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Abstract 

The goal of this dissertation is to characterize goal directed proactive behavioral 

responses to threat as well as reactive responses to threat exposure, and to identify the 

neural and personality correlates of individual differences in these responses.  Three 

specific studies are reported wherein participants completed a novel shock avoidance 

paradigm while concurrent measures of behavioral, muscular, and sympathetic 

autonomic activity were collected; self-report was used to measure mood and trait 

personality; and blood oxygen-level dependent functional magnetic resonance imaging 

(BOLD fMRI) was used to measure individual differences in threat-related amygdala 

reactivity and intrinsic connectivity within the corticolimbic circuit. 

Results from Study 1 demonstrate that during threat exposure, participants 

exhibit increased avoidance behavior, faster reaction times, and increased muscular and 

sympathetic activity. Moreover, results demonstrate that two broad patterns 

characterize individual differences in how participants respond during avoidance: 1) a 

generalized tendency to exhibit magnified threat responses across domains; and 2) a 

tendency to respond either with proactive behavioral responses or reactive autonomic 

responses. Heightened state anxiety during the shock avoidance paradigm, and 

increased trait anxiety were both associated with the generalized tendency to exhibit 

magnified threat responses. However, gender moderated the relationship between trait 
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anxiety and generalized increases in threat responses during avoidance, such that only 

male participants exhibited a positive relationship between these two factors. Study 2 

demonstrates that intrinsic connectivity between the dorsomedial prefrontal cortex and 

centromedial region of the amygdala prospectively predicts whether participants will 

respond proactively or reactively during active avoidance. Finally, Study 3 provides 

evidence that responses to threat-related facial expressions within the centromedial 

region of the amygdala are associated with more reactive and less proactive responses 

during avoidance.  

These results demonstrate that patterns observed in animal models of avoidance, 

specifically the competition between proactive and reactive responses to threat cues, 

extend to human participants. Moreover, our results suggest that while anxious mood 

during performance and heightened trait anxiety are associated with a generalized 

facilitation of threat responses across domains, measures of neural circuit function 

within the corticolimbic system predict whether individuals will exhibit increased 

proactive or reactive responses during active avoidance. In addition to facilitating the 

search for the neural processes underlying how the brain responds dynamically to 

threat, these results have the potential to aide researchers in characterizing the 

symptoms and neural processes underlying anxiety disorders. 
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1. General Introduction  

Adaptively responding to potentially harmful stimuli is critical to survival and a 

conserved set of behavioral and physiological responses allow organisms to respond 

dynamically to threat based on environmental contingencies (Blanchard & Blanchard, 

2008). Variability in the magnitude of an individual’s response to threat is associated 

with risk for the development of psychopathology (Bryant, 2006; Fahlke et al., 2000). Yet 

to date no research in humans has investigated variability between individuals in the 

type of response elicited by threatening stimuli. Research in animal models suggests that 

goal directed responses influence physiological reactions to potentially harmful stimuli 

(Moscarello & LeDoux, 2013), and that the corticolimbic circuit, specifically the 

reciprocally connected amygdala and medial prefrontal cortex, mediate these responses 

(Cain & LeDoux, 2008). A better understanding of how individuals respond to threat, 

and the neural and personality correlates of these differences, may shed light on 

behaviors, including avoidance, frequently observed within anxiety disorders.  

In Chapter 1 of this dissertation, I briefly describe the types of responses elicited 

by threatening stimuli, and the neural circuits that support these responses, with special 

attention paid to variability in how animals respond during active avoidance paradigms. 

I then turn to the literature addressing how trait personality and neural responses 

assessed using blood oxygen-level dependent functional magnetic resonance imaging 

(BOLD fMRI) predict variability in how human participants respond to threat. In 
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Chapters 2-4, I present three original research studies which characterize how 

individuals respond to threat during a novel active avoidance paradigm, and draw links 

between trait personality, neural circuit function, and variability in how persons 

respond to threat. In Chapter 5 I discuss future directions for research and the relevance 

of the results reported here to clinical outcomes. 

1.1. Threat Processing 

1.1.1. Responses to Threatening Stimuli 

When organisms encounter a potentially harmful stimulus or situation they 

exhibit a host of behavioral and physiological responses that are supported by 

sympathetic autonomic activity, changes in neuromodulatory tone, and other neural 

processes elicited by the threatening stimulus (LeDoux, 1998). Exposure to threat is 

associated with changes in respiration, heart rate, and blood pressure (Davis, 1992; 

Öhman & Mineka, 2001), in addition to behavioral responses such as freezing, defensive 

threat and attack, avoidance, vocalizations, and risk assessment (Blanchard & Blanchard, 

2008). These responses are in a way complimentary, in that different behaviors allow 

animals to dynamically respond to threat based on contingencies in the environment 

(Blanchard & Blanchard, 2008). However, these responses are in another way 

competitory. For example, freezing and avoidance are behaviors that are mutually 

exclusive. 
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Given this wide range of responses to potentially harmful stimuli, a distinction 

between proactive responses and reactive responses is useful in understanding 

variability in how animals respond to threat. Reactive responses are defined as 

physiological or behavioral responses elicited by a threatening stimulus (LeDoux, 

Schiller, & Cain, 2009). Reactive responses can be adaptive in that physiological 

reactions to threat serve a preparatory function by mobilizing bodily resources to 

directly combat possible harm, while behavioral reactions, such as freezing, can serve to 

prevent detection by predators (Eilam, 2005; Gabella, 2001). However, reactive responses 

do not directly impact exposure to threat. Proactive responses are goal directed actions 

in response to threatening stimuli, and serve to allow for the direct termination of 

exposure to threat and, possibly, avoiding exposure altogether. For example, active 

avoidance terminates threat exposure by increasing the spatial distance between the 

threat and the organism.  

The richest literature addressing variability in proactive and reactive responses 

to threat derives from animal models of aversive associative learning. Responses to the 

conditioned stimuli (CS) during Pavlovian aversive learning, such as changes in blood 

pressure or freezing, provide measures of reactive responses to threat which do not 

directly impact threat exposure (LeDoux, Iwata, Cicchetti, & Reis, 1988). Aversive 

instrumental paradigms, on the other hand, assess behaviors that terminate the 

presentation of stimuli which predict aversive outcomes. In doing so aversive 
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instrumental learning paradigms provide measures of proactive responses that directly 

alter exposure to threat (LeDoux, Schiller, & Cain, 2009). However, it is important to 

note that Pavlovian and instrumental responses measured during these paradigms are 

only instances of the broader categories of reactive and proactive responses. For 

example, research demonstrates that reactive responses, such as freezing, are elicited by 

threats emanating from both predators and aggressive conspecifics (Silva et al., 2013). 

Similarly, avoidance is elicited in response to predators, and as such not limited to 

instrumental paradigms (Blanchard & Blanchard, 2008). Moreover, proactive responses 

to threat are not limited to avoidance. Alarm calls are more likely to be emitted based on 

the proximity of related conspecifics (Sherman, 1977) and differ based on the type of 

predator encountered (Fichtel & Kappeler, 2002), suggesting that these responses to 

threat are goal oriented, and thus proactive. Despite the wide range of reactive 

responses and goal oriented proactive responses to threat, here I will focus on responses 

elicited during aversive associative learning paradigms in laboratory settings based on 

the relative abundance of the literature and the direct relevance to the research 

presented in Chapters 2-4. 

Researchers have suggested that proactive and reactive responses to threat 

compete with each other for control of behavior (Moscarello & LeDoux, 2013), and the 

antagonistic relationship between these types of responses is evident during signaled 

aversive instrumental learning. During two-way avoidance, the presentation of a CS 
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signals the impending delivery of an aversive unconditioned stimulus (US). If the 

animal shuttles from the chamber it occupies to the empty chamber the CS is terminated 

and the US is not delivered. Competition between reactive freezing responses and 

proactive shuttling responses occurs in that both of these behaviors are elicited by the 

CS, yet these responses are mutually exclusive and cannot be expressed at the same time 

(Vicens-Costa et al., 2011). As instrumental learning progresses, there is a shift in 

responding as animals transition from high levels of freezing to high levels of avoidance 

(Choi, Cain, & LeDoux, 2010). Further, this antagonistic relationship extends beyond 

responses measured during instrumental learning. After acquiring active avoidance 

responses, animals exhibit reduced freezing behavior and defecation to the CS even in 

novel contexts where no avoidance response is possible (Kamin, Brimer, & Black, 1963; 

Moscarello & LeDoux, 2013). This data suggests that the competition between proactive 

and reactive responses to threat reflects differences in threat processing within the brain, 

and not simply the mutual exclusive nature of freezing and avoidance responses. 

Perhaps most interesting, competition between proactive and reactive responses 

can be observed between individuals. Prior research suggests that freezing during the 

first five trials of active avoidance, during which no animals are performing shuttling 

responses, is inversely correlated with the future acquisition of avoidance (Vicens-Costa 

et al., 2011). Further, a percentage of animals never learn avoidance responses, and these 

poor performers are characterized by high levels of freezing (Lázaro-Muñoz, LeDoux, & 
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Cain, 2010). Prior work using the escapable stressor paradigm has demonstrated that 

operant control over a stressor results in dramatic reductions in physiological and 

behavioral responses to stress (Maier, Ryan, Barksdale, & Kalin, 1986). These data have 

led  researchers to suggest that active avoidance reflects a proactive coping style and 

may have relevance to clinical practice (Cain & LeDoux, 2008; Moscarello & LeDoux, 

2013). However, in order to develop treatment strategies based on observations from 

this literature, a clear understanding of the neural mechanisms underlying proactive and 

reactive responses to threat is critical. 

1.1.2. Neural Circuits Supporting Threat Responses 

1.1.2.1. Structural Anatomy 

A plethora of research has focused on the role of the amygdala in generating 

responses to threatening stimuli, and research has suggested that the distinct nuclei 

within the amygdala mediate different types of threat responses (Cain & LeDoux, 2008). 

Additionally, evidence from anatomical tracing studies suggests that the differential 

roles of amygdala nuclei stem from distinct sets of anatomical connections within the 

brain. Although different reactive responses to threat, such as freezing and changes in 

heart rate, are proximally supported by distinct neural structures (Appel & Elde, 1988; 

Brandão, Zanoveli, Ruiz-Martinez, Oliveira, & Landeira-Fernandez, 2008), similar 

projection patterns to these different structures from the amygdala may explain 

similarities in the way these different responses are expressed. Likewise, goal directed 
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behavior takes different forms based on environmental contingencies. However, all 

proactive responses likely depend on integration between executive control and motor 

processes (Groenewegen & Trimble, 2007; Roberts, 2006), and overlapping projection 

patterns to areas supporting these processes stemming from the amygdala can shed light 

on how anatomy underlies the role of the amygdala in promoting these goal oriented 

behaviors.  

 Researchers have previously suggested that the central nucleus of the amygdala 

(CeA) plays a critical role in generating reactive physiological and behavioral responses 

elicited by threatening stimuli (Davis, 1992; LeDoux, 1998). Projections from the CeA to 

various aspects of the brainstem have been demonstrated in the primate, including the 

dorsal motor nucleus of the vagus and the nucleus ambiguous which play a critical role 

in regulating heart rate and respiration (Price & Amaral, 1981; Taylor, Jordan, & Coote, 

1999). The CeA additionally sends projections to the lateral hypothalamus and pons 

(Hopkins, 1975; Price & Amaral, 1981) which are critical in generating sympathetic 

autonomic responses (Jansen, Nguyen, Karpitskiy, Mettenleiter, & Loewy, 1995). Finally, 

the CeA provides projections to the periaqueductal gray, which is critical in generating 

freezing responses to threatening stimuli (Jhou, 2005; Price & Amaral, 1981). These 

findings distinguish the CeA from the basal nucleus, which provides no fibers to the 

PAG (Beart, Summers, Stephenson, Cook, & Christie, 1990). Research has additionally 

shown that the CeA provides the majority of projections to the pons (Hopkins, 1975), 
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while both the basal and CeA nuclei project to the lateral hypothalamus (Barone, 

Wayner, Scharoun, Guevara-Aguilar, & Aguilar-Baturoni, 1981). 

While the CeA has been suggested to generate reactions to threatening stimuli, 

researchers have suggested that the basal nucleus promotes behaviors toward positive 

goals, and away from negative ones (Cain & LeDoux, 2008). The basal nucleus of the 

amygdala provides one of the main sources of inputs to the nucleus accumbens (Fudge, 

Kunishio, Walsh, Richard, & Haber, 2002; Russchen, Bakst, Amaral, & Price, 1985)  

which plays an important role in instrumental learning, learned fear, and dread in 

animal models (Berridge, Robinson, & Aldridge, 2009; Corbit, Muir, & Balleine, 2001). 

Researchers have suggested that the ventral striatum is the interface between emotional 

and motor systems (Groenewegen & Trimble, 2007), and the basal nucleus provides the 

majority of the amygdala’s projections to the ventral as well as the dorsal parts of the 

caudate and putamen (Freese & Amaral, 2009; Russchen et al., 1985). The ventral 

striatum and caudate are important for avoidance behavior (Allen & Davison, 1973; 

Bravo-Rivera, Roman-Ortiz, Brignoni-Perez, Sotres-Bayon, & Quirk, 2014) and the 

preponderance of projections to these targets stemming from the basal nucleus 

illustrates the anatomical basis of this structure’s role in mediating proactive responses 

to threat. 

It is evident that the amygdala can promote both reactive and proactive 

responses to threat based on environmental circumstances and that the differential 
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projection patterns emanating from the CeA and basal nuclei likely provide the 

anatomical basis for these different processing streams. However, appreciating the role 

of the medial prefrontal cortex is critical in order to understand how environmental 

contingencies impact the expression of one type of response over the other, and why 

some animals react with freezing while others respond proactively with avoidance. The 

medial prefrontal cortex is reciprocally connected with the amygdala (Freese & Amaral, 

2009) and in the rat both the prelimbic and infralimbic cortices project to CeA and basal 

nuclei of the amygdala (Vertes, 2004). In the primate aspects of the dorsomedial 

prefrontal cortex (DMPFC) and dorsal anterior cingulate, which share similarities with 

the prelimbic cortex in the rat, project primarily to the basal nucleus (Amaral & Insausti, 

1992; Stefanacci & Amaral, 2000). The ventromedial prefrontal cortex (VMPFC), which 

share similarities with the infralimbic cortex in the rat, projects primarily to the basal 

nucleus as well (Leichnetz & Astruc, 1975). Specifically, research has demonstrated that 

the infralimbic cortex projects to local inhibitory cells within the amygdala which 

function to inhibit the CeA (Ehrlich et al., 2009). The medial prefrontal cortex is thought 

to promote goal directed behavior and orchestrate actions which support internal 

motivational states (Miller & Cohen, 2001; Roberts, 2006) and the dense reciprocal 

connections between the amygdala and medial prefrontal cortex provide the anatomical 

basis for its role in switching between reactive and proactive responses to threat based 

on environmental demands. 
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1.1.2.2. Functional Anatomy 

1.1.2.2.1. Animal Models 

In addition to exhibiting differential projection patterns, the CeA and basal 

nuclei of the amygdala serve different roles in orchestrating responses to threat. Prior 

research has consistently demonstrated that the CeA promotes reactive responses to 

threatening stimuli (Cain & LeDoux, 2008). Stimulation of the amygdala produces 

changes in heart rate, respiration, and blood pressure, and its connections with the brain 

stem, which emanate primarily from the CeA, likely mediate these peripheral changes in 

physiology (Harper, Frysinger, Trelease, & Marks, 1984; Stock, Rupprecht, Stumpf, & 

Schlör, 1981). Skin conductance responses, which reflect sympathetic activity, are 

likewise associated with neural activity in the CeA (Laine, Spitler, Mosher, & Gothard, 

2009). Additionally, research has demonstrated that the CeA promotes freezing 

behavior, both during the presentation of conditioned stimuli and during avoidance 

paradigms, while lesions of the basal nucleus has been shown to leave these freeing 

responses intact (Amorapanth, LeDoux, & Nader, 2000; Cain & LeDoux, 2008; Lázaro-

Muñoz et al., 2010; Moscarello & LeDoux, 2013).  

Lesions of the basal nucleus, meanwhile, impair proactive shuttling responses 

during that terminate threat exposure during active avoidance (Amorapanth et al., 2000; 

Cain & LeDoux, 2008; Lázaro-Muñoz, LeDoux, & Cain, 2010; Moscarello & LeDoux, 

2013). Interestingly, lesions of the ventral striatum also impair active avoidance (Bravo-

Rivera et al., 2014), and the strong projection patterns to the striatum from the basal 
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nucleus may underlie this effect. Importantly, lesions of the CeA do not interfere with 

avoidance responses (Amorapanth et al., 2000) and in some cases are associated with 

improved performance (Moscarello & LeDoux, 2013). Research has demonstrated that 

the CeA promotes freezing responses which are inversely associated with avoidance 

(Amorapanth et al., 2000; Vicens-Costa et al., 2011) and it is possible that lesions of the 

CeA eliminate the reactive pathway of processing threat and, in so doing, promote 

avoidance responses by reducing competition between reactive and proactive 

processing. 

Research in animal models has demonstrated that both the infralimbic and 

prelimbic cortex play critical roles in proactive and reactive responses to threat. 

Increased neural activity within the infralimbic cortex is observed during avoidance 

(Martinez et al., 2013) and research demonstrates that lesions of the infralimbic cortex 

increase freezing and decrease avoidance responses during active avoidance paradigms 

(Moscarello & LeDoux, 2013). It has been previously suggested that during extinction, 

the infralimbic cortex reduces freezing through its effects on local inhibitory neurons in 

the amygdala which serve to inhibit activity in the CeA (Ehrlich et al., 2009). Tellingly, 

lesions of the infralimbic cortex during active avoidance, are associated with increased c-

Fos activity in the CeA (Moscarello & LeDoux, 2013), which serves as a marker on 

increased neural activity (Sheng & Greenberg, 1990). This suggests that the infralimbic 
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cortex may orchestrate the expression of different behaviors, by acting as a switch 

between proactive and reactive responses, through its role in regulating CeA activity. 

Unlike the infralimbic cortex which serves to inhibit freezing responses during 

conditioned fear, research has demonstrated that the prelimbic cortex promotes freezing 

responses during CS presentation (Vidal-Gonzalez, Vidal-Gonzalez, Rauch, & Quirk, 

2006).  However, less research has been conducted investigating the role of the prelimbic 

cortex in active avoidance. Research has shown that both infralimbic and prelimbic 

cortices exhibit c-Fos expression during active avoidance paradigms (Martinez et al., 

2013). However, while the infralimbic cortex serves to reduce freezing and promote 

avoidance behavior, lesions of the prelimbic cortex impair avoidance responses but do 

not affect freezing (Bravo-Rivera et al., 2014). It is possible that the prelimbic cortex 

serves different functions during Pavlovian and instrumental paradigms, specifically 

promoting freezing during the former and promoting avoidance during the later. 

However, the research which demonstrated that the prelimbic cortex promotes 

avoidance but not freezing utilized a platform mediated avoidance paradigm, which 

may entail different task demand characteristics than two way avoidance paradigms 

(Bravo-Rivera et al., 2014). Future research will be needed to further delineate the role of 

the prelimbic cortex in orchestrating proactive and reactive responses to threat. 

Together, this literature suggests a model wherein the basal nucleus of the 

amygdala promotes proactive responses to threat, while the CeA promotes reactive 
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responses to threat (Cain & LeDoux, 2008). Research suggests that the infralimbic cortex 

inhibits CeA activity, and in so doing acts as a switch to reduce reactive responses to 

threat and to facilitate proactive responses during active avoidance paradigms 

(Moscarello & LeDoux, 2013). The extant literature paints a more complicated picture of 

the role of the prelimbic cortex which can promote reactive freezing responses during 

Pavlovian fear paradigms, but can also facilitate proactive responses during active 

avoidance paradigms (Bravo-Rivera et al., 2014; Vidal-Gonzalez et al., 2006). Taken as a 

whole, this literature suggests that the medial prefrontal cortex can orchestrate 

responses to threat in a dynamic manner based on environmental contingencies, and 

that the medial prefrontal cortex effects these changes through its connections to 

subcomponents of the amygdala that promote proactive and reactive responses to 

threatening stimuli. 

1.1.2.2.2. Human Neuroimaging 

Research employing BOLD fMRI has succeeded in extending findings from 

animal models to human participants, and has consistently identified the amygdala and 

regions of the prefrontal cortex in studies investigating Pavlovian fear learning, 

extinction, and instrumental avoidance (Delgado, Jou, LeDoux, & Phelps, 2009; 

Sehlmeyer et al., 2009). Although methods exist which allow researchers to segment the 

human amygdala into basolateral (BLA) and centromedial (CM) subdivisions (Amunts 

et al., 2005), which contain the basal nucleus in the former and the CeA in the latter, 

most research to date does not report results in reference to these regions of interest. 



 

14 

These anatomical regions of interest based on cytoarchitecture from human post-

mortem data will be important for the work presented in Chapters 3-4. However, the 

discussion of neural responses associated with proactive and reactive responses to threat 

presented below will not reference these sub-regions as this distinction is not clear from 

the reporting of the original work.  

Work using fMRI has demonstrated that the amygdala is responsive to 

conditioned stimuli which predict threat, threatening facial expressions, and aversive 

pictures (Britton, Taylor, Sudheimer, & Liberzon, 2006; Costafreda, Brammer, David, & 

Fu, 2008; Hariri, Tessitore, Mattay, Fera, & Weinberger, 2002). Additionally, research has 

suggested that amygdala responses are associated with reactive responses to threatening 

stimuli. Amygdala  responses to threatening faces and negative scenes are associated 

with individual differences in heart rate activity in response to these images (Critchley et 

al., 2005; Kuniecki, Urbanik, Sobiecka, Kozub, & Binder, 2003; Yang et al., 2007). 

Additionally, amygdala responses during a cognitive stressor are associated with 

changes in blood pressure elicited by the stressor (Gianaros et al., 2008). Further, 

amygdala responses to conditioned stimuli and threatening facial expressions are 

associated with individual differences in skin conductance responses elicited by these 

stimuli (Cheng, Knight, Smith, & Helmstetter, 2006; Cheng, Richards, & Helmstetter, 

2007; Williams et al., 2001a). Collectively, these data suggest that amygdala responses 
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assessed with fMRI can capture processes involved with the generation of reactive 

responses to threat, which are likely supported by CeA function. 

Relatively less data exists addressing the role of the amygdala in supporting 

proactive responses to threat in humans. Research using instrumental aversive 

conditioning paradigms has demonstrated that the amygdala and striatum interact 

during the acquisition of proactive instrumental responses to avoid threat (Delgado, Li, 

Schiller, & Phelps, 2008). Additionally, prior research shows that during paradigms in 

which a virtual predator chases and attempts to capture and shock the participant, the 

amygdala is sensitive to the relative spatial distance of the virtual predator during 

avoidance (Mobbs et al., 2007, 2009). Finally, amygdala responses to cues that predicted 

the potential for loss of money are associated with faster reaction times during button 

presses which serve to avoid money loss (Schlund et al., 2010). Although loss of money 

is not a threat in the same sense as the other aversive stimuli discussed here, it is 

nonetheless a negative event and actions which prevent money loss are by definition 

proactive responses. This emerging literature suggests that the amygdala is involved 

with active avoidance and proactive responses in human participants, which likely 

reflects processing within the basal nucleus. 

Research employing fMRI has corroborated the role of the medial prefrontal 

cortex in orchestrating reactive and proactive responses to threat identified in animal 

models. Research has shown that the VMPFC is engaged during extinction learning  
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(Sehlmeyer et al., 2009) and that VMPFC responses are associated with reduced skin 

conductance responses to conditioned stimuli (Gottfried & Dolan, 2004; Indovina, 

Robbins, Núñez-Elizalde, Dunn, & Bishop, 2011; Phelps, Delgado, Nearing, & LeDoux, 

2004), consistent with its role in reducing reactive responses to threat during Pavlovian 

fear and instrumental avoidance in animal models. Conversely, research has 

demonstrated that responses within DMPFC during fear learning are associated with 

increased skin conductance responses to conditioned stimuli (Milad et al., 2007) which 

mirrors the role of the prelimbic cortex in animal models.  

The limited data available investigating neural responses during active 

avoidance in humans support a role for the medial prefrontal cortex in facilitating 

proactive responses to threat. The VMPFC is involved with processing aversive trials 

during instrumental avoidance learning (Delgado et al., 2008), however it should be 

noted that this response did not differ between avoidable and unavoidable aversive 

trials. Additionally,  both the ventral and dorsal aspects of the medial prefrontal cortex 

have been implicated during avoidance of a virtual predator (Mobbs et al., 2007, 2009). 

Lastly, the responses within the DMPFC are associated with reaction times to 

threatening stimuli during an anxious context (Robinson, Charney, Overstreet, Vytal, & 

Grillon, 2012). Although these responses are not proactive as they not serve to terminate 

the threatening stimulus, these data do suggest that the DMPFC functions to facilitate 

motor behaviors during threat.  
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Collectively, this literature suggests that the amygdala and prefrontal cortex are 

involved with the processing of threat in a manner consistent with research from animal 

models, and that individual differences in neural responses within these circuits are 

associated with variability in reactive and proactive responses to threat. However, 

identifying which neural structures are responsible for generating a single threat 

response in isolation is only the first step in understanding variability in how 

individuals respond to threat. To date, no research in humans has concurrently assessed 

both proactive and reactive responses within the same individuals in order to 

understand how the balance between these two types of responses is maintained. 

Additionally, an important goal of research interested in individual differences is the 

ability to use measures obtained in the laboratory to predict how individuals will 

respond in the future. Measures of threat processing that are easily collected, temporally 

stable, and commonly assessed can then be used to predict how individuals will 

respond with proactive or reactive responses to threat in the future. Moreover, abundant 

literature exists which suggests that self-reported anxiety and variability in neural circuit 

function assessed using intrinsic connectivity at rest and neural responses to threatening 

faces may be useful in this respect. 

1.2. Anxiety and Threat Processing 

Research concerned with the psychological processes elicited by exposure to 

potentially harmful stimuli have focused on the constructs of both state anxiety, which is 
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the mental state elicited by threat (Gross & Hen, 2004), and trait anxiety, which is the 

general tendency with which individuals perceive situations to be threatening and to 

respond to such situations with subjective feelings of apprehension and tension 

(Spielberger, Sydeman, Owen, & Marsh, 1999)(Spielberger et al., 1999). Trait anxiety, 

specifically, has generated interest as research demonstrates that this personality trait is 

heritable (Gross & Hen, 2004) and plays a role in predicting risk for the development of 

mood disorders (Kendler, Karkowski, & Prescott, 1999; Sandi & Richter-Levin, 2009). 

Measures of anxiety derived from animal models and through self-report in humans 

have the potential to shed light on variability in how individuals respond during active 

avoidance paradigms and predict the manner in which proactive and reactive responses 

to threat are expressed. 

Researchers have utilized performance during paradigms which assess 

unlearned anxiety to serve as animal models of trait anxiety (Neumann et al., 2011). 

Previous research has utilized factor analysis to show that performance during 

paradigms assessing unlearned anxiety, such as the black-white box, elevated “zero” 

maze, and novel cage activity, share a common underlying factor (Lopez-Aumatell et al., 

2008). This underlying unlearned anxiety factor is associated with active avoidance 

responses, but sex differences play an important role in these relationships. In male 

animals, unlearned anxiety was associated with reduced performance during the two-

way avoidance paradigm (Lopez-Aumatell et al., 2008). However, in females fear-
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potentiated startle, and not unlearned anxiety, was associated with two-way avoidance 

behavior (Lopez-Aumatell et al., 2008). The role of sex identified in these factor analyses 

is underscored by the observation that female animals more quickly acquire level press 

responses that terminate stimuli which predict aversive outcomes (Beck, Jiao, Pang, & 

Servatius, 2010). 

Despite being widely measured constructs in the human literature, relatively few 

studies have addressed how state and trait anxiety impact observable responses to 

threat. Research has demonstrated that fear potentiated startle, which depends on 

amygdala function (Davis, 1992), is associated with state, but not trait anxiety (Grillon, 

Ameli, Foot, & Davis, 1993). Alternatively, prior research has demonstrated that trait 

anxiety is associated with increased conditioned responses during fear conditioning, and 

that these effects of trait anxiety are reflected in larger amygdala responses and reduced 

VMPFC responses during learning (Indovina et al., 2011). Other researchers have 

replicated the effect of trait anxiety on amygdala responses during fear learning and 

extinction, and have suggested that these neural responses may be more sensitive to the 

effects of trait anxiety than the reactive responses measured to condition stimuli (Barrett 

& Armony, 2009; Sehlmeyer et al., 2011). To date, relatively little research has assessed 

the role of anxiety in active avoidance behaviors in humans. One such study 

demonstrated that self-reported panic while participants avoided a virtual predator was 

positively associated with motor errors during avoidance (Mobbs et al., 2009). However 
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to my knowledge, no studies have investigated that role of trait anxiety in active 

avoidance of threat. 

One reason for the lack of research investigating the role of anxiety in proactive 

responses to threat may be the lack of variability observed during active avoidance 

paradigms employed in human participants (Delgado et al., 2009; Dymond et al., 2011). 

When participants perform at ceiling, there are no individual differences in avoidance to 

predict using trait or state anxiety. Despite the lack of current research on the topic, the 

conceptual relevance of anxiety to proactive and reactive responses to threat, combined 

with the literature addressing unlearned anxiety in animal models form a solid basis for 

frameworks that seek to link mental states elicited by threat and dispositional anxiety to 

physiological and behavioral responses during avoidance. Importantly, associations 

between state and trait anxiety and performance during active avoidance paradigms are 

likely influenced by gender. Women report higher levels of trait anxiety and 

additionally are more likely to develop mood and anxiety disorders (Brewin, Andrews, 

& Valentine, 2000; Feingold, 1994; Nolen-Hoeksema, 2001). Thus, the extant human 

literature and research in animals models both provide support for the idea that trait 

personality, subjective anxiety elicited by threat, and gender may play important roles in 

predicting proactive and reactive responses during active avoidance and suggest that 

this topic is ripe for exploration. 
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1.3. Corticolimbic Circuit Function and Threat Processing 

1.3.1. Intrinsic Connectivity  

Intrinsic connectivity is thought to reflect the functional capacity of neural 

circuits and is measured through associations between spontaneous low‐frequency 

oscillations in BOLD signal while participants lie in the scanner at rest, not engaging in 

any directed activity (Deco, Jirsa, & McIntosh, 2011). Previous research has shown that 

by extracting time courses of the BOLD signal from seed regions within neural 

networks, such as the visual or somatosensory systems, other neural structures within 

the same network can be identified based on their association with the time course from 

the seed regions (Fox & Raichle, 2007). Critically, previous research has shown that 

measures of intrinsic connectivity measured at rest have moderate to high levels of test-

retest reliability and are stable at up to five months in the future (Shehzad et al., 2009; 

Zuo et al., 2010). The ability to assess intrinsic connectivity at rest provides researchers 

with an opportunity to measure neural circuit function in an unrestricted manner, and 

its temporal stability commends this measure as a tool to predict how participants will 

respond to future challenges. 

Prior research has demonstrated that patterns of intrinsic connectivity with the 

amygdala recapitulate its structural connections with aspects of the frontal lobe 

including dorsal and ventral aspects of the medial prefrontal cortex (Roy et al., 2009). 

Tellingly, intrinsic connectivity between the amygdala and medial prefrontal cortex is 
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altered in persons who suffer from mood and anxiety disorders including post-

traumatic stress disorder, social anxiety disorder, and generalized anxiety disorder 

(Brown et al., 2014; Etkin, Prater, Schatzberg, Menon, & Greicius, 2009; Hahn et al., 

2011). These data suggest that intrinsic connectivity between the amygdala and medial 

prefrontal cortex reflects variability in informational processing and may be useful in 

predicting how individuals will respond to threat in the future. 

In agreement with results from clinical samples, previous research has 

demonstrated that individual differences in state and trait anxiety are associated with 

variability in intrinsic connectivity between the amygdala and regions of the DMPFC 

and VMPFC (Kim, Gee, Loucks, Davis, & Whalen, 2011). Prior research has also 

demonstrated that intrinsic connectivity between the amygdala and DMPFC is increased 

during the anticipation of unpredictable aversive stimuli, and that this change in 

connectivity is associated with individual differences in trait anxiety (Vytal, Overstreet, 

Charney, Robinson, & Grillon, 2014). Additionally, changes in intrinsic connectivity 

between the amygdala and medial prefrontal cortex following fear learning are 

associated with individual differences in the expectation of aversive stimulus delivery 

and variability in skin conductance responses to the CS (Schultz, Balderston, & 

Helmstetter, 2012). This evidence suggests that in addition to being altered as a function 

of clinical diagnosis, intrinsic connectivity between the amygdala and medial prefrontal 

cortex varies as a function of individual differences in threat processing. 
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Collectively these results suggest that intrinsic connectivity between the 

amygdala and medial prefrontal cortex may predict how participants respond with 

proactive or reactive responses to threat in the future. The temporal stability of 

individual differences in intrinsic connectivity and the literature linking this variability 

to individual differences in threat processing form a solid basis for the use of this metric 

in predicting more refined measures of threat response. Importantly, previous research 

has demonstrated that the BLA and CM regions of the amygdala exhibit differential 

patterns of connectivity with the medial prefrontal cortex (Roy et al., 2009). 

Additionally, prior research has found that these anatomical distinctions within the 

amygdala are important to understanding how intrinsic connectivity with the medial 

prefrontal cortex is altered in PTSD (Brown et al., 2014). Given the importance of 

different amygdala nuclei in facilitating distinct threat responses during avoidance, the 

ability of intrinsic connectivity to resolve these different regions within the amygdala is 

critical in linking neural circuit function and variability in proactive and reactive 

responses to threat. 

1.3.2. Amygdala Responses to Threatening Emotional Faces  

The use of affective human faces is one of the most widely employed methods 

for eliciting responses within neural circuits involved with emotional processing. Prior 

research has demonstrated that the presentation of emotional faces, including threat 

related expressions such as fear and anger, reliably and robustly generate responses 
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within the amygdala (Costafreda et al., 2008). Research has shown that variability in 

amygdala responses to threatening facial expressions reflects underlying differences in 

biology (Hariri, 2009) and are augmented in persons with mood and anxiety disorders 

(Phan, Fitzgerald, Nathan, & Tancer, 2006; Shin et al., 2005; Stein, Goldin, Sareen, 

Zorrilla, & Brown, 2002). Based on these findings, researchers have sought to use 

individual differences in amygdala responses to threatening emotional faces to predict 

how participants will respond to environmental challenge in the future.  

Individual differences in amygdala responses to threatening facial expressions 

predicts the performance during a visual search for faces outside the scanner (Ohrmann 

et al., 2007). Additionally, the magnitude of amygdala responses to threatening faces is 

associated with cortisol responses during a social trier stress test (Taylor et al., 2008). 

These studies suggest that by assessing amygdala responses to threat related emotional 

faces within the scanner, it is possible to predict how participants will respond to 

emotional challenges in the future. Heart rate and skin conductance responses during 

scanning are associated with amygdala responses to threatening faces (Williams et al., 

2001; Yang et al., 2007), suggesting that amygdala responses to threatening faces are 

associated with reactive responses to threat. 

Critically, variability in amygdala responses to emotional faces is stable over 

time. Amygdala responses to fear faces during initial scanning sessions are correlated 

with the responses to the same stimuli measured following two and eight week intervals 
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(Pearson r values .67 and .65 respectively) (Johnstone et al., 2005). Similarly, prior work 

has shown that amygdala responses to both anger and fear faces are stable within 

individuals following an interval of 13-22 months (mean=21) (Manuck, Brown, Forbes, & 

Hariri, 2007). In addition to demonstrating that amygdala responses to threat are stable 

over time, recent research has demonstrated that amygdala responses to threatening 

faces predict psychological vulnerability to stress up to 1-4 years in the future (Swartz, 

Knodt, Radtke, & Hariri, 2015). 

Researchers have suggested that threat related facial expressions, such as fear 

and anger, have served as predictors of salient emotional events in the past, and in so 

doing, function as naturally conditioned stimuli (Hariri & Whalen, 2011) and evidence 

suggests that neural responses to threatening faces are associated with reactive 

responses to threat during scanner scanning. This is unsurprising in that the amygdala is 

critical in generative responses to conditioned stimuli, and is anatomically connected to 

structures that generate reactive responses. Unknown, however, is if amygdala 

responses to threatening facial expressions are associated with proactive responses to 

threat. It is possible that the presentation of naturally conditioned stimuli, i.e. 

threatening faces, within a scanning session when no proactive response is available 

would primarily target reactive processing streams. However, it is important when 

making predictions about whether amygdala responses to threatening faces will predict 
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proactive or reactive responses to threat, to consider the type threatening face used to 

elicit amygdala responses. 

Anger faces represent a direct and unambiguous threat from a conspecific. It is 

common occurrence for expressions of anger to precede aggressive or otherwise 

unpleasant interactions with fellow human beings, and this association is evoked during 

the presentation of a face expressing anger during scanning. Fear faces, meanwhile, 

represent an indirect and ambiguous threat. Dangerous stimuli and situations that elicit 

an expression of fear from another conspecific likely have the potential to harm the 

viewer of the facial expression as well. In addition to being indirect signals of threat, fear 

faces are also ambiguous in that the viewer is provided no additional information about 

the source of the threat when the facial expression has eye gaze directed at the 

participant (Adams, Gordon, Baird, Ambady, & Kleck, 2003). In addition to conveying 

different types of signals about threat, fearful and angry faces have been shown to 

differentially affect attention and memory (Davis et al., 2011; Taylor & Whalen, 2014).  

The use threat related facial expressions within the context of fMRI paradigms 

leverage the ecological validity and predictive utility of these stimuli to provoke neural 

responses within the amygdala which are stable and relevant to real world behavior. 

Further, evidence suggests that these responses are associated with reactive responses to 

threat. An important and unresolved question is whether amygdala responses to 

threatening facial expressions predicts proactive responses to threat, as these responses 
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also depend on amygdala function. Research investigating whether amygdala responses 

to threatening faces predict proactive response can speak to important differences in 

how individuals process information, and shed light on the processes reflected in neural 

responses to fearful and angry expression. 

1.4. The Present Studies 

The goal of this dissertation is to characterize the proactive and reactive responses to 

threat during active avoidance in human participants, and to understand how 

individuals differ in the expression of one type of response over the other. Moreover, I 

wanted to understand the role of anxiety and measures of corticolimbic circuit function 

in predicting individual difference in how participants respond during active avoidance. 

To this end, in Chapter 2 I analyze behavioral, muscular, and sympathetic autonomic 

responses during active avoidance, identify variability across proactive vs. reactive 

domains of threat response, and determine how measures of state and trait anxiety 

predict these patterns. In following chapters I determine whether measures of intrinsic 

connectivity between the medial prefrontal cortex and amygdala (Chapters 3) and 

amygdala responses to threatening facial expressions (Chapters 4) can prospectively 

predict variability in proactive and reactive responses to threat during avoidance. 

While prior studies in animals have demonstrated that proactive and reactive 

responses to threat compete during aversive instrumental paradigms (Vicens-Costa et 

al., 2011), to date no research has extended these findings to human participants. 
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Moreover, researchers have suggested that during aversive instrumental paradigms 

Pavlovian memories, which result in freezing, compete with instrumental memories, 

which result in avoidance (Moscarello & LeDoux, 2013). However, Pavlovian and 

instrumental responses are merely instances of reactive and proactive responses to 

threat, and it is evident that these phenomena have real world relevance outside of the 

context of conditioning. Work in Chapter 2 utilizes an instructed threat paradigm to 

assess proactive and reactive responses, for the first time in humans. 

I have described above the role of unlearned anxiety in predicting behavior 

during active avoidance in animal models, in addition to the conceptual and empirical 

links between anxiety and threat responses in humans. Researchers have previously 

suggested that one of the functions of emotion is to facilitate behavioral actions (Frijda, 

2009; Levenson, 1994), and results presented in Chapter 2 illustrate how subjective 

anxiety is related to task performance during active avoidance in humans. Moreover, 

based on the literature implicating trait anxiety and gender as important predictor of 

individual differences in how individuals respond to environmental challenge, Chapter 

2 addresses the relationships between these variables and responses during active 

avoidance. 

Research in animal models had demonstrated the importance of the medial 

prefrontal cortex in orchestrating responses to threat based on environmental 

contingencies, and the critical role of the amygdala in generating proactive and reactive 
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responses to threat. Intrinsic connectivity is thought to reflect the functional capacity of 

neural circuits (Deco et al., 2011), and CM and BLA  regions of the amygdala exhibit 

differential patterns of connectivity with the medial prefrontal cortex (Roy et al., 2009). 

Chapter 3 examines the role of intrinsic connectivity between the medial prefrontal 

cortex and distinct sub-regions of the amygdala in predicting the ratio or proactive vs. 

reactive responses during active avoidance in the future. 

Threatening facial expressions reliably engage the amygdala, generating 

individual differences in neural responses that are stable across time and predict 

responses to stress years in the future (Costafreda et al., 2008; Manuck et al., 2007; 

Swartz et al., 2015). Additionally, variability in amygdala responses to threatening faces 

is associated with changes in skin conductance and heart rate (Williams et al., 2001; 

Yang et al., 2007) however, to date no studies have addressed whether neural responses 

to threatening faces are associated with proactive responses to threat. Results presented 

in Chapter 4 describe associations between amygdala responses to threatening faces and 

proactive vs. reactive responses during active avoidance, and consider the role of 

emotional expression (i.e. fear vs. anger) in driving these patterns. 

Background information, methods, results, and conclusions for each study are 

described in detail in Chapters 2-4 below. Conclusions stemming from these studies are 

summarized in Chapter 5, where I discuss limitations to the present work, and future 

directions for research. 
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2. Individual Difference in Proactive and Reactive 

Responses to Threat during Active Avoidance 

2.1. Background 

Variability in biological and behavioral responses to threat contributes to the 

emergence of relative risk for psychopathology (Bryant, 2006; Fahlke et al., 2000; Hariri, 

2009; Swartz et al., 2015). Responses to threat often take the form of reactions, which are 

physiological or behavioral responses elicited by a threatening stimulus (LeDoux, 

Schiller, & Cain, 2009). In humans, reactions are often assessed by measuring autonomic 

responses to explicit threat, such as conditioned stimuli or threatening facial expressions 

(Kreibig, 2010; Williams et al., 2001).  Generally, physiological reactions to threat serve a 

preparatory function by mobilizing bodily resources to directly combat possible harm, 

while behavioral reactions, such as freezing, can serve to prevent detection by predators 

(Eilam, 2005; Gabella, 2001).  Reactive responses, however, do not directly impact 

exposure to threat.  In contrast, proactive responses, such as active avoidance, allow for 

the direct termination of exposure to threat and, possibly, avoiding exposure altogether. 

Broadly, active avoidance is defined as motoric action which terminates exposure 

to threat by increasing the spatial distance between the threat and the organism. 

Investigators have successfully utilized aversive instrumental conditioning paradigms to 

assess active avoidance in animal models which have revealed underlying neural and 

genetic correlates which are distinct from those responsible for initiating reactive 
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responses (Cain & LeDoux, 2008; Fernández-Teruel et al., 2002). Moreover, prior 

research has demonstrated that higher levels of freezing during the first five trials of 

active avoidance paradigms are negatively associated with future active avoidance 

behavior (Vicens-Costa et al., 2011). This has led researchers to suggest that during 

active avoidance paradigms, Pavlovian memories, which result in reactive responses 

such as freezing, and instrumental memories, which result in active avoidance, compete 

with each other for control of behavior (Moscarello & LeDoux, 2013). However, it is 

unclear whether proactive and reactive responses to threat compete for control of 

behavior outside the context of instrumental learning paradigms, and whether these 

dynamics extend to responses observed in humans.  

Prior work has utilized aversive instrumental learning paradigms to investigate 

the neural circuits involved in the acquisition of avoidance in humans (Delgado et al., 

2009). However human participants quickly acquire avoidance response and rapidly 

transition to optimal (i.e., ceiling) performance (Delgado et al., 2009; Dymond et al., 

2011). The absence of variability in behavioral performance during aversive 

instrumental learning paradigms precludes the ability to assess the tendency to engage 

in proactive vs. reactive responses, as little to no variation in proactive responses is 

observed. Alternatively, researchers have employed paradigms in which a virtual 

predator chases the participant and delivers an aversive stimulus upon capture (Mobbs 

et al., 2007, 2009). However, this manipulation of spatial proximity complicates analysis 
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as there is no single discrete epoch to compare proactive and reactive responses. Here, 

we developed a novel shock avoidance task, the active avoidance of signaled threat 

(AAST) paradigm, designed to elicit individual differences in behavioral, muscular, and 

autonomic responses to discrete avoidance stimuli in order to address the question of 

whether proactive and reactive responses to threat compete with each other during 

avoidance in human participants.  

The tendency to withdraw from potentially harmful stimuli is an effective and 

highly conserved response (Blanchard & Blanchard, 2008). Humans in particular 

frequently avoid threating stimuli, such as downed electrical power lines, not 

necessarily because they have experienced an aversive outcome when encountering 

these stimuli in the past but because they have learned, cognitively, that avoidance is the 

best response to certain situations. We sought to leverage these insights in our task 

design, by instructing participants to withdraw their finger in response to an auditory 

avoidance cue. Additionally, organisms at times will avoid stimuli that pose no threat, 

and avoidance of non-threatening stimuli and situations is characteristic of dysfunction 

observed in anxiety disorders (Amdur & Liberzon, 2001; Armstrong & Olatunji, 2013). 

As such, we included distractor stimuli which did not signal threat in order to increase 

task difficulty, and moreover, to assess the tendency of participants to generalize 

avoidance responses to inappropriate and maladaptive contexts.  



 

33 

During the paradigm employed here, participants held down a key while 

listening to a series of auditory stimuli, and were instructed to withdraw their finger in 

response to one particular stimulus and to refrain from withdrawing their finger during 

all other times. We concurrently measured performance, reaction time, muscular 

responses, and phasic changes in skin conductance, while, self-reported state anxiety 

and salivary alpha-amylase were collected before and after the experiment. Moreover, 

participants were recruited from an ongoing parent study that entailed the collection of 

trait anxiety (For details, see 2.2. Methods: 2.2.1. Participants). Threat was manipulated 

during the experiment by determining whether performance errors resulted in the 

delivery of a mildly aversive electrical stimulus. Finger withdrawals in response to the 

avoidance cue allow for the assessment of proactive responses. Finger withdrawals 

during the absence of the avoidance cue will allow us to assess whether avoidance 

behavior generalizes to inappropriate contexts. Lastly, phasic skin conductance 

responses and changes in salivary alpha-amylase are thought to reflect activity of the 

sympathetic autonomic nervous system, and measurement of these variables will allow 

us to assess reactive responses to threat. 

The data collected here will address three related questions. First, how does 

threat impact behavioral performance during shock avoidance?  I expect that 

participants will be more likely to withdraw their finger during the avoidance cue when 

performance affects shock delivery. Further, I expect that participants will respond 
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faster under threat of shock, and that they will exhibit larger muscular and autonomic 

responses. Moreover, I expect that participants will be more likely to inappropriately 

withdraw their finger during the absence of avoidance cues within the threat condition, 

which may reflect generally increased arousal and motivation to avoid delivery of an 

aversive stimulus. Avoidance of non-threatening stimuli is a hallmark of certain anxiety 

disorders (Amdur & Liberzon, 2001), and increased avoidance during the absence of 

explicit threat may capture behavioral processes that are affected in clinical samples. 

The second question this study will address is: do proactive responses and 

reactive responses to threat compete during instructed active avoidance in human 

participants? Previous research in animal models has utilized factor analysis to 

characterize the underlying relationships between responses to threat elicited by 

different behavioral paradigms (Lopez-Aumatell et al., 2008). We sought to extend this 

strategy by subjecting different measures of threat response (e.g., skin conductance 

responses, avoidance responses, reaction time, etc) to a principal components analysis to 

assess the underlying relationships between individual differences in proactive and 

reactive responses to threat. Similar to the inverse relationship between freezing and 

active avoidance observed in animal models (Vicens-Costa et al., 2011), I expect that 

increased sympathetic autonomic responses during the avoidance cue will be associated 

with relatively impaired avoidance responses. 
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Lastly, this study will address whether self-reported anxiety is associated with 

individual differences in how participants respond during active avoidance.  State 

anxiety is the a mental state elicited by threat (Gross & Hen, 2004), and trait anxiety is 

the general tendency with which individuals perceive situations to be threatening and to 

respond to such situations with subjective feelings of apprehension and tension 

(Spielberger et al., 1999). Prior work has demonstrated that self-reported panic during 

avoidance of a virtual predator is positively associated with motor errors during 

avoidance (Mobbs et al., 2007), yet to date no research has investigated the role of trait 

anxiety is supporting avoidance behavior. Research in animal models has demonstrated 

that unlearned anxiety is associated with active avoidance responses, but that sex 

differences play an important role in these relationships (Lopez-Aumatell et al., 2008). I 

expected that both increased state anxiety during the paradigm and trait anxiety would 

be associated with increased avoidance behavior. Further, because of important gender 

differences in trait anxiety and risk for the development mood and anxiety disorders 

(Brewin et al., 2000; Feingold, 1994; Nolen-Hoeksema, 2001), I expected that the 

relationship between anxiety and avoidance would be stronger in women than in men. 

2.2. Methods 

2.2.1. Participants 

Sixty four participants were recruited via email, flyer, and online advertisement 

from an ongoing parent protocol, the Duke Neurogenetics Study (DNS) which assesses a 
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wide range of behavioral and biological traits among non-patient, 18-22 year old 

university students. All participants provided informed consent in accordance with 

Duke University Medical Center Institutional Review Board guidelines prior to 

participation.  The participants were in good general health and free of the following 

study exclusions: (1) medical diagnoses of cancer, stroke, head injury with loss of 

consciousness, untreated migraine headaches, diabetes requiring insulin treatment, 

chronic kidney or liver disease, or lifetime history of psychotic symptoms; (2) use of 

psychotropic, glucocorticoid, or hypolipidemic medication; and (3) conditions affecting 

cerebral blood flow and metabolism (e.g., hypertension). All participants additionally 

reported having no hearing impairments. 

The experiment was terminated for five participants due to the large number of 

errors committed during the threat condition (see 2.2.4. Active Avoidance of Signaled 

Threat (AAST) Paradigm for details). Analyses assessing behavioral performance are 

limited to the fifty nine participants who completed the experiment (36 females, age 

19.22 ± 1.22 SD). Physiological data was not available for four participants due to 

hardware and software problems, and analyses assessing electromyogardiogram (EMG) 

responses were limited to fifty five participants. Four participants did not exhibit any 

skin conductance responses during avoidance cues in either the threat or safe condition, 

and analyses assessing skin conductance responses were limited to fifty one 

participants. Analyses assessing salivary alpha-amylase were limited to the forty two 
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participants who successfully provided saliva samples between the hours of 11:00 a.m. 

and 4:00 p.m. to limit variability associated with diurnal variation  (Nater, Rohleder, 

Schlotz, Ehlert, & Kirschbaum, 2007). 

2.2.2. Experimental Protocol 

Research personnel greeted participants, informed them of the nature of the 

study, and administered the consent form. Participants then completed the state version 

of the Spielberger State-Trait Anxiety Inventory, provided a saliva sample, and then 

completed a tone recognition test and two practice tasks for the AAST (see 2.2.3. Tone 

Recognition Test and Practice Tasks for details). Participants then performed the AAST 

paradigm and completed a second state version of the Spielberger State-Trait Anxiety 

Inventory, retrospectively reporting state anxiety during the threat conditions of the 

AAST, and provided another saliva sample. After the experiment participants were 

debriefed and compensated $20 for their participation. 

2.2.3. Tone Recognition Test and Practice Tasks 

In order to ensure that participants were capable of performing the AAST, 

participants were first presented with three 400 millisecond (ms) tones (consisting of 

700, 1000, and 1300 Hz sinusoidal waveforms) three times or until the participant 

indicated that they could distinguish between the tones. Individual tones were then 

presented one at a time, and participants were instructed to verbally indicate if the tone 

was low (700 Hz), medium (1000 Hz), or high (1300 Hz). The order of tone presentation 
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was randomized, and all participants correctly identified ten tone presentations in a row 

before proceeding with the experiment.  

Following the tone recognition test, the first practice task was administered to 

accustom the participant to both the response required (withdrawal of the index finger) 

and the window of time provided (400 ms) for correct responses. Participants were 

instructed to hold down a computer key with the index finger of their dominant hand 

and to withdraw their finger after hearing the avoidance cue (a pair of two 1000 Hz 

tones separated by a 250 ms interval). Ten avoidance cues were presented one after the 

other. A screen with the word “Failure” was presented when participants committed an 

error to provide feedback regarding performance. No feedback was presented for 

correct performance 

Subsequent to the first practice task, the second practice task was administered to 

accustom the participants to the demands of the AAST paradigm. The second practice 

task practice task was identical to a “Safe Block” of the experimental paradigm (see 2.2.4. 

Active Avoidance of Signaled Threat (AAST) Paradigm for details) but consisted of 20 

randomly selected trials (including 4 response trials signaled by the avoidance cue). 

After both practice tasks, participants were asked if they had any questions or if they 

would like to perform the practice task again. After indicating that they had no 

questions, and did not wish to practice any longer, participants performed the AAST. 
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2.2.4. Active Avoidance of Signaled Threat (AAST) Paradigm 

Participants were instructed to hold down a computer key with the index finger 

of their dominant hand and were presented with auditory stimuli, consisting of two 400 

ms tones separated by a 250 ms interval. Tone pairs were comprised of all possible 

combinations of a low tone (700 Hz) a medium tone (1000 Hz) and a high tone (1300 Hz) 

leading to nine possible combinations. Participants were instructed to withdraw their 

index finger from the key when hearing the avoidance cue (medium-medium pair), and 

to refrain from withdrawing their finger during all other times. Participants were 

instructed that it was important to withdraw their finger as quickly as possible when 

hearing the avoidance cue, and that they must complete their response before the second 

medium tone terminated (400 ms). Failure to withdraw their index finger within the 400 

ms window, or withrawal of their finger at any other time resulted in the presentation of 

a screen that said “Failure” for 2000 ms. After accurately responding to a avoidance cue, 

or after any erroneous response and subsequent “Failure” screen presentation, 

participants were presented with text instructing them to “Please place your finger back 

on the key”. This text remained on the screen until participants placed their index finger 

back on the key, at which point, text instructing participants to “Please Wait” was 

presented for 10 s. After the “Please Wait” screen the paradigm continued. 
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Figure 1. Task demands of the AAST. During avoidance cues finger withdrawals are 

the correct response, which result in progression to the next trial, and failure to 

withdraw is the incorrect response, which results in a failure screen. During non-

avoidance cues failure to withdraw is the correct response, which results in 

progression to the next trial, and withdraw is the incorrect response which results in a 

failure screen. Incorrect responses resulted in a mild electrical shock only in the shock 

condition. 

Participants completed six blocks of the paradigm, each of which consisted of 30 

auditory stimuli interleaved with a variable inter-trial interval (4 ± 2 seconds). During 

the blocks a fixation cross was presented in the middle of the computer screen. Each 

block consisted of 6 response trials signaled by an avoidance cue (medium-medium 

pairs), and 24 distractor trials. The distractor trials were designed to probe inappropriate 

avoidance responses and were comprised of 3 medium-low and 3 medium-high pairs, 

and three each of the following: low-low, low-medium, low-high, high-low, high-
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medium, and high-high pairs. Variable inter-trial intervals preceded each type of tone 

pair with equal frequency. The order of tone pair presentation within each block was 

pseudo-randomized such that no more than two avoidance cues occurred in a row. 

Three blocks of the paradigm consisted of a neutral condition (“Safe Block”) alternated 

with the three blocks of a threat condition (“Shock Block”). Any error committed during 

the experiment was followed by feedback (“Failure” screen); however only errors 

committed during the threat condition resulted in the delivery of an aversive stimulus. 

No more than 18 aversive stimuli were administered regardless of performance, and the 

experiment was terminated if more than 18 errors were committed during the threat 

condition (n=5). The order of threat and neutral conditions was counterbalanced across 

participants. Each condition was preceded by text that stated “The next block will be a 

Safe/Shock block”. During the threat condition the screen was surrounded by a red 

colored border, while a green colored border surrounded the screen during the neutral 

condition. Participants were informed of the relationship between the block structure 

and aversive stimulus contingency, and as such our manipulation was one of instructed 

fear. 

2.2.5. Electrical Stimulation 

The aversive stimulus used in the AAST was a mild electrical stimulation. The 

electric stimulation (200 ms duration delivered at 50 Hz) was administered 

transcutaneously over the median nerve of the participants’ non-dominant wrist by a 



 

42 

bipolar surface-stimulating electrode (21 mm electrode spacing: Grass-Telefactor Model 

F-E 10S2, West Warwick, RI). The electrode leads were secured by a rubber strap and are 

attached to a Grass-Telefactor SD-9 stimulator via coaxial cable leads that were shielded 

and grounded through a radiofrequency filter. A saline based gel (Sigma Gel: Parker 

Laboratories, Fairfield, NJ) was used as an electrolyte conductor. Electrical stimulation 

was adjusted prior to the start of the experiment according to each subject’s tolerance 

level. The stimulation level chosen was be perceived by each participant as “highly 

annoying but not painful” according to participant ratings on a 5-point Likert-type 

tolerance scale. Voltage is initially set at a low level of 30 V and increased in increments 

of 5-10 V until participants indicate their tolerance level has been reached without 

inducing pain. 

2.2.6. Physiological Recording and Analysis 

Electrodermal activity and electromyogardiogram signals were recorded via an 

MR-compatible psychophysiological monitoring system (BIOPAC Systems, Santa 

Barbara, CA). Signa Gel (Parker Laboratories; Fairfield, NJ) was used as a conductive 

electrolyte on the recording electrodes.  Electrodermal activity was acquired by placing 

two Ag-AgCl electrodes on the hypothenar eminence of the non-dominant palm and 

amplified using the GSR 100C module. Subjects are instructed to keep their hand still to 

avoid movement artifacts in the electrodermal recording electrode. Electrodermal 

activity was sampled at up to 1000 Hz, amplified, and stored for offline analysis using 
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AcqKnowledge software (BIOPAC Systems, Santa Barbara, CA). Event related skin 

conductance responses (SCRs) were scored using the automated scoring software, 

Autonomate (Green, Kragel, Fecteau, & LaBar, 2014). 

Electromyogardiogram (EMG) signal was collected from the extensor indicis 

proprius muscle of the forearm of the dominant hand using two Ag-AgCl recording 

electrodes with 4 mm inner diameter (BIOPAC Systems; Goleta, CA). The raw EMG 

signal was sampled at 1000 Hz from and was gain amplified by 5000. A 60 Hz notch 

filter was applied to EMG signal, which was then band pass filtered at 28-500 Hz and 

integrated over 20 samples. EMG responses were calculated using AcqKnowledge 

software to determine the peak EMG response within 500ms of the presentation of the 

second medium tone during response trials. 

2.2.7. Salivary Alpha-amylase Analysis 

Participants provided a total of two saliva samples (2 mL). Sample 1 (baseline) 

was collected approximately 10 minutes after participants arrived and sample 2 was 

collected 10 minutes after participants complete the experimental task. Analyses 

assessing salivary alpha-amylase were limited to forty two participants who successfully 

provided saliva samples between the hours of 11:00 a.m. and 4:00 p.m. to limit 

variability associated with diurnal variation (Nater et al., 2007). Saliva samples were 

collected non-invasively (i.e., passive drool) in polystyrene culture tubes and stored at -

20o. 
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Alpha-amylase concentrations were determined using commercially-available 

enzyme-linked immunoassay kits (Salimetrics, State College, PA). This assay kit 

employs a chromogenic substrate, 2-chloro-p-nitrophenol, linked to maltotriose. The 

enzymatic action of salivary alpha amylase on this substrate yields 2-chloro-

pnitrophenol, which can be spectrophotometrically measured using a standard 

laboratory plate reader. The amount of alpha amylase present in the sample is directly 

related to the increase in absorbance (over a 2 minute period) read at 405 nm. Results 

were computed in U/mL of alpha amylase using the formula: [Absorbance difference per 

minute x total assay volume (328 mL) x dilution factor (200)] / [millimolar absorptivity of 

2-chloro-p-nitrophenol (12.9) x sample volume (.008 mL) x light path (.97)]. All saliva 

samples were measured in duplicate. Optical densities were determined using a Perkin 

Elmer Wallac 1420 plate reader.  Intra- and inter-assay coefficients of variation were 

5.7% and 11.9%, respectively. 

2.2.8. Stimulus Presentation and Behavioral Recording 

Eprime software (Pittsburgh, PA) was used to record behavioral accuracy and to 

control the stimulus presentation. Digital outputs controlled by Eprime software 

triggered the shock generator via a National Instruments DIO-24 data acquisition card 

(Austin, TX). 
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2.2.9. Self-report Measures 

The Spielberger State-Trait Anxiety Inventory - state version was used to assess 

each subject's anxiety level at baseline, and retrospectively assess anxiety during the 

threat condition (Spielberger et al., 1999). All participants were recruited from an 

ongoing parent protocol (DNS) which collected the Spielberger State-Trait Anxiety 

Inventory - trait version, previous to the participants’ participation in the current study. 

Participants were recruited from this ongoing parent protocol specifically to leverage 

already collected measures of interest, such as the general tendency with which 

individuals perceive encountered situations to be threatening and to respond to such 

situations with subjective feelings of apprehension and tension (i.e. trait anxiety). 

2.2.10. Statistical Analyses 

Repeated measure ANOVAs were used to assess effects of the threat condition 

(shock vs. no shock), block (first vs. second vs. third) and interactions between threat 

condition and block. Greenhouse-Geisser correction was applied when variance was 

unequal across measurements as assessed by Mauchly's test of sphericity. Post-hoc 

effects were assessed with paired T tests. 

In order to determine how variance was distributed amongst different types of 

threat responses, we applied principal components analysis (PCA) to difference scores 

from dependent variables of interest. We employed this strategy because principal 

components are easily interpretable, yielding distinct loadings for well-defined 
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correlational structures and non-separable loadings in the absence of clear patterns. 

Changes in reaction times, withdrawals during response trials, withdrawals during non-

response trials, EMG responses, and SCRs between threat conditions (shock minus no 

shock) were calculated for each participant. Difference scores for salivary alpha-amylase 

were created by calculating the differences between measurement before the AAST and 

after (post minus pre). One EMG response difference score was > 4 SD from the mean, 

and thus this data point was excluded from the PCA analysis. As reaction time was the 

only variables to decrease during the threat condition, difference scores were multiplied 

by -1 so that positive values reflected increased responding during the shock condition 

for all variables. After regressing out variance associated with trial order, the total 

number of aversive stimuli delivered during the experiment, and time day for saliva 

collection, residual variables were entered into a PCA with rotated solutions calculated 

using Direct Oblimin rotation. We utilized oblique rotation so that identified factors 

were not forced to be orthogonal. Missing values were replaced with the mean.  
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2.3. Results 

2.3.1. State Anxiety 

 

Figure 2. Self-reported state anxiety (STAI) at baseline (before the AAST) and 

during the threat condition (reported retrospectively) illustrating an increase in 

anxiety as a function of the threat condition. 

Self-reported state anxiety was significantly higher (T = 14.38, p < .001) during 

the shock condition (mean = 51.39, SD = 12.76) than during baseline condition (mean = 

28.98, SD = 5.48) (Figure 2). 

2.3.2. Responses during AAST Paradigm 
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Figure 3. Finger withdrawals in response to the avoidance cue as a function of 

threat condition (shock vs. no shock) and block. Withdrawals in response to the 

avoidance cue were more frequent during the shock condition, but only during blocks 

2 and 3. 

Withdrawal in response to the avoidance cue were characterized by a threat x 

block interaction (F = 5.28, p <  .01) such that there was increased finger withdrawal 

during shock condition within the second (T = 2.57, p = .013) and third (T = 2.10, p = .041) 

blocks, but not within the first block (T = 1.37, p = .175) (Figure 3). 
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Figure 4. Reaction times during withdrawals in response to the avoidance cue 

as a function of threat condition (shock vs. no shock) and block. Reaction times were 

faster during the shock condition, but only during blocks 2 and 3. 

Reaction times during withdrawal to the avoidance cue were characterized by a 

threat x block interaction (F = 5.42, p <  .01) such that reaction times were quicker during 

the shock condition within the second (T = 4.51, p < .001) and third (T = 4.99, p < .001) 

blocks, but not within the first block (T = 0.57, p = .858) (Figure 4). 
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Figure 5. EMG peak amplitude responses during withdrawals in response to 

the avoidance cue as a function of threat condition (shock vs. no shock) and block. 

EMG responses were elevated during the shock condition consistently across all three 

blocks. 

EMG responses within the extensor indicis proprius muscle during withdrawal 

in response to the avoidance cue were larger during the shock condition compared to 

the no-shock condition (F = 24.14, p < .001) (Figure 5). Effects of block and the threat x 

block interaction did not reach significance. 
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Figure 6. Finger withdrawals during the absence of the avoidance cue as a 

function of threat condition (shock vs. no shock) and block. Withdrawals during the 

absence of the avoidance cue were more frequent during the shock condition across 

all three blocks. 

Withdrawal during non-response trials was increased during the shock condition 

(F = 12.58, p < .001). Additionally, withdrawals during non-response trials decreased 

over blocks (F = 7.71, p < .001) (Figure 6). The threat x block interaction did not reach 

significance. 
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Figure 7. Skin conductance responses to the avoidance cue as a function of 

threat condition (shock vs. no shock) and block. Skin conductance responses to the 

avoidance cue were more frequent during the shock condition across all three blocks. 

SCRs in response to the avoidance cue were larger during the shock condition 

compared to the no-shock condition (F = 74.38, p < .001) (Figure 7). Effects of block and 

the threat x block interaction did not reach significance. 
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Figure 8. Salivary alpha-amylase at baseline (before the AAST) and following 

exposure to threat (after the AAST) illustrating a trend toward an increase in salivary 

alpha-amylase as a function of the task. 

A trend towards higher salivary alpha-amylase (T = 1.89, p = .066) was observed 

following the AAST (mean = 34.65, SE = 4.98) compared to the baseline measurement 

before the task (mean = 30.30, SE = 4.29) (Figure 8). 

2.3.3. Principal Components Analysis 

Our measure of sampling adequacy (Kaiser-Meyer-Olkin = .534) was > .5, 

suggesting that our data meets the minimum criteria for PCA. The first and second 

components accounted for 33.66% and 26.52% of the total variance, respectively, and 

had eigenvalues > 1. The first principal component loaded onto increased SCRs during 

avoidance cues, reaction times, EMG responses, and increased withdrawal during non-

avoidance cues (Figure 9, Table 1). The second principal component loaded differentially 

onto increased withdrawal and quicker reactions times during avoidance cues, versus 
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increased SCRs during avoidance cues and increased salivary alpha-amylase (Figure 10, 

Table 1).  

 

Table 1. Factor loading onto principal components characterizing individual 

differences during AAST performance. 

 Principal 

Component 1 

Principal 

Component 2 

Skin Conductance Responses .571* .570* 

Salivary Alpha-amylase .039 .506* 

Withdrawal (Avoidance Cue) .102 -.781* 

Reaction Time .543* -.553* 

EMG Peak Amplitude .831* .082 

Withdrawal (Non-avoidance Cue) .590* -.096 
 

*Values > .3 are considered to load significantly onto principal components 
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Figure 9. Factor loadings onto principal components characterizing individual 

differences during AAST performance. Measures significantly loading onto principal 

component 1 are within red shaded area. 
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Figure 10. Factor loadings onto principal components characterizing individual 

differences during AAST performance. Measures which differentially load onto 

principal component 2 are in the areas shaded blue. 

 

2.3.4. Effects of Gender and Anxiety 

In order to determine whether factor scores associated with the first and second 

principal components are related to measures of self-reported anxiety, we tested for 

effects of trait anxiety and change in state anxiety from baseline using multiple 

regression models with factor scores as the outcome variable. Changes in state anxiety 

from baseline predict larger factor scores associated with the first principal component 

(β = 0.29, p < .05) (Figure 11) while the effect of gender was not significant. Trait anxiety 
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interacted with gender to predict factor scores from the first principal component (β = -

0.27, p < .05) such trait anxiety was positively associated with component 1 factor scores 

in male (β = 0.39, p = .04) but not female (β = -0.15, p = .41) participants. No interactions 

or main effects predicted factor scores associated with the second principal component. 

 

 
Figure 11. Relationship between increased state anxiety during the AAST and 

factor scores associated with the principal component associated with a generalized 

facilitation in threat responses across measures. 
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Figure 12. Relationship between trait anxiety and factor scores associated with 

the principal component characterizing a generalized facilitation in threat responses, 

as a function of gender. There is a positive relationship between trait anxiety and 

factor scores from principal component 1 in men, but not women. 

2.4. Discussion 

Our results demonstrate that behavioral responses are enhanced during 

threatening contexts. Previous studies have reported faster reaction times when 

participants are responding to avoidable threats (Delgado et al., 2009) and responding to 

negative stimuli during threatening contexts (Robinson et al., 2012). Our results confirm, 

and expand these observations by demonstrating that faster reaction times and larger 

EMG responses within the extensor indicis proprius muscle occur during finger 

withdrawals during the threat condition. Further, our results show that active avoidance 

responses are increased during threat. Participants were more likely to withdraw their 
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finger in response to the avoidance cue during the threat condition. Additionally, 

participants were also more likely to withdraw their finger during the absence of the 

avoidance cue. Active avoidance is a highly effective and evolutionary conserved 

strategy, yet avoidance of non-threatening stimuli and situations is characteristic of 

dysfunction observed in anxiety disorders (Amdur & Liberzon, 2001; Armstrong & 

Olatunji, 2013). In addition to eliciting ecologically valid avoidance behavior, heightened 

sympathetic activity, and state anxiety, our paradigm may provide a way to determine 

whether problematic avoidance behavior associated with anxiety disorders can be 

observed in laboratory settings. 

Additionally, our results demonstrate that reactive responses to threat compete 

with proactive responses across individuals during active avoidance.  Our PCA analysis 

revealed that the second principal component dissociated increased finger withdrawals 

during avoidance cues and faster reaction times from increased SCRs during threat and 

heightened salivary alpha-amylase. These distinct loading patterns suggest that those 

individuals who exhibited the largest increase in proactive responses during the shock 

condition, also exhibited relatively reduced autonomic responses, and vice versa. 

Previous work in animals has reported inverse associations between proactive and 

reactive responses during active avoidance (Vicens-Costa et al., 2011) and our results 

extend these observations to human participants. 
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In addition to demonstrating that the antagonistic relationship between proactive 

and reactive responses observed in animal models extends to human participants, our 

results are notable for several reasons. Previously, researchers have suggested that 

during instrumental avoidance paradigms, Pavlovian memories and instrumental 

memories compete with each other for control of behavior (Moscarello & LeDoux, 2013). 

However, Pavlovian and instrumental responses are merely instances of reactive and 

proactive responses to threat, and it is evident that these categories of response have real 

world relevance outside of the context of conditioning. Our paradigm utilized instructed 

fear whereby participants were informed about the nature of the threat, the stimuli 

associated with it, and the response necessary to avoid the threat. Although it is possible 

that incidental instrumental and associative learning did occur during our task, our 

results suggest that competition between proactive and reactive responses are not 

limited to instrumental learning paradigms.   

Another notable advancement in understanding the relationship between 

proactive and reactive responses to threat stems from our collection of sympathetic 

autonomic activity as a reactive measure of threat response. Most research addressing 

reactive responses in animal models has largely been limited to measuring freezing 

behavior (Amorapanth et al., 2000; Choi et al., 2010; Vicens-Costa et al., 2011), and our 

results suggest that phasic sympathetic autonomic activity is likewise inversely 

associated with active avoidance. Though freezing responses and sympathetic responses 
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are proximally supported by distinct neural structures (Appel & Elde, 1988; Brandão et 

al., 2008) the inverse relationship between these reactive responses and active avoidance 

behavior may reflect the upstream role of the central nucleus of the amygdala (CeA) 

(Price & Amaral, 1981). Prior research suggests that the CeA supports freezing behaviors 

during active avoidance (Moscarello & LeDoux, 2013), in addition to supporting phasic 

changes in skin conductance (Laine et al., 2009). Research in humans demonstrates that 

the amygdala supports SCRs during instructed fear (Phelps et al., 2001) and individual 

variability along the principal component associated with proactive vs reactive 

responses in our analyses may reflect the relative the contributions of the CeA, which 

likely drives reactive autonomic responses, versus the basal nucleus of the amygdala 

which supports the acquisition of active avoidance (Choi et al., 2010). 

Prior research in animal models suggest that the acquisition of active avoidance 

is associated with reduced reactive responses to threat, even within novel contexts when 

no avoidance response is available (Kamin et al., 1963; Moscarello & LeDoux, 2013). This 

attenuation of reactive responses to threat has led some to suggest that active avoidance 

learning can inform clinical practice, similarly to how research on extinction informed 

exposure therapy (Cain & LeDoux, 2008). Intriguingly, previous research in participants 

with PTSD has demonstrated that avoidance symptoms are inversely associated with 

urinary cortisol (Mason et al., 2001). However, others have pointed out that avoidance is 

only beneficial when there is an accurate representation of the CS-US contingency, and 
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that anxiety disorders are uniquely susceptible to inaccurate predictions about aversive 

outcomes (Armstrong & Olatunji, 2013).   The assessment of active avoidance as a 

consequence of instructed fear provides a unique technique for addressing these 

questions. Unlike instrumental learning, instructed fear does not prevent expectations 

about aversive outcomes from being updated through other means, such as social 

communication or new evidence. Tellingly, we still observe heightened withdrawal 

during the absence of avoidance cues, even when the behavior is cognitively acquired. 

Future research will be needed to determine the extent to which different reactive 

responses to threat are affected by active avoidance, and whether these phenomena have 

any applicability to clinical practice. 

Lastly, our results suggest that state and trait anxiety are associated with a 

generalized increase in threat responses across domains. While the second principal 

component from our PCA analysis suggests that proactive and reactive responses are 

inversely associated with each other, the first principal component suggests that there is 

shared variance across different types of responses elicited by our task. The first 

principal component identified in our analyses, which accounts for more variance than 

the second, is associated with increased finger withdrawals during the absence of the 

avoidance cue, faster reaction time, larger EMG responses, and increased SCRs. 

Although not every dependent variable of interest loaded onto the first principal 

component, no variable loaded even nominally in the opposite direction. As such, we 
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interpret the first principal component as a generalized facilitation of responses, both 

proactive and reactive, during threat. 

Individual differences in state anxiety elicited by our task were positively 

associated with factor loadings onto the principal component associated with 

generalized facilitation of threat responses, which suggests that state anxiety serves a 

broad purpose in supporting diverse responses during threatening contexts. Moreover, 

individual differences in trait anxiety were positively associated with factor loadings 

onto the same principal component, however this relationship was only observed in 

men, and not in women. Trait anxiety is the general tendency to perceive encountered 

situations to be threatening, and our results suggest that the self-report of this construct 

is positively associated with behavioral and autonomic responses during shock 

avoidance, though only in male participants. These results may hint at potentially 

interesting gender differences in how personality traits impact responses during 

avoidance. Men who are high in trait anxiety are likely to exhibit increased threat 

responding in a broad array of tasks and situations. Women, however, would only 

exhibit increased threat responses in situations that elicit state anxiety. 

Researchers have previously suggested emotion serves multiple functions 

including both preparing organisms for environmental challenges and the facilitation of 

behavioral actions (Frijda, 2009; Levenson, 1994). Although the results reported here, 

and research using animal models of avoidance suggests that suggest that proactive and 
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reactive responses compete with each other, both types of response are part of a suite of 

behaviors elicited by threat and it is not surprising that different types of threat 

responses exhibit generalized augmentation within individuals. Our results suggest that 

state anxiety, and trait anxiety in male participants, is associated with increased factor 

scores associated with the principal component characterizing this generalized 

augmentation of threat responses broadly.  

Despite the strengths of the results reported here, our work is not without 

limitations. First, the manner in which trait anxiety predicted factor scores derived from 

our PCA analysis was unexpected. Although state anxiety elicited by the task predicted 

factor scores associated with generalized facilitation of threat responses independent of 

gender, trait anxiety was associated with factor scores from this principal component 

only in male participants. Previous research has suggested that anxiety disorders 

characterized by avoidance symptoms, including PTSD, are more common in women 

than men. Further, trait anxiety is generally more pronounced in women and research in 

animals demonstrates that females exhibit increased avoidance behavior (Beck et al., 

2010; Feingold, 1994). As such, we hypothesized that trait anxiety would be most 

strongly associated with responses during avoidance in women. Factor analyses in 

rodent models demonstrate that avoidance behavior is related to unlearned anxiety, 

using the black-white box and elevated “zero” maze, in male animals but related to fear-

potentiated startle in female animals. It is possible that unlearned anxiety serves as an 
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animal model of trait anxiety (Neumann et al., 2011), and that these phenomena are only 

related to avoidance in males. However, future research will be needed to investigate 

the reasons for gender’s moderation of these relationships. 

Second, our observation that threat facilitates behavioral responses may be 

specific to the manner in which threat is manipulated in our paradigm. The aversive 

electrical stimulus employed here is controllable, in that performance determines its 

delivery, and predictable, in that it is signaled by the avoidance cue. Paradigms 

employing unpredictable and uncontrollable shock (Drabant et al., 2011; Gold, Morey, & 

McCarthy, 2015; Robinson et al., 2012) may elicit different behavioral effects. Further, it 

is unclear whether the inverse association between finger withdrawal and sympathetic 

activity will extend to other types measures of proactive and reactive response. Future 

research will be needed to resolve the extent to which different types of threat responses 

to different types of stimuli exhibit the competition between proactive and reactive 

responses observed in this study. 

These limitations notwithstanding, these results demonstrate that a wide range 

of responses, including avoidance, reaction times, and muscular responses are enhanced 

during threat exposure, and moreover that increased avoidance responses occur even 

during the absence of explicitly threatening stimuli. What is more, our results are the 

first to suggest that individual differences in proactive and reactive responses compete 

across individuals in response to an instructed threat in human participants. Lastly, our 



 

66 

results demonstrate that gender and state and trait anxiety are important predictors of a 

generalized augmentation of threat response across domains. These results can more 

fully delineate individual differences in adaptive and maladaptive responses to threat, 

and may provide more refined behavioral metrics to probe neural circuit function 

associated with avoidance symptoms observed in anxiety disorders. 
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3. Intrinsic Connectivity between the Dorsomedial 

Prefrontal Cortex and Amygdala Prospectively Predicts 

the Expression of Proactive vs. Reactive Responses 

during Active Avoidance 

3.1. Background 

Adaptively responding to potentially harmful stimuli in the environment is 2.1 

t for survival. Threatening stimuli receive increased attentional processing and 

elicit appropriate behavioral and physiological responses from organisms (Blanchard & 

Blanchard, 2008). Responses to potentially harmful stimuli can be broadly categorized as 

reactive responses which are elicited by threatening stimuli or proactive responses 

which function to impact threat exposure. Prior research has demonstrated that freezing 

during the first five trials of active avoidance paradigms is negatively associated with 

future active avoidance behavior (Vicens-Costa et al., 2011). Moreover, research 

presented in Chapter 2 suggests that individual differences in reactive skin conductance 

responses to threat are inversely related to variability in proactive avoidance behavior. 

This has led researchers to suggest that proactive and reactive responses to threat 

compete for control of behavior during active avoidance (Moscarello & LeDoux, 2013).  

The amygdala plays a critical role in generating responses to threat through its 

projections to downstream targets (Cain & LeDoux, 2008; Davis, 1992). The central 

nucleus of the amygdala (CeA) serves to increase freezing responses, autonomic activity, 

and arterial blood pressure through its projections to the periaqueductal gray, medulla, 
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and hypothalamus (LeDoux et al., 1988; Price & Amaral, 1981). Alternatively, basal 

nucleus of the amygdala promotes avoidance behavior (Cain & LeDoux, 2008) and 

projects to regions of the striatum and the medial PFC (mPFC), which are important for 

goal directed action (Balleine & O’Doherty, 2009; Fudge et al., 2002; Roberts, 2006). 

Based on these data, researchers have posited that the CeA and basal nuclei within the 

amygdala, are responsible for supporting reactive and proactive responses, respectively 

(Cain & LeDoux, 2008). 

Organisms will respond with either proactive or reactive responses depending 

on environmental contingencies (Blanchard & Blanchard, 2008), and moreover there are 

important differences in how individuals respond to the same situation (Lázaro-Muñoz 

et al., 2010). Recently, research has illustrated the role of the medial prefrontal cortex 

(mPFC) in orchestrating responses to threat. Moreover, different aspects of the mPFC 

impact these processes by affecting distinct nuclei within the amygdala. Evidence 

suggests that the infralimbic cortex serves to reduce freezing to conditioned stimuli both 

in the context of extinction and during active avoidance paradigms (Milad & Quirk, 

2002; Moscarello & LeDoux, 2013). Researchers have suggested that the infralimbic 

cortex serves to reduce reactive responses  to threat by inhibiting CeA activity through 

its projections to local inhibitory cells within the amygdala (Ehrlich et al., 2009; Quirk, 

Likhtik, Pelletier, & Paré, 2003). In contrast, the prelimbic cortex functions to increase 

freezing during learned fear (Vidal-Gonzalez et al., 2006). However during avoidance 
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paradigms, inactivation of the prelimbic cortex impairs performance of active responses 

but has no effect on freezing (Bravo-Rivera et al., 2014). 

Work employing functional MRI has begun to extend these findings to humans. 

Research demonstrates that the ventromedial prefrontal cortex (VMPFC), which is the 

human homologue of the infralimbic cortex, suppresses skin conductance responses 

(SCRs) during extinction (Phelps et al., 2004) while the dorsomedial prefrontal cortex 

(DMPFC), which shares similarities with the prelimbic cortex, promotes SCRs during 

conditioning (Milad et al., 2007). Moreover, research has demonstrated avoidance of a 

virtual predator is associated with activity of both the VMPFC and DMPFC (Mobbs et 

al., 2007, 2009). Yet to date, little is known regarding the neural mechanisms underlying 

variability in whether human participants will respond to threats with reactive 

responses or with goal directed proactive responses. Research presented in Chapter 2 

has demonstrated that proactive responses during shock avoidance, such as reaction 

time and successful avoidance, are inversely related to reactive responses, such as skin 

conductance responses and salivary alpha-amylase. Here, we set out to determine if 

intrinsic connectivity between the mPFC and distinct regions of the amygdala, predicted 

individual differences in the expression of proactive and reactive responses to threat in 

the future. 

Intrinsic connectivity is assessed through associations between spontaneous 

low‐frequency oscillations in BOLD signal at rest, and is thought to reflect the functional 
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capacity of neural circuits (Deco et al., 2011). Previous research has demonstrated that 

intrinsic connectivity between the amygdala and mPFC is associated with state and trait 

anxiety (Kim et al., 2011), and that connectivity between these regions is altered 

following fear conditioning and by the anticipation of unpredictable aversive stimuli 

(Schultz et al., 2012; Vytal et al., 2014). Critically, prior work has shown that the 

centromedial region of the human amygdala (CM) and the basolateral region (BLA) 

exhibit distinct patterns of intrinsic connectivity, in line their differential anatomical 

projections. Although previous work has demonstrated that the DMPFC, VMPFC and 

amygdala support avoidance behavior (Mobbs et al., 2007, 2009), what is presently 

unknown is whether intrinsic connectivity within these circuits can be used to 

prospectively predict  the balance between proactive and reactive responses to threat in 

the future. 

We set out to determine whether intrinsic connectivity at rest is associated with 

individual differences in proactive and reactive responses to threat measured outside 

the scanner. We hypothesized that intrinsic connectivity between the amygdala and 

mPFC would predict an individual’s tendency to respond proactively or reactively to 

threat, and that distinct amygdala sub-regions and dorsal and ventral aspects of the 

mPFC would play unique roles. As the BLA provides the most projections to the 

VMPFC, which serves to inhibit SCRs during extinction and supports goal directed 

behavior, we expected intrinsic connectivity between these structures would be 
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associated with increased proactive and reduced reactive responses across individuals. 

In contrast we expected that intrinsic connectivity between the DMPFC, which serves to 

promote SCRs during conditioning and is thought to maintain anxiety, and the CM 

amygdala, which promotes reactive responses through its projections to brainstem 

structures, would be associated with reactive responses during active avoidance. 

3.2. Methods 

3.2.1. Participants 

Sixty four participants were recruited via email, flyer, and online advertisement 

from an ongoing parent protocol, the Duke Neurogenetics Study (DNS) which assesses a 

wide range of behavioral and biological traits among non-patient, 18-22 year old 

university students. All participants provided informed consent in accordance with 

Duke University Medical Center Institutional Review Board guidelines prior to 

participation.  The participants were in good general health and free of the following 

study exclusions: (1) medical diagnoses of cancer, stroke, head injury with loss of 

consciousness, untreated migraine headaches, diabetes requiring insulin treatment, 

chronic kidney or liver disease, or lifetime history of psychotic symptoms; (2) use of 

psychotropic, glucocorticoid, or hypolipidemic medication; and (3) conditions affecting 

cerebral blood flow and metabolism (e.g., hypertension). All participants additionally 

reported having no hearing impairments. 
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The DNS includes an MRI battery entailing the collection of BOLD fMRI during a 

resting state. As previous research suggests that the elimination of spurious signal 

attributable to micro-movements through “scrubbing” requires functional runs of at 

least five minutes (Power et al., 2014), we restricted analyses to those participants who 

completed two resting state scans. Additionally, five participants did not successfully 

complete the shock avoidance paradigm. As such analyses conducted here are limited to 

45 participants (20 males, 25 female; mean age= 19.31, SD=1.28) who have overlapping 

measures of resting BOLD and shock avoidance performance. All participants 

completed the shock avoidance paradigm at least one week after their MRI battery 

(mean= 119.56 days, SD= 110.43, range: 7-435 days). 

3.2.2. Active Avoidance of Signaled Threat (AAST) Paradigm 

Participants completed an auditory signaled shock avoidance task (for full 

details, Chapter 2). In brief, participants held down a computer key with the index 

finger of their dominant hand while listening to pairs of auditory tones, one of which 

served as an avoidance cue. Participants were instructed to retract their index finger 

from the key when hearing the avoidance cue, and to refrain from retracting their finger 

during all other times. Failure to retract their index finger during the avoidance cue, and 

actively withdrawing their finger in absence of an avoidance cue were considered errors. 

The experiment consisted of a safe condition, during which errors resulted in the 

presentation of a “Failure” screen, and a threat condition during which errors resulted in 
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a “Failure” screen and the administration of an aversive electrical stimulus. Participants 

completed tone recognition tests, and practice tasks before the experiment to accustom 

the participants to the demands of the experimental paradigm. 

During the shock avoidance paradigm, we collected phasic skin conductance 

responses, EMG responses from the extensor indicis proprius muscle of the forearm of 

the dominant hand, reaction time latencies during response trials, and performance 

errors (for details, Chapter 2). Further, saliva samples were collected before and after the 

experiment to assess salivary alpha-amylase. Difference scores (threat minus safe 

condition) were calculated for variables of interest and entered into a Principal 

Component Analysis (PCA). The PCA revealed that individual differences in active 

responses, reaction time and avoidance responses, and variability in reactive responses, 

skin conductance responses and salivary alpha-amylase, differentially loaded onto one 

of two components (Table 1, Figure 1). As such, factor scores from this component reflect 

variability in an individual’s tendency to respond actively or reactively to threat. 

3.2.3. BOLD fMRI Data Acquisition 

Each participant was scanned using a research-dedicated GE MR750 3 T scanner 

at the Duke-UNC Brain Imaging and Analysis Center. This scanner is equipped with 

high-power, high-duty-cycle 50 mT/m gradients at 200 T/m/s slew rate and an 8-channel 

head coil for parallel imaging at high bandwidth up to 1 MHz. A semi-automated high-

order shimming program was used to maximize global field homogeneity. To allow for 



 

74 

spatial registration of each participant's data to a standard coordinate system, high-

resolution 3-dimensional structural images were acquired in 34 axial slices coplanar with 

the functional scans [repetition time (TR)/echo time (TE)/flip angle = 7.7 s/3.0 ms/12°; 

voxel size = 0.9 × 0.9 × 4 mm; field of view (FOV) = 240 mm; interslice skip = 0]. During 

two consecutive 4 min, 16 s resting-state scan, a series of 34 interleaved axial functional 

slices aligned with the anterior commissure–posterior commissure plane were acquired 

for whole-brain coverage using an inverse-spiral pulse sequence to reduce susceptibility 

artifact (TR/TE/flip angle = 2000 ms/30 ms/60°; FOV = 240 mm; voxel size = 3.75 × 3.75 × 4 

mm; interslice skip = 0). Four initial radiofrequency excitations were performed (and 

discarded) to achieve steady-state equilibrium. Participants were shown a blank gray 

screen and instructed to lie still with their eyes open, think about nothing in particular, 

and remain awake. 

3.2.4. Intrinsic Connectivity Processing and Analysis 

Intrinsic connectivity analyses were implemented within SPM8 

(www.fil.ion.ucl.ac.uk/spm) using the Data Processing Assistant for Resting-State fMRI 

(DPARSF) toolbox. Images for each participant were realigned to the first volume in the 

time series to correct for head motion, spatially normalized into a standard stereotactic 

space (Montreal Neurological Institute template) using a 12-parameter affine model 

(final resolution of functional images=2mmisotropic voxels), and smoothed to minimize 

noise and residual differences in gyral anatomy with a Gaussian filter set at 6 mm full 

http://www.fil.ion.ucl.ac.uk/spm
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width at half maximum. Voxel-wise signal intensities were ratio normalized to the 

whole-brain global mean. In order to eliminate spurious signal attributable to micro-

movements and intensity spikes, we employed a scrubbing procedure (Power et al., 

2014) that censored all volumes with a Framewise Displacement (FD) >.5, in addition to 

one preceding and two following volumes. Mean time series were extracted from each 

mPFC ROI (see 3.2.5. Regions of Interest for details) and subsequently subjected to a 

temporal band-pass filter, retaining frequencies between 0.008 and 0.09 Hz. These time 

series were entered into regression models including individual head motion 

realignment parameters, mean global gray matter, ventricular, and white matter signals. 

The resulting statistical images (i.e., Z-score images) were then used in second-

level random effects models to determine whether intrinsic connectivity between the 

amygdala and medial PFC regions of interest varied as a function of proactive vs. 

reactive responses using multiple regression models. In order to ensure that effects were 

specific to factor scores associated with proactive vs. reactive responses, we controlled 

for gender and factor scores associated with the second component identified from our 

PCA. Lastly, as participants varied significantly in the time between the MRI battery and 

shock avoidance paradigm (mean= 119.56 days, SD= 110.43, range: 7-435 days), we 

controlled for the time between sessions in our analyses. 
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3.2.5. Regions of Interest (ROIs) 

ROIs for mPFC seed regions were created by centering a 10mm sphere on the 

coordinates of max voxels identified from previous literature. The ROI for the DMPFC 

was centered at (x=6, y=38, z=38) (Figure 13) based on the DMPFC cluster identified in a 

meta-analysis of studies assessing instructed fear (Mechias, Etkin, & Kalisch, 2010) and 

shown to be associated with facilitated reaction time to threat related stimuli within an 

anxious context (Robinson et al., 2012). The ROI for the VMPFC was centered at (x=0, 

y=40, z=-18) (Figure 13) based on a conjunction of meta-analyses assessing fear extinction 

and cognitive reappraisal (Diekhof, Geier, Falkai, & Gruber, 2011). Intrinsic connectivity 

between dorsal and ventral mPFC that varied as a function of factor scores form our 

PCA was assessed within ROIs for bilateral centromedial (CM) and basolateral (BLA) 

sub-regions of the amygdala which were created using the Anatomy toolbox (Amunts et 

al., 2005; Eickhoff et al., 2005). We corrected for multiple comparisons using Family-Wise 

Error (FWE) over bilateral CM and BLA ROIs. 
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Figure 13. Regions of interest for time course extraction for VMPFC (depicted 

in green) and DMPFC (depicted in red) seed regions. (Sagittal section: x =  3). 

 

3.3. Results 

3.3.1. VMPFC Connectivity and Responses during Active Avoidance 

Factor scores associated with the principal component characterizing proactive 

vs. reactive response to threat during active avoidance (Figure 10) did not predict 

intrinsic connectivity between the VMPFC and amygdala in either the CM or BLA 

regions of interest at the corrected threshold. 

3.3.2. DMPFC Connectivity and Responses during Active Avoidance 

There was a negative association between factor scores from the principal 

component characterizing proactive vs reactive response to threat during active 

avoidance (Figure 10) and intrinsic connectivity between the DMPFC and regions in 

both the left (x=-20, y=-10, z=--8; T=3.81; p<.05 FWE; 16 voxels) and right (x=22, y=-12, z=-
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-6; T=3.88; p<.05 FWE; 9 voxels) CM regions of interest (Figure 14). This negative 

relationship reflected more positive intrinsic connectivity between the DMPFC and CM 

amygdala in those participants who responded more proactively during avoidance. 

Previous research has demonstrated significantly negative intrinsic connectivity 

between the amygdala and DMPFC (Roy et al., 2009), and our results suggest that this 

negative connectivity is weaker in participants who respond proactively during 

avoidance. These results control for factor scores associated with the generalized 

principal component, gender, and time between the fMRI battery and the AAST. 

No positive associations between factor scores from the principal component 

characterizing proactive vs. reactive response to threat and intrinsic connectivity with 

the BLA region of interest were observed when controlling for multiple comparisons. 
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Figure 14. Statistical parametric map illustrating the clusters in bilateral CM 

amygdala exhibiting a significant negative association between factor scores 

characterizing proactive vs. reactive responses during avoidance and intrinsic 

connectivity with the DMPFC. (Coronal section: Y = -11) 

 

3.4. Discussion 

Our results demonstrate that intrinsic connectivity between the mPFC and amygdala 

at rest prospectively predicts individual differences in how persons respond to 

environmental threat. Specifically, intrinsic connectivity between the DMPFC and the 

CM region of the amygdala predicts whether participants will respond with proactive 

avoidance responses or reactive sympathetic autonomic responses during a behavioral 

shock avoidance task. Prior work has suggested that reciprocal connections between the 
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amygdala and mPFC function to support adaptive behavior by shaping responses to 

threat based on environmental demands (Moscarello & LeDoux, 2013). Our results 

support this hypothesis, and suggest that distinct aspects of the mPFC orchestrate 

proactive and reactive responses to threat by affecting sub-regions within the amygdala. 

Recent meta-analyses have demonstrated that the DMPFC and aspects of the 

dorsal ACC are engaged by the conscious appraisal of threat and instructed fear 

(Mechias et al., 2010). One consequence of threat appraisal is goal directed action which 

functions to terminate threat exposure. Previous research has demonstrated that the 

DMPFC is engaged during active avoidance of the virtual predators (Mobbs et al., 2009) 

and additional research has shown that DMPFC serves to facilitate responses to threat 

related stimuli during an anxious context (Robinson et al., 2012). Our findings that the 

intrinsic connectivity assessed during the absence of a task predicts the expression of 

proactive vs. reactive responses to threat in the future suggests that the DMPFC – 

amygdala circuit may be important for proactive responses broadly, regardless of 

specific behavioral and processing demands. 

Other consequences of threat appraisal are changes in state anxiety and 

physiological state. Evidence suggests that the DMPFC promotes SCRs during 

conditioning (Milad et al., 2007) and research has additionally shown that unpredictable 

shock elicits DMPFC activity, as well as sympathetic and cardiovascular responses 

(Kalisch et al., 2005). Our results suggest that the ability of the DMPFC to drive reactive 
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responses to threat can be captured in its intrinsic connectivity with the CM amygdala at 

rest. Moreover, our results suggest that the variance in reactive sympathetic activity 

associated with intrinsic connectivity at rest, is the same variance which is inversely 

associated with proactive responses to threat. As such, these our results suggest that the 

literature addressing role of the DMPFC in behavioral and physiological threat 

responses are implicating the same process, which is reflected in intrinsic connectivity. 

Research in animals has suggested that the mPFC shapes the expression of proactive and 

reactive responses to threat by impacting the CeA, and our results suggest that the 

DMPFC plays a similar role in human participants.  

In addition to supporting responses during instructed fear and avoidance, the 

DMPFC supports other psychological processes. Meta-analyses had demonstrated that 

reinterpreting the meaning of emotionally provocative stimuli via cognitive reappraisal 

is associated with increased activity within the DMPFC and decreased activity within 

the amygdala (Diekhof et al., 2011). Additionally, research suggests that the DMPFC is 

critical in the evaluation of conflict. Our shock avoidance paradigm requires participants 

to withdraw their finger when hearing an avoidance cue, yet they must refrain from 

withdrawing their finger at all other times. These competing behavioral demands may 

represent a type of behavioral conflict and it is possible that the role of the DMPFC in 

the appraisal of conflict is being captured in the results reported here.  
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Further, a body of evidence suggests that the DMPFC is part of a network 

implementing top-down cognitive control, and is specifically recruited during the 

maintenance of specific task demands (Cole & Schneider, 2007). Intrinsic connectivity is 

thought to reflect the capacity for broad circuit function, and research suggests that the 

role of the DMPFC in maintaining task demands is captured in intrinsic connectivity at 

rest (Dosenbach et al., 2007). During the AAST participants must attend to a series of 

auditory stimuli. It is possible that the association between intrinsic connectivity 

between the DMPFC and CM amygdala and successful avoidance is reflecting increased 

attentional processing and task maintenance during the emotionally salient threat 

condition. Despite the wide range of psychological processes associated with the 

DMPFC, the literature most relevant to the present research is that addressing instructed 

fear (Mechias et al., 2010), behavioral responses to threat (Robinson et al., 2012), and 

active avoidance (Mobbs et al., 2009). As such, I view this framework to be the most 

parsimonious in interpreting the association between intrinsic connectivity and 

individual differences in responses during shock avoidance reported here. 

Surprisingly, we did not observe any relationship between individual differences 

in proactive vs. reactive responses and intrinsic connectivity between the amygdala and 

VMPFC. Additionally, our analyses implicate the CM division on the amygdala, but we 

observe no relationship between individual differences in proactive vs. reactive 

responses to threat and intrinsic connectivity within the BLA. Animal models of 
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instrumental avoidance demonstrate a critical role of the basal nucleus of the amygdala 

in the acquisition and performance of active avoidance and suggests that the infralimbic 

cortex plays a critical role in shaping proactive vs. reactive responses during avoidance 

(Bravo-Rivera et al., 2014; Moscarello & LeDoux, 2013). Given these data, and the 

observation that the BLA exhibits stronger patterns of connectivity with the mPFC (Roy 

et al., 2009) it is unclear why intrinsic connectivity between the BLA and VMPFC was 

not implicated  in our analyses. Researchers have suggested that, in addition to driving 

fear responses, the CeA serves to facilitate informational gathering by indirectly 

affecting cortical structures by driving neuromodulatory signaling (Whalen et al., 2001) 

and future work will be needed to replicate the specificity of our results, and to 

investigate what processes can be predicted by assessing sub-regions of the mPFC and 

amygdala at rest. 

This study is not without its limitations. Although the assessment of intrinsic 

connectivity between seed regions and other nodes in the network has the advantage of 

being task independent, this strategy does have its limitations. First, all indices of 

intrinsic connectivity based on the seed region are limited in their ability to capture the 

dynamics of other circuits. For example, whether the dorsolateral prefrontal cortex and 

hippocampus influence context dependent cognitive control during the AAST cannot be 

addressed with the data reported here. The use of seed regions to assess intrinsic 

connectivity is best suited to assessing functional capacity within targeted neural 
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circuits, and our a prior hypotheses on the role of the mPFC and distinct subregions of 

the amygdala based on the animal literature fall within this class of research.  

Second, assessing the functional capacity of neural circuits is heavily influenced 

by the placement of seed regions. Using slightly different regions of interest to extract 

time courses for analysis has been shown to impact intrinsic connectivity at rest 

(Marrelec & Fransson, 2011) and evidence suggests that the DMPFC exhibits functional 

topography regarding the control over decisions, strategy, and responses (Venkatraman, 

Rosati, Taren, & Huettel, 2009). Our choice of seed region was informed by research 

from meta-analyses of instructed fear (Mechias et al., 2010) and utilized a relatively large 

ROI for time course extraction (10mm radius). As such, our results likely reflect circuit 

function that is involved with the various tasks included in the meta-analysis and the 

size of our seed region limits the importance of placement in influencing identified 

patterns. Nonetheless, heterogeneity within the DMPFC likely contributes to important 

differences in functional processes and future work will be needed to address these 

differences in a more refined way. 

Lastly, there is ongoing debate concerning whether negative correlations (i.e., 

anticorrelations) should be interpreted in studies of intrinsic connectivity (Chai, 

Castañón, Öngür, & Whitfield-Gabrieli, 2012; Murphy, Birn, Handwerker, Jones, & 

Bandettini, 2009) or whether there is any significance to attribute to the direction of the 

association identified (Buckner, Krienen, & Yeo, 2013). Previous research has 
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demonstrated that the amygdala is negatively associated with the DMPFC at rest (Roy et 

al., 2009) and it should be noted that intrinsic connectivity is a relative measure that only 

indirectly assesses neural activity and cannot implicate underlying mechanisms(Buckner 

et al., 2013). 

These limitations notwithstanding, our results shed light on the importance of 

the mPFC in shaping adaptive responses to environmental challenge. Research in 

animals has demonstrated the importance of amygdala nuclei in promoting proactive 

and reactive responses to threat, and the role of the infralimbic and prelimbic cortex in 

orchestrating these responses (Bravo-Rivera et al., 2014; Cain & LeDoux, 2008; 

Moscarello & LeDoux, 2013). The DMPFC is important for conscious appraisal of threat 

(Mechias et al., 2010) and our results suggests that this structure shapes the relative 

expression of proactive and reactive responses to during active avoidance, and that this 

role is reflected in its intrinsic connectivity with the CM amygdala at rest. 
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4. Amygdala Responses to Threatening Faces 

Prospectively Predicts the Expression of Proactive vs. 

Reactive Responses during Active Avoidance 

4.1. Background 

Affective facial expressions are social cues that convey information about the 

internal state of the person expressing the emotion and about external events in the 

surrounding environment (Adams et al., 2003; Izard, 1994). Previous research has 

demonstrated that the amygdala is sensitive to biologically salient information, 

especially stimuli which predict threat (Davis & Whalen, 2001), and in keeping with this 

idea, threatening faces robustly and reliably elicit responses within the amygdala 

(Costafreda et al., 2008). Amygdala responses to threatening facial expressions are 

exaggerated in persons diagnosed with anxiety disorders (Phan et al., 2006; Shin et al., 

2005; Stein et al., 2002) which likely reflects differences in neural processing of 

threatening information as a function of diagnosis. Moreover, in addition to being 

augmented in clinical samples, variability in amygdala responses to threatening faces is 

associated with dimensional variability in how participants respond to threat. 

Trait anxiety is the general tendency to experience stimuli and events as 

threatening, and previous research has consistently found that amygdala responses to 

expressions of anger and fear are positively associated with individual differences in 

trait anxiety (Dickie & Armony, 2008; Etkin et al., 2004; Fakra et al., 2009; Most, Chun, 

Johnson, & Kiehl, 2006).  Moreover, research has demonstrated that individual 
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difference in amygdala responses to threatening faces are associated with performance 

assessed outside of the scanner. Individual differences in amygdala responses to 

threatening facial expressions predicts the speed of visual search for negative faces 

during a “Face in the Crowd” paradigm (Ohrmann et al., 2007). Additionally, the 

magnitude of amygdala response to threatening faces is associated with larger cortisol 

responses during a social trier stress test (Taylor et al., 2008). Critically, previous 

research has demonstrated that amygdala responses to threatening faces are relatively 

stable over time (Johnstone et al., 2005; Manuck et al., 2007) and recent research has 

suggested that amygdala responses to threatening faces predict psychological 

vulnerability to stress up to 1-4 years in the future (Swartz et al., 2015). 

Despite abundant evidence that variability in amygdala responses to expressions 

of fear and anger is associated with individual differences in how participants respond 

to threatening stimuli, the extent to which these patterns apply to threat processing 

broadly remains unclear. Associations between amygdala responses and performance 

during the “Face in the Crowd” paradigm may reflect similarities in processing faces, 

and not threat processing per se (Ohrmann et al., 2007). Likewise; the trier stress test is a 

social paradigm that involves stress generated through face to face evaluation (Taylor et 

al., 2008). Even instruments assessing trait anxiety such as the Spielberger State-Trait 

Inventory contains items that involve social judgments such as “I wish I could be as 

happy as others seem to be” and “I get in a state of tension or turmoil as I think over my 
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recent concerns and interests” (Spielberger et al., 1999). Thusly, it is unclear if individual 

differences in amygdala response to threatening faces are associated with threat 

processing writ large, or limited to processing threats related to interactions with other 

humans.  

In order to determine whether amygdala responses to threatening faces predict 

variability in threat processing in a non-social context, I set out to test if amygdala 

responses to expressions of anger and fear predict performance during the active 

avoidance of signaled threat (AAST) paradigm, described in Chapter 2. The use of threat 

responses collected during the AAST to determine whether amygdala responses to 

affective faces predict threat processing broadly has several advantages. First, responses 

during the AAST were assessed outside the scanner at least one week after the collection 

of amygdala responses to threatening faces, which separates the collection of these 

measures in time. Second, threat during the AAST stems from mildly aversive electrical 

stimuli, and does not contain a social component. Third, threatening faces are visual 

stimuli, while avoidance cues during the AAST are auditory stimuli. The temporal 

separation and lack of overlap in both the source and modality of the threat minimizes 

the risk that associations between amygdala responses to threatening faces and 

responses to threat during active avoidance are confounded by superficial similarities.  

In addition to demonstrating that neural responses to expressions of fear and 

anger expressions predict threat processing in non-social contexts, characterizing the 
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relationship between amygdala responses to threatening faces and individual 

differences in performance during active avoidance can shed light on the nature of the 

processes that may be reflected in these relationships. Work presented in Chapter 2 

suggests that variability in how individuals respond to threat can be characterized, in 

part, by variability in the expression of proactive and reactive responses. Additionally, 

expressions of anger and fear, convey different types of threat and differentially affect 

memory and attention (Adams et al., 2003; Caroline et al., 2011; Taylor & Whalen, 2014). 

Based on these results, I additionally sought to determine what types of responses 

(proactive vs. reactive) during active avoidance are associated with amygdala responses 

to threatening faces, and whether neural responses to fear faces or neural responses to 

anger faces drive these relationships. 

Researchers have previously suggested that threatening facial expressions serve 

as naturally conditioned stimuli (Hariri & Whalen, 2011) as these expressions have 

predicted negative outcomes in the past. Research in animal models of active avoidance 

demonstrate that conditioned responses to avoidance cues, specifically reactive freezing 

responses generated by the central nucleus of the amygdala (CeA), interfere with 

avoidance behavior (Moscarello & LeDoux, 2013). Meanwhile, research in humans has 

shown that heart rate and skin conductance responses during scanning are associated 

with amygdala responses to threatening faces (Williams et al., 2001; Yang et al., 2007), 

which suggests that neural responses to these stimuli are associated with reactive 
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responses to threat. As such, amygdala responses to threatening faces may predict more 

reactive responses during active avoidance. Alternatively, animal models have 

demonstrated that the basal nucleus of the amygdala promotes behavioral responses 

that function to terminate threat exposure (Cain & LeDoux, 2008), and it is possible that 

amygdala responses to threatening faces are associated with more proactive, rather than 

more reactive responses during avoidance. 

Amygdala responses to threatening faces may be associated with either proactive 

or reactive responding during active avoidance, and what is more, the type of 

information being conveyed by these expressions may be important in determining the 

nature of these relationships. Anger faces represent a direct and unambiguous threat 

from a conspecific. Fear faces, on the other hand, represent and indirect and ambiguous 

threat. Persons will exhibit fearful expression when in danger, and viewers of the fearful 

expression are in the same environment which evoked the fear expression, and thus 

potentially in danger also. The role of fear faces in promoting attention to information in 

the surrounding environment has been supported by prior work investigating memory 

processes. Specifically, research has shown that anger faces are better remembered that 

fear faces, suggesting that anger faces which convey a direct threat captures attention 

and are thusly better remembered (Davis et al., 2011). Fear faces, on the other hand, 

promote memory for words surrounding the face, suggesting that fear faces promote 

attention to information in the surrounding environment (Davis et al., 2011). This idea is 
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further supported by research using an attentional blink paradigm which demonstrates 

that  fear faces, but not anger faces, facilitate detection of information in the surrounding 

environment (Taylor & Whalen, 2014). These findings suggest anger faces and fear faces 

may differentially predict responses during active avoidance.  

Based on data from animal models of avoidance, and studies investigating the 

effects of emotional facial expressions, I predicted that amygdala responses to 

threatening facial expressions would predict individual differences in proactive vs. 

reactive responses during shock avoidance, and that sub-regions of the amygdala and 

the type of threatening facial expression displayed would influence these relationships. 

As the CeA promotes reactive responses and interferes with proactive responses during 

avoidance, I hypothesized that responses to threatening faces in the centromedial (CM) 

region of the amygdala would be associated with more reactive responding during the 

AAST. Further, as fear faces are ambiguous and suggest no clear action to avoid the 

threat, I hypothesized that fear faces would drive the relationship between CM 

amygdala responses and reactive responses to threat. Additionally, I hypothesized that 

responses to threatening faces in the basolateral (BLA) amygdala would be associated 

with more proactive responding during the AAST, and that anger faces, as clear signals 

of direct threat, would drive this association. 
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4.2. Methods 

4.2.1. Participants 

Sixty four participants were recruited via email, flyer, and online advertisement 

from an ongoing parent protocol, the Duke Neurogenetics Study (DNS) which assesses a 

wide range of behavioral and biological traits among non-patient, 18-22 year old 

university students. All participants provided informed consent in accordance with 

Duke University Medical Center Institutional Review Board guidelines prior to 

participation.  The participants were in good general health and free of the following 

study exclusions: (1) medical diagnoses of cancer, stroke, head injury with loss of 

consciousness, untreated migraine headaches, diabetes requiring insulin treatment, 

chronic kidney or liver disease, or lifetime history of psychotic symptoms; (2) use of 

psychotropic, glucocorticoid, or hypolipidemic medication; and (3) conditions affecting 

cerebral blood flow and metabolism (e.g., hypertension). All participants additionally 

reported having no hearing impairments. 

The DNS includes an MRI battery entailing the collection of BOLD fMRI during 

the Amygdala Reactivity Paradigm (see 4.2.3. for details). Analyses were limited to the 

58 participants with overlapping amygdala reactivity and AAST data (22 males, 36 

female; mean age= 19.19, SD=1.21) who have overlapping measures of resting BOLD and 

shock avoidance performance. All participants completed the shock avoidance 



 

93 

paradigm at least one week after their MRI battery (mean= 257.26 days, SD= 301.76., 

range: 7-1258 days). 

4.2.2. Active Avoidance of Signaled Threat (AAST) Paradigm 

Participants completed an auditory signaled shock avoidance task (for full 

details, Chapter 2). In brief, participants held down a computer key with the index 

finger of their dominant hand while listening to pairs of auditory tones, one of which 

served as an avoidance cue. Participants were instructed to retract their index finger 

from the key when hearing the avoidance cue, and to refrain from retracting their finger 

during all other times. Failure to retract their index finger during the avoidance cue, and 

actively withdrawing their finger in absence of an avoidance cue were considered errors. 

The experiment consisted of a safe condition, during which errors resulted in the 

presentation of a “Failure” screen, and a threat condition during which errors resulted in 

a “Failure” screen and the administration of an aversive electrical stimulus. Participants 

completed tone recognition tests, and practice tasks before the experiment to accustom 

the participants to the demands of the experimental paradigm. 

During the shock avoidance paradigm, phasic skin conductance responses, EMG 

responses from the extensor indicis proprius muscle of the forearm of the dominant 

hand, reaction time latencies during response trials, and performance errors were 

assessed (for details, see Chapter 2). Further, saliva samples were collected before and 

after the experiment to assess salivary alpha-amylase. Difference scores (threat minus 
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safe condition) were calculated for variables of interest and entered into a Principal 

Component Analysis (PCA). The PCA revealed that individual differences in active 

responses, reaction time and avoidance responses, and variability in reactive responses, 

skin conductance responses and salivary alpha-amylase, differentially loaded onto one 

of two components (Table 1, Figure 1). As such, factor scores from this component reflect 

variability in an individual’s tendency to respond actively or reactively to threat. 

4.2.3. Amygdala Reactivity Paradigm 

Our fMRI challenge paradigm has been used extensively to elicit a robust and 

replicable amygdala response across an array of experimental protocols and sample 

populations (e.g., Fisher et al., 2006, 2009; Hariri et al., 2002, 2005; Manuck, Brown, 

Forbes, & Hariri, 2007; Zhou et al., 2008). The experimental fMRI paradigm consisted of 

four blocks of a perceptual face-matching task interleaved with five blocks of a 

sensorimotor control task. The DNS version of this paradigm consists of one block each 

of fearful, angry, surprised, and neutral facial expressions presented in a pseudorandom 

order across participants. During face-matching blocks, participants view a trio of faces 

and select one of two faces (on the bottom) identical to a target face (on the top). Each 

face processing block consists of six images, balanced for gender, all of which were 

derived from a standard set of pictures of facial affect (Ekman & Friesen, 1976). During 

the sensorimotor control blocks, participants view a trio of simple geometric shapes 

(circles and vertical and horizontal ellipses) and select one of two shapes (bottom) that 
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are identical to a target shape (top). Each sensorimotor control block consists of six 

different shape trios. All blocks are preceded by a brief instruction (“Match Faces” or 

“Match Shapes”) that lasts 2 s. In the task blocks, each of the six face trios is presented 

for 4 s with a variable interstimulus interval (ISI) of 2–6 s (mean = 4 s) for a total block 

length of 48 s. A variable ISI is used to minimize expectancy effects and resulting 

habituation, and maximize amygdala reactivity throughout the paradigm. In the control 

blocks, each of the six shape trios is presented for 4 s with a fixed ISI of 2 s for a total 

block length of 36 s. Total task time is 390 s. 

4.2.4. BOLD fMRI Data Acquisition 

Each participant was scanned using a research-dedicated GE MR750 3 T scanner 

at the Duke-UNC Brain Imaging and Analysis Center. This scanner is equipped with 

high-power, high-duty-cycle 50 mT/m gradients at 200 T/m/s slew rate and an 8-channel 

head coil for parallel imaging at high bandwidth up to 1 MHz. A semi-automated high-

order shimming program was used to maximize global field homogeneity. To allow for 

spatial registration of each participant's data to a standard coordinate system, high-

resolution 3-dimensional structural images were acquired in 34 axial slices coplanar with 

the functional scans [repetition time (TR)/echo time (TE)/flip angle = 7.7 s/3.0 ms/12°; 

voxel size = 0.9 × 0.9 × 4 mm; field of view (FOV) = 240 mm; interslice skip = 0]. During 

two consecutive 4 min, 16 s resting-state scan, a series of 34 interleaved axial functional 

slices aligned with the anterior commissure–posterior commissure plane were acquired 
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for whole-brain coverage using an inverse-spiral pulse sequence to reduce susceptibility 

artifact (TR/TE/flip angle = 2000 ms/30 ms/60°; FOV = 240 mm; voxel size = 3.75 × 3.75 × 4 

mm; interslice skip = 0). Four initial radiofrequency excitations were performed (and 

discarded) to achieve steady-state equilibrium. 

4.2.5. BOLD fMRI Preprocessing and Analysis 

Preprocessing was conducted using SPM8 (www.fil.ion.ucl.ac.uk/spm). Images 

for each participant were realigned to the first volume in the time series to correct for 

head motion, spatially normalized into a standard stereotactic space (Montreal 

Neurological Institute template) using a 12-parameter affine model (final resolution of 

functional images=2mmisotropic voxels), and smoothed to minimize noise and residual 

differences in gyral anatomy with a Gaussian filter set at 6 mm full width at half 

maximum. Voxel-wise signal intensities were ratio normalized to the whole-brain global 

mean. 

The general linear model of SPM8 (http://www.fil.ion.ucl.ac.uk/spm) was used to 

conduct fMRI data analyses. Following preprocessing, linear contrasts employing 

canonical hemodynamic response functions were used to estimate main effects of the 

experimental paradigm (e.g., Anger > Neutral, Fear > Neutral, and Anger + Fear > 

Neutral) for each individual.  Individual contrast images were then used in second-level 

random effects models accounting for scan-to-scan and participant-to-participant 

variability to determine whether BOLD responses to threatening faces are associated 

http://www.fil.ion.ucl.ac.uk/spm
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with factor scores associated with proactive vs. reactive responding using multiple 

regression models with a voxel level statistical threshold of p < .05, family wise error 

(FWE) corrected for multiple comparisons across amygdala regions of interest. 

4.2.6. Regions of Interest (ROIs) 

Anatomical ROIs were defined using maximum probability maps of 

cytoarchitectonic boundaries developed by Amunts et al. (Amunts et al., 2005) for the 

bilateral basolateral amygdala (BLA) and bilateral centromedial amygdala (CM) using 

the Anatomy toolbox in SPM (Eickhoff et al., 2005). 

4.3. Results 

4.3.1. Amygdala Responses to Threatening Faces and Responses during 

Active Avoidance 

Factor loadings onto the principal component characterizing proactive vs 

reactive response to threat during active avoidance were significantly associated with 

BOLD responses to threatening faces (Anger + Fear > Neutral) within the right CM 

amygdala (x=30, y=-10, z=-12; T=3.88; p<.05 FWE; 24 voxels) after controlling for factor 

scores associated with the generalized principal component, gender, and time between 

the fMRI battery and the AAST (Figure 15). Specifically, larger BOLD responses within 

the right CM amygdala were positively associated with factor loadings onto the 

principal component (Figure 10), which correspond to more reactive responses to threat.  
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Figure 15. Statistical parametric map illustrating a cluster in the right CM 

amygdala exhibiting a significant positive association between factor scores 

associated with proactive vs. reactive responses during avoidance and BOLD 

responses to threatening faces (Anger + Fear > Neutral) (Coronal section: Y = -11). 

No associations between amygdala responses to threatening faces and factor 

loadings onto the principal component characterizing proactive vs reactive response to 

threat were observed within the BLA amygdala at corrected thresholds. 

4.3.2. Amygdala Responses to Fear Faces and Responses during Active 

Avoidance 

Similar to the results above, factor scores associated with the principal 

component characterizing proactive vs reactive response to threat during active 

avoidance were significantly associated with BOLD responses to fear faces (Fear > 
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Neutral) within the right CM amygdala (x=32, y=-6, z=-12; T=3.92; p<.05 FWE; 13 voxels) 

after controlling for factor scores associated with the generalized principal component, 

gender, and time between the fMRI battery and the AAST (Figure 16, A). These results 

reflect a positive association between amygdala responses to fear faces and reactive 

responses to threat. No associations between amygdala responses to fear faces and factor 

loadings onto the principal component characterizing proactive vs reactive response to 

threat were observed within the BLA amygdala at corrected thresholds. 

 

Figure 16. Statistical parametric map illustrating a cluster in the right CM 

amygdala exhibiting a significant positive association between (A) responses to fear 

faces and (B) responses to anger faces, and factor scores associated with proactive vs 

reactive responses during avoidance (Coronal section: Y = -11). 
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4.3.3. Amygdala Responses to Anger Faces and Responses during Active 

Avoidance 

Similar to the results from the analyses of BOLD responses to fear faces, factor 

loadings onto the principal component characterizing proactive vs reactive response to 

threat during active avoidance were significantly associated with BOLD responses to 

anger faces (Anger > Neutral) within the right CM amygdala (x=28, y=-4, z=-8; T=3.93; 

p<.05 FWE; 21 voxels) after controlling for factor scores associated with the generalized 

principal component, gender, and time between the fMRI battery and the AAST (Figure 

16, B). These results reflect a positive association between amygdala responses to fear 

faces and reactive responses to threat. No associations between amygdala responses to 

anger faces and factor loadings onto the principal component characterizing proactive vs 

reactive response to threat were observed within the BLA amygdala at corrected 

thresholds. 

4.4. Discussion 

Our results demonstrate that amygdala responses to threatening facial 

expressions can prospectively predict individual variability in how persons respond 

during active avoidance paradigms in the future. Specifically, neural responses to 

expressions of both fear and anger within the CM region of the amygdala are associated 

with more reactive responses to threat as indexed by heightened sympathetic autonomic 

activity during avoidance. Previous research has suggested that amygdala responses to 
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threatening facial expressions are associated with changes in heart rate and skin 

conductance responses during scanning (Williams et al., 2001; Yang et al., 2007). 

However, our results are the first to demonstrate that amygdala responses to 

threatening faces prospectively predict variability in the ratio of reactive sympathetic 

responses vs. proactive behavioral responses expressed outside the scanner during 

active avoidance paradigms. 

Abundant research has demonstrated the amygdala responses to threatening 

faces are associated with clinical diagnoses for anxiety disorders (Phan et al., 2006; Shin 

et al., 2005; Stein et al., 2002) and individual differences in trait anxiety (Dickie & 

Armony, 2008; Etkin et al., 2004; Fakra et al., 2009; Most et al., 2006). However, little 

research has sought to link individual differences in amygdala response to threatening 

faces to variability in observable phenomena, and the literature that does exist focuses 

on paradigms which utilize faces to evoke responses. Our results expand upon the 

literature suggesting that amygdala responses to threatening faces predict observable 

responses collected outside the scanner, and what is more, suggest that these 

associations are not limited to responses evoked by faces, but reflect threat processing 

broadly 

These results may also inform elevated amygdala responses observed in clinical 

disorders.  Persons diagnosed with PTSD exhibit increased amygdala responses to 

threatening faces (Shin et al., 2005) which may represent a facilitation of neural 
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processing of threat broadly. Notably, this may not be the case for all diagnoses. 

Previous research has demonstrated that persons with small animal phobia do not 

exhibit increased amygdala responses to threatening faces (Wright, Martis, McMullin, 

Shin, & Rauch, 2003) which may suggest a specific rather than general augmentation of 

threat processing. Persons suffering from PTSD, meanwhile, exhibit increased amygdala 

responses to threatening faces, conditioned stimuli, and sounds of combat (Shin & 

Liberzon, 2009), suggesting a broad facilitation of threat processing within the 

amygdala.  

Tellingly, previous research has shown that exposure to combat increases 

amygdala responses to threatening faces (van Wingen, Geuze, Vermetten, & Fernández, 

2011) which, like the results presented here, suggests that threat processing broadly and 

amygdala responses to threatening faces are inter-related. However, this question is 

approached differently in the two studies. Our results suggest that amygdala responses 

to threatening faces are associated with future responses during active avoidance, while 

van Wingen and colleagues demonstrate that exposure to combat predicts future 

amygdala responses to threatening faces. These studies show the utility in assessing 

amygdala responses to threatening faces in order to predict real world aspects of threat 

processing, or vice versa. 

Notably, the association between reactive responses during avoidance and 

neural responses to threatening faces was specific to responses within the CM region of 
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the amygdala. Researchers have previously suggested that threatening faces act as 

naturally conditioned stimuli, and amygdala responses to threating faces are associated 

with SCRs during scanning (Williams et al., 2001). Moreover, responses within the CeA 

promote reactive freezing responses and impair avoidance in animal models (Choi et al., 

2010; Moscarello & LeDoux, 2013). The association between sympathetic responses 

during avoidance and neural responses to threatening faces within the CM amygdala 

likely reflects the pairing of threatening faces and past aversive outcomes and the 

reactive responses elicited by those aversive outcomes..  

It is unclear why responses to threatening faces were not associated with 

facilitated proactive avoidance responses. In fact, responses to threatening faces within 

the CM amygdala were associated with relatively less proactive responses. The basal 

nucleus of the amygdala is critical for the acquisition of proactive responses during 

instrumental avoidance paradigms (Cain & LeDoux, 2008). Additionally, research has 

demonstrated that the amygdala is responsive to the spatial proximity and escapability 

of a virtual predator during an active avoidance task (Mobbs et al., 2007, 2009). Future 

research will be required to determine whether variability in amygdala responses to 

threatening faces is wholly unrelated to active avoidance and proactive responses to 

threat, or whether the specific design of our avoidance paradigm engages circuits that 

do not include the BLA amygdala. 
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Our results suggest that amygdala responses to fear faces and responses to anger 

faces similarly predict enhanced reactive responding during avoidance. However, 

researchers have pointed out conceptual and empirical differences between these two 

stimuli. In addition to signaling different types of threat, these facial expressions 

differentially affect memory and attention (Adams et al., 2003; Caroline et al., 2011; 

Taylor & Whalen, 2014), and differentially modulate startle (Grillon & Charney, 2011; 

Springer, Rosas, McGetrick, & Bowers, 2007). Based on these differential effects I 

hypothesized that anger and fear faces would predict different patterns of proactive vs. 

reactive responses during active avoidance. Despite their differences both anger and fear 

faces are naturally conditioned stimuli (Hariri & Whalen, 2011) and previous research 

using principal components analysis has shown that while components associated with 

ambiguity differentiate amygdala responses to fear faces and amygdala responses to 

anger faces, components associated with the threat value of stimuli reveal shared 

variance (Ahs, Davis, Gorka, & Hariri, 2013). It is likely that the association between 

amygdala responses to anger and fear faces, and reactive responses during active 

avoidance reflects shared variability in amygdala responses to facial stimuli which 

predict negative outcomes in the past. Further, the localization of this effect in the CM 

amygdala, which generates reactive responses to conditioned stimuli, provides 

additional support for this idea. 
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Our results are the first to demonstrate that amygdala responses to threatening 

faces prospectively predict increased reactive sympathetic autonomic responses during 

active avoidance in the future. As such, they suggest that individual differences in 

amygdala responses to fear and anger faces reflects variability in threat processing 

broadly and contribute to the emerging literature addressing the processes reflected in 

neural responses to salient biological stimuli. Despite the strengths of this study, this 

work is not without limitations. Although these results demonstrate that amygdala 

responses to threatening faces are associated with reactive responses during active 

avoidance, without direct measurement of neural responses during the AAST I can only 

speculate about the processes supporting these behaviors. Research in animals and in 

humans suggest that the amygdala is involved with responses during active avoidance 

(Cain & LeDoux, 2008; Mobbs et al., 2007). However, it is possible that the amygdala is 

not engaged by the AAST, and that the association between CM amygdala responses to 

threatening faces and responses during active avoidance is driven by mutual 

associations with an, as of yet, unidentified third variable. Despite being strongly 

supported by the literature, the contention that the amygdala drives responses during 

the active avoidance paradigm reported here is speculative. 

Second, although researchers have previously suggested that threatening faces 

act as naturally conditioned stimuli owing to their value in predicting negative 

outcomes in the past, emotional faces contain layers of information such as gender 
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identity and trustworthiness that can be processed in a more explicit manner. Research 

has suggested that trustworthiness of faces affects amygdala responses (Winston, 

Strange, O’Doherty, & Dolan, 2002), and that explicitly making gender judgments about 

emotional faces changes the way these stimuli are processed within the brain (Hariri, 

Bookheimer, & Mazziotta, 2000). Although I base my hypotheses on the types of social 

signals about threat represented in fear and anger faces, and their value in predicting 

outcomes in the past, it should be noted that these are not the exclusive characteristics of 

facial stimuli and it is possible that other characteristics of threatening faces are driving 

these relationships. 

Despite these limitations, our results broaden our understanding of the processes 

reflected in amygdala responses to threatening faces by demonstrating that individual 

differences in these responses are associated with reactive sympathetic responses during 

active avoidance. As such, they suggest that neural responses to fear and anger faces are 

indicative of threat processing broadly. Moreover, the positive association between 

reactive sympathetic responses during active avoidance and amygdala responses to 

threatening faces within the CM amygdala supports the idea that threatening faces 

function as naturally conditioned stimuli. Lastly, they suggest that despite differentially 

affecting attention and startle, anger and fears faces share variability in neural 

processing and similarly predict reactive sympathetic responses to threat collected 

outside the scanner during active avoidance. 
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5. General Discussion and Future Directions 

5.1. The Present Studies 

Proactive responses are goal oriented responses that function to terminate exposure 

to threat, while reactive responses are behaviors and physical processes that are 

impacted by exposure to potentially harmful stimuli. Research in animal models has 

demonstrated that individual differences in reactive responses are inversely related to 

proactive responses during active avoidance and that distinct circuits within the 

amygdala mediate these different responses to threat (Cain & LeDoux, 2008; Vicens-

Costa et al., 2011). In this dissertation, I extend these findings to variability in threat 

response during active avoidance in human participants, and demonstrate that 

measures of corticolimbic function, both at rest and during the processing of emotional 

stimuli, predict individual variability in these dynamics.  

Researchers have suggested that variability in performance during active 

avoidance paradigms stems from competition between Pavlovian memories that result 

in freezing and instrumental memories which result in avoidance (Moscarello & 

LeDoux, 2013). However, reactions to conditioned stimuli and instrumental behavior 

during aversive conditioning are only two instances of the broad categories of proactive 

responses and reactive responses to threat. In Chapter 2, I demonstrate that proactive 

and reactive responses are inversely related to one another during an instructed active 
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avoidance paradigm, suggesting that these findings extend outside of associative 

learning models and to responses to threat in human participants. 

Animal models of threat processing have demonstrated that unlearned anxiety is 

associated with avoidance behavior, and the importance of sex differences in predicting 

these relationships (Lopez-Aumatell et al., 2008). Further, research in humans 

demonstrates the importance gender differences in the manifestation of trait anxiety and 

the development of mood and anxiety disorders (Brewin et al., 2000; Feingold, 1994; 

Nolen-Hoeksema, 2001). Researchers have previously suggested that one of the 

functions of emotion is to facilitate behavioral actions (Frijda, 2009; Levenson, 1994), and 

results presented in Chapter 2 illustrate how measures of trait and state anxiety are 

associated with generalized responses to threat during avoidance and the importance of 

gender in influencing these relationships.  

Researchers have utilized aversive instrumental conditioning to investigate the 

neural circuits supporting distinct responses to threat during avoidance, and have 

shown that the basal nucleus of the amygdala is critical for the acquisition of proactive 

avoidance responses, while the CeA promotes reactive freezing behavior (Cain & 

LeDoux, 2008). Moreover, research suggests that the medial prefrontal cortex plays a 

critical role in shaping responses to threat, both during Pavlovian fear learning and 

extinction, and during active avoidance (Ehrlich et al., 2009; Moscarello & LeDoux, 

2013). Research presented in Chapter 3 demonstrates that intrinsic connectivity between 



 

109 

the dorsomedial prefrontal cortex (DMPFC) and the centromedial (CM) region of the 

amygdala prospectively predicts that ratio of proactive vs. reactive responses during 

future active avoidance of threat.  

Lastly, in Chapter 4 I present data that suggests that individual differences in 

amygdala responses to threatening faces, specifically fear and anger faces, are positively 

associated with reactive responses to threat during active avoidance. Researchers 

frequently use threatening facial expression to elicit neural responses within the 

amygdala (Costafreda et al., 2008) which serve as indices of threat processing. Research 

has consistently indicated that these neural responses are positively associated with trait 

anxiety (Dickie & Armony, 2008; Etkin et al., 2004; Fakra et al., 2009; Most et al., 2006) 

and are elevated in persons with anxiety disorders (Phan et al., 2006; Shin et al., 2005; 

Stein et al., 2002). However to date, little research has investigated if these amygdala 

responses to threatening faces predict observable responses collected outside the 

scanner, and studies that address this question have been confounded by the use of 

facial stimuli (Ohrmann et al., 2007; Taylor et al., 2008). Our results demonstrate that 

responses to threatening faces within the CM amygdala are associated with increased 

sympathetic autonomic activity during avoidance. As threat during the avoidance 

paradigm was markedly different than the threatening faces used to elicit amygdala 

responses, our results suggest that this association is driven by variability in threat 

processing broadly, which is reflected in amygdala responses to threatening faces. 
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Collectively these findings suggests that competition between proactive and 

reactive responses to threat are not limited to associative learning paradigms, that this 

competition between distinct responses to threat can be observed in the ratio of 

sympathetic autonomic activity and active avoidance during instructed shock avoidance 

paradigms. Moreover, our results suggest that the expression of proactive vs. reactive 

responding can be predicted using measures of corticolimbic function. In addition to 

extending findings from animal models, and validating measures of circuit function at 

rest and during the processing of threatening facial expression, these results address 

important differences in how individuals respond to threat and serve as a starting point 

to understand how these processes are altered in those with anxiety disorders.  

5.2. Future Directions 

5.2.1. Behavioral Studies 

The work presented in Chapter 2 demonstrates that avoidance behavior is 

facilitated during a threatening context, and that individual differences in avoidance 

responses are inversely related to reactive responses to threat. This work is in agreement 

with observations from animal models of active avoidance (Vicens-Costa et al., 2011), 

and these patterns likely extend to other proactive responses to threat such as rearing 

during the Escape from Fear paradigm (Cain & LeDoux, 2007) and lever presses which 

terminate threat exposure (Beck et al., 2010). Investigating how different types of 

responses are expressed during threat provides an opportunity to better understand the 
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neural mechanisms underlying how different potential response patterns are processed 

in parallel during threat exposure. Research using active avoidance and stressor 

controllability has shown that environmental contingencies affect what types of 

responses are exhibited (Maier et al., 1986; Moscarello & LeDoux, 2013), and the 

manipulation of environmental contingencies provides an opportunity to further 

investigate dynamic brain function during threat exposure. 

Active avoidance, whether learned instrumentally or whether learned through 

instruction, serves to terminate threat exposure and as such, deal with threats which are 

both predictable and controllable. Threats, however, vary in their level of controllability. 

Research involving avoidance of a virtual predator demonstrates that decreasing the 

controllability of the threat, by making the predator difficult to escape, while 

maintaining its predictability as subjects are always shocked upon capture, influences 

neural responses to the proximity of the predator and increased the number of motor 

errors when the predator is close (Mobbs et al., 2009). Others have employed paradigms 

using predictable threats that are completely uncontrollable, specifically a linear 

representation of when a shock would be delivered, and implicate the dorsal extended 

amygdala and the bed nucleus of the stria terminalis (Somerville, Whalen, & Kelley, 

2010).  

Threats also vary in their level of predictability and often researchers will employ 

shock anticipation, during which shock delivery is neither predictable or controllable, to 
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produce an anxious state (Drabant et al., 2011; Gold et al., 2015; Robinson et al., 2012). 

Research has demonstrated that reaction times to threatening stimuli are facilitated 

during the anticipation of unpredictable and uncontrollable shock and that the 

amygdala and DMPFC are involved with these processes (Robinson et al., 2012). A 

comprehensive understanding of how behavioral responses are affected by the 

predictability and controllability of threat, and how these environmental contingencies 

impact the relationship between behavioral and autonomic responses to threat can 

provide an empirical basis for predictions about how the brain dynamically processes 

threatening stimuli. 

5.2.2. Neuroimaging Studies 

Future research can also provide a more detailed understanding of the neural 

mechanisms supporting responses during active avoidance. Directly assessing BOLD 

responses with fMRI during performance of the active avoidance of signaled threat 

(AAST) paradigm can verify the role played by the DMPFC and CM amygdala in 

supporting responses during active avoidance, and can additionally implicate novel 

brain regions not reported here. More importantly, assessing neural responses during 

active avoidance using fMRI can explain how these circuits support responses during 

avoidance. Results in Chapter 2 demonstrate that withdrawal responses are increased 

both during the avoidance cue and during its absence. However it is unclear whether 

similar or distinct neural circuits support withdrawal responses during the avoidance 
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cue and withdrawal responses when no threat is signaled. Anxiety disorders are 

characterized by avoidance of non-threatening stimuli and situations (Amdur & 

Liberzon, 2001) and a better understanding of the neural circuits supporting adaptive 

avoidance, which is an effective and highly conserved response to threat, and 

maladaptive avoidance of non-threatening situations has the potential to inform 

treatment of disorders characterized by avoidance. 

Further, directly assessing BOLD responses during the AAST can shed light on 

the time scale during which neural circuits supporting threat processing operate. It is 

possible that regions supporting threat processing during the AAST exhibit larger 

responses to the avoidance cue during the shock condition compared to the no shock 

condition in a transient manner that does not extend to the rest of the shock context. 

Alternatively it is possible that regions are more responsive during the entirety of the 

shock condition, suggesting an enhanced state of vigilance for threat. It is also possible 

that some regions, like the amygdala, exhibit transient responses to threat, while other 

regions such as the DMPFC support vigilance across the entire block. Directly assessing 

neural responses during avoidance can, thusly, inform variability in how individuals 

respond to threat by identifying not only which neural circuits support behavior, but 

how these regions interact. 

Information assessed with fMRI about which regions support responses during 

active avoidance, and whether these responses are transient or sustained can be 
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expanded upon using allied imaging modalities, such as electroencephalography (EEG) 

or magnetoencephalography (MEG), to glean additional information about circuit 

function during the AAST. EEG and MEG provide more refined temporal information 

which can clarify processing components. Research employing Go / No Go paradigms 

has demonstrated anterior cingulate responses during both correct and incorrect trials 

(van Veen & Carter, 2002). However, correct trials are associated with a larger N2 

component before the response is initiated, whereas incorrect trials are associated with a 

larger error related negativity component after the response occurs. These imaging 

techniques provide additional information regarding the time frame of neural responses 

and can differentiate components of processing that cannot be gleaned in the BOLD 

response. 

EEG and MEG, in addition to providing more information about the time scale 

and components associated with transient responses, can shed light on sustained neural 

responses to threat by assessing oscillatory activity within prefrontal circuits during 

active avoidance. Research has recently demonstrated that gamma power within the 

VMPFC is associated with extinctions of conditioned stimuli, and that theta power 

within the mid-cingulate is associated with fear recall (Mueller, Panitz, Hermann, & 

Pizzagalli, 2014). In animals, lesions of the prelimbic cortex impair the expression of 

freezing during Pavlovian fear (Morgan & LeDoux, 1995), and also impair shuttling 

responses during avoidance (Bravo-Rivera et al., 2014). It is possible that BOLD 
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responses within the DMPFC would be associated with both proactive and reactive 

responses to threat; however different oscillatory frequencies within the DMPFC may 

differentiate participants who respond with avoidance vs. reactive sympathetic 

responses. 

5.2.3. Pharmacological Manipulation Studies 

Active avoidance paradigms can be combined with pharmacological 

manipulations to assess the neurotransmitter systems which support proactive and 

reactive responses to threat. Perhaps foremost of the candidates for neuromodulatory 

agents involved with these processes is norepinephrine. Beta receptor antagonists 

reduce changes in salivary alpha-amylase and hear rate during the processing of 

stressful emotional stimuli (A. van Stegeren, Rohleder, Everaerd, & Wolf, 2006), and 

additionally reduce amygdala responses to negative images (A. H. van Stegeren et al., 

2005). Intriguingly, the locus coeruleus, which provides endogenous noradrenergic 

signaling to the forebrain, promotes attentional vigilance and cortical synchrony which 

may underlie behavioral changes during threat (Sara & Bouret, 2012). The use of beta 

receptor antagonists alter prefrontal responses to fear related stimuli (Hermans et al., 

2011) and locus coeruleus activity impacts freezing behavior during fear learning (Sears 

et al., 2013). Pharmacological manipulation of the noradrenergic system can facilitate 

investigations assessing both the behavioral and neural responses elicited during active 

avoidance, and shed light on how neuromodulatory systems regulate these processes. 
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5.2.4. Clinical Extentions 

Avoidance of non-threatening stimuli and situations is characteristic of 

dysfunction observed in anxiety disorders (Amdur & Liberzon, 2001; Armstrong & 

Olatunji, 2013), however this observation is based on clinical interviews and has not 

been validated by controlled observation. The AAST paradigm described here elicits 

individual differences in avoidance behavior, and as such can potentially determine 

whether persons with anxiety disorders exhibit more avoidance behavior than do 

healthy controls. Importantly, the AAST elicits increased avoidance in response to 

avoidance cues and during the absence of threatening stimuli, and Chapter 2 illustrates 

that these behaviors load onto different principal components characterizing variability 

in responding. This provides the opportunity to determine if persons with anxiety 

disorders exhibit increased avoidance behavior broadly, or only exhibit increased 

avoidance to non-threatening stimuli. 

In addition to characterizing avoidance symptoms in clinical populations, 

variability in how individuals respond during active avoidance may inform relative risk 

and resilience for the development of anxiety disorders. Prior research suggest that 

acquiring proactive responses can reduced reactive responses to threat, even within 

novel contexts when no avoidance response is available (Kamin et al., 1963; Moscarello 

& LeDoux, 2013) and research has demonstrated that avoidance symptoms are inversely 

associated with urinary cortisol in persons suffering from PTSD (Mason et al., 2001). 
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This has led some to suggest that active avoidance learning can inform clinical practice 

(Cain & LeDoux, 2008). Future work will be required to determine if proactive 

responding generally and active avoidance in particular have any therapeutic benefits. 

Nonetheless, future work investigating the relationships between proactive and reactive 

responses to threat, and the neural mechanisms supporting these responses, will provide 

opportunities to assess how the brain responds dynamically to threat based on 

environmental contingencies and inform hypotheses about how individuals adaptively 

respond to environmental challenge. 
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