, all 

sites caused an increased blood pressure response.  

 

Distribution of Active Sites 

There did not appear to be a clear pattern across sites within the SC. This is part due to 

the high level of variability across subjects, even at similar sites. Generally, there was a 

trend towards more sites causing increased heart rate in the lateral SC, with more of 

these sites concentrated in the intermediate and deep layers of SC. A majority of deep 

and intermediate layer sites also produced decreased blood pressure responses. These 

effects, although often concurrent physiologically, did not appear to be linked in all sites 

at which they were evoked. Sites within the PAG consistently caused an increase in 

heart rate, although their effects on blood pressure were variable. Activation of the IC 

consistently increased heart rate and blood pressure regardless of depth. Eleven of the 

twenty five sites produced strong responses in heart rate, such that none of the three 

time points measured fell within the confidence interval of control values. For the blood 

pressure responses, only two responses fit this pattern. 
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4.4 Discussion 

We report sites within all layers of superior colliculus in both lateral and medial 

aspects of SC, as well as some sites within inferior colliculus and ventral periaqueductal 

grey, that elicited changes in heart rate and blood pressure. In general, we saw a trend 

of increased heart rate and decreased blood pressure across the sites surveyed. Most 

of these responses were localized to intermediate and deep layers, as we would expect; 

the circuitry of the DLSC is such that the intermediate and deep layers receive sensory 

and motor information and integrate these inputs to coordinate behavior (Sahibzada et 

al., 1986; Jay and Sparks, 1987; Moschovakis et al., 1988; Dean et al., 1989). 

Superficial SC also produced changes in heart rate and blood pressure at all sites 

surveyed, a surprising finding given that superficial SC is primarily involved in visual 

processing. The layers of SC project to one another and reciprocally connect with the 

inferior colliculus, however, which may account for the sensitivity of these sites; it is 

possible that the superficial SC relays information to downstream areas involved in the 

control of autonomic function. 

In previous studies of rats, electrical stimulation of the superior colliculus 

produced changes in blood pressure. Decreased blood pressure responses in which 

blood pressure was lowered were constrained largely to the superficial layers of SC and 

the more dorsal DLSC sites. No significant heart rate changes were observed 

concurrent with the decreased blood pressure responses. Stimulation of the ventral 

layers of DLSC produced increased blood pressure responses in which blood pressure 

was raised, most often coincident with increases in heart rate and respiration (Keay et 

al., 1988). Similar results were observed after pharmacological activation via BMI. 
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Investigation of the SC with pharmacological activation via NMDA displayed less clear 

results; active sites within the SC appeared concentrated to the most lateral and medial 

edges of SC throughout all layers, with very few active sites within the body of the SC 

(Keay et al., 1990). Very few (five of seventy seven) sites within SC produced 

decreased blood pressure responses, while most of the active sites instead produced 

increased blood pressure responses. In most of these increased blood pressure sites, 

heart rate changes were concurrent, with all sites producing lowered heart rate, followed 

in 56% of the sites by increased heart rate. Approximately one quarter of the active sites 

produced a biphasic increased blood pressure response, which presented with a 

transient increased heart rate followed by decreased heart rate. In a third study, infusion 

of noradrenaline into medial SC produced a reduction in heart rate and a concurrent 

increase in blood pressure (Garcia Pelosi et al., 2009). Given the close correlation of 

these responses, the authors suggest that the changes induced by noradrenaline may 

be due to activation of the adrenal component of the sympathetic nervous system, 

which would influence the baroreflex. The baroreflex may be more heavily modulated by 

other regions of the brain in the primate than in the rodent, as many of the responses 

we observed evoked by SC stimulation did not have a clear correlation between blood 

pressure and heart rate changes. 

It’s perhaps important to note that in both studies that assessed respiration, in 

sites where respiration changes occurred after stimulation of SC, the respiratory 

changes always had a longer latency than the blood pressure and heart rate changes, 

suggesting that the control of respiration is downstream to heart rate and blood 

pressure changes. The DLSC receives efferents from parabrachial nucleus and 
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reciprocally projects to the pons, dorsal raphe of the medulla, and spinal cord, which 

may modulate respiration in addition to cardiovascular changes (Dean et al., 1989). 

Animals in this study were restricted to a primate chair, which makes assessment 

of behavioral response difficult, however previous studies in our lab have consistently 

shown defensive behaviors evoked by activation of sites across the SC and PAG 

(DesJardin et al., 2013; Forcelli et al., 2016, 2017a). Defensive responses in the 

absence of any neural manipulation produce changes in heart rate and blood pressure 

in rodents, and further, these changes reflect the form of defensive response 

(Schenberg et al., 1993); a freezing response caused an increase in blood pressure and 

a decrease in heart rate, while an escape response caused only an increase in blood 

pressure. These same defensive responses can be evoked in rodents via stimulation of 

the SC with glutamate, but the behavioral responses differed such that anterior medial 

SC generally produced only defensive responses and posterior lateral SC tended to 

produce only contralateral turning movements (Dean et al., 1988a). Previous findings in 

the primate show that activation of the SC across multiple sites show the same 

defensive behavioral responses, but the results of this study indicate that the 

topography of physiological responses may be conserved, if not replicated, in the 

primate (DesJardin et al., 2013).  

The two other areas targeted in this study, the inferior colliculus and 

periaqueductal grey, have additionally been previously shown to play a role in the 

regulation of defensive behaviors and autonomic function. The PAG has long been 

studied as a mediator of the defense response in rodents and cats, and in several 

species, including humans, PAG also influences autonomic function including heart 
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rate, blood pressure, and respiration (Hayward et al., 2004; Green et al., 2010; 

Dampney et al., 2013; Müller-Ribeiro et al., 2014). The inferior colliculus also produces 

defensive behaviors as well as increases in heart rate and blood pressure when 

stimulated (Brandão et al., 1988). Among these regions, SC projects to both inferior 

colliculus reciprocally, and to the dorsal PAG, which in turn projects to ventral PAG. It is 

likely that these regions form a common defense circuit that regulates downstream 

motor, sympathetic, and parasympathetic outputs. 

This study represents the first assessment of cardiovascular response to 

manipulations of the superior colliculus in the macaque and underscores the need for 

further study of the defense network circuitry in the primate. 
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Figure 4.1. Histological verification of injection sites in the superior colliculus, 
inferior colliculus, and periaqueductal grey. A) Cartoon of the SC and PAG adapted 
from the rhesus macaque “Red” Brain Atlas (Laboratory of Neuropsychology, NIMH). 
Layers are labeled S for superficial layers, I for intermediate layers, D for deep layers, 
and PAG meaning periaqueductal grey. B) Injection sites (indicated by cannula track) in 
the SC and PAG of animal SL, visualized on a Nissl-stained section. The injection site 
pictured at each mediolateral location is the most ventral performed. C-D) Injection sites 
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in SC and PAG of animal NO. E-F) Injection sites in the SC and IC of animal LO. Scale 
bar 0.5mm.  
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Figure 4.2. Summary of physiological responses by animal to activation of 
superficial, intermediate, and deep layers of Superior Colliculus, Inferior 
Colliculus, and Periaqueductal Grey. Blue bar indicates the 99% confidence interval 
of the control sessions. Time indicated on the x axis refers to minutes post-
microinjection. Medial and lateral sites are indicated by circles and squares on the bars, 
respectively. A-C) Changes in heart rate after stimulation with BMI in animals SL, NO, 
and LO. D-F) Changes in mean arterial pressure after stimulation with BMI in animals 
SL, NO, and LO. G-I) Changes in systolic and J-L) diastolic blood pressure stimulation 
with BMI in animals SL, NO, and LO. 
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Figure 4.3. Summary of A) heart rate and B) mean arterial pressure changes 
induced by activation of Superior Colliculus, Inferior Colliculus, and 
Periaqueductal Grey with BMI. Grey lines indicate boundaries of the intermediate 
layers (0.0, -0.1) and inferior colliculus (-0.2). Blue circle indicates an increase, red 
circle indicates a decrease, and purple circle indicates a mixed response. Unresponsive 
site is indicated by a filled gray circle. Cartoons of SC at different anterior-posterior 
levels from bregma are adapted from the Red brain atlas. 

  

A. 

B. 



 

 

 

105

  
Figure 4.4. Pie chart summary of total responses evoked by SC activation via BMI. 
Twenty five total injection sites into the superior colliculus are collapsed into sites that 
caused increases, in red, decreases, in blue, or mixed responses, in purple, of A) heart 
rate and B) mean arterial pressure. One site, in grey, produced no change in heart rate 
after activation with BMI.   
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Chapter 5: Discussion 
 

I have presented data in the course of this dissertation to support three main 

ideas: 1) the amygdala and superior colliculus form components of a neural circuit that 

modulates behavioral response to complex visual stimuli, specifically threatening and 

social stimuli, 2) this visual processing of emotional stimuli may be conducted at least in 

part through an anatomical pathway that connects the SC and amygdala through the 

pulvinar, and 3) that direct manipulations of the SC and BLA both influence 

cardiovascular responses, suggesting a role for both regions in modulating affective 

responses on a physiological level.  

 

5.1 Circuit Level Separable Functions 

On their own, the superior colliculus and the amygdala are critical sites for 

modulation of defensive behavior (Brandão et al., 2003; Chudasama et al., 2009; Maior 

et al., 2011; DesJardin et al., 2013; Dal Monte et al., 2015; Rabellino et al., 2016). 

Furthermore, these areas are components of a circuit that works in concert to produce 

complex behaviors. The superior colliculus projects to the thalamus, which in turn 

projects to the basolateral amygdala. The amygdala projects indirectly back to the SC, 

and both regions project to the brainstem nuclei, producing coordinated motor and 

autonomic responses. Behavioral influences have been observed in addition to 

anatomical connectivity: our lab recently performed concurrent activation of the superior 

colliculus and inactivation of the amygdala. The SC exerts circuit influence such that 

amygdala inactivation attenuates the fearful behavior evoked by SC activation, but is 
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unable to rescue the social behavior deficits SC activation induces (Forcelli et al., 2016). 

In another study of the SC’s effects on social behavior, lesions of the SC produced an 

initial deficit in social behavior (one week post lesion) that over time returned to the 

levels shown by the sham subjects (Maior et al., 2012). It is possible that the SC is 

exerting influence via its downstream projections to areas like the PAG, which project 

back to the amygdala and may modulate some of this social behavior, or it is possible 

that SC and amygdala independently mediate some of the same circuitry and produces 

changes in social behavior. See Figure 5.1 for proposed circuitry of the amygdala, SC, 

and related regions.  

Other downstream targets of the amygdala may drive the changes in dominance 

behavior I observed after activation or inactivation of the BLA in dominant animals 

during a competition paradigm (chapter three). My finding that dominance status was 

altered after both activation and inactivation of BLA in dominant animals, while social 

contact was unaffected, differs from findings from our lab and others showing that 

amygdala lesion or inactivation in familiar animals increased social contact and 

prosocial behaviors (Forcelli et al., 2016). This may be due to differences in 

experimental conditions; as the animals in my study were assessed for social behavior 

immediately after engaging in a food competition task. An important caveat to this 

previous study by Forcelli and colleagues (2016) is that it involved mixed dyads of 

males and females, while my study was entirely comprised of juvenile males, who may 

be less likely to participate in pro-social behaviors even under baseline conditions. My 

results were more similar to those observed in a study of macaques that had 

experienced neonatal lesions of the temporal lobe and were tested as adults; these 
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animals as well as those that had received temporal lobe lesions as adults, showed an 

increase in submissive behavior and a reduction in retrieval of food rewards in a social 

dominance paradigm, similar to what I observed (chapter three) (Malkova et al., 2010). 

Additionally, the animals in the Malkova study showed a decrease in total social contact 

as compared to control animals. It is difficult to tell whether the changes in submissive 

behavior were constrained to the animals that were dominant pre-lesion, as my data 

show, or if all animals that received temporal lesions were affected regardless of initial 

dominance status as the study authors did not assess pre-lesion dominance status. It is 

likely then that pro-social behaviors may be influenced both by the paradigm (a 

competitive environment may reduce social contact globally, regardless of drug 

treatment) and by differential circuitry that may influence dominance behavior 

separately from general social behavior. Further, factors contributing to dominance 

status-related behaviors, such as a higher baseline anxiety level, may also influence an 

animal’s responsiveness to other stimuli. A recent study in macaques proposed a neural 

circuit that may mediate dominance status recognition (Noonan et al., 2014). The 

amygdala, hypothalamus, striatum, and brainstem regions such as the raphe and 

reticular formation were implicated in the control of dominance status identification. The 

amygdala sends projections to these areas, suggesting downstream modulation. 

It has been suggested that different output pathways of the amygdala may also 

control responses such as freezing behavior and the control of cardiovascular activity 

(Fanselow, 1994; Roelofs, 2017). The basal and accessory basal nuclei of the amygdala 

project to the hypothalamus in the rat and the macaque (Ono et al., 1985; Price, 2010). 

The hypothalamus has been extensively implicated in control of defense reactions in the 
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rat, cat, dog, and macaque; stimulation of the hypothalamus produces behavioral 

responses of aggression or fear, vasodilation of skeletal muscles, pupillary dilation, and 

cardiovascular response (Eliasson et al., 1951; Forsyth, 1970; Martin et al., 1976; Yardley 

and Hilton, 1986). Hilton and Zbrozyna showed that stimulation of the amygdala in the 

cat produced similar defense responses to those induced by hypothalamic activation, 

supporting the anatomical findings indicating a common circuit (1963). The hypothalamus 

likely acts as a modulator of the dorsal medulla, which influences autonomic response 

(Coote et al., 1973). This may explain the changes in autonomic response observed after 

bidirectional manipulation of amygdala activity (chapter 3). Additionally, both basolateral 

and central amygdala project to ventral PAG, but in studies of this pathway in cats and 

rodents it has been shown that lesions of ventral PAG reduce a freezing response to 

threats but do not alter cardiovascular function (Abrahams et al., 1960; Hopkins and 

Holstege, 1978; LeDoux et al., 1988). This output pathway may explain the increase in 

passive behavior seen after amygdala activation via BMI (chapter 3).  

Although the amygdala may mediate acute fear responses to threatening stimuli, it 

has been suggested that its projections to downstream nuclei such as the bed nucleus 

of the stria terminalis (BNST) may mediate anxiety or prolonged fear response (Lebow 

and Chen, 2016; Shackman and Fox, 2016; Kalin et al., 2018). CeA and BNST have 

many of the same downstream targets, including areas such lateral hypothalamus, the 

dorsal motor nucleus of the vagus, and the parabrachial nucleus, which influence 

autonomic responses, and the locus coeruleus, ventral tegmental area, PAG, trigeminal 

nerve, and paraventricular nucleus that regulate aspects of behavioral responses to 

stimuli (Davis and Whalen, 2001). The BNST is likely a modulator of input from the 
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central amygdala rather than an area that exerts direct control over behavioral 

responses, at least in acute fear; when BNST was lesioned in a fear conditioning 

paradigm both cardiovascular and behavioral responses to fear were unaffected, which 

suggests it is not necessary for either of these functions (LeDoux et al., 1988).  

Both the amygdala and superior colliculus influence autonomic function; my data 

extend findings from rodents, marmosets, and macaques that these areas are part of a 

circuit that exerts modulatory control on cardiovascular function (Keay et al., 1988, 

1990; Sanders and Shekhar, 1991, 1995; Braesicke et al., 2005; Mitz et al., 2017). 

Given what we know about the circuitry of these regions, it is likely that both of these 

findings are influenced by downstream regions that the amygdala and SC provide input 

to. As discussed above, the amygdala’s projections to lateral hypothalamus, and from 

there the dorsal medulla, are likely the pathway that exerts influence on autonomic 

function. The SC may act on this same pathway in a less direct manner, but the SC also 

itself projects to areas within the pons and medulla that may influence autonomic 

response such as the reticular formation, as well as the spinal cord itself. More 

systematic studies will need to be performed on SC in the primate to determine the 

topography and magnitude of responses.  

 

5.2 Future Directions 

Although my choice of focal microinjection as an approach allows a great deal of 

flexibility in experimental design, there are still some questions it remains inadequate to 

address. For example, although this approach allows for targeting of specific receptors 

within a constrained space within the brain, it does not allow for cell type specificity in 
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targeting. Muscimol and bicuculline will act on any GABAA receptor, but these drugs 

cannot target the activity of different subpopulations of cells. Additionally, although the 

site targeting via microinjection is generally good and can be validated by injection of 

contrast agents such as gadolinium, there is some spread of the drug that may pass 

into other regions, confounding the effects (Schmid et al., 2010; DesJardin et al., 2013). 

This is of particular importance when considering areas of the brain that are in close 

proximity to one another. This is one reason I have referred to the collection of 

subnuclei I targeted in this dissertation as the basolateral amygdala, as injections that 

were localized to any of the individual subnuclei likely spread to its neighbors. Small 

areas such as the central amygdala would be difficult to target via microinjection without 

some danger of drug spread confusing the findings. There is additionally always the risk 

that the cannula may deflect from its path once inserted into the brain, resulting in drug 

injection to a different area than intended, although this is rare. 

 What alternatives currently exist to microinjection? For a similar approach that 

allows both stimulation and suppression of activity within a brain region, currently the 

only alternatives are genetic approaches such as chemogenetics or optogenetics 

(Galvan et al., 2018). These techniques both rely on the use of three essential 

components: first, a receptor specifically designed for the purpose of manipulating 

activity within neurons, second, a viral vector that packages these receptors and 

introduces them to the cell surface, and third, a specific activator that causes the 

receptors to function only when it is present. In optogenetics, the time course is nearly 

instantaneous. The receptors respond to certain wavelengths of light, which can be 

acutely applied within the region of interest to excite or silence it (Deisseroth, 2011; 
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Yizhar et al., 2011). The activity of the cells is therefore time locked with the application 

of light. Although this approach is appealing for its highly controlled time course, it is 

easier to utilize within cortical structures. Additionally, penetrance of the virus within 

primate tissue has proven problematic, although there are several labs making use of 

this approach in macaques (Berdyyeva and Reynolds, 2009; Diester et al., 2011; 

Mendoza et al., 2017). Chemogenetics make use of designer receptors that can be 

activated via systemic injection of a synthetic ligand specific to the receptor (Zhu and 

Roth, 2014; Roth, 2016). Although the time course of this approach is much slower and 

less exact than the optogenetic approach, it has the advantage of being minimally 

invasive, requiring only a single surgery and no chronic implants within the brain to 

function. Chemogenetics are still being optimized in the primate, as sufficient 

expression of the viral vector can be difficult to achieve (Eldridge et al., 2016; Grayson 

et al., 2016; Nagai et al., 2016; Raper et al., 2017).  

These approaches have their own drawbacks – for one, they, like lesions, are 

permanent, although it should be noted that unlike lesions the influence of these 

manipulations can be turned on or off at will. Although both of these approaches allow 

for either acute activation or inactivation of a region once the viral vector expresses the 

receptors it carries, they can only allow for unidirectional manipulation. This is further 

limited by the constructs of receptors available for packaging. Currently, most of what is 

commercially available offers only broad-spectrum inactivation or activation, while 

microinjection allows for separable manipulation of multiple types of receptors. 

Nonetheless, genetic approaches are likely to be the future of brain manipulation 

studies within primates, as they allow for less invasive and damaging approaches to 
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altering activity within a region. Additionally, these approaches are also able to make 

use of promoters that can allow them to target specific cell types, an advantage that 

would provide valuable information (Roth, 2016). We know now that a region may be 

involved in producing a behavior, but it would be much more informative to know if a 

certain subpopulation of cells was driving the change, for example. Both genetic 

approaches also allow for projection specific manipulation. By microinjecting the ligand 

(chemogenetics) or shining the light (optogenetics) on a region downstream in circuitry 

from the injection of the virus, one can examine the influence that projection plays in 

evoking a specific behavior. This approach is already being used in rodents to great 

success (Tye and Deisseroth, 2012; Campbell and Marchant, 2018). It remains to be 

seen how the circuitry in the primate may differ from or recapitulate the rodent 

connectivity.  

In the context of the studies I have presented in this dissertation, I see several 

exciting avenues for further study, some of which might make use of new techniques to 

ask questions we are currently unable to answer. Data from chapters two and three 

suggest that the amygdala is critical in rapid response to threatening stimuli. The 

obvious experiment I see growing out of these studies is to perform an eye tracking 

study in which, like human studies modeling blindsight, masked stimuli are presented 

for milliseconds (Whalen et al., 1998). If the anatomical projection I show evidence for in 

chapter two is a functional one, inactivation of the amygdala will impair responses to 

masked threatening stimuli, while activation of the amygdala will increase fearful 

responses (Elorette et al., 2018). Additionally, the pulvinar may also be targeted for 

inactivation studies. It would be informative additionally to combine some of the 
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techniques used in chapter three to monitor heart rate and blood pressure during a 

behavior task like RESST to see if autonomic responses to threatening and social 

stimuli are altered by MUS and BMI in the same way that the behavioral response is. 

In chapter three, I presented data from a study in which a familiar dyad competed 

for a food reward. I found that only for the dominant animals, both activation and 

inactivation of BLA reduced their rate of taking the reward without altering social 

behavior. In response, the submissive partner in these dyads increased their rate of 

taking the reward in both treatments, which implies that they learned the dominant 

animal would not assert themselves and took the opportunity to gather more food. It 

would be interesting to administer one or both of these treatments (activation or 

inactivation of BLA) in a chronic manner, perhaps with a chemogenetic approach, to see 

if reducing dominant behavior over a longer time period than one test session would be 

able to alter the baseline dominance relationship between the two animals. It’s possible 

that repeated reductions in dominant behavior would lead to the partner becoming the 

new dominant in the relationship. Additionally, this study was not able to ask questions 

about the larger dominance hierarchy within the colony. It would be interesting to see if 

BLA manipulation affects only the most dominant animal within the larger group, and if 

so to what degree. In their classic study of amygdala lesion animals within a social 

group, Rosvold, Mirsky, and Pribram found that lesion of the amygdala within the most 

dominant animals reduced them to the most submissive within the group, below even 

those that were originally low-ranking (1954). All of the social dominance experiments 

performed to date in the laboratory have been conducted among familiar animals to 

avoid attacks, as macaques are territorial, but some studies have examined 
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assessment of dominance status in videos of unfamiliar monkeys (Noonan et al., 2014). 

It may also be interesting, although perhaps not experimentally feasible, to assess 

responses to social stimuli when the animal is observing a live monkey or group of 

monkeys. 

The social dominance study would also be interesting to repeat in female 

macaques. In wild reared macaque monkeys, the females remain within their natal 

group for their entire lives, and their dominance structure is more strictly established 

and adhered to than the hierarchy of the males, who may fight to attain higher status 

(Maestripieri and Hoffman, 2011). Females inherit their dominance status from their 

mothers, and the youngest will the be highest ranked of all of a female’s offspring. 

Within this more rigid structure, it is possible that, unlike what I observed with the male 

dyads, the submissive partner might not dare to challenge the more dominant animal by 

taking more rewards, even if the dominant animal decreased her rate of taking them.  

 Although some of the techniques presented in this dissertation can approach 

questions about affect, it still remains an open question in what manner are behavioral 

responses and emotion as it is experienced by the subject correlated. Do animals, in 

fact, feel fear as humans do, or do they experience a concurrent state of autonomic 

activation and behavioral responses (Adolphs, 2013)? The studies in chapters two and 

three on autonomic function are one way at approaching this concept. Does autonomic 

response in the absence of a stimulus induce emotion, or are subjective emotional 

experience and physiological response mediated by separate pathways? Further, do 

changes in autonomic function induce emotion, or must an emotion be present to 

become exacerbated by changes in physiology? There might exist reflex pathways 
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downstream of the same areas that are inducing changes in cardiovascular function, or 

the circuitry that produces behavioral responses and physiological changes may be 

separable. Given our current understanding of the circuitry involved in emotional 

processing of stimuli, and the high degree of reciprocal, recursive, and converging 

projections within the emotion circuitry of the brain, I believe it is likely that these 

responses are not entirely separate, but they may be driven by different output 

pathways such that either behavioral or physiological responses may be dampened or 

excited by modulatory control, even if the remaining output is unaffected.   
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Figure 5.1. Schematic of anatomical projection pathways involved in the circuitry 
of aversive and appetitive stimulus processing. Projections are indicated with 
arrows. Schematic adapted from (Dean et al., 1989; Fanselow, 1994). SC, superior 
colliculus; IC, inferior colliculus; BLA, basolateral amygdala; CeA, central amygdala; 
NST, nucleus of the solitary tract; dPAG, dorsal periqueductal grey; vPAG, ventral 
periaqueductal grey; vMedulla, ventral medulla; PVN, paraventricular nucelus; BNST, 
bed nucleus of the stria terminalis; dMedulla, dorsal medulla.  



 

 

 

118

References 
 
Abrahams VC, Hilton SM, Zbrozyna A (1960) Active muscle vasoldilation produced by 

stimulation of the brain stem: its significance in the defence reaction. J 

Physiol:491–513. 

Abrahamson EE, Moore RY (2001) Suprachiasmatic nucleus in the mouse: retinal 

innervation, intrinsic organization and efferent projections. Brain Res 916:172–191 

Available at: 

https://www.sciencedirect.com/science/article/pii/S0006899301028906?via%3Dihu

b [Accessed May 25, 2019]. 

Adolphs R (2013) The biology of fear. Curr Biol 23:R79-93 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/23347946 [Accessed June 26, 2019]. 

Adolphs R, Gosselin F, Buchanan TW, Tranel D, Schyns P, Damasio AR (2005) A 

mechanism for impaired fear recognition after amygdala damage. Nature 433:68–

72 Available at: http://www.nature.com/articles/nature03086 [Accessed March 28, 

2019]. 

Adolphs R, Tranel D, Damasio H, Damasio A (1994) Impaired recognition of emotion in 

facial expressions following bilateral damage to the human amygdala. Nature 

372:669–672. 

Adolphs R, Tranel D, Damasio H, Damasio AR (1995) Fear and the human amygdala. J 

Neurosci 15:5879–5891 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/7666173. 

Aggleton JP, Burton MJ, Passingham RE (1980) Cortical and subcortical afferents to 

the amygdala of the rhesus monkey (Macaca mulatta). Brain Res 190:347–368 



 

 

 

119

Available at: 

https://www.sciencedirect.com/science/article/pii/0006899380902796?via%3Dihub 

[Accessed May 30, 2018]. 

Aguilar BL, Forcelli PA, Malkova L (2018) Inhibition of the substantia nigra pars 

reticulata produces divergent effects on sensorimotor gating in rats and monkeys. 

Sci Rep 8:9369 Available at: http://www.ncbi.nlm.nih.gov/pubmed/29921848 

[Accessed May 8, 2019]. 

Almeida I, Soares SC, Castelo-Branco M (2015) The distinct role of the amygdala, 

superior colliculus and pulvinar in processing of central and peripheral snakes. 

PLoS One 10:1–21. 

Amaral D, Price J, Pitkanen A, Carmichael T (1992) Anatomical organization of the 

primate amygdaloid complex. In: The amygdala: Neurobiological aspects of 

emotion, memory, and mental dysfunction. (Aggleton J, ed), pp 1–66. New York, 

NY, US: Wiley-Liss. 

Andrews R., Johnston G (1979) GABA agonists and antagonists. Biochem Pharmacol 

28:2697–2702 Available at: https://ac.els-cdn.com/0006295279905495/1-s2.0-

0006295279905495-main.pdf?_tid=a2f4824a-d773-415e-be41-

a9cb9b40ea71&acdnat=1526032484_80a27c009dcb6562fe894e6820a41b19. 

Ashwin C, Chapman E, Colle L, Baron-Cohen S (2006) Impaired recognition of negative 

basic emotions in autism: a test of the amygdala theory. Soc Neurosci 1:349–363. 

Bachevalier J, Malkova L, Mishkin M (2001) Effects of selective neonatal temporal lobe 

lesions on socioemotional behavior in infant rhesus monkeys (macaca mulatta). 

Behav Neurosci 115:545–559. 



 

 

 

120

Baizer JS, Whitney JF, Bender DB (1991) Bilateral projections from the parabigeminal 

nucleus to the superior colliculus in monkey. Exp Brain Res 86:467–470 Available 

at: http://link.springer.com/10.1007/BF00230521 [Accessed May 25, 2019]. 

Bakshi VP, Kalin NH, Newman SM, Grigoriadis DE, Smith-Roe S (2018) Reduction of 

Stress-Induced Behavior by Antagonism of Corticotropin-Releasing Hormone 2 

(CRH 2 ) Receptors in Lateral Septum or CRH 1 Receptors in Amygdala. J 

Neurosci 22:2926–2935 Available at: 

http://www.jneurosci.org/content/jneuro/22/7/2926.full.pdf [Accessed March 28, 

2017]. 

Baldwin MKL, Balaram P, Kaas JH (2017) The evolution and functions of nuclei of the 

visual pulvinar in primates. J Comp Neurol 525:3207–3226 Available at: 

https://onlinelibrary.wiley.com/doi/abs/10.1002/cne.24272 [Accessed March 2, 

2019]. 

Baron-Cohen S, Ring HA, Bullmore ET, Wheelwright S, Ashwin C, Williams SCR (2000) 

The amygdala theory of autism. Neurosci Biobehav Rev 24:355–364 Available at: 

https://www.sciencedirect.com/science/article/pii/S0149763400000117?via%3Dihu

b [Accessed March 6, 2019]. 

Bellani M, Calderoni S, Muratori F, Brambilla P (2013) Brain anatomy of autism 

spectrum disorders II. Focus on amygdala. Epidemiol Psychiatr Sci 22:309–312 

Available at: http://www.journals.cambridge.org/abstract_S2045796013000346 

[Accessed March 6, 2019]. 

Benevento L a, Fallon JH (1975) The ascending projections of the superior colliculus in 

the rhesus monkey (Macaca mulatta). J Comp Neurol 160:339–361. 



 

 

 

121

Benevento LA, Standage GP (1983) The organization of projections of the 

retinorecipient and nonretinorecipient nuclei of the pretectal complex and layers of 

the superior colliculus to the lateral pulvinar and medial pulvinar in the macaque 

monkey. J Comp Neurol 217:307–336. 

Berdyyeva TK, Reynolds JH (2009) The Dawning of Primate Optogenetics. Neuron 

62:159–160 Available at: 

https://www.sciencedirect.com/science/article/pii/S089662730900292X [Accessed 

May 25, 2019]. 

Bijlsma EY, van Leeuwen MLF, Westphal KGC, Olivier B, Groenink L (2011) Local 

repeated corticotropin-releasing factor infusion exacerbates anxiety- and fear-

related behavior: Differential involvement of the basolateral amygdala and medial 

prefrontal cortex. Neuroscience 173:82–92 Available at: http://ac.els-

cdn.com/S0306452210015174/1-s2.0-S0306452210015174-

main.pdf?_tid=0fcbfcda-13fb-11e7-9257-

00000aacb35e&acdnat=1490735648_e4bd0376fd2679e9809fb70844d87d15 

[Accessed March 28, 2017]. 

Born RT, Bradley DC (2005) Structure and Function of Visual Area Mt. Annu Rev 

Neurosci 28:157–189 Available at: 

http://www.annualreviews.org/doi/10.1146/annurev.neuro.26.041002.131052. 

Braesicke K, Parkinson JA, Reekie Y, Man MS, Hopewell L, Pears A, Crofts H, Schnell 

CR, Roberts AC (2005) Autonomic arousal in an appetitive context in primates: A 

behavioural and neural analysis. Eur J Neurosci 21:1733–1740 Available at: 

https://s3.amazonaws.com/objects.readcube.com/articles/downloaded/wiley/c6ce8



 

 

 

122

4e81a9760ad770b0659458fc18c97fb1055050cdbf1a668163f0149f248.pdf?X-Amz-

Algorithm=AWS4-HMAC-SHA256&X-Amz-

Credential=AKIAIS5LBPCM5JPOCDGQ%2F20170802%2Fus-east-

1%2Fs3%2Faws4_request& [Accessed August 2, 2017]. 

Brandão ML, Cardoso SH, Melo LL, Motta V, Coimbra NC (1994) Neural substrate of 

defensive behavior in the midbrain tectum. Neurosci Biobehav Rev 18:339–346 

Available at: 

https://www.sciencedirect.com/science/article/pii/0149763494900477?via%3Dihub 

[Accessed August 16, 2018]. 

Brandão ML, Tomaz C, Leão Borges PC, Coimbra NC, Bagri A (1988) Defense reaction 

induced by microinjections of bicuculline into the inferior colliculus. Physiol Behav 

44:361–365. 

Brandão ML, Troncoso AC, De Souza Silva MA, Huston JP (2003) The relevance of 

neuronal substrates of defense in the midbrain tectum to anxiety and stress: 

Empirical and conceptual considerations. Eur J Pharmacol 463:225–233. 

Bucy PC, Klüver H (1955) An anatomical investigation of the temporal lobe in the 

monkey (Macaca mulatta). J Comp Neurol 103:151–251. 

Bueno CH, Zangrossi Jr. H, Viana MB (2005) The inactivation of the basolateral nucleus 

of the rat amygdala has an anxiolytic effect in the elevated T-maze and light/dark 

transition tests. Brazilian J Med Biol Res 38:1697–1701 Available at: 

http://www.scielo.br/scielo.php?script=sci_arttext&pid=S0100-

879X2005001100019&lng=en&tlng=en [Accessed June 19, 2019]. 

Burton H, Jones EG (1976) The posterior thalamic region and its cortical projection in 



 

 

 

123

new world and old world monkeys. J Comp Neurol 168:249–301. 

Büttner-Ennever JA, Cohen B, Horn AKE, Reisine H (1996) Efferent pathways of the 

nucleus of the optic tract in monkey and their role in eye movements. J Comp 

Neurol 373:90–107 Available at: http://doi.wiley.com/10.1002/%28SICI%291096-

9861%2819960909%29373%3A1%3C90%3A%3AAID-CNE8%3E3.0.CO%3B2-8 

[Accessed May 25, 2019]. 

Campbell EJ, Marchant NJ (2018) The use of chemogenetics in behavioural 

neuroscience: receptor variants, targeting approaches and caveats. Br J Pharmacol 

175:994–1003 Available at: http://doi.wiley.com/10.1111/bph.14146 [Accessed May 

25, 2019]. 

Chareyron LJ, Banta Lavenex P, Amaral DG, Lavenex P (2011) Stereological analysis 

of the rat and monkey amygdala. J Comp Neurol 519:3218–3239 Available at: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4342351/pdf/nihms541965.pdf 

[Accessed July 4, 2017]. 

Choi J-S, Kim JJ (2010) Amygdala regulates risk of predation in rats foraging in a 

dynamic fear environment. Proc Natl Acad Sci U S A 107:21773–21777 Available 

at: http://www.ncbi.nlm.nih.gov/pubmed/21115817 [Accessed July 29, 2019]. 

Chomsung RD, Petry HM, Bickford ME (2008) Ultrastructural examination of diffuse and 

specific tectopulvinar projections in the tree shrew. J Comp Neurol 510:24–46. 

Chudasama Y, Izquierdo A, Murray EA (2009) Distinct contributions of the amygdala 

and hippocampus to fear expression. Eur J Neurosci 30:2327–2337 Available at: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2852103/pdf/nihms189514.pdf 

[Accessed March 28, 2017]. 



 

 

 

124

Comoli E, Das Neves Favaro P, Vautrelle N, Leriche M, Overton PG, Redgrave P 

(2012) Segregated anatomical input to sub-regions of the rodent superior colliculus 

associated with approach and defense. Front Neuroanat 6:9 Available at: 

http://journal.frontiersin.org/article/10.3389/fnana.2012.00009/abstract. 

Coote JH, Hilton SM, Zbrożyna AW (1973) The pontomedullary area integrating the 

defence reaction in the cat and its influence on muscle blood flow. J Physiol 

229:257–274 Available at: http://doi.wiley.com/10.1113/jphysiol.1973.sp010137 

[Accessed August 22, 2019]. 

Cowey A, Stoerig P (1991) The neurobiology of blindsight. Trends Neurosci 14:140–

145. 

da Silva JA, Almada RC, de Figueiredo RM, Coimbra NC (2018) Blockade of synaptic 

activity in the neostriatum and activation of striatal efferent pathways produce 

opposite effects on panic attack-like defensive behaviours evoked by GABAergic 

disinhibition in the deep layers of the superior colliculus. Physiol Behav 196:104–

111 Available at: https://doi.org/10.1016/j.physbeh.2018.07.021. 

Dal Monte O, Costa VD, Noble PL, Murray EA, Averbeck BB (2015) Amygdala lesions 

in rhesus macaques decrease attention to threat. Nat Commun 6:10161 Available 

at: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4682115/pdf/ncomms10161.pdf 

[Accessed March 28, 2017]. 

Dampney RAL, Furlong TM, Horiuchi J, Iigaya K (2013) Role of dorsolateral 

periaqueductal grey in the coordinated regulation of cardiovascular and respiratory 

function. Auton Neurosci 175:17–25 Available at: 

https://www.sciencedirect.com/science/article/pii/S1566070212002536 [Accessed 



 

 

 

125

May 20, 2019]. 

Davis M, Whalen PJ (2001) The amygdala: vigilance and emotion. Mol Psychiatry 6:13–

34 Available at: http://www.nature.com/articles/4000812 [Accessed May 22, 2019]. 

Day-Brown JD, Wei H, Chomsung RD, Petry HM, Bickford ME (2010) Pulvinar 

projections to the striatum and amygdala in the tree shrew. Front Neuroanat 4:143. 

de Abreu AR, Abreu AR, Santos LT, de Souza AA, da Silva LG, Chianca DA, de 

Menezes RC (2015) Amygdalar neuronal activity mediates the cardiovascular 

responses evoked from the dorsolateral periaqueductal gray in conscious rats. 

Neuroscience 284:737–750 Available at: 

http://dx.doi.org/10.1016/j.neuroscience.2014.10.055. 

De Gelder B, Terburg D, Morgan B, Hortensius R, Stein DJ, van Honk J (2014) The role 

of human basolateral amygdala in ambiguous social threat perception. Cortex 

52:28–34 Available at: http://dx.doi.org/10.1016/j.cortex.2013.12.010. 

De Gelder B, Vroomen J, Pourtois G, Weiskrantz L (1999) Non-conscious recognition of 

affect in the absence of striate cortex. Neuroreport 10:3759–3763 Available at: 

https://insights.ovid.com/crossref?an=00001756-199912160-

00007&isFromRelatedArticle=Y [Accessed January 2, 2018]. 

Dean P, Mitchell IJ, Redgrave P (1988a) Responses resembling defensive behaviour 

produced by microinjection of glutamate into superior colliculus of rats. 

Neuroscience 24:501–510. 

Dean P, Redgrave P, Mitchell IJ (1988b) Organisation of efferent projections from 

superior colliculus to brainstem in rat: Evidence for functional output channels. Prog 

Brain Res 75:27–36. 



 

 

 

126

Dean P, Redgrave P, Westby GWM (1989) Event or emergency? Two response 

systems in the mammalian superior colliculus. Trends Neurosci 12:137–147 

Available at: 

https://www.sciencedirect.com/science/article/pii/0166223689900520?via%3Dihub 

[Accessed June 12, 2018]. 

Deisseroth K (2011) Optogenetics. Nat Methods 8:26–29. 

DesJardin JT, Holmes AL, Forcelli P a, Cole CE, Gale JT, Wellman LL, Gale K, Malkova 

L (2013) Defense-like behaviors evoked by pharmacological disinhibition of the 

superior colliculus in the primate. J Neurosci 33:150–155 Available at: 

http://www.jneurosci.org/content/jneuro/33/1/150.full.pdf [Accessed May 2, 2018]. 

Dias EC, Segraves MA (1997) A pressure system for the microinjection of substances 

into the brain of awake monkeys. J Neurosci Methods 72:43–47. 

Dicks D, Myers RE, Kling A (1969) Uncus and Amygdala Lesions: Effects on Social 

Behavior in the Free-Ranging Rhesus. Science (80- ) 165:69–71 Available at: 

http://www.jstor.org/stable/1726057%5Cnhttp://about.jstor.org/terms. 

Diester I, Kaufman MT, Mogri M, Pashaie R, Goo W, Yizhar O, Ramakrishnan C, 

Deisseroth K, Shenoy K V (2011) An optogenetic toolbox designed for primates. 

Nat Neurosci 14:387–397 Available at: http://www.nature.com/articles/nn.2749 

[Accessed May 25, 2019]. 

Doron NN, LeDoux JE (1999) Organization of Projections to the Lateral Amygdala From 

Auditory and Visual. J Comp Neurol 409:383–409. 

Dybdal D, Forcelli PA, Dubach M, Oppedisano M, Holmes A, Malkova L, Gale K (2013) 

Topography of dyskinesias and torticollis evoked by inhibition of substantia nigra 



 

 

 

127

pars reticulata. Mov Disord 28:460–468. 

Eldridge MAG, Lerchner W, Saunders RC, Kaneko H, Krausz KW, Gonzalez FJ, Ji B, 

Higuchi M, Richmond BJ (2016) Disruption of relative reward value by reversible 

disconnection of orbitofrontal and rhinal cortex using DREADDs in thesus monkeys. 

19:37–39. 

Eliasson S, Folkow B, Lindgren P, Uvnas B (1951) Activation of Sympathetic 

Vasodilator Nerves to the Skeletal Muscles in the Cat. 

Elorette C, Forcelli PA, Saunders RC, Malkova L (2018) Colocalization of Tectal Inputs 

With Amygdala-Projecting Neurons in the Macaque Pulvinar. Front Neural Circuits 

12:91 Available at: https://www.frontiersin.org/article/10.3389/fncir.2018.00091/full 

[Accessed November 9, 2018]. 

Emery NJ, Capitanio JP, Mason W a, Machado CJ, Mendoza SP, Amaral DG (2001) 

The effects of bilateral lesions of the amygdala on dyadic social interactions in 

rhesus monkeys (Macaca mulatta). Behav Neurosci 115:515–544. 

Erskine L, Herrera E (2014) Connecting the retina to the brain. ASN Neuro 6 Available 

at: http://www.ncbi.nlm.nih.gov/pubmed/25504540 [Accessed May 25, 2019]. 

Fanselow MS (1994) Neural organization of the defensive behavior system responsible 

for fear. Psychon Bull Rev 1:429–438. 

Farivar R (2009) Dorsal–ventral integration in object recognition. Brain Res Rev 

61:144–153 Available at: https://ac.els-cdn.com/S016501730900071X/1-s2.0-

S016501730900071X-main.pdf?_tid=d0d0c97e-c0da-11e7-9f89-

00000aacb35e&acdnat=1509743350_88253717c6182d8c411b22e87da4b2fb 

[Accessed November 3, 2017]. 



 

 

 

128

Feinstein JS, Adolphs R, Damasio AR, Tranel D (2011) The human amygdala and the 

induction and experience of fear. Curr Biol 21:34–38. 

Felix-Ortiz AC, Burgos-Robles A, Bhagat ND, Leppla CA, Tye KM (2016) Bidirectional 

modulation of anxiety-related and social behaviors by amygdala projections to the 

medial prefrontal cortex. Neuroscience 321:197–209 Available at: https://ac.els-

cdn.com/S0306452215006557/1-s2.0-S0306452215006557-

main.pdf?_tid=a860a386-c07e-4c87-94f2-

59489ff50f0a&acdnat=1522787304_93628534dcead0ef1c25eafb2cd9db7d 

[Accessed April 3, 2018]. 

Felix-Ortiz AC, Tye KM (2014) Amygdala Inputs to the Ventral Hippocampus 

Bidirectionally Modulate Social Behavior. J Neurosci 34:586–595 Available at: 

http://www.jneurosci.org/content/jneuro/34/2/586.full.pdf [Accessed April 3, 2018]. 

Fonzo GA, Etkin A (2017) Affective neuroimaging in generalized anxiety disorder: An 

integrated review. Dialogues Clin Neurosci 19:169–179. 

Forcelli P a, Palchik G, Leath T, Desjardin JT, Gale K, Malkova L (2014) Memory loss in 

a nonnavigational spatial task after hippocampal inactivation in monkeys. Proc Natl 

Acad Sci U S A 111. 

Forcelli P, DesJardin J, West E, Holmes A, Elorette C, Wellman L, Malkova L (2016) 

Amygdala selectively modulates defensive responses evoked from the superior 

colliculus in non-human primates. Soc Cogn Affect Neurosci 11:1–11. 

Forcelli PA, Waguespack HF, Malkova L (2017a) Defensive Vocalizations and Motor 

Asymmetry Triggered by Disinhibition of the Periaqueductal Gray in Non-human 

Primates. Front Neurosci 11:163 Available at: 



 

 

 

129

http://journal.frontiersin.org/article/10.3389/fnins.2017.00163/full [Accessed May 3, 

2018]. 

Forcelli PA, Wellman LL, Malkova L (2017b) Blockade of Glutamatergic Transmission in 

the Primate Basolateral Amygdala Suppresses Active Behavior Without Altering 

Social Interaction. Behav Neurosci 131:192–200 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/28221080%0Ahttp://doi.apa.org/getdoi.cfm?do

i=10.1037/bne0000187%5Cnhttp://www.ncbi.nlm.nih.gov/pubmed/28221080%5Cn

http://doi.apa.org/getdoi.cfm?doi=10.1037/bne0000187. 

Forsyth RP (1970) Hypothalamic control of the distribution of cardiac output in the 

unanesthetized rhesus monkey. Circ Res 26:783–794. 

Frick A, Åhs F, Engman J, Jonasson M, Alaie I, Björkstrand J, Frans Ö, Faria V, 

Linnman C, Appel L, Wahlstedt K, Lubberink M, Fredrikson M, Furmark T (2015) 

Serotonin Synthesis and Reuptake in Social Anxiety Disorder. JAMA Psychiatry 

72:794 Available at: 

http://archpsyc.jamanetwork.com/article.aspx?doi=10.1001/jamapsychiatry.2015.01

25 [Accessed March 28, 2017]. 

Gallagher M, Graham P, Holland P (1990) The amygdala central nucleus and appetitive 

Pavlovian conditioning: lesions impair one class of conditioned behavior. J 

Neurosci 10:1906–1911 Available at: http://www.ncbi.nlm.nih.gov/pubmed/2355257 

[Accessed March 5, 2019]. 

Galvan A, Caiola MJ, Albaugh DL (2018) Advances in optogenetic and chemogenetic 

methods to study brain circuits in non-human primates. J Neural Transm 125:547–

563 Available at: http://www.ncbi.nlm.nih.gov/pubmed/28238201 [Accessed May 



 

 

 

130

21, 2019]. 

Garcia Pelosi G, Fiacadori Tavares R, Barros Parron Fernandes K, Morgan Aguiar 

Corrêa F (2009) Cardiovascular effects of noradrenaline microinjection into the 

medial part of the superior colliculus of unanesthetized rats. Brain Res 1290:21–27 

Available at: 

https://www.sciencedirect.com/science/article/pii/S0006899309013778?via%3Dihu

b [Accessed May 20, 2019]. 

Garfinkel SN, Critchley HD (2016) Threat and the Body: How the Heart Supports Fear 

Processing. Trends Cogn Sci 20:34–46 Available at: 

http://dx.doi.org/10.1016/j.tics.2015.10.005. 

Gattass R, Soares JGM, Lima B (2018) Connectivity of the Pulvinar. In, pp 19–29. 

Springer, Cham. Available at: http://link.springer.com/10.1007/978-3-319-70046-

5_5 [Accessed July 3, 2019]. 

Geerling JC, Loewy AD (2006) Aldosterone-sensitive neurons in the nucleus of the 

solitary tract: bidirectional connections with the central nucleus of the amygdala. J 

Comp Neurol 497:646–657 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/16739197 [Accessed May 25, 2019]. 

Ghashghaei H., Barbas H (2002) Pathways for emotion: interactions of prefrontal and 

anterior temporal pathways in the amygdala of the rhesus monkey. Neuroscience 

115:1261–1279 Available at: 

https://www.sciencedirect.com/science/article/pii/S0306452202004463?via%3Dihu

b [Accessed March 3, 2019]. 

Goodale MA, Murison RCC (1975) The effects of lesions of the superior colliculus on 



 

 

 

131

locomotor orientation and the orienting reflex in the rat. Brain Res 88:243–261 

Available at: 

https://www.sciencedirect.com/science/article/pii/0006899375903881?via%3Dihub 

[Accessed May 20, 2019]. 

Gothard KM, Battaglia FP, Erickson CA, Spitler KM, Amaral DG (2006) Neural 

Responses to Facial Expression and Face Identity in the Monkey Amygdala. J 

Neurophysiol 97:1671–1683 Available at: 

http://jn.physiology.org/cgi/doi/10.1152/jn.00714.2006. 

Grayson DS, Bliss-Moreau E, Machado CJ, Bennett J, Shen K, Grant KA, Fair DA, 

Amaral DG (2016) The Rhesus Monkey Connectome Predicts Disrupted Functional 

Networks Resulting from Pharmacogenetic Inactivation of the Amygdala. Neuron 

91:453–466 Available at: 

https://www.sciencedirect.com/science/article/pii/S0896627316302586?via%3Dihu

b [Accessed March 20, 2018]. 

Green AL, Hyam JA, Williams C, Wang S, Shlugman D, Stein JF, Paterson DJ, Aziz TZ 

(2010) Intra-Operative Deep Brain Stimulation of the Periaqueductal Grey Matter 

Modulates Blood Pressure and Heart Rate Variability in Humans. Neuromodulation 

Technol Neural Interface 13:174–181 Available at: 

http://doi.wiley.com/10.1111/j.1525-1403.2010.00274.x [Accessed May 23, 2019]. 

Groen W, Teluij M, Buitelaar J, Tendolkar I (2010) Amygdala and Hippocampus 

Enlargement During Adolescence in Autism. J Am Acad Child Adolesc Psychiatry 

49:552–560 Available at: http://dx.doi.org/10.1016/j.jaac.2009.12.023. 

Gutierrez C, Yaun A, Cusick CG (1995) Neurochemical subdivisions of the inferior 



 

 

 

132

pulvinar in macaque monkeys. J Comp Neurol 363:545–562 Available at: 

http://doi.wiley.com/10.1002/cne.903630404 [Accessed August 7, 2018]. 

Haaf RA, Bell RQ (1967) A Facial Dimension in Visual Discrimination by Human Infants. 

Child Dev 38:893 Available at: https://www.jstor.org/stable/1127266?origin=crossref 

[Accessed November 18, 2018]. 

Harting JK, Hall WC, Diamond IT (1972) Evolution of the pulvinar. Brain Behav Evol 

6:424–452 Available at: http://www.ncbi.nlm.nih.gov/pubmed/4662204 [Accessed 

June 11, 2018]. 

Harting JK, Updyke B V., van Lieshout DP (1992) Corticotectal projections in the cat: 

Anterograde transport studies of twenty-five cortical areas. J Comp Neurol 

324:379–414 Available at: http://doi.wiley.com/10.1002/cne.903240308 [Accessed 

March 3, 2019]. 

Hatfield T, Han JS, Conley M, Gallagher M, Holland P (1996) Neurotoxic lesions of 

basolateral, but not central, amygdala interfere with Pavlovian second-order 

conditioning and reinforcer devaluation effects. J Neurosci 16:5256–5265 Available 

at: http://www.ncbi.nlm.nih.gov/pubmed/8756453 [Accessed March 5, 2019]. 

Hayward LF, Castellanos M, Davenport PW (2004) Parabrachial neurons mediate 

dorsal periaqueductal gray evoked respiratory responses in the rat. J Appl Physiol 

96:1146–1154 Available at: 

http://www.physiology.org/doi/10.1152/japplphysiol.00903.2003 [Accessed May 23, 

2019]. 

Heisler LK, Lam DD (2017) An appetite for life: brain regulation of hunger and satiety. 

Curr Opin Pharmacol 37:100–106 Available at: 



 

 

 

133

https://www.sciencedirect.com/science/article/pii/S1471489217300358?via%3Dihu

b [Accessed May 25, 2019]. 

Herry C, Johansen JP (2014) Encoding of fear learning and memory in distributed 

neuronal circuits. Nat Neurosci 17:1644–1654 Available at: 

http://www.nature.com/articles/nn.3869 [Accessed March 6, 2019]. 

Hikosaka O, Wurtz RH (2017) Modification of saccadic eye movements by GABA-

related substances. I. Effect of muscimol and bicuculline in monkey superior 

colliculus. J Neurophysiol 53:266–291. 

Hilbig H, Bidmon H-J, Ettrich P, Müller A (2000) Projection neurons in the superficial 

layers of the superior colliculus in the rat: a topographic and quantitative 

morphometric analysis. Neuroscience 96:109–119 Available at: 

https://www.sciencedirect.com/science/article/pii/S0306452299005424?via%3Dihu

b [Accessed March 2, 2019]. 

Hilton BYSM, Zbrozyna AW (1963) Amygdaloid region for defence reactions and its 

efferent pathway to the brain stem. J Physiol 165:160–173. 

Hofbauer A, Dräger UC (1985) Depth segregation of retinal ganglion cells projecting to 

mouse superior colliculus. J Comp Neurol 234:465–474 Available at: 

http://doi.wiley.com/10.1002/cne.902340405 [Accessed May 30, 2018]. 

Hoffman KL, Gothard KM, Schmid M, Logothetis NK (2007) Facial-Expression and 

Gaze-Selective Responses in the Monkey Amygdala. Curr Biol 17:766–772. 

Holmes AL, Forcelli PA, DesJardin JT, Decker AL, Teferra M, West EA, Malkova L, 

Gale K (2012) Superior Colliculus Mediates Cervical Dystonia Evoked by Inhibition 

of the Substantia Nigra Pars Reticulata. J Neurosci 32:13326–13332 Available at: 



 

 

 

134

http://www.jneurosci.org/content/jneuro/32/38/13326.full.pdf [Accessed April 9, 

2018]. 

Hopkins DA, Holstege G (1978) Amygdaloid projections to the mesencephalon, pons 

and medulla oblongata in the cat. Exp Brain Res 32:529–547. 

Huerta MF, Harting JK (1983) Sublamination within the superficial gray layer of the 

squirrel monkey: an analysis of the tectopulvinar projection using anterograde and 

retrograde transport methods. Brain Res 261:119–126 Available at: 

https://www.sciencedirect.com/science/article/pii/0006899383912908?via%3Dihub 

[Accessed August 23, 2018]. 

Humphrey NK, Weiskrantz L (1967) Vision in monkeys after removal of the striate 

cortex. Nature 215:595–597 Available at: http://www.nature.com/articles/215595a0 

[Accessed March 28, 2018]. 

Iigaya K, Müller-Ribeiro FC de F, Horiuchi J, McDowall LM, Nalivaiko E, Fontes MAP, 

Dampney RAL (2012) Synchronized activation of sympathetic vasomotor, cardiac, 

and respiratory outputs by neurons in the midbrain colliculi. Am J Physiol Integr 

Comp Physiol 303:R599–R610 Available at: 

http://ajpregu.physiology.org/cgi/doi/10.1152/ajpregu.00205.2012. 

Izquierdo A, Murray EA (2007) Selective Bilateral Amygdala Lesions in Rhesus 

Monkeys Fail to Disrupt Object Reversal Learning. J Neurosci 27:1054–1062 

Available at: http://www.jneurosci.org/content/jneuro/27/5/1054.full.pdf [Accessed 

March 28, 2017]. 

Izquierdo A, Suda RK, Murray EA (2005) Comparison of the effects of bilateral orbital 

prefrontal cortex lesions and amygdala lesions on emotional responses in rhesus 



 

 

 

135

monkeys. J Neurosci 25:8534–8542 Available at: 

http://www.jneurosci.org/content/jneuro/25/37/8534.full.pdf [Accessed March 28, 

2017]. 

Izquierdo I, Furini CRG, Myskiw JC (2016) Fear Memory. Physiol Rev 96:695–750 

Available at: http://www.physiology.org/doi/10.1152/physrev.00018.2015 [Accessed 

March 6, 2019]. 

Janak PH, Tye KM (2015) From circuits to behaviour in the amygdala. Nature 517. 

Jay MF, Sparks DL (1987) Sensorimotor integration in the primate superior colliculus. I. 

Motor convergence. J Neurophysiol 57:22–34 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/3559673 [Accessed May 12, 2019]. 

Jeffries AM, Killian NJ, Pezaris JS (2014) Mapping the primate lateral geniculate 

nucleus: a review of experiments and methods. J Physiol Paris 108:3–10 Available 

at: http://www.ncbi.nlm.nih.gov/pubmed/24270042 [Accessed May 25, 2019]. 

Johansen JP, Cain CK, Ostroff LE, LeDoux JE (2011) Molecular mechanisms of fear 

learning and memory. Cell 147:509–524 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/22036561 [Accessed March 27, 2019]. 

Johnson PL, Molosh A, Fitz SD, Arendt D, Deehan GA, Federici LM, Bernabe C, 

Engleman EA, Rodd ZA, Lowry CA, Shekhar A (2015) Pharmacological depletion 

of serotonin in the basolateral amygdala complex reduces anxiety and disrupts fear 

conditioning. Pharmacol Biochem Behav 138:174–179 Available at: http://ac.els-

cdn.com/S0091305715300721/1-s2.0-S0091305715300721-

main.pdf?_tid=8653b646-13fa-11e7-bdd5-

00000aacb35f&acdnat=1490735417_5e2e1cc84de77f2b06f01d7e38854e9d 



 

 

 

136

[Accessed March 28, 2017]. 

Johnston G, Curtis D, De Groat W, Duggan A (1968) Central actions of ibotenic acid 

and muscimol. Biochem Pharmacol 17:2488–2489. 

Jolkkonen E, Pitkanen A (1998) Intrinsic connections of the rat amygdaloid complex: 

Projections originating in the central nucleus. J Comp Neurol 395:53–72 Available 

at: http://doi.wiley.com/10.1002/%28SICI%291096-

9861%2819980525%29395%3A1%3C53%3A%3AAID-CNE5%3E3.0.CO%3B2-G 

[Accessed March 4, 2019]. 

Jones EG, Burton H (1976) A projection from the medial pulvinar to the amygdala in 

primates. Brain Res 104:142–147. 

Kalin NH, Fox AS, Kovner R, Riedel MK, Fekete EM, Roseboom PH, Tromp DPM, 

Grabow BP, Olsen ME, Brodsky EK, McFarlin DR, Alexander AL, Emborg ME, 

Block WF, Fudge JL, Oler JA (2016) Overexpressing Corticotropin-Releasing 

Factor in the Primate Amygdala Increases Anxious Temperament and Alters Its 

Neural Circuit. Biol Psychiatry 80:345–355 Available at: http://ac.els-

cdn.com/S0006322316000810/1-s2.0-S0006322316000810-

main.pdf?_tid=b46b2c3a-13fa-11e7-9543-

00000aacb360&acdnat=1490735494_eee73c9dfb795a16799018d61003194e 

[Accessed March 28, 2017]. 

Kalin NH, Shelton SE, Davidson RJ (2004) The Role of the Central Nucleus of the 

Amygdala in Mediating Fear and Anxiety in the Primate. J Neurosci 24:5506–5515 

Available at: http://www.jneurosci.org/content/jneuro/24/24/5506.full.pdf [Accessed 

March 28, 2017]. 



 

 

 

137

Kalin NH, Shelton SE, Davidson RJ, Kelley AE (2001) The primate amygdala mediates 

acute fear but not the behavioral and physiological components of anxious 

temperament. J Neurosci 21:2067–2074 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/11245690 [Accessed November 15, 2018]. 

Kalin NH, Shelton SE, Davidson RJ, Kelley AE (2018) The Primate Amygdala Mediates 

Acute Fear But Not the Behavioral and Physiological Components of Anxious 

Temperament. J Neurosci 21:2067–2074. 

Kato R, Takaura K, Ikeda T, Yoshida M, Isa T (2011) Contribution of the retino-tectal 

pathway to visually guided saccades after lesion of the primary visual cortex in 

monkeys. Eur J Neurosci 33:1952–1960 Available at: 

http://doi.wiley.com/10.1111/j.1460-9568.2011.07729.x [Accessed November 3, 

2017]. 

Kawai N, Kubo K, Masataka N, Hayakawa S (2016) Conserved evolutionary history for 

quick detection of threatening faces. Anim Cogn 19:655–660. 

Keay KA, Dean P, Redgrave P (1990) N-methyl D-aspartate (NMDA) evoked changes 

in blood pressure and heart rate from the rat superior colliculus. Exp Brain Res 

80:148–156 Available at: http://link.springer.com/10.1007/BF00228856 [Accessed 

October 2, 2018]. 

Keay KA, Redgrave P, Dean P (1988) Cardiovascular and respiratory changes elicited 

by stimulation of rat superior colliculus. Brain Res Bull 20:13–26 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/3277692. 

Kling A, Cornell R (1971) Amygdalectomy and Social Behavior in the Caged Stump-

tailed Macaque &lt;i&gt;(Macaca speciosa)&lt;/i&gt; Folia Primatol 14:190–208 



 

 

 

138

Available at: http://www.ncbi.nlm.nih.gov/pubmed/4996920 [Accessed August 2, 

2019]. 

Kling AS, Brothers LA (1992) The amygdala and social behavior. In: The amygdala:  

Neurobiological aspects of emotion, memory, and mental dysfunction., pp 353–377. 

New York,  NY,  US: Wiley-Liss. 

Klüver H, Bucy PC (1937) “Psychic blindness” and other symptoms following bilateral 

temporal lobectomy in Rhesus monkeys. Am J Physiol 119:352–353. 

Klüver H, Bucy PC (1938a) Preliminary Analysis of Functions of the Temporal Lobes in 

Monkeys. Arch Neurol Psychiatry. 

Klüver H, Bucy PC (1938b) An analysis of certain effects of bilateral temporal lobectomy 

in the rhesus monkey, with special reference to “psychic blindness.” J Psychol 

Interdiscip Appl 5:33–54. 

Koller K, Rafal RD, Platt A, Mitchell ND (2018) Orienting toward threat: Contributions of 

a subcortical pathway transmitting retinal afferents to the amygdala via the superior 

colliculus and pulvinar. Neuropsychologia:0–1 Available at: 

http://dx.doi.org/10.1016/j.neuropsychologia.2018.01.027. 

Krabbe S, Gründemann J, Lüthi A (2018) Amygdala Inhibitory Circuits Regulate 

Associative Fear Conditioning. Biol Psychiatry 83:800–809 Available at: 

https://www.sciencedirect.com/science/article/pii/S0006322317320620?via%3Dihu

b [Accessed March 6, 2019]. 

Lázaro-Muñoz G, LeDoux JE, Cain CK (2010) Sidman Instrumental Avoidance Initially 

Depends on Lateral and Basal Amygdala and Is Constrained by Central Amygdala-

Mediated Pavlovian Processes. Biol Psychiatry 67:1120–1127 Available at: 



 

 

 

139

https://www.sciencedirect.com/science/article/pii/S000632230901422X [Accessed 

June 19, 2019]. 

Le Q Van, Isbell LA, Matsumoto J, Le VQ, Nishimaru H, Hori E, Maior RS, Tomaz C, 

Ono T, Nishijo H (2016) Snakes elicit earlier, and monkey faces, later, gamma 

oscillations in macaque pulvinar neurons. Sci Rep 6:20595 Available at: 

http://www.nature.com/articles/srep20595. 

Lebow MA, Chen A (2016) Overshadowed by the amygdala: the bed nucleus of the stria 

terminalis emerges as key to psychiatric disorders. Mol Psychiatry 21:450–463 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/26878891 [Accessed May 21, 

2019]. 

LeDoux J (2007) The amygdala. Curr Biol 17:R868–R874 Available at: 

http://www.sciencedirect.com.proxy.library.georgetown.edu/science/article/pii/S096

0982207017794 [Accessed April 3, 2017]. 

LeDoux JE (1996) The emotional brain : the mysterious underpinnings of emotional life. 

Simon & Schuster. Available at: https://nyuscholars.nyu.edu/en/publications/the-

emotional-brain [Accessed May 30, 2018]. 

LeDoux JE (2000) Emotion Circuits in the Brain. Annu Rev Neurosci 23:155–184 

Available at: http://www.annualreviews.org/doi/10.1146/annurev.neuro.23.1.155 

[Accessed March 27, 2019]. 

LeDoux JE (2014) Emotion Circuits in the Brain. Focus (Madison) 7:274–274 Available 

at: 

http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Ircuits+in+the#0. 

LeDoux JE, Iwata J, Cicchetti P, Reis DJ (1988) Different projections of the central 



 

 

 

140

amygdaloid nucleus mediate autonomic and behavioral correlates of conditioned 

fear. J Neurosci 8:2517–2529 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/2854842 [Accessed May 15, 2019]. 

Leonard CM, Rolls ET, Wilson FAW, Baylis GC (1985) Neurons in the amygdala of the 

monkey with responses selective for faces. Behav Brain Res 15:159–176 Available 

at: 

https://www.sciencedirect.com/science/article/pii/0166432885900622?via%3Dihub 

[Accessed March 6, 2019]. 

Leonard TK, Blumenthal G, Gothard KM, Hoffman KL (2012) How macaques view 

familiarity and gaze in conspecific faces. Behav Neurosci 126:781–791 Available 

at: http://doi.apa.org/getdoi.cfm?doi=10.1037/a0030348 [Accessed November 18, 

2018]. 

Liddell BJ, Brown KJ, Kemp AH, Barton MJ, Das P, Peduto A, Gordon E, Williams LM 

(2005) A direct brainstem-amygdala-cortical “alarm” system for subliminal signals of 

fear. Neuroimage 24:235–243. 

Lindgren P, Rosen A, Strandberg P (1956) The sympathetic vasodilator outflow — A 

cortico‐spinal autonomic pathway. J Comp Neurol. 

Linke R, De Lima AD, Schwegler H, Pape H-C (1999) Direct Synaptic Connections of 

Axons From Superior Colliculus With Identified Thalamo-Amygdaloid Projection 

Neurons in the Rat: Possible Substrates of a Subcortical Visual Pathway to the 

Amygdala. J Comp Neurol 403:158–170 Available at: 

https://s3.amazonaws.com/objects.readcube.com/articles/downloaded/wiley/17255

b2623f9d86f023f1d4c853aa63fd9f83af097aedf7687479d6bdcd873ce.pdf?X-Amz-



 

 

 

141

Algorithm=AWS4-HMAC-SHA256&X-Amz-

Credential=AKIAIS5LBPCM5JPOCDGQ%2F20170810%2Fus-east-

1%2Fs3%2Faws4_request& [Accessed August 11, 2017]. 

Locke S (1960) The projection of the medial pulvinar of the macaque. J Comp Neurol 

115:155–169 Available at: http://www.ncbi.nlm.nih.gov/pubmed/13762988 

[Accessed May 30, 2018]. 

Lui F, Gregory KM, Blanks RHI, Giolli RA (1995) Projections from visual areas of the 

cerebral cortex to pretectal nuclear complex, terminal accessory optic nuclei, and 

superior colliculus in macaque monkey. J Comp Neurol 363:439–460 Available at: 

http://doi.wiley.com/10.1002/cne.903630308 [Accessed March 3, 2019]. 

Lyon DC, Nassi JJ, Callaway EM (2010) A Disynaptic Relay from Superior Colliculus to 

Dorsal Stream Visual Cortex in Macaque Monkey. Neuron 65:270–279 Available at: 

http://www.cell.com/neuron/pdf/S0896-6273(10)00008-5.pdf [Accessed March 23, 

2018]. 

Machado CJ, Bachevalier J (2006) The impact of selective amygdala, orbital frontal 

cortex, or hippocampal formation lesions on established social relationships in 

rhesus monkeys (Macaca mulatta). Behav Neurosci 120:761–786. 

Machado CJ, Bachevalier J (2007) The effects of selective amygdala, orbital frontal 

cortex or hippocampal formation lesions on reward assessment in nonhuman 

primates. Eur J Neurosci 25:2885–2904. 

Machado CJ, Emery NJ, Capitanio JP, Mason WA, Mendoza SP, Amaral DG (2008) 

Bilateral Neurotoxic Amygdala Lesions in Rhesus Monkeys (Macaca mulatta): 

Consistent Pattern of Behavior Across Different Social Contexts. Behav Neurosci 



 

 

 

142

122:251–266 Available at: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2894976/pdf/nihms-154278.pdf 

[Accessed July 4, 2017]. 

Maestripieri D, Hoffman CL (2011) Bones, Genetics, and Behavior of Rhesus 

Macaques. Bones, Genet Behav Rhesus Macaques:247–262. 

Maior RS, Hori E, Barros M, Teixeira DS, Tavares MCH, Ono T, Nishijo H, Tomaz C 

(2011) Superior colliculus lesions impair threat responsiveness in infant capuchin 

monkeys. Neurosci Lett 504:257–260 Available at: 

http://dx.doi.org/10.1016/j.neulet.2011.09.042. 

Maior RS, Hori E, Uribe CE, Saletti PG, Ono T, Nishijo H, Tomaz C (2012) A role for the 

superior colliculus in the modulation of threat responsiveness in primates: Toward 

the ontogenesis of the social brain. Rev Neurosci 23:697–706. 

Malkova L, Forcelli PA, Wellman LL, Dybdal D, Dubach MF, Gale K (2015) Blockade of 

glutamatergic transmission in perirhinal cortex impairs object recognition memory in 

macaques. J Neurosci 35:5043–5050 Available at: 

http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.4307-14.2015. 

Málková L, Gaffan D, Murray EA (1997) Excitotoxic lesions of the amygdala fail to 

produce impairment in visual learning for auditory secondary reinforcement but 

interfere with reinforcer devaluation effects in rhesus monkeys. J Neurosci 

17:6011–6020 Available at: http://www.ncbi.nlm.nih.gov/pubmed/9221797 

[Accessed March 5, 2019]. 

Malkova L, Mishkin M, Suomi SJ, Bachevalier J (2010) Long-term effects of neonatal 

medial temporal ablations on socioemotional behavior in monkeys (Macaca 



 

 

 

143

mulatta). Behav Neurosci 124:742–760. 

Marcinkiewcz CA, Mazzone CM, D’Agostino G, Halladay LR, Hardaway JA, Diberto JF, 

Navarro M, Burnham N, Cristiano C, Dorrier CE, Tipton GJ, Ramakrishnan C, 

Kozicz T, Deisseroth K, Thiele TE, McElligott ZA, Holmes A, Heisler LK, Kash TL 

(2016) Serotonin engages an anxiety and fear-promoting circuit in the extended 

amygdala. Nature 537:97–101 Available at: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5124365/pdf/emss-69526.pdf 

[Accessed March 28, 2017]. 

Maren S (2001) Neurobiology of Pavlovian Fear Conditioning. Annu Rev Neurosci 

24:897–931 Available at: 

http://www.annualreviews.org/doi/10.1146/annurev.neuro.24.1.897 [Accessed 

March 27, 2019]. 

Maren S, Aharonov G, Stote DL, Fanselow MS (1996) N-methyl-D-aspartate receptors 

in the basolateral amygdala are required for both acquisition and expression of 

conditional fear in rats. Behav Neurosci 110:1365–1374. 

Maren S, Fanselow MS (1996) The amygdala and fear conditioning: has the nut been 

cracked? Neuron 16:237–240 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/8789938 [Accessed March 27, 2019]. 

Martin B (1961) The assessment of anxiety by physiological behavioral measures. 

Psychol Bull 58:234–255. 

Martin J, Sutherland CJ, Zbrozyna AW (1976) Habituation and conditioning of the 

defence reactions and their cardiovascular components in cats and dogs. Pflügers 

Arch Eur J Physiol 365:37–47. 



 

 

 

144

Martin JH (1991) Autoradiographic estimation of the extent of reversible inactivation 

produced by microinjection of lidocaine and muscimol in the rat. Neurosci Lett 

127:160–164 Available at: https://ac.els-cdn.com/030439409190784Q/1-s2.0-

030439409190784Q-main.pdf?_tid=2c1ffb3e-fd6c-48bb-83d7-

3842e04d5b9f&acdnat=1523298367_58522a4f1011d0e2924d6deade98e11e 

[Accessed April 9, 2018]. 

May PJ (2006) The mammalian superior colliculus: Laminar structure and connections. 

Prog Brain Res 151:321–378 Available at: 

http://www.sciencedirect.com/science/article/pii/S0079612305510112?via%3Dihub 

[Accessed January 19, 2018]. 

McDonald A., Mascagni F (1997) Projections of the lateral entorhinal cortex to the 

amygdala: a Phaseolus vulgaris leucoagglutinin study in the rat. Neuroscience 

77:445–459 Available at: 

https://www.sciencedirect.com/science/article/abs/pii/S0306452296004782?via%3

Dihub [Accessed May 25, 2019]. 

McDonald AJ, Mott DD (2017) Functional Neuroanatomy of Amygdalohippocampal 

Interconnections and Their Role in Learning and Memory. J Neurosci Res 95:797 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/26876924 [Accessed May 25, 

2019]. 

Mendoza SD, El-Shamayleh Y, Horwitz GD (2017) AAV-mediated delivery of 

optogenetic constructs to the macaque brain triggers humoral immune responses. J 

Neurophysiol 117:2004–2013 Available at: 

http://www.physiology.org/doi/10.1152/jn.00780.2016 [Accessed May 25, 2019]. 



 

 

 

145

Mesquita LT, Abreu AR, de Abreu AR, de Souza AA, de Noronha SR, Silva FC, 

Campos GSV, Chianca DA, de Menezes RC (2016) New insights on amygdala: 

Basomedial amygdala regulates the physiological response to social novelty. 

Neuroscience 330:181–190 Available at: 

http://dx.doi.org/10.1016/j.neuroscience.2016.05.053. 

Meunier M, Bachevalier J, Murray EA, Málková L, Mishkin M (1999) Effects of aspiration 

versus neurotoxic lesions of the amygdala on emotional responses in monkeys. Eur 

J Neurosci 11:4403–4418. 

Mikheenko Y, Man M-S, Braesicke K, Johns ME, Hill G, Agustín-Pavón C, Roberts AC 

(2010) Autonomic, behavioral, and neural analyses of mild conditioned negative 

affect in marmosets. Roberts, Angela C.: Department of Physiology, Development 

and Neuroscience, University of Cambridge, Downing Street, Cambridge, United 

Kingdom, CB2 3DY, acr4@cam.ac.uk: American Psychological Association. 

Available at: http://doi.apa.org/getdoi.cfm?doi=10.1037/a0018868 [Accessed 

August 2, 2019]. 

Miller M, Pasik P, Pasik T (1980) Extrageniculostriate vision in the monkey. VII. 

Contrast sensitivity functions. J Neurophysiol 43:1510–1526 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/7411174 [Accessed January 19, 2018]. 

Milner B, Corkin S, Teuber H-L (1968) Further analysis of the hippocampal amnesic 

syndrome: 14-year follow-up study of H.M. Neuropsychologia 6:215–234 Available 

at: https://www.sciencedirect.com/science/article/pii/0028393268900213#! 

[Accessed August 20, 2019]. 

Mineka S, Davidson M, Cook M, Keir R (1984) Observational conditioning of snake fear 



 

 

 

146

in rhesus monkeys. J Abnorm Psychol 93:355–372. 

Mineka S, Keir R, Price V (1980) Fear of snakes in wild- and laboratory-reared rhesus 

monkeys (Macaca mulatta). Anim Learn Behav 8:653–663 Available at: 

http://www.springerlink.com/index/10.3758/BF03197783 [Accessed April 16, 2019]. 

Minkova L, Sladky R, Kranz GS, Woletz M, Geissberger N, Kraus C, Lanzenberger R, 

Windischberger C (2017) Task-dependent modulation of amygdala connectivity in 

social anxiety disorder. Psychiatry Res Neuroimaging 262:39–46 Available at: 

https://www.sciencedirect.com/science/article/pii/S092549271630110X?via%3Dihu

b [Accessed March 27, 2019]. 

Mirsky AF (1960) Studies of the Effects of Brain Lesions on Social Behavior in Macaca 

Mulatta: Methodological and Theoretical Considerations. Ann N Y Acad Sci 

85:785–794. 

Mirsky AF, Rosvold HE, Pribram KH (1957) Effects of Cingulectomy on Social Behavior 

in Monkeys. J Neurophysiol 20:588–601 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/13476215 [Accessed April 17, 2019]. 

Mitz AR, Chacko R V, Putnam PT, Rudebeck PH, Murray EA (2017) Using pupil size 

and heart rate to infer affective states during behavioral neurophysiology and 

neuropsychology experiments. J Neurosci Methods 279:1–12 Available at: 

http://ac.els-cdn.com/S0165027017300031/1-s2.0-S0165027017300031-

main.pdf?_tid=e05bac3c-13fc-11e7-b487-

00000aacb361&acdnat=1490736427_36d012ce0fd4cd1bc21b1859c7fc8b87 

[Accessed March 28, 2017]. 

Mohler CW, Wurtz RH (1977) Role of Striate Cortex and Superior Colliculus in Visual 



 

 

 

147

Guidance of Saccadic Eye Movernents in Monkeys. J Neurophysiol 40:74–94 

Available at: http://jn.physiology.org/content/jn/40/1/74.full.pdf [Accessed November 

3, 2017]. 

Mohler H, Okada T (1978) Properties of gamma-aminobutyric acid receptor binding with 

(+)-[3H]bicuculline methiodide in rat cerebellum. Mol Pharmacol 14:256–265. 

Möhler H, Okada T (1977) GABA receptor binding with 3 H (+) bicuculline-methiodide in 

rat CNS. Nature 267:65–67. 

Mooney RD, Nikoletseas MM, Ruiz SA, Rhoades RW (1988) Receptive-field properties 

and morphological characteristics of the superior collicular neurons that project to 

the lateral posterior and dorsal lateral geniculate nuclei in the hamster. 

https://doi.org/101152/jn19885951333 Available at: 

https://www.physiology.org/doi/abs/10.1152/jn.1988.59.5.1333 [Accessed July 18, 

2019]. 

Morgane PJ, Galler JR, Mokler DJ (2005) A review of systems and networks of the 

limbic forebrain/limbic midbrain. Prog Neurobiol 75:143–160 Available at: 

https://www.sciencedirect.com/science/article/pii/S030100820500002X?via%3Dihu

b [Accessed May 25, 2019]. 

Morris JS, DeGelder B, Weiskrantz L, Dolan RJ (2001) Differential extrageniculostriate 

and amygdala responses to presentation of emotional faces in a cortically blind 

field. Brain 124:1241–1252. 

Morris JS, Ohman A, Dolan RJ (1999) A subcortical pathway to the right amygdala 

mediating “unseen” fear. Proc Natl Acad Sci 96:1680–1685 Available at: 

/pmc/articles/PMC15559/?report=abstract%5Cnhttp://www.pnas.org/cgi/doi/10.107



 

 

 

148

3/pnas.96.4.1680. 

Moschovakis AK, Karabelas AB, Highstein SM (1988) Structure-function relationships in 

the primate superior colliculus. I. Morphological classification of efferent neurons. J 

Neurophysiol 60:232–262 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/3404219 [Accessed March 3, 2019]. 

Müller-Ribeiro FCF, Dampney RAL, McMullan S, Fontes MAP, Goodchild AK (2014) 

Disinhibition of the midbrain colliculi unmasks coordinated autonomic, respiratory, 

and somatomotor responses to auditory and visual stimuli. Am J Physiol Regul 

Integr Comp Physiol 307:R1025-35 Available at: 

http://www.physiology.org/doi/10.1152/ajpregu.00165.2014%0Ahttp://www.ncbi.nlm

.nih.gov/pubmed/25100075. 

Müller-Ribeiro FCF, Goodchild AK, McMullan S, Fontes MAP, Dampney RAL (2016) 

Coordinated autonomic and respiratory responses evoked by alerting stimuli: Role 

of the midbrain colliculi. Respir Physiol Neurobiol 226:87–93 Available at: 

https://www.sciencedirect.com/science/article/pii/S1569904815300665?via%3Dihu

b [Accessed May 20, 2019]. 

Nacewicz BM, Dalton KM, Johnstone T, Long MT, McAuliff EM, Oakes TR, Alexander 

AL, Davidson RJ (2006) Amygdala volume and nonverbal social impairment in 

adolescent and adult males with autism. Arch Gen Psychiatry 63:1417–1428 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/17146016 [Accessed March 6, 

2019]. 

Nagai Y et al. (2016) PET imaging-guided chemogenetic silencing reveals a critical role 

of primate rostromedial caudate in reward evaluation. Nat Commun 7:13605 



 

 

 

149

Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/27922009%5Cnhttp://www.pubmedcentral.nih.

gov/articlerender.fcgi?artid=PMC5150653. 

Neitz J, Neitz M (2017) Evolution of the circuitry for conscious color vision in primates. 

Eye 31:286–300. 

Nelson EE, Shelton SE, Kalin NH (2003) Individual differences in the responses of 

naïve rhesus monkeys to snakes. Emotion 3:3–11. 

Noonan MP, Sallet J, Mars RB, Neubert FX, O’Reilly JX, Andersson JL, Mitchell AS, 

Bell AH, Miller KL, Rushworth MFS (2014) A Neural Circuit Covarying with Social 

Hierarchy in Macaques Platt ML, ed. PLoS Biol 12:e1001940 Available at: 

https://dx.plos.org/10.1371/journal.pbio.1001940 [Accessed March 4, 2019]. 

Norita M, Kawamura K (1980) Subcortical afferents to the monkey amygdala: an HRP 

study. Brain Res 190:225–230 Available at: 

https://www.sciencedirect.com/science/article/pii/0006899380911713?via%3Dihub 

[Accessed May 30, 2018]. 

Öhman A, Carlsson K, Lundqvist D, Ingvar M (2007) On the unconscious subcortical 

origin of human fear. Physiol Behav 92:180–185 Available at: 

https://www.sciencedirect.com/science/article/pii/S0031938407002119?via%3Dihu

b [Accessed May 30, 2018]. 

Öhman A, Lundqvist D, Esteves F, Ohman A (2001) The face in the crowd revisited: a 

threat advantage with schematic stimuli. J Pers Soc Psychol 80:381–396. Available 

at: http://www.ncbi.nlm.nih.gov/pubmed/11300573. 

Oka T, Tsumori T, Yokota S, Yasui Y (2008) Neuroanatomical and neurochemical 



 

 

 

150

organization of projections from the central amygdaloid nucleus to the nucleus 

retroambiguus via the periaqueductal gray in the rat. Neurosci Res 62:286–298 

Available at: https://ac.els-cdn.com/S0168010208002678/1-s2.0-

S0168010208002678-main.pdf?_tid=1d0911f0-b3d8-41ba-a965-

99310ccfe609&acdnat=1523656045_98c71e0768d10bcc83fbf07e3612d4e8 

[Accessed April 13, 2018]. 

Olszewski J (1952) The thalamus of the Macaca, mulatta. An atlas for use with the 

stereotaxic instrument. KARGER. Available at: 

https://www.cabdirect.org/cabdirect/abstract/19522203025 [Accessed May 30, 

2018]. 

Ono T, Luiten PGM, Nishijo H, Fukuda M, Nishino H (1985) Topographic organization of 

projections from the amygdala to the hypothalamus of the rat. Neurosci Res 2:221–

238. 

Pagliaccio D, Luby JL, Bogdan R, Agrawal A, Gaffrey MS, Belden AC, Botteron KN, 

Harms MP, Barch DM (2015) Amygdala functional connectivity, HPA axis genetic 

variation, and life stress in children and relations to anxiety and emotion regulation. 

J Abnorm Psychol 4:817–833. 

Perry VH, Cowey A (1984) Retinal ganglion cells that project to the superior colliculus 

and pretectum in the macaque monkey. Neuroscience 12:1125–1137 Available at: 

https://www.sciencedirect.com/science/article/pii/0306452284900071?via%3Dihub 

[Accessed March 29, 2018]. 

Pollack JG, Hickey TL (1979) The distribution of retino-collicular axon terminals in 

rhesus monkey. J Comp Neurol 185:587–602. 



 

 

 

151

Pöppel E, Held R, Frost D (1973) Residual visual function after Brain Wounds involving 

the central visual pathways in Man. Nature 243:295–296 Available at: 

http://www.nature.com/doifinder/10.1038/243295a0 [Accessed March 28, 2018]. 

Prather MD, Lavenex P, Mauldin-Jourdain ML, Mason WA, Capitanio JP, Mendoza SP, 

Amaral DG (2001) Increased social fear and decreased fear of objects in monkeys 

with neonatal amygdala lesions. Neuroscience 106:653–658. 

Price JL (2010) Comparative Aspects of Amygdala Connectivity. Ann N Y Acad Sci 

985:50–58 Available at: http://doi.wiley.com/10.1111/j.1749-6632.2003.tb07070.x 

[Accessed March 3, 2019]. 

Price JL, Amaral DG (1981) An autoradiographic study of the projections of the central 

nucleus of the monkey amygdala. J Neurosci 1:1242–1259 Available at: 

http://www.jneurosci.org/content/jneuro/1/11/1242.full.pdf [Accessed July 4, 2017]. 

Pujara MS, Rudebeck PH, Ciesinski NK, Murray EA (2019) Heightened defensive 

responses following subtotal lesions of macaque orbitofrontal cortex. J 

Neurosci:2812–2818 Available at: 

http://www.jneurosci.org/content/early/2019/03/25/JNEUROSCI.2812-18.2019.long 

[Accessed April 18, 2019]. 

Rabellino D, Densmore M, Frewen PA, Théberge J, Lanius RA (2016) The innate alarm 

circuit in post-traumatic stress disorder: Conscious and subconscious processing of 

fear- and trauma-related cues. Psychiatry Res Neuroimaging 248:142–150 

Available at: 

https://www.sciencedirect.com/science/article/pii/S0925492715301827?via%3Dihu

b [Accessed November 29, 2018]. 



 

 

 

152

Rafal RD, Koller K, Bultitude JH, Mullins P, Ward R, Mitchell AS, Bell AH (2015) 

Connectivity between the superior colliculus and the amygdala in humans and 

macaque monkeys: virtual dissection with probabilistic DTI tractography. J 

Neurophysiol 114:1947–1962 Available at: 

http://jn.physiology.org/content/114/3/1947.abstract. 

Raper J, Morrison RD, Scott Daniels J, Howell L, Bachevalier J, Wichmann T, Galvan A 

(2017) Metabolism and Distribution of Clozapine-N-oxide: Implications for 

Nonhuman Primate Chemogenetics. ACS Chem Neurosci 8:1570–1576 Available 

at: https://pubs.acs.org/doi/pdf/10.1021/acschemneuro.7b00079 [Accessed April 2, 

2018]. 

Rausch A, Zhang W, Haak K V, Mennes M, Hermans EJ, van Oort E, van Wingen G, 

Beckmann CF, Buitelaar JK, Groen WB (2016) Altered functional connectivity of the 

amygdaloid input nuclei in adolescents and young adults with autism spectrum 

disorder: a resting state fMRI study. Mol Autism 7:13 Available at: 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4730628&tool=pmcentre

z&rendertype=abstract. 

Redgrave P, Mitchell IJ, Dean P (1987) Descending projections from the superior 

colliculus in rat: a study using orthograde transport of wheatgerm-agglutinin 

conjugated horseradish peroxidase. Exp brain Res 68:147–167 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/2826204. 

Redgrave P, Westby GWM, Dean P (1993) Chapter 7 Functional architecture of rodent 

superior colliculus: relevance of multiple output channels. Prog Brain Res 95:69–77 

Available at: 



 

 

 

153

https://www.sciencedirect.com/science/article/pii/S0079612308603581?via%3Dihu

b [Accessed March 2, 2019]. 

Richards W (1973) Visual processing in scotomata. Exp brain Res 17:333–347 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/4725897 [Accessed May 29, 

2018]. 

Robinson DA (1972) Eye Movements Evoked by Collicular Stimulation in the Alert 

Monkey. Vision Res 12:1795–1808. 

Roelofs K (2017) Freeze for action: neurobiological mechanisms in animal and human 

freezing. Philos Trans R Soc Lond B Biol Sci 372 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/28242739 [Accessed May 14, 2019]. 

Romanski L, Giguere M, Bates J, Goldman-Rakic P (1997) Topographic Organization of 

Medial Pulvinar Connections With the Prefrontal Cortex in the Rhesus Monkey. J 

Comp Neurol 379:313-332. Available at: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Ci

tation&list_uids=9714151. 

Rosene DL, Roy NJ, Davis BJ (1986) A cryoprotection method that facilitates cutting 

frozen sections of whole monkey brains for histological and histochemical 

processing without freezing artifact. J Histochem Cytochem 34:1301–1315. 

Rosvold HE, Mirsky AF, Pribram KH (1954) Influence of amygdalectomy on social 

behavior in monkeys. J Comp Physiol Psychol 47:173–178. 

Roth BL (2016) DREADDs for Neuroscientists. Neuron 89:683–694 Available at: 

http://dx.doi.org/10.1016/j.neuron.2016.01.040. 

Rudebeck PH, Buckley MJ, Walton ME, Rushworth MFS (2006) A role for the macaque 



 

 

 

154

anterior cingulate gyrus in social valuation. Sci reports 566:1–4. 

Rudebeck PH, Mitz AR, Chacko R V, Murray EA (2013) Effects of amygdala lesions on 

reward-value coding in orbital and medial prefrontal cortex. Neuron 80:1519–1531 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/24360550 [Accessed March 28, 

2017]. 

Russchen FT, Bakst I, Amaral DG, Price JL (1985) The amygdalostriatal projections in 

the monkey. An anterograde tracing study. Brain Res 329:241–257 Available at: 

http://ac.els-cdn.com/000689938590530X/1-s2.0-000689938590530X-

main.pdf?_tid=3b531f14-60ef-11e7-899b-

00000aacb35d&acdnat=1499196807_e2f919e0e41a84f9597f402f85360336 

[Accessed July 4, 2017]. 

Russchen FT, Price JL (1984) Amygdalostriatal projections in the rat. Topographical 

organization and fiber morphology shown using the lectin PHA-L as an anterograde 

tracer. Neurosci Lett 47:15–22 Available at: 

https://www.sciencedirect.com/science/article/pii/0304394084903793?via%3Dihub 

[Accessed March 3, 2019]. 

Sah P, Faber ESL, Lopez de Armentia M, Power J (2003) The Amygdaloid Complex: 

Anatomy and Physiology. Physiol Rev 83:803–834 Available at: 

http://www.physiology.org/doi/10.1152/physrev.00002.2003 [Accessed March 4, 

2019]. 

Sahibzada N, Dean P, Redgrave P (1986) Movements Resembling Orientation or 

Avoidance Elicited by Electrical Stimulation of the Superior Colliculus in Rats. J 

Neurosci 6:723–733. 



 

 

 

155

Sahraie A, Weiskrantz L, Barbur JL (1998) Awareness and confidence ratings in motion 

perception without geniculo- striate projection. Behav Brain Res 96:71–77. 

Sajdyk TJ, Shekhar A (1997) Excitatory amino acid receptors in the basolateral 

amygdala regulate anxiety responses in the social interaction test. Brain Res 

764:262–264. 

Salomé N, Ngampramuan S, Nalivaiko E (2007) Intra-amygdala injection of GABAA 

agonist, muscimol, reduces tachycardia and modifies cardiac sympatho-vagal 

balance during restraint stress in rats. Neuroscience 148:335–341 Available at: 

https://www.sciencedirect.com/science/article/pii/S0306452207008135?via%3Dihu

b [Accessed May 8, 2019]. 

Sanders MD, Warrington E, Marshall J, Wieskrantz L (1974) “Blindsight”: Vision in a 

field defect. Lancet 303:707–708 Available at: 

https://www.sciencedirect.com/science/article/pii/S0140673674929079 [Accessed 

June 23, 2019]. 

Sanders SK, Shekhar A (1991) Blockade of GABAA receptors in the region of the 

anterior basolateral amygdala of rats elicits increases in heart rate and blood 

pressure. Brain Res 567:101–110. 

Sanders SK, Shekhar A (1995) Regulation of anxiety by GABAA receptors in the rat 

amygdala. Pharmacol Biochem Behav 52:701–706 Available at: 

http://www.sciencedirect.com/science/article/pii/009130579500153N. 

Saunders RC, Aigner TG, Frank JA (1990) Magnetic resonance imaging of the rhesus 

monkey brain: use for stereotactic neurosurgery. Exp brain Res 81:443–446 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/2204546 [Accessed May 30, 



 

 

 

156

2018]. 

Schenberg LC, Corral Vasquez E, Barcellos da Costa M (1993) Cardiac baroreflex 

dynamics during the defence reaction in freely moving rats. Brain Res 621:50–58 

Available at: https://www.sciencedirect.com/science/article/pii/000689939390296Y 

[Accessed May 20, 2019]. 

Schenberg LC, Póvoa RMF, Costa ALP, Caldellas A V., Tufik S, Bittencourt AS (2005) 

Functional specializations within the tectum defense systems of the rat. Neurosci 

Biobehav Rev 29:1279–1298. 

Schiller PH (2010) The Superior Colliculus and Visual Function. Compr Physiol. 

Schiller PH, Stryker M (1972) Single-unit recording and stimulation in superior colliculus 

of the alert rhesus monkey. J Neurophysiol 35:915–924 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/4631839 [Accessed March 2, 2019]. 

Schlund MW, Siegle GJ, Ladouceur CD, Silk JS, Cataldo MF, Forbes EE, Dahl RE, 

Ryan ND (2010) Nothing to fear? Neural systems supporting avoidance behavior in 

healthy youths. Neuroimage 52:710–719 Available at: 

https://www.sciencedirect.com/science/article/pii/S1053811910006567 [Accessed 

June 19, 2019]. 

Schmid MC, Mrowka SW, Turchi J, Saunders RC, Peters AJ, Ye FQ, Leopold DA 

(2010) Blindsight depends on the lateral geniculate nucleus. Nature 466:373–377. 

Schmid MC, Panagiotaropoulos T, Augath MA, Logothetis NK, Smirnakis SM (2009) 

Visually driven activation in macaque areas V2 and V3 without input from the 

primary visual cortex. PLoS One 4. 

Schneider GE (1969) Two Visual Systems. Science (80- ) 163:895–902. 



 

 

 

157

Schramm L, Bignall K (1971) Central neural pathways mediating active sympathetic 

muscle vasodilation in cats. 221:754–767. 

Schultz W (2000) Multiple reward signals in the brain. Nat Rev Neurosci 1:199–207 

Available at: http://www.nature.com/articles/35044563 [Accessed August 16, 2019]. 

Schumann CM, Barnes CC, Lord C, Courchesne E (2009) Amygdala enlargement in 

toddlers with autism related to severity of social and communication impairments. 

Biol Psychiatry 66:942–949 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/19726029 [Accessed March 6, 2019]. 

Scoville WB, Milner B (1957) Loss of recent memory after bilateral hippocampal lesions. 

J Neurol Neurosurg Psychiatry 20:11–21 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/13406589 [Accessed August 20, 2019]. 

Shackman AJ, Fox AS (2016) Contributions of the Central Extended Amygdala to Fear 

and Anxiety. J Neurosci 36:8050–8063 Available at: 

http://www.jneurosci.org/content/36/31/8050 [Accessed April 2, 2019]. 

Silverstein DN, Ingvar M (2015) A multi-pathway hypothesis for human visual fear 

signaling. Front Syst Neurosci 9:101 Available at: 

http://journal.frontiersin.org/article/10.3389/fnsys.2015.00101/abstract. 

Simmons DA, Neill DB (2009) Functional interaction between the basolateral amygdala 

and the nucleus accumbens underlies incentive motivation for food reward on a 

fixed ratio schedule. Neuroscience 159:1264–1273 Available at: 

https://www.sciencedirect.com/science/article/pii/S0306452209000463?via%3Dihu

b [Accessed July 29, 2019]. 

Siuda ER, Al-Hasani R, Mccall JG, Bhatti DL, Bruchas MR (2011) Chemogenetic and 



 

 

 

158

Optogenetic Activation of Gαs Signaling in the Basolateral Amygdala Induces Acute 

and Social Anxiety-Like States. Neuropsychopharmacology 41:2011–2023 

Available at: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4908638/pdf/npp2015371a.pdf 

[Accessed April 13, 2018]. 

Soares SC, Maior RS, Isbell LA, Tomaz C, Nishijo H (2017) Fast Detector/First 

Responder: Interactions between the Superior Colliculus-Pulvinar Pathway and 

Stimuli Relevant to Primates. Front Neurosci 11:67 Available at: 

http://journal.frontiersin.org/article/10.3389/fnins.2017.00067/full [Accessed May 30, 

2018]. 

Solomon SJ, Pasik T, Pasik P (1981) Extrageniculostriate vision in the monkey. Exp 

Brain Res 44:259–270 Available at: http://link.springer.com/10.1007/BF00236563 

[Accessed November 3, 2017]. 

Soltis RP, Cook JC, Gregg AE, Sanders BJ (2018) Interaction of GABA and Excitatory 

Amino Acids in the Basolateral Amygdala: Role in Cardiovascular Regulation. J 

Neurosci 17:9367–9374. 

Stefanacci L, Amaral DG (2000) Topographic organization of cortical inputs to the 

lateral nucleus of the macaque monkey amygdala: A retrograde tracing study. J 

Comp Neurol 421:52–79 Available at: 

https://s3.amazonaws.com/objects.readcube.com/articles/downloaded/wiley/783ee

702a02670d5df97423d9b2fa09ae8ec330dcf030b059bf2bca5aaadb6b0.pdf?X-

Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-

Credential=AKIAIS5LBPCM5JPOCDGQ%2F20170704%2Fus-east-



 

 

 

159

1%2Fs3%2Faws4_request& [Accessed July 4, 2017]. 

Stein BE, Stanford TR, Rowland BA (2009) The neural basis of multisensory integration 

in the midbrain: Its organization and maturation. Hear Res 258:4–15 Available at: 

https://www.sciencedirect.com/science/article/pii/S0378595509000665?via%3Dihu

b [Accessed August 7, 2018]. 

Stepniewska I, Qi H-X, Kaas JH (2000) Projections of the superior colliculus to 

subdivisions of the inferior pulvinar in New World and Old World monkeys. Vis 

Neurosci 17:529–549 Available at: https://www.cambridge.org/core/services/aop-

cambridge-

core/content/view/C019A90CF516539CFA8A909EED93BD4A/S095252380017404

8a.pdf/projections_of_the_superior_colliculus_to_subdivisions_of_the_inferior_pulvi

nar_in_new_world_and_old_world_monkeys.pdf [Accessed August 14, 2017]. 

Steuwe C, Daniels JK, Frewen PA, Densmore M, Theberge J, Lanius RA (2015) Effect 

of direct eye contact in women with PTSD related to interpersonal trauma: 

Psychophysiological interaction analysis of connectivity of an innate alarm system. 

Psychiatry Res - Neuroimaging 232:162–167 Available at: 

http://dx.doi.org/10.1016/j.pscychresns.2015.02.010. 

Stevens JS, Kim YJ, Galatzer-Levy IR, Reddy R, Ely TD, Nemeroff CB, Hudak LA, 

Jovanovic T, Rothbaum BO, Ressler KJ (2017) Amygdala Reactivity and Anterior 

Cingulate Habituation Predict Posttraumatic Stress Disorder Symptom 

Maintenance After Acute Civilian Trauma. Biol Psychiatry 81:1023–1029 Available 

at: http://www.ncbi.nlm.nih.gov/pubmed/28117048 [Accessed November 29, 2018]. 

Takakuwa N, Kato R, Redgrave P, Isa T (2017) Emergence of visually-evoked reward 



 

 

 

160

expectation signals in dopamine neurons via the superior colliculus in V1 lesioned 

monkeys. Elife 6:e24459 Available at: https://elifesciences.org/articles/24459 

[Accessed June 11, 2018]. 

Tamietto M, Pullens P, De Gelder B, Weiskrantz L, Goebel R (2012) Subcortical 

Connections to Human Amygdala and Changes following Destruction of the Visual 

Cortex. Curr Biol 22:1449–1455 Available at: http://ac.els-

cdn.com/S0960982212006513/1-s2.0-S0960982212006513-

main.pdf?_tid=a68cdafe-7ed6-11e7-bbaf-

00000aab0f6b&acdnat=1502484784_e159e13d7a37177e775796633dcf9bd1 

[Accessed August 11, 2017]. 

Taylor AM, Jeffery G, Lieberman AR (1986) Subcortical afferent and efferent 

connections of the superior colliculus in the rat and comparisons between albino 

and pigmented strains. Exp brain Res 62:131–142 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/3956628 [Accessed May 30, 2018]. 

Thompson CI, Bergland RM, Towfighi JT (1977) Social and nonsocial behaviors of adult 

rhesus monkeys after amygdalectomy in infancy or adulthood. J Comp Physiol 

Psychol 91:533–548 Available at: http://www.ncbi.nlm.nih.gov/pubmed/406291 

[Accessed August 2, 2019]. 

Thornton JA, Malkova L, Murray EA (1998) Rhinal cortex ablations fail to disrupt 

reinforcer devaluation effects in rhesus monkeys (Macaca mulatta). Behav 

Neurosci 112:1020–1025. 

Toazza R, Franco AR, Buchweitz A, Molle RD, Rodrigues DM, Reis RS, Mucellini AB, 

Esper NB, Aguzzoli C, Silveira PP, Salum GA, Manfro GG (2016) Amygdala-based 



 

 

 

161

intrinsic functional connectivity and anxiety disorders in adolescents and young 

adults. Psychiatry Res Neuroimaging 257:11–16 Available at: 

http://dx.doi.org/10.1016/j.pscychresns.2016.09.010. 

Tottenham N, Hertzig ME, Gillespie-Lynch K, Gilhooly T, Millner AJ, Casey BJ (2014) 

Elevated amygdala response to faces and gaze aversion in autism spectrum 

disorder. Soc Cogn Affect Neurosci 9:106–117 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/23596190 [Accessed March 6, 2019]. 

Tovote P, Esposito MS, Botta P, Chaudun F, Fadok JP, Markovic M, Wolff SBE, 

Ramakrishnan C, Fenno L, Deisseroth K, Herry C, Arber S, Luthi A (2016) Midbrain 

circuits for defensive behaviour. Nature 534:206–212 Available at: 

http://dx.doi.org/10.1038/nature17996. 

Trojanowski JQ, Jacobson S (1975) Peroxidase labeled subcortical afferents to pulvinar 

in rhesus monkey. Brain Res 97:144–150 Available at: 

https://www.sciencedirect.com/science/article/pii/0006899375909221?via%3Dihub 

[Accessed May 30, 2018]. 

Twining RC, Vantrease JE, Love S, Padival M, Rosenkranz JA (2017) An intra-

amygdala circuit specifically regulates social fear learning. Nat Neurosci 20:459–

469 Available at: http://www.nature.com/doifinder/10.1038/nn.4481. 

Tye KM, Deisseroth K (2012) Optogenetic investigation of neural circuits underlying 

brain disease in animal models. Nat Rev Neurosci 13:251–266 Available at: 

http://www.nature.com/articles/nrn3171 [Accessed May 25, 2019]. 

Tye KM, Prakash R, Kim SY, Fenno LE, Grosenick L, Zarabi H, Thompson KR, 

Gradinaru V, Ramakrishnan C, Deisseroth K (2011) Amygdala circuitry mediating 



 

 

 

162

reversible and bidirectional control of anxiety. Nature 471:358–362 Available at: 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3154022/pdf/nihms311734.pdf 

[Accessed March 28, 2017]. 

Van Le Q, Isbell LA, Matsumoto J, Le VQ, Hori E, Tran AH, Maior RS, Tomaz C, Ono T, 

Nishijo H (2014) Monkey pulvinar neurons fire differentially to snake postures. 

PLoS One 9:1–14. 

Van Le Q, Isbell LA, Matsumoto J, Nguyen M, Hori E, Maior RS, Tomaz C, Tran AH, 

Ono T, Nishijo H (2013) Pulvinar neurons reveal neurobiological evidence of past 

selection for rapid detection of snakes. Proc Natl Acad Sci 110:19000–19005 

Available at: http://www.pnas.org/cgi/doi/10.1073/pnas.1312648110. 

Vuilleumier P, Armony J., Clarke K, Husain M, Driver J, Dolan R. (2002) Neural 

response to emotional faces with and without awareness: event-related fMRI in a 

parietal patient with visual extinction and spatial neglect. Neuropsychologia 

40:2156–2166 Available at: 

https://www.sciencedirect.com/science/article/pii/S0028393202000453?via%3Dihu

b [Accessed March 28, 2018]. 

Ward R, Danziger S, Bamford S (2005) Response to visual threat following damage to 

the pulvinar. Curr Biol 15:571–573. 

Warner CE, Goldschmidt Y, Bourne JA (2010) Retinal afferents synapse with relay cells 

targeting the middle temporal area in the pulvinar and lateral geniculate nuclei. 

Front Neuroanat 4:1–16 Available at: 

http://journal.frontiersin.org/article/10.3389/neuro.05.008.2010/abstract. 

Wei P, Liu N, Zhang Z, Liu X, Tang Y, He X, Wu B, Zhou Z, Liu Y, Li J, Zhang Y, Zhou 



 

 

 

163

X, Xu L, Chen L, Bi G, Hu X, Xu F, Wang L (2015) Processing of visually evoked 

innate fear by a non-canonical thalamic pathway. Nat Commun 6:6756 Available at: 

http://www.nature.com/articles/ncomms7756 [Accessed May 30, 2018]. 

Weiskrantz L (1963) Contour discrimination in a young monkey with striate cortex 

ablation. Neuropsychologia 1:145–164 Available at: 

https://www.sciencedirect.com/science/article/pii/0028393263900046 [Accessed 

March 28, 2018]. 

Weiskrantz L, Warrington EK, Sanders MD, Marshall J (1974) Visual capacity in the 

hemianopic field following a restricted occipital ablation. Brain 97:709–728 

Available at: http://www.ncbi.nlm.nih.gov/pubmed/4434190 [Accessed May 29, 

2018]. 

Wellman LL, Forcelli PA, Aguilar BL, Malkova L (2016) Bidirectional Control of Social 

Behavior by Activity within Basolateral and Central Amygdala of Primates. J 

Neurosci 36:8746–8756 Available at: 

http://www.ncbi.nlm.nih.gov/pubmed/27535919. 

Wellman LL, Gale K, Malkova L (2005) GABAA-Mediated Inhibition of Basolateral 

Amygdala Blocks Reward Devaluation in Macaques. J Neurosci 25:4577–4586 

Available at: http://www.jneurosci.org/cgi/doi/10.1523/JNEUROSCI.2257-04.2005. 

West EA, DesJardin JT, Gale K, Malkova L (2011) Transient Inactivation of Orbitofrontal 

Cortex Blocks Reinforcer Devaluation in Macaques. J Neurosci 31:15128–15135. 

West EA, Forcelli PA, Murnen AT, McCue DL, Gale K, Malkova L (2012) Transient 

inactivation of basolateral amygdala during selective satiation disrupts reinforcer 

devaluation in rats. Behav Neurosci 126:563–574 Available at: 



 

 

 

164

http://www.ncbi.nlm.nih.gov/pubmed/22845705 [Accessed July 29, 2019]. 

Whalen PJ, Rauch SL, Etcoff NL, McInerney SC, Lee MB, Jenike MA (1998) Masked 

presentations of emotional facial expressions modulate amygdala activity without 

explicit knowledge. J Neurosci 18:411–418 Available at: 

http://www.jneurosci.org/content/jneuro/18/1/411.full.pdf [Accessed January 2, 

2018]. 

Wiberg M, Westman J, Blomqvist A (1987) Somatosensory projection to the 

mesencephalon: An anatomical study in the monkey. J Comp Neurol 264:92–117 

Available at: http://doi.wiley.com/10.1002/cne.902640108 [Accessed March 3, 

2019]. 

Will B, Kelche C (1992) Environmental Approaches to Recovery of Function from Brain 

Damage: A Review of Animal Studies (1981 to 1991). In, pp 79–103. Springer, 

Boston, MA. Available at: http://link.springer.com/10.1007/978-1-4615-3420-4_5 

[Accessed May 20, 2019]. 

Winn P, Tarbuck A, Dunnett SB (1984) Ibotenic acid lesions of the lateral 

hypothalamus: Comparison with the electrolytic lesion syndrome. Neuroscience 

12:225–240 Available at: 

https://www.sciencedirect.com/science/article/abs/pii/0306452284901490 

[Accessed May 25, 2019]. 

Yardley CP, Hilton SM (1986) The hypothalamic and brainstem areas from which the 

cardiovascular and behavioural components of the defence reaction are elicited in 

the rat. J Auton Nerv Syst 15:227–244. 

Yizhar O, Fenno LE, Davidson TJ, Mogri M, Deisseroth K (2011) Optogenetics in Neural 



 

 

 

165

Systems. Neuron 71:9–34 Available at: 

https://www.sciencedirect.com/science/article/pii/S0896627311005046 [Accessed 

May 25, 2019]. 

Yoshida S, Matsubara T, Uemura A (2002) Role of Medial Amygdala in Controlling 

Hemodynamics. 66:197–203. 

Zarrindast M-R, Babapoor-Farrokhran S, Babapoor-Farrokhran S, Rezayof A (2008) 

Involvement of opioidergic system of the ventral hippocampus, the nucleus 

accumbens or the central amygdala in anxiety-related behavior. Life Sci 82:1175–

1181 Available at: 

https://www.sciencedirect.com/science/article/pii/S0024320508001434 [Accessed 

July 29, 2019]. 

Zhou N, Maire PS, Masterson SP, Bickford ME (2017) The mouse pulvinar nucleus: 

Organization of the tectorecipient zones. Vis Neurosci 34:11–13 Available at: 

https://www.cambridge.org/core/services/aop-cambridge-

core/content/view/5A9577DEFD880780955E13ED9E2AEA3D/S095252381700005

0a.pdf/mouse_pulvinar_nucleus_organization_of_the_tectorecipient_zones.pdf 

[Accessed January 17, 2018]. 

Zhou N, Masterson SP, Damron JK, Guido W, Bickford ME (2018) The Mouse Pulvinar 

Nucleus Links the Lateral Extrastriate Cortex, Striatum, and Amygdala. J Neurosci 

38:347–362 Available at: http://www.ncbi.nlm.nih.gov/pubmed/29175956 [Accessed 

January 17, 2018]. 

Zhu H, Roth BL (2014) Silencing Synapses with DREADDs. Neuron 82. 

 


