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1 

Abstract 

Individual differences in trait anxiety and their relationship to fear learning and responses to 

aversive stimuli. 

by  

Consuelo Soliz 

Doctor of Philosophy in Psychology 

University of California, Berkeley 

Professor Sonia Bishop, Chair 

Fear learning is an adaptive process that ensures the protection and survival of the organism; 

however, it can turn maladaptive when fear responses are chronically unregulated or 

overgeneralized to safe stimuli and contexts. Individual differences in personality traits such as 

trait anxiety have been linked to differences in fear learning and fear regulation. The study of 

these differences can shed light into the learning mechanisms that may be associated with 

vulnerability to anxiety and inform prevention and treatment interventions for anxiety. In this 

thesis, three studies are presented that examine the relationship between individual differences in 

trait anxiety and conditioned fear responding, as well as responses to aversive unconditioned 

events. Study 1 examines whether individual differences in trait anxiety are related to variations 

in fear generalization from a conditioned compound to its unreinforced components and from a 

conditioned singleton to an unreinforced compound containing this singleton. Study 1 found 

evidence for both types of fear generalization (as indexed by pupillary dilation and US 

expectancy ratings) occurring early during learning. However, fear generalization was not 

modulated by trait anxiety levels. Study 2 investigated whether individual differences in trait 

anxiety modulated fear conditioned responses during acquisition and extinction when each was 

conducted over two different contexts, and during extinction recall, conducted 24 hours after 

extinction. Here, no impact of trait anxiety was observed upon fear conditioned responses at 

acquisition when it was conducted over two different contexts. Meanwhile, at extinction 

conducted across two different contexts, low trait anxiety was associated with decreased 

differential conditioned fear (as indexed by pupillary dilation), while high trait anxiety was 

associated with increased fear renewal with contextual changes during extinction. At extinction 

recall, meanwhile, no effects of anxiety and no differential fear recovery were observed. Study 3 

examined the impact of trait anxiety on responses to aversive controllable and uncontrollable 

stimuli, and whether prior experience of control and anxiety impacted responses to subsequent 

aversive uncontrollable stimuli. Here, although experience of control was associated with a 

reduced pupillary response to aversive stimulation relative to experience of uncontrollability, 

anxiety had no effect in modulating these responses. In turn, prior experience of control was 

associated with decreased pupil responses to aversive uncontrollable stimuli in the high anxious, 

but not in the low anxious subjects. Interactions of anxiety and the experimental variables were 

observed in Study 2 and Study 3 only. These results suggested deficits in extinction learning 

(Study 2) and increased potentiation of aversive responding when primed by an aversive, 

uncontrollable experience (Study 3), in the high anxious subjects. Failure to observe anxiety 

effects on fear generalization in Study 1 may have been due to fast learning of the CS-US 

contingencies, which had a 100% reinforcement rate, and rapid extinction of fear generalization.
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INTRODUCTION   

People vary in how they respond to danger. In the presence of a threat or the potential of 

encountering a future threat, some individuals are able to regulate their fear responses and 

proceed with their behavioral goals, while others have trouble getting fear under control and 

minimizing its impact on behavior. In the clinical psychology and mental health treatment realm, 

it has long been noted that some individuals are more vulnerable to develop affective disorders 

than others. For instance, there is great variability in individuals’responses to traumatic events 

and not everyone who is exposed to trauma develops an anxiety or stress-related disorder such as 

Post Traumatic Stress Disorder (PTSD) (Mineka and Zinbarg, 2006). From these observations, a 

great interest has arisen in studying individual differences in fear learning and fear regulation and 

how these differences may relate to vulnerability and resiliency against stress and affective 

disorders. A greater understanding of the mechanisms underlying individual differences in fear 

learning and fear regulation could potentially help predict what individuals are more at-risk of 

developing affective disorders when exposed to chronic stress. It could also inform the design of 

individualized treatments as well as prevention interventions that would minimize risk factors for 

at-risk individuals and provide skills and strategies to cope adaptively with stress.  

Fear conditioning is a major paradigm that has been used to study how fear is learned and 

extinguished. It consists of presenting a neutral stimulus (e.g., an auditory tone) paired with an 

aversive event (e.g., an electrical shock). In the beginning, the neutral stimulus (namely, the 

conditioned stimulus, CS) on its own does not trigger any fear responses. On the other hand, the 

aversive event--the unconditioned stimulus (US)--elicits an unconditioned response (UR), a 

defensive reaction, such as a jumping in response to an electrical shock. After some pairings of 

the CS and US, the subject learns that the CS (the tone) is predictive of the US (the electrical 

shock) so that the presentation of the CS alone elicits a fear response -a conditioned response 

(CR). In human research, differential fear conditioning paradigms are often used, where the CS  

reinforced with the US (CS+) is often presented intermixed with trials where another similar but 

safe stimulus (CS-) is presented. This CS- serves as a baseline against which responsivity to the 

CS+ can be compared.  

Animal models of fear conditioning, have been crucial in identifying key brain 

mechanisms involved in this type of associative learning and often serve as translational models 

for the study of fear learning in humans. From mice models, we have learned that the amygdala 

is critical for the acquisition and expression of conditioned fear. Particularly, it has been shown 

that the lateral nucleus of the amygdala (LA) is a crucial region for the encoding and retention of 

CS-US associations. Here, sensory inputs from the CS and the US (relayed from sensory cortex 

and thalamus) converge and synaptic plasticity occurs so that the CS sensory input can drive LA 

firing (Cain and Ledoux, 2008; Ledoux, 2000). Lesions to the LA have been shown to block the 

acquisition and expression of conditioned fear. Additionally, the central nucleus of the amygdala 

(CeA) is thought to control the expression of fear. It sends projections to different hypothalamic 

and brainstem nuclei that are involved in regulating physiological, neuroendocrine and 

behavioral responses characteristic of fear and/or defensive reactions (Ledoux, 2000; Cain and 

Ledoux, 2008).  Similarly, neuroimaging studies with human subjects have converged in 

identifying the amygdala’s involvement in fear acquisition. During early fear acquisition, the 

amygdala has been shown to be more responsive to a conditioned stimulus predicting an aversive 

event (CS+), compared to a safe stimulus (CS-). In addition, amygdala activation correlates 
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positively with conditioned fear responding (CR) as indexed by skin conductance response 

(SCR) strength to the CS+ versus the CS- (Labar, et al., 1998). 

Similarly, fear-conditioning models have been used to study the extinction of fear 

conditioned responses. Extinction is the process by which the conditioned stimulus ceases to 

elicit a fear conditioned response, as a result of the conditioned stimulus being presented without 

the previously associated aversive event. Extinction is thought to represent new inhibitory 

learning where the conditioned stimulus becomes associated with the absence of the aversive 

event (CS - No US). The major accepted view of extinction is that it does not lead to unlearning 

of the previously learned CS-US association (Milad and Quirk, 2012; but see Dunsmoor et al., 

2015 for a review on theoretical accounts of extinction). Rather, when the CS is encountered 

subsequently after extinction training, the two learned representations (CS-US and CS- No US) 

compete for memory expression. Evidence that the original fear memory (CS-US) is not 

unlearned is demonstrated by the observation that after extinction learning, the fear response 

recovers often simply with the passage of time (spontaneous recovery) or upon encountering the 

CS in a different  context  from where extinction took place (renewal), or upon re-experiencing 

the US unsignaled (reinstatement) (Bouton, 2002; Milad and Quirk, 2012).  

As with fear acquisition, fear extinction animal models have taught us a great deal 

regarding the brain mechanisms involved in extinction learning. Particularly, interactions 

between the amygdala, hippocampus, and vmPFC play a critical role in the modulation of fear 

expression. The vmPFC, specifically the infralimbic (IL) region, has been implicated in the 

consolidation and retrieval of extinction memory (Milad and Quirk, 2012). It is believed that the 

IL is involved in the inhibition of conditioned fear either through direct or indirect inhibitory 

input to the CeA (e.g., via intercalated cells, ITC) (Milad and Quirk, 2012; Dunsmoor et al., 

2015). The amygdala also undergoes plasticity during extinction learning (Milad and Quirk, 

2012; Maren et al., 2013). For instance, after extinction, basolateral amygdala neurons increase 

their firing in response to encountering the CS in the extinction context and it has been suggested 

that the infralimbic cortex induces extinction-plasticity within inhibitory circuits of the amygdala 

(Maren et al., 2013; Milad and Quirk, 2012). Similarly, hippocampal activity has been shown to 

play a role in fear expression as well as in extinction recall and in gating contextual control of 

extinction (Milad and Quirk, 2012, Maren et al., 2013). Human studies have also identified a role 

for the vmPFC in extinction learning and retrieval. A less depressed signal in the subgenual ACC 

(an area that is encompassed within the vmPFC) during extinction, was associated with higher 

extinction success as measured by SCR (Phelps et al., 2004). Additionally, increased vmPFC 

BOLD activation has been reported in response to the CS+ compared to the CS- (or in 

comparison to an un-extinguished CS+) during extinction recall occurring in the same context as 

extinction (Milad et al., 2007; Kalish et al., 2006). The magnitude of this vmPFC response has 

been shown to correlate with extinction retention as indexed by SCR responding. In addition, 

hippocampal activation to the CS+ during extinction recall has been shown to correlate with the 

vmPFC activation to the CS+, potentially suggesting hippocampal-vmPFC interactions during 

retrieval of extinction memory (Milad et al., 2007; Kalish et al., 2006). In sum, studies with mice 

and humans have converged in identifying the same corresponding brain regions to be involved 

in fear acquisition and fear extinction. These findings have reinforced the use of fear 

conditioning as an experimental model to study the pathogenesis, maintenance, and treatment of 

anxiety disorders.  
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Fear conditioning models have also served to investigate individual differences in fear 

learning among healthy subjects, namely subjects who do not have clinical pathological anxiety 

but who vary in self-reported personality traits related to the experience of negative affect. Trait 

anxiety, described as the predisposition to frequently experience anxiety in a diverse range of 

situations, is one self-reported personality trait that has been explored on its relationship to fear 

learning. Individual differences in trait anxiety have been linked to altered fear learning and 

regulation (Lonsdorf and Merz, 2017; Indovina et al., 2011). When referring to the 

predisposition to experience anxiety, it may be useful to note a widely accepted distinction 

between fear and anxiety. By fear, we usually refer to an adaptive response to a current or 

imminent environmental threat. Fear is characterized by a relatively short time-scale behavioral 

and biological response which purpose is to prepare the organism to defend and /protect itself 

against imminent danger. Anxiety, in turn, occurs in response to less definitive threat cues or 

when there is uncertainty regarding danger. It is characterized by worry and states of high 

physiological arousal that can be sustained for long periods of time (Bishop, 2007). 

Trait anxiety is often measured with the State and Trait Anxiety Inventory (STAI, 

Spielberger et al., 1983), a standardized self-report scale where subjects rate the frequency with 

which they experience diverse anxious states. A score is obtained in the range of 20-80, with 

higher scores associated with a higher tendency to experience anxiety. Trait anxiety levels have 

been found to be elevated in patients with anxiety disorders and high trait anxiety is thought to 

represent a risk factor for the development of anxiety and mood disorders (Bieling et al., 1998; 

Chambers et al., 2004). Several research efforts have undertaken the task of discerning what 

cognitive, behavioral, and physiological processes differentiate low from high anxious subjects 

with aims of elucidating what mechanisms are associated with risk for anxiety. Different studies 

using diverse paradigms have linked individual differences in trait anxiety with variation in 

behavioral, physiological, and brain responses to aversive stimuli (Bishop, 2007; Etkin et al., 

2004; Mogg et al., 2004; Chan and Lovibond, 1996; Grillon and Ameli, 2001; Carlson et al., 

2011; Stein et al., 2007; Simmons et al., 2008). Particularly, in the fear conditioning literature, 

studies have shown that high trait anxious subjects present altered patterns of fear learning, 

including increased generalization of fear responses to safe stimuli (CS-) during fear acquisition. 

High  trait anxiety has also been found to be associated with a slower decrease of startle 

responses to both threat predictive and safe stimuli (CS+ and CS-) during fear extinction 

(Dibbets et al., 2015; Gazendam et al., 2013). These findings have been suggested to indicate a 

deficit to inhibit fear, especially in the presence of safety cues, and/or fear overgeneralization in 

high anxious individuals. Nevertheless, other studies have failed to find a strong relationship 

between trait anxiety and differences in fear acquisition or extinction using different indexes of 

fear, such as skin conductance and/or expectancy ratings (Barrett and Armony, 2009;  Torrents-

Rodas et al., 2013; Haaker et al., 2015). Such mixed findings may be related to experimental and 

methodological differences regarding the induction and measurement of fear conditioning and/or 

trait anxiety. It has also been pointed out that caution may be appropriate when interpreting 

individual differences in fear learning research that is based on individual differences in self-

report measures. It has been noted that perhaps no single mechanism may identify all of those 

who self-report high anxiety levels (Raymond et al., 2017). The tendency to frequently 

experience anxiety may be the result from being immersed in a stressful environment or the 

effect of the interaction of biological predispositions and experiences with anxiogenic 

environments (Raymond et al., 2017). Early life stress experiences and biological risk factors 

may further interact to amplify and maintain vulnerability to stress and the tendency to react with 
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anxiety. Nevertheless, self-reported measures of anxiety may continue offering information that 

may difficult to grasp with other anxiety behavioral measures. Thus, examination of self-reported 

individual differences in trait anxiety and their relationship to fear learning offers a pathway 

through which the mechanisms underlying individual differences in fear learning and regulation 

can continue to be parsed out. Given that individual differences in trait anxiety are deemed to 

represent a vulnerability factor for the development of anxiety disorders (AD), fear conditioning 

research with individuals with varying levels of trait anxiety can aid in elucidating any fear 

learning and fear regulation differences among healthy subjects, before the onset of an AD.  

Although fear-conditioning models have been key in advancing our understanding of the 

mechanisms implicated in fear learning and extinction, this type of associative learning may not 

be the only process that may be altered in pathological anxiety or in healthy subjects who are 

more prone to experience anxiety. For instance, using paradigms developed to study attentional 

processing, attentional biases towards threat-related stimuli have been identified in anxious 

individuals relative to non-anxious subjects (Cisler and Koster, 2010). Thus, it is possible that 

vulnerability to anxiety may be expressed through different processes beyond associative 

learning. Therefore, other types of paradigms beyond fear conditioning may contribute to explore 

and identify behavioral and cognitive processes that may go awry in anxiety. To expand our 

understanding of the mechanisms through which vulnerability to anxiety is conferred, it would 

be critical to move beyond fear conditioning models to explore other neurocognitive and/or 

behavioral processes that may distinguish those who are more vulnerable to anxiety from those 

who are less. Additionally, it is also relevant to advance research that would inform on 

behavioral or cognitive strategies that could potentially target the fear/anxiety neurocircuitry to 

help at-risk individuals to better downregulate their anxiety. 

 Research on stress represents another paradigm by which relevant information on 

individual differences in vulnerability to anxiety can be gathered. Chronic stress, for example, is 

often associated with the onset of affective disorders, and so it is critical to advance research that 

informs the mechanisms by which stress impacts the neurocircuitry of fear learning and fear 

regulation. Particularly, chronic stress has been shown to especially impact PFC function which 

is critical for adaptive fear inhibition (Raio et al., 2015). Interestingly, however, not all forms of 

stress have the same effects on an organism. One important characteristic that modulates the 

effects of stress on physiology and behavior is the degree of behavioral control that the organism 

is able to exert over the stressor. For instance, studies with mice have found that exposure to 

uncontrollable stress is related to an array of adverse behavioral outcomes including poor 

avoidance learning and potentiation of fear conditioning (Maier and Watkins, 2010; Baratta et 

al., 2007). However, these outcomes are not observed with exposure to controllable stress even 

when it is of the same quantity and intensity as uncontrollable stress (Maier and Watkins, 2010; 

Maier, 2015). Additionally, experience with controllable stress appears to immunize the 

organism against the effects of subsequent uncontrollable stress exposure. For example, when 

mice have been previously exposed to controllable stress and subsequently exposed to 

uncontrollable stress, the deficits with escape behavior usually observed after uncontrollable 

stress, are not observed (Maier and Watkins, 2010; Amat et al., 2006; Maier, 2015). In this 

regard, controllable stress experience has been proposed to be a factor in conferring resiliency 

against stress. The study of the effects of controllable versus uncontrollable stress and their 

interaction with individual differences in trait anxiety is largely unexplored. Yet, more 

investigation into this area could yield relevant information for our understanding of individual 
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differences in fear regulation. Importantly, it could also inform whether experiences with control 

may help at-risk individuals to better cope with stress and counteract its effects. 

In this thesis, three different studies will be presented that investigate individual 

differences in trait anxiety and their relationship to differences in fear learning and responses to 

aversive events. High trait anxiety as a vulnerability factor for anxiety disorders has been 

associated with fear inhibition deficits. High trait anxiety has also been linked to differences in 

PFC –amygdala white matter integrity as well as under-recruitment of PFC regulatory function 

under threat, relative to low trait anxiety (Indovina et al., 2011; Kim and Whalen, 2009; 

Sehlmeyer et al., 2011). Thus, the unifying hypothesis underlying the studies presented here is 

that, given potential deficits in the inhibition of fear and the recruitment of PFC regulatory 

mechanisms, high trait anxiety is associated with increased fear generalization (Study 1), 

increased conditioned fear (Study 2) as well as unconditioned responses to aversive events, 

especially when primed by a recent uncontrollable, aversive experience (Study 3). In the first 

project (Study 1), using a fear-conditioning paradigm with multiple CS’s, it is examined whether 

individual differences in trait anxiety were related to differences in two types of fear 

generalization: a) from a reinforced singleton stimulus to an unreinforced compound stimulus 

containing it, and b) from a reinforced compound stimulus to the unreinforced components 

making up the compound. In the second project (Study 2), a differential fear-conditioning 

paradigm was used to analyze whether fear acquisition and extinction conducted across more 

than one context, were associated with differential conditioned fear during acquisition, extinction 

and extinction recall for low and high anxious individuals. Finally, in the third project (Study 3), 

an avoidance-learning task was used to explore whether low and high anxious subjects differed 

in their responses to controllable versus uncontrollable aversive stimulation. Also, in this last 

study, it was explored whether prior experience with control over avoiding an aversive event 

impacted responses to subsequent uncontrollable aversive stimuli and whether this was 

modulated by trait anxiety levels. In the next three chapters, each of these three studies will be 

described at length. 
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CHAPTER 1 

Individual differences in trait anxiety and fear generalization from singleton 

to compound and from compound to parts. 

 

 

ABSTRACT 

Fear overgeneralization to non-threat predictive stimuli is characteristic of anxiety 

disorders as well as of individuals with high trait anxiety scores. Two types of fear generalization 

with regards to how they present in anxiety remain understudied: a) fear generalization from a 

reinforced singleton stimulus to a compound containing it and b) fear generalization from a 

reinforced compound stimulus to its unreinforced components. Characterizing these 

generalization processes in individuals prone to anxiety may further the understanding of fear 

generalization mechanisms that may be altered prior to the onset of an anxiety disorder. This 

knowledge may also inform prevention and treatment interventions for anxiety. Here, we used an 

aversive reinforcement learning paradigm with stimuli presented in a pseudo-random sequence 

to investigate differences in fear generalization in individuals with varying trait anxiety levels. 

We examined fear generalization processes in two scenarios: a) from a single conditioned 

stimulus (CS) to a safe compound containing this single element and b) from a compound 

conditioned stimulus to the non-reinforced elements conforming the compound. In both cases, 

we aimed to examine whether fear generalization, as indexed by pupillary dilation and US 

expectancy ratings, would be enhanced as a function of trait anxiety scores. Results indicated 

significant fear generalization, early during learning, from the reinforced singleton to the safe 

compound containing it, and from the reinforced compound to its components, reflected both in 

pupillary dilation and US expectancy ratings. However, no modulation by trait anxiety was 

observed upon both types of fear generalization, suggesting that healthy subjects with varying 

levels of subclinical anxiety do not differ in these fear generalization processes. Nevertheless, the 

observed absence of a modulatory effect of trait anxiety on fear generalization may have been 

due to rapid learning of the CS-US contingencies (the CS+’s being reinforced at a 100% rate) 

and rapid extinction of fear generalization.  
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INTRODUCTION 

 When learning takes place in a naturalistic environment, stimuli are rarely encountered in 

isolation. Most often, threat predictive and safe cues are co-presented, and it is the subject’s task 

to learn to discriminate among these to modulate his/her behavior accordingly. 

Overgeneralization of fear to non-threat predictive stimuli is a hallmark of anxiety disorders. 

Anxiety patients have been reported to show enhanced fear conditioned responses to safe stimuli 

that resemble the reinforced conditioned stimulus (CS+) (Duits et al., 2015; Lissek et al., 2009; 

Grillon and Morgan, 1999). In humans, fear generalization has often been studied by measuring 

conditioned responses to stimuli that do not predict the unconditioned stimulus (US) but are 

perceptually similar to the CS+ (although non- perceptual generalization has also been reported; 

see Dymond et al., 2015 for a review). Participants have been found to show generalization 

gradients, with high conditioned responses being generated to the generalization stimuli that 

most closely resemble the CS+ and the magnitude of conditioned responding dropping off as 

perceptual similarity between the generalization stimulus and CS+ diminishes (Dunsmoor and 

Paz, 2015; Lissek et al., 2008; Lissek et al., 2010). These generalization gradients have been 

observed to differ between anxiety patients and healthy controls (Kaczkurkin et al., 2017, Lissek 

et al., 2010, 2014). For instance, Lissek et al., (2010, 2014) found that both panic disorder (PD) 

and generalized anxiety disorder (GAD) patients exhibited more shallow generalization gradients 

than healthy controls, that is the healthy control participants’ fear responses decreased much 

more steeply as physical similarity between the CS+ and the generalization stimulus decreased. 

Fear generalization has also been observed to vary among healthy subjects as a function of 

individual differences in trait anxiety. High trait anxiety levels have been associated with a 

tendency to generalize fear responses to a safe stimulus that is similar to the fear conditioned 

stimulus (Dibbets et al., 2015; Haddad et al., 2012). Wong and Lovibond (2018), using a single 

cue conditioning paradigm, recently reported less steep generalization gradients in high anxious 

individuals relative to low anxious controls, as reflected in US expectancy ratings. Low and high 

anxious subjects did not differ in their ratings to the CS+, but high anxious individuals showed 

higher US expectancy ratings to the generalization stimuli (Wong and Lovibond, 2018). 

However, other studies have failed to identify an effect of trait anxiety or neuroticism (a 

vulnerability factor for anxiety) on fear generalization (Torrents-Rodas et al., 2013; Arnaudova 

et al., 2017).  

Although fear overgeneralization appears to characterize several anxiety disorders, 

potentially making it a transdiagnostic feature of clinical anxiety, more research is needed to 

better understand the factors and mechanisms that facilitate fear overgeneralization. It has been 

noted, for instance, that fear does not appear to generalize equally to all stimuli. Research has 

shown that fear generalizes more to stimuli that have higher emotional intensity relative to the 

CS+ in PTSD patients (Morey et al., 2015).  Two forms of generalization that have received little 

attention in human research with regard to how they interact with anxiety, are fear generalization 

from a reinforced single CS to compound stimuli (containing that single CS) and from reinforced 

compound stimuli to their components. Characterizing these generalization processes in anxiety 

patients as well as healthy controls with varying levels of trait anxiety can help further inform the 

learning mechanisms that are compromised in anxiety. Several associative learning mechanisms 

have been proposed to be impaired in anxiety including fear overgeneralization and failure to 

inhibit fear in the presence of safety (Lissek et al. 2015; Duits et al., 2015). Fear 

overgeneralization from a reinforced singleton to a safe compound containing it, or vice versa, 
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may represent an expression of these deficits. Furthermore, studying fear generalization from 

compound stimuli to its parts (and vice versa) might well be of value to the understanding of 

stress-related disorders, such as PTSD. In traumatic scenarios, for instance, multiple CSs often 

co-occur and individuals with PTSD often show conditioned fear responses to specific or several 

of these cues (or cues that resemble them) when they encounter them subsequently in isolation 

and/or within contexts of safety.  

Different theoretical accounts predict different levels of generalization from singletons to 

compounds and from compound to singletons. Elemental models of learning (see Rescorla and 

Wagner, 1972), where each CS present competes for associative value - predict asymmetrical  

generalization, with generalization from compound (AB+) to singleton (A) being reduced 

relative to generalization from single element (A+) to compound (AB) (Bouton et al., 2012). 

This is because a reinforced singleton (A+) would accumulate all of the associative strength that 

the US can support and would be transferred to the compound AB. However, in the reinforced 

compound case (AB+), the two stimuli making up the compound (A, B) would compete for 

associative strength each attaining a portion of it, and thus less responding would be expressed to 

the singletons (A, B), relative to the compound, when encountered in isolation. Thus in this 

model, responding to the compound is predicted to be the sum of the associative strength of its 

elements (Rescorla and Wagner, 1972). To note is that the total associative strength of the 

compound could be reduced if some element of the compound has acquired negative associative 

strength. For instance, in the case where A is reinforced (A+) interspersed with trials of AB-, B 

can acquire negative associative strength and act as a conditioned inhibitor, that is, inhibit 

responding to a compound composed of this element (B) and another CS that has been paired 

with the US. (Rescorla and Wagner, 1972; Pearce and Bouton, 2001).  

In contrast, Pearce’s configural learning model (Pearce, 1994), argues that the stimuli 

present at a given conditioning trial can be treated as a configuration, and this whole 

configuration can come into association with the US (Pearce, 1987, 1994; Pearce and Bouton, 

2001). Here, generalization from a stimulus configuration to another would depend on how 

similar they are, and this similarity is determined as a function of the proportion of elements that 

stimuli configurations have in common (Pearce, 1987, 1994; Pearce and Bouton, 2001). In both 

cases, where A+ is trained first and then compound AB is tested, and vice versa, where  AB+ is 

trained and then A is tested, the similarity between the stimuli ( A and AB) is the same. Thus, 

this model predicts symmetrical levels of generalization from A+ to AB and from AB+ to A 

(Pearce, 1987). This model also predicts conditioned inhibition from B, when A+ is trained 

interspersed with AB- trials, due to AB- generalizing its inhibition to B as a function of their 

similarity (Pearce, 1987).  

Evidence has accumulated in support of both elemental and configural views and 

although some behavioral phenomena can be explained by both approaches, others are better 

explained using a configural rather than an elemental approach and vice versa (Melchers et al., 

2008). Indeed, it has been proposed that animals and humans are able to switch between 

configural and elemental strategies to solve learning problems, and that several factors (e.g., task 

demands, prior experience, similarity among the elements of the compound, etc.) influence 

whether an elemental or configural approach is used (Melchers et al., 2008; Soto et al., 2014).  

Certainly, more research is needed to better understand singleton to compound generalization 

and vice versa and particularly how they might be impacted by anxiety.  
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In the present study, we aimed to explore whether conditioned fear responses generalized 

a) from a reinforced singleton to a compound containing this singleton and b) from a reinforced 

compound to its components. We were especially interested in examining if either form of fear 

generalization varied as a function of trait anxiety scores. Given that trait anxiety represents a 

risk factor associated with vulnerability for the development of anxiety disorders (Chambers et 

al., 2004), characterizing generalization processes in individuals with varying levels of trait 

anxiety, could inform generalization mechanisms that may be altered prior to the onset of an 

anxiety disorder. Due to the apparent flexibility in subjects’ approaches to solving learning 

problems either configurally or elementally, we had no predictions on whether one type of 

generalization could be facilitated over the other at the group level. As for effects of anxiety, we 

predicted that generalization from compound CS+ to parts CS’s- would be elevated in high trait 

anxious subjects relative to low anxious subjects. This, given that in PTSD,  despite conditions of 

safety, patients often show conditioned fear responses to isolated elements of the traumatic event 

or to isolated elements resembling those of the traumatic event when encountered subsequently 

(Lissek and Grillon, 2012). We did not have specific predictions as to whether trait anxiety 

would or would not be associated with increased generalization from CS+ singleton to CS- 

compound. Both, configural and elemental learning models predict conditioned inhibition 

(although by different mechanisms), suggesting that the other CS paired with the CS+ singleton 

to make up the compound CS- might be encoded as a safety signal (or conditioned inhibitor) and 

lead to inhibition of a conditioned response to the compound. If this is the case, we might expect 

this lowered fear responding to be enhanced in low anxious individuals, particularly if as 

reported elsewhere, anxiety is linked to impoverished fear safety learning or deficits in the 

inhibition of fear to safety cues (Duits et al., 2015; Grupe et al., 2013; Woody and Rachman, 

1994; Gazendam et al., 2013).  

 

METHODS 

Participants 

Thirty healthy right-handed adults with normal or corrected vision participated in the 

study.  All participants provided informed consent prior to the experiment and the UC Berkeley 

Institutional Review Board approved the conduction of this experiment.  From these subjects, 

one subject’s data was excluded from the pupillary data analysis portion due to poor quality data.  

This left us with a total of 30 subjects’ data being included in the subjective ratings’ data analysis 

(18 female; mean age=19.68, SD=1.39) and 29 subject’s data included in the pupillary data 

analysis (17 female; mean age =19.71, SD= 1.41).  

 

Stimuli, task design and procedure. 

We used an aversive reinforcement learning paradigm composed of 3 phases: habituation, 

fear acquisition, and fear extinction. Subjects completed these 3 phases in one single 

experimental session. Nine garbor shapes served as conditioned stimuli (CS) for the task (Figure 

1.1). Of these nine shapes, six stimuli were singletons while three stimuli were compounds, each 

compound composed of two of the singletons (Figure 1.1). During the fear acquisition phase, one 

of the singletons (i.e, CS1, Figure 1.1) and one of the compounds not related to that singleton 
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(i.e, CS6, Figure 1.1) were reinforced with an aversive stimulus, which constituted the 

unconditioned stimulus (US).  The US consisted of electrical stimulation delivered to the 

subject’s right wrist and a scream that was played through headphones. The US occurred with a 

100% contingency rate. The rest of the stimuli were never associated with the US.  

All stimuli were presented pseudo-randomly, following a type 1- index 1 sequence such 

that each stimulus was presented once (before appearing again) and each stimulus followed 

every other stimulus equally often. This presentation order was used for all subjects. Stimuli 

were randomized so that across subjects, different shapes constituted the reinforced singleton 

(CS1), reinforced compound (CS6), and the rest of the non-reinforced stimuli. The only rule was 

that CS1 could not be a component of CS6. The singletons comprising the compounds were 

counterbalanced with regards to compound position (left, right) across subjects. 

At the beginning of the experimental session, all participants completed the Spielberger 

State and Trait Anxiety Inventory (STAI; Spielberger, 1983). After this, subjects underwent a 

calibration procedure to determine the level for the US (see section: Aversive stimulus: electrical 

and auditory stimulation). The experimental phase started with habituation. During habituation, 

subjects were presented with all stimuli without reinforcement, each stimulus being presented 3 

times. The fear acquisition phase was divided into four blocks of 54 trials each, with each CS 

being presented 6 times in a given block. The first block of acquisition started immediately after 

habituation. Acquisition blocks 1-4, were followed by a small break period not longer than 2 

minutes. After the break period following acquisition block 4, the extinction phase began. During 

extinction, each stimulus was presented unreinforced 6 times. Subjects were instructed that no 

aversive simulation would be delivered during habituation, but that during the acquisition phase 

some of the stimuli would be followed by the US. They were also told that the aversive 

stimulation ‘may or may not occur during the third phase of the experiment’ (extinction).  

On each trial, in all three task phases, subjects were instructed to rate how likely was it 

for the presented stimulus to be followed by aversive stimulation, on a 0 (‘0% likelihood’) to 100 

(‘100% likelihood’) scale (more details below). The rating scale remained on the screen across 

trials and during inter-trial intervals, only being removed during the break between blocks.  Each 

trial started with CS presentation in the center of the screen (Figure 1.2). Subjects were 

instructed to rate the likelihood of US delivery following the CS as quickly and accurately as 

possible and informed that response time was limited. Participants had a 2-second window to 

make this rating. During this period, a cursor appeared above the rating scale, which subjects 

could move to select their answer. After this period, the cursor disappeared and subjects were 

unable to input any responses. CS presentation continued for 2-seconds further (4s duration in 

total). During acquisition, CS+ (CS1 and CS6) offset was accompanied by the delivery of the 

unconditioned stimulus (US). The next trial commenced following an ITI of 3.25 seconds.   

 

Aversive stimulus: electrical and auditory stimulation  

The unconditioned stimulus (US) consisted of the compound presentation of a 2 ms burst 

of electrical stimulation and a 103 dB scream. The electrical stimulation was delivered using a 

constant current stimulator (Digitimer DS7A, Digitimer Ltd.) via an electrode attached to the 

right wrist. Prior to task performance, subjects underwent an electrical stimulation calibration 

procedure to select a perceived level of stimulation as constant as possible across subjects. 
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Specifically, the level of stimulation was gradually increased until the participant rated the 

stimulation as 7 /10 on a 1- “not painful/uncomfortable/unpleasant at all” to 10- “very 

painful/uncomfortable/unpleasant” scale. The current stimulator was set at this level (7/10). The 

auditory stimulus was delivered via headphones and lasted 750 ms, with its onset coinciding with 

that of the electrical stimulus. 

 

Pupillary Measurements 

An EyeLink 1000 (SR Research) eye-tracker system was used to record subjects’ pupil 

diameter at a sampling rate of 500 Hz. The task took place in a room with reduced lighting. 

During the task, subjects were seated in front of a computer with their head positioned on a chin 

rest placed 60 cm away from the display monitor. All pupil data were pre-processed and 

analyzed with customized scripts written in Matlab (The Mathworks, Natick, MA, USA). Prior 

to data analysis, artifacts due to blinks and/or loss of signal were identified and removed and 

linear interpolation between neighboring points was conducted. The interpolated data was low- 

pass filtered using a Butterworth filter and a 3.75 Hz frequency cutoff (Nassar, et al. 2012).  

Subsequently, pupil measurements were z-transformed across phases and epoched into trials 

beginning 0.2 seconds before CS onset and ending at 4 seconds after CS onset. The pupil trace 

for the period post-CS onset was baseline corrected by subtracting the average from the 0.2 sec 

period before CS onset. Left and right pupil data were averaged and the mean signal calculated 

for four sequential 1 second time bins (0-1s, 1-2s, 2-3s, and 3-4s post-CS onset) (See Appendix 

Figure 1.15 for an example of pupillary traces). This was done in a trial by trial basis for each 

experimental phase. For data analysis, we used as dependent measure trial by trial bin averages 

corresponding to the latest anticipation period before CS offset and outcome delivery (bin4, 3-4 

seconds after CS onset). This pupil bin was selected to avoid capturing responses to the US 

(which was delivered at 4 seconds) and responses related to answering the rating scales which 

subjects could do until 2 seconds after CS onset (See Appendix Figure 1.15, for an example of 

the pupil trace changes as a function of time). 

For each subject, trials that had 50% or more of interpolated or missing data were not 

included in the analysis. This led to a mean rejection of 6.691% (SD= 7.374) of trials per 

participant (range 0 to 25%). 

 

Analysis 

 A linear mixed model analysis, with maximum likelihood estimation, was performed in R 

separately for each experimental phase (habituation, acquisition, extinction). For analysis of the 

pupil dilation data from acquisition, the following binary (0,1) fixed effect predictors were 

included: 1) whether the stimulus was a compound (compound); 2) whether the US had been 

received in the previous trial (prevTrialShocked); 3) whether the CS was a reinforced singleton 

(CS1, singleShocked), 4) whether the CS was a reinforced compound (CS6, compoudShocked), 

5)  whether the CS was a non-reinforced singleton part of compound CS3 (CS2, safeGen), 6) 

whether the CS was the safe compound containing  the reinforced singleton (CS1) (CS3, 

compoundGen) and 7) whether the CS was an unreinforced component of the reinforced 

compound CS6 (CS4 and CS5, singleGen). In addition, two continuous predictors were included:  
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trial block (1-4, trialBlock) and trait anxiety score (centered) as well as the interaction terms 

involving compondGen (CS3, singleton-to-compound generalization) with trial block and trait 

anxiety score and the same interaction term but with the singleGen (CS4 and CS5, compound-to-

parts generalization) predictor. We set experimental subject (Subject) as a random factor 

(random intercept), to allow modelling for a different mean pupil baseline for each individual.  

The model equation used in the main analysis for acquisition was: 

Mean pupil dilation ~ compound + prevTrialShocked+ trialBlock + singleShocked+ 

compoundShocked + compoundGen + singleGen + safeGen + Trait anxiety + Trait 

anxiety*compoundGen + Trait anxiety*singleGen+ trialBlock*compoundGen + 

trialBlock*singleGen + trialBlock* compoundGen* Trait anxiety + trialBlock * singleGen* 

Trait anxiety + (1|Subject) 

Similar analyses were performed for habituation and extinction, with the exception that 

the fixed effects ‘prevTrialShocked’ and ‘trialBlock’ and their interactions were not included in 

these analyses. Paired sample t-tests and correlations were performed to further investigate 

significant effects. For examining singleton to compound generalization effects using t-tests, the 

mean of CS9 served as a baseline against which to compare the mean of CS3 (compound 

containing the reinforced singleton, CS1) (Figure 1.1). Meanwhile, to test for compound to parts 

generalization, the mean of CS7 and CS8 was used as a baseline against which the mean of CS4 

and CS5 (components of the reinforced compound, CS6) was compared.  

Prior to data analysis, the US expectancy ratings’ data were square root transformed, due 

to violations of normality (positive skew). The same mixed models specified above (per 

experimental phase) were used upon the ratings’ data. 

Figure 1.1. Stimuli used for the aversive reinforcement learning task. Conditioned stimuli 

followed by the US during acquisition (i.e., the two CS+) appear with a lightning bolt image 

underneath.  
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Figure 1.2. Trial structure.  The CS was presented on the screen for 4 seconds. Offset of 

CS1 and CS6 was immediately followed by the US. The rating scale remained on the screen 

across trials, throughout each block. The time window for ratings to be made was 0-2s 

following CS onset. A) Trial with singleton (CS1) reinforced; B) Trial with unreinforced 

generalization compound (CS3), which contains the reinforced singleton CS1; C) Trial with 

reinforced compound (CS6); D) trial with an unreinforced component of the compound 

CS6.  
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RESULTS 

US expectancy ratings 

 Habituation 

 Analysis of the US expectancy ratings during habituation revealed a main effect of 

compound (p=0.000; Table 1.1), suggesting higher ratings to compounds relative to baseline 

singletons (CS7, CS8) (t(29)= 1.7246, p= 0.095, 2-sided; All compounds M= 1.83043, SD= 

2.9168; CS7/8 M= 1.52997, SD= 2.4998). The mean US expectancy rating of all compounds 

combined (CS3, CS6, CS9) also tended to be higher than the mean of all singletons combined 

(CS1, CS2, CS4, CS5, CS7, CS8) (t(29)= 2.0114, p = 0.053, 2-sided; All singletons M= 1.49365, 

SD=2.46956). Additionally, we found a trending main effect of trait anxiety (p=0.079; Table 

1.1), indicating higher trait anxiety scores were associated with higher ratings (r(28)= 0.3509, 

p=0.0572), and two significant interactions involving trait anxiety: singleShocked (coding for 

CS1) with trait anxiety (p<0.001, Table 1.1) and safeGen (coding for CS2) with trait anxiety 

(p=0.004, Table 1.1). In both cases, higher trait anxiety scores were significantly associated with 

higher US expectancy ratings to both CS1 (despite no US being delivered at this point) and CS2  

(CS1: r(28)= 0.4832, p= 0.006; CS2: r(28)= 0.46535, p= 0.009) (Figure 1.3). Given these effects, 

we conducted all subsequent analyses including the habituation mean per CS as a fixed factor in 

the models. However, we found that the same effects that were significant or trending in the 

models that did not include the habituation mean as a fixed factor remained significant or 

trending. Thus, we report the results of the analyses without the habituation mean as a predictor.  

 

Table 1.1. Fixed effects for model predicting mean US expectancy ratings during 

habituation. (* = p<0.005; ^ = p>0.005<0.10). 

Predictor Coefficient t p CI (95%) 

Intercept 1.54281 3.4837 0.0005 0.6815 - 2.4040 

compound1 0.35920 3.4031 0.0007 * 0.1539 - 0.5644 

singleShocked1 0.02258 0.2146 0.8301 -0.1819 - 0.2271 

compoundShocked1 -0.19579 -1.5779 0.1150 -0.4371 - 0.0455 

compoundGen1 -0.02206 -0.1808 0.8566 -0.2593 - 0.2152 

singleGen1 -0.08176 -0.9578 0.3385 -0.2477 - 0.0842 

safeGen1 -0.07448 -0.7144 0.4752 -0.2772 - 0.1282 

Trait anxiety 0.08544 1.8186 0.0797 ^ -0.0098 - 0.1807 

compound1* Trait anxiety -0.00173 -0.1538 0.8777 -0.0237 - 0.0202 

singleShocked1*Trait anxiety 0.04344 3.8690 0.0001* 0.0216 - 0.0652 

compoundShocked1*Trait anxiety 0.00077 0.0570 0.9545 -0.0256 - 0.0271 

compoudGen1*Trait anxiety 0.01652 1.2725 0.2036 -0.0087 - 0.0417 

singleGen1*Trait anxiety 0.00515 0.5634 0.5733 -0.0126 - 0.0229 

safeGen1* Trait anxiety 0.03151 2.8354 0.0047* 0.0098 - 0.0531 
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Figure 1.3. Mean US expectancy ratings to CS1 (A) and CS2 (B) at habituation as a 

function of trait anxiety. 

      

 

Acquisition 

 Initially, we conducted a linear mixed effects analysis to determine if subjects showed 

evidence of having learned the contingencies associated with the reinforced stimuli (CS1 and 

CS6) by comparing mean US expectancy ratings during habituation and the last acquisition 

block. We included the same predictors specified above (compound, prevTrialShocked , 

singleShocked, compoundShocked, singleGen, compoundGen, safeGen, trait anxiety) in addition 

to ExpPhase – to code for the habituation phase  and the last block of acquisition, and the 

interactions of ExpPhase and trait anxiety with the rest of the variables (see Table 1.2 for fixed 

effects predictors). This analysis revealed a main effect of ExpPhase (p=0.015) and significant 

interactions of ExpPhase with trait anxiety (p< 0.000), singleShocked (CS1, p<0.000), 

compoundShocked (CS6, p<0.000) and compoundGen (CS3, p=0.025), while the interaction of 

ExpPhase with singleGen was trending (p=0.079) (Table 1.2). We conducted planned paired t-

tests, and determined that mean US-expectancy ratings for the reinforced singleton (CS1) had 

significantly increased from habituation to the last acquisition block (t(29)= -16.203,  p < 0.000, 

1-sided; Habituation: M=1.531, SD=2.461; Acq-block4 : M=9.516, SD=0.957). This was also 

the case for the reinforced compound, CS6 (t(29)= -15.231, p< 0.000, 1-sided; Habituation: 

M=1.687, SD=2.933; Acq-block4 : M=9.693, SD= 0.629 ). In contrast, the combined mean of 

baseline stimuli, CS7 and CS8, did not significantly change from habituation to the last block of 

acquisition (t(29) = 0.598, p= 0.722; Habituation: M=1.529, SD=2.499; Acq-block 4: M=1.155, 

SD= 2.406), and this was also the case for baseline compound CS9 (t(29) = 0.96213, p = 0.828; 

Habituation  M= 1.8913, SD= 3.0220; Acq-block4 M= 1.2607, SD= 2.3429). Also, the mean US 

expectancy ratings of the generalization stimuli, CS3 (t(29)= -0.1914, p = 0.424)  and CS4 and 

CS5 combined (t(29) = 0.043, p = 0.517) did not significantly increased from habituation to the 

last acquisition block (Figure 1.4). Furthermore, the ExpPhase by trait anxiety interaction 

indicated that there was a near significant positive relationship between US expectancy ratings 

(across CS type) and trait anxiety during habituation, (r(28)= 0.355, p=0.053) but this 

relationship was not significant for the last acquisition block (r(28)= -0.322, p = 0.749). 
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Table 1.2. Fixed effects for model predicting mean US expectancy rating across habituation 

and last acquisition block. (* = p<0.005; ^ = p>0.005<0.10). 

Predictor Coefficient t p CI (95%) 

Intercept 1.961367 5.143804 0.0000 1.2178 - 2.7048 

compound1 0.161458 1.046998 0.2952 -0.1392 - 0.4621 

prevTrialShocked1 -0.127255 -1.029478 0.3034 -0.3682 - 0.1137 

singleShocked1 -8.717526 -15.950200 0.0000 * -9.7832 - -7.6518 

compoundShocked1 -8.559383 -15.260024 0.0000 * -9.6530 - -7.4656 

compoundGen1 -0.508150 -0.926881 0.3541 -1.5771 - 0.5608 

singleGen1 -0.584546 -1.357274 0.1748 -1.4243 - 0.2552 

safeGen1 -0.569642 -1.053619 0.2922 -1.6238 - 0.4845 

Trait anxiety 0.201594 5.032212 0.0000 * 0.1199 - 0.2831 

ExpPhase -0.381419 -2.414789 0.0158 * -0.6894 - -0.0734 

Trait anxiety*ExpPhase -0.114644 -7.004455 0.0000 * -0.1465 - -0.0827 

singleShocked1*ExpPhase 8.598812 27.424957 0.0000 * 7.9874 - 9.2101 

singleShocked1*Trait anxiety -0.017680 -0.303399 0.7616 -0.1313 - 0.0959 

compoundShocked1*ExpPhase 8.456151 26.810021 0.0000 * 7.8411- 9.0711 

compoundShocked1*Trait anxiety -0.049694 -0.829110 0.4071 -0.1665 - 0.0671 

compoundGen1*ExpPhase 0.694352 2.239972 0.0252 * 0.0899 - 1.2987 

compoundGen1*Trait anxiety 0.005566 0.098257 0.9217 -0.1048 - 0.1160 

singleGen1*ExpPhase 0.430700 1.752452 0.0798 ^ -0.0485 - 0.9099 

singleGen1*Trait anxiety -0.008813 -0.191361 0.8483 -0.0986 - 0.0809 

safeGen1*ExpPhase 0.409876 1.324691 0.1854 -0.1934 - 1.0132 

safeGen1*Trait anxiety 0.046999 0.816330 0.4144 -0.0652 - 0.1592 

ExpPhase*singleShocked1*Trait 

anxiety 

0.030461 0.909618 0.3631 -0.0348 - 0.0957 

ExpPhase*compoundShocked1*Tr

ait anxiety 

0.047652 1.402100 0.1610 -0.0186 - 0.1139 

ExpPhase*compoundGen1*Trait 

anxiety 

0.007841 0.239341 0.8109 -0.0560 - 0.0717 

ExpPhase*singleGen1*Trait 

anxiety 

0.008616 0.327259 0.7435 -0.0427 - 0.0599 

ExpPhase*safeGen1*Trait anxiety -0.014911 -0.451547 0.6516 -0.0793 - 0.0494 
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Figure 1.4. Mean US expectancy ratings during habituation and the last acquisition block 

by CS type. (Error bars = SEM) 

 

 

We were interested in exploring if any fear generalization from the conditioned stimuli 

(CS1, CS6) to the generalization stimuli (CS3, CS4, CS5) had occurred along the task and 

whether it had changed over time as subjects learned the contingencies associated with the 

CS+’s. We conducted the linear mixed effects analysis specified above (under Analysis), where 

trial block was included as a fixed effect predictor. This analysis revealed that singleShocked 

(coding for CS+ singleton, CS1), compoundShocked (coding for CS+ compound, CS6), 

compoundGen (coding for CS3, singleton-to compound generalization) and singleGen (coding 

for CS4 and CS5, compound- to- parts generalization) were all significant predictors of US 

expectancy ratings (See Table 1.3).  In addition, the two generalization predictors, compoundGen 

and singleGen, significantly interacted with trial block, suggesting that the relationship between 

these predictors and US expectancy ratings differed across blocks. There was no main effect of 

trait anxiety upon US expectancy ratings, but trait anxiety significantly interacted with trial block 

(p=0.003; Table 1.3).  

Table 1.3. Fixed effects for model predicting mean US expectancy ratings during 

acquisition. (* = p<0.005; ^ = p>0.005<0.10). 

Predictor Coefficient t p CI (95%) 

Intercept 4.215566 12.0053    0.0000 3.5272 - 4.9039 

compound1 0.211842 1.86803    0.0618^ -0.0104 - 0.4341 

prevTrialShocked1 -0.106245 -1.41029    0.1585 -0.2539 -0.0414 

trialBlock -0.458210 -13.47732   0.0000 * -0.5248 - -.3915 

singleShocked1 6.283139 55.41734   0.0000 * 6.0608 - 6.5054 

compoundShocked1 6.199698 46.99456   0.0000 * 5.9410 - 6.4583 

compoundGen1 3.771997 10.59241   0.0000 * 3.0739 -  4.4700 
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singleGen1 2.945535 11.39188   0.0000 * 2.4386 - 3.4524 

safeGen1 0.129062 1.15021    0.2501 -0.0909 - 0.3490 

Trait anxiety 0.037819 1.02794    0.3128 -0.0375 - 0.1131 

Trait anxiety*compoundGen1 -0.065134 -1.75849   0.0787 ^ -0.1377 - 0.0074 

Trait anxiety*singleGen1 0.008206 0.30592    0.7597 -0.0443 - 0.0607 

trialBlock*compoundGen1 -0.772526 -8.33057   0.0000 * -0.9543 - -0.5907 

trialBlock*singleGen1 -0.716585 -10.50481   0.0000 * -0.8503 - -0.5828 

trialBlock* Trait anxiety -0.010659 -2.95596   0.0031 * -0.0177 - -0.0035 

trialBlock* compoundGen1* Trait 

anxiety 

0.014201 1.43459    0.1515 -0.0052 - 0.0336 

trialBlock* singleGen1* Trait 

anxiety  

-0.001322 -0.18314   0.8547 -0.0154 - 0.0128 

 

To explore the interactions of the generalization predictors (compoundGen, singleGen) 

with trial block, we conducted a mixed effects analysis using each acquisition trial block’s data 

separately. Here, we included a fixed predictor coding for trial (1-6) to capture learning 

dynamics within each block. From this analysis we found that singleShocked and 

compoundShocked, the predictors coding for the two reinforced CS’s (CS1, and CS6, 

respectively) were significant positive predictors of US expectancy ratings across all blocks (p’s 

< 0.000)(see Table 1.4). Planned paired t-tests showed that, across blocks, the  mean US 

expectancy rating of the reinforced singleton (CS1) was significantly higher than the mean of 

baseline stimuli (CS7 and CS8 combined) (Block 1: t(29)=5.7745, p-value <0.000; CS1 mean= 

7.231, SD=2.872; CS7/CS8 mean =  4.255, SD= 2.536 ; Block 2: t(29)= 9.2937, p <0.000, CS1 

mean=9.078, SD=1.783, CS7/CS8 mean= 3.187, SD= 2.834;  Block 3: t (29) = 13.262, p <0.000, 

CS1 mean= 9.444, SD= 1.514, CS7/CS8 mean= 1.780, SD=2.540; Block 4: t (29)= 14.472, p 

<0.000, CS1 mean= 9.566, SD= 1.247, CS7/CS8 mean=1.155, SD= 2.399). Similarly, across 

blocks, the mean US expectancy rating of the reinforced compound,CS6, was significantly 

higher than the mean of the unreinforced compound CS9 (Block 1: t(29) = 4.76, p< 0.000, CS6 

mean= 7.180, SD=3.041, CS9 mean= 4.453, SD= 3.305 ; Block 2: t(29)= 8.1068, p< 0.000, CS6 

mean= 9.196, SD= 1.521, CS9 mean= 3.594, SD= 3.311; Block 3:  t(29)= 12.037, p<0.000), CS6 

mean= 9.520, SD= 1.131, CS9 mean= 1.986, SD= 2.999; Block 4: t(29)= 16.569, p<0.000, CS6 

mean = 9.686, SD= 0.971, CS9 mean= 1.264, SD= 2.564). Thus, across blocks, both reinforced 

CS’s were associated with significantly increased US expectancy ratings relative to unreinforced 

baseline stimuli, suggesting successful learning of the CS-US contingencies. The compoundGen 

predictor, coding for CS3 -singleton-to-compound generalization, was significant for acquisition 

blocks 1 and 2 (p’s <0.05; Table 1.4), while the singleGen predictor, coding for CS4 and CS5 -

compound-to-parts generalization, was significant for blocks 1, 2 and 3 (p’s <0.01; Table 1.4). 

Planned paired t-tests showed that the mean US expectancy rating of the generalization 

compound CS3 was significantly higher than that of compound CS9 for blocks 1 and 2 (Block 1 

: t(29) = 3.7917, p= 0.000, CS3 mean= 5.682, SD=3.390, CS9 mean= 4.453, SD= 3.305; Block 

2: t(29)= 2.956, p= 0.003, CS3 mean= 4.664, SD= 3.795, CS9 mean= 3.594, SD= 3.311), 

suggesting fear generalization from the reinforced singleton (CS1) to the unreinforced compound 

containing it (CS3). Furthermore, the mean US expectancy rating of CS4 and CS5 combined, 

was significantly higher than that of baseline stimuli CS7 and CS8 combined for blocks 1 – 3 

(Block 1:t(29)= 3.8195, p =0.000, CS4/CS5 mean= 4.874, SD= 2.539; CS7/CS8 mean= 4.255, 
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SD= 2.536; Block 2: t(29)= 2.7329, p=0.005, CS4/CS5 mean= 3.611, SD= 2.960; CS7/CS8 

mean=3.187, SD= 2.834; Block 3: t(29)= 3.2236, p = 0.001, CS4/CS5 mean= 2.224, SD=2.629;  

CS7/CS8 mean= 1.780, SD=2.540), similarly suggesting fear generalization from the reinforced 

compound (CS6) to its components (Figure 1.5). Thus, compoundGen and singleGen were 

associated with higher US expectancy ratings relative to baseline stimuli (CS9, CS7 and CS8, 

respectively) during the initial task blocks (the first two blocks in the case of compoundGen and 

blocks 1-3 in the case of singleGen). This suggests subjects generalized expectation of the US 

from the reinforced singleton (CS1) to the compound containing it (CS3) and from the reinforced 

compound (CS6) to its components (CS4, CS5), during the first half of the task. Furthermore, the 

mean US expectancy rating for CS3 (the compound containing the reinforced singleton CS1), 

was significantly higher than that for CS4 and CS5 combined (components of the reinforced 

compound CS6) for block 1 (t(29)= 2.5792, p= 0.015; 2-sided) and block 2(t(29)=2.3917, p-

value = 0.023; 2-sided). This suggested stronger fear generalization from the reinforced singleton 

(CS1) to the compound containing it (CS3) than for the reinforced compound (CS6) to its 

components (CS4, CS5) during the first half of the task. 

 

Table 1.4. Fixed effects for model predicting mean US expectancy ratings during 

acquisition by trial block. (* = p<0.005; ^ = p>0.005<0.10). 

Acquisition Block 1 

Predictor Coefficient t p CI (95%) 

(Intercept) 2.9961745 7.480684   0.0000 2.2144  - 3.7779 

compound1 0.3288324 1.295119   0.1955 -0.1667 - 0.8244 

prevTrialShocked1 -0.2828091 -1.556069   0.1199 -0.6375 - 0.0719 

trialNumber 0.3666556 7.445543   0.0000 * 0.2705 - 0.4627 

singleShocked1 2.9780603 12.216425   0.0000 * 2.5022 - 3.4538 

compoundShocked1 2.6268199 8.778208   0.0000 * 2.0427 - 3.2109 

compoundGen1 2.1024894 3.574759   0.0004 * 0.9544 - 3.2504 

singleGen1 1.8690576 4.304617   0.0000 * 1.0215 - 2.7165 

safeGen1 -0.1467900 0.596340   0.5510 -0.6272 - 0.3336 

Trait anxiety 0.0220337 0.604921   0.5501 -0.0522 - 0.0962 

compoundGen1*Trait anxiety -0.0159196 -0.648280   0.5169 -0.0638 -0.0320 

singleGen1* Trait anxiety 0.0032834 0.186173   0.8523 -0.0311 - 0.0377 

trialNumber*compoundGen1 -0.2803583 -2.020087   0.0436 * -0.5512 - -0.0094 

trialNumber*singleGen1 -0.3499462 -3.340177   0.0009 * -0.5544 - -0.1454 

Acquisition Block 2 

Predictor Coefficient t p CI (95%) 

(Intercept) 3.926375 7.138518   0.0000 2.8524 - 5.0002 

compound1 0.426718 2.130326   0.0333* 0.0356 - 0.8178 

prevTrialShocked1 -0.211857 -1.560319   0.1189 -0.4769 - 0.05324 

trialNumber -0.074003 -1.868309   0.0619 ^ -0.1513 - 0.0033 

singleShocked1 5.934037 29.303722   0.0000 * 5.5386 - 6.3294 

compoundShocked1 5.594760 24.002378   0.0000 * 5.1396 - 6.0498 

compoundGen1 2.093137 2.008060   0.0448 * 0.0579 - 4.1283 
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singleGen1 2.231172 2.907539   0.0037 * 0.7328 - 3.7294 

safeGen1 0.125386 0.633290   0.5266 -0.2611 - 0.5119 

Trait anxiety -0.007554 -0.182984   0.8561 -0.0917 - 0.0766 

compoundGen1*Trait anxiety -0.047248 -2.414428   0.0159 * -0.0854 - -0.0090 

singleGen1*Trait anxiety 0.003236 0.228061   0.8196 -0.0244 - 0.0309 

trialNumber*compoundGen1 -0.115286 -1.085621   0.2778 -0.3226 - 0.0920 

trialNumber*singleGen1 -0.186777 -2.380962   0.0174 * -0.3399 - -0.0336 

Acquisition Block 3 

Predictor Coefficient t p CI (95%) 

(Intercept) 3.175889 4.87625   0.0000 1.9040 - 4.4476 

compound1 0.188847 1.04709   0.2952 -0.1633 - 0.5410 

prevTrialShocked -0.082337 -0.58186   0.5607 -0.3586 - 0.1939 

trialNumber -0.088612 -2.51297   0.0121 * -0.1574 - -0.0197 

singleShocked1 7.621422 41.69767   0.0000 * 7.2645 - 7.9783 

compoundShocked1 7.562563 36.07330   0.0000 * 7.1531 - 7.9719 

compoundGen1 2.243910 1.38908   0.1650 -0.9104 - 5.3982 

singleGen1 2.799602 2.55512   0.0107 * 0.6600 - 4.9391 

safeGen1 0.332938 1.84955   0.0646 ^ -0.0185 - 0.6844 

Trait anxiety -0.004335 -0.11697   0.9077 -0.0799 - 0.0712 

compoundGen1*Trait anxiety 0.005506 0.32468   0.7455 -0.0276 - 0.0386 

singleGen1*Trait anxiety 0.019470 1.52569   0.1273 -0.0054 - 0.0443 

trialNumber*compoundGen1 -0.081387 -0.79595   0.4262 -0.2810 - 0.1182 

trialNumber*singleGen1 -0.154375 -2.20180   0.0278 * -0.2912 - -0.0174 

Acquisition Block 4 

Predictor Coefficient t p CI (95%) 

(Intercept) 2.355498 3.04192   0.0024 0.8434 - 3.8675 

compound1 0.080333 0.49838   0.6183 -0.2344 - 0.3950 

prevTrialShocked -0.114310 -1.04037   0.2983 -0.3288 - 0.1002 

trialNumber -0.053227 -1.65752   0.0976 ^ -0.1159 - 0.0094 

singleShocked1 8.451120 51.62963   0.0000 * 8.1314 - 8.7707 

compoundShocked1 8.382067 45.23572   0.0000 * 8.0202 - 8.7438 

compoundGen1 1.831299 0.99571   0.3195 -1.7600 -  5.4226 

singleGen1 1.088553 0.78253   0.4340 -1.6277 - 3.8048 

safeGen1 0.225200 1.39717   0.1626 -0.0895 - 0.5399 

Trait anxiety -0.011245 -0.32520   0.7474 -0.0817 - 0.0592 

compoundGen1*Trait anxiety 0.005434 0.35390   0.7235 -0.0245 - 0.03541 

singleGen1*Trait anxiety -0.009795 -0.86340   0.3881 -0.0319 - 0.0123 

trialNumber*compoundGen1 -0.043828 -0.51505   0.6066 -0.2099 - 0.1223 

trialNumber*singleGen1 -0.039444 -0.61247   0.5403 -0.1652 - 0.0863 
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Figure 1.5. Mean US expectancy ratings during acquisition as a function of trial block and 

CS type (error bars = SEM). 

 

 

Furthermore, compoundGen significantly interacted with trial number in the first 

acquisition block (p=0.0436, Table 1.4), but not the rest of the blocks, while singleGen 

significantly interacted with trial number for blocks 1-3 (See Table 1.4) (Figure 1.6). To explore 

whether there was an increasing or decreasing linear trend in US expectancy ratings as a function 

of trial number, we conducted linear regressions using the US expectancy ratings from all trials 

for CS3 and the mean US expectancy ratings for CS4 and CS5 combined. The results indicated 

that trial number significantly predicted US expectancy ratings for CS3 (F(1, 643) = 93.55, p < 

0.000) and CS4 and CS5 combined (F(1, 711) = 153.3, p < 0.000). The analysis of CS3 US 

expectancy ratings showed that the slope coefficient for trial number was -0.19842, while the 

slope coefficient for CS4 and CS5 was -0.1944, suggesting decreases in US expectancy ratings 

for both generalization stimuli with every additional trial (CS3: R2= 0.127; CS4/CS5: R2= 
0.1773). 

Moreover, the linear mixed effects analysis performed by acquisition block showed no 

main effects of trait anxiety in any of the acquisition blocks, but trait anxiety significantly 

interacted with compoundGen (CS3, singleton to compound generalization) in block 2 (p=0.01; 

Table 1.4, Acquisition block 2). However, contrary to our hypothesis, the relationship was such 

that as trait anxiety scores increased, US expectancy ratings to the compound CS3 decreased. 
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Nevertheless, a post hoc correlation between CS3 US expectancy ratings and trait anxiety scores 

showed that the relationship was not statistically significant (r(28) =-0.1212208, p = 0.5234). 

Figure 1.6. US expectancy ratings for generalization CS’s (CS3, CS4 and CS5) and baseline 

CS’s (CS7, CS8, CS9) during acquisition by trial block and trial number. (Error bars = 

SEM). 

 

 

Extinction 

 We first aimed to explore whether US expectancy ratings to the CS+’s had decreased 

from acquisition to extinction by comparing ratings during the last acquisition block to those 

given during extinction. We conducted a mixed effects analysis including as fixed effect 

predictors: compound and prevTrialShocked (as control variables),  experimental phase -coding 

for the last block of acquisition and the extinction phase (ExpPhase), the two reinforced CS’s -

compoundShocked, singleShocked-, trait anxiety and the interaction terms involving ExpPhase, 
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singleShocked, compounShocked and trait anxiety. We found a main effect of compound (p= 

0.0012; Table 1.5), suggesting higher US expectancy ratings for compounds than singletons 

across acquisition block 4 and extinction (t(29)= 9.4081, p-value<0.000, 2-sided; All compounds 

combined M = 3.7210, SD=1.5483;  All singletons combined M= 2.4118, SD=1.7052). 

Furthermore, the interactions of ExpPhase with singleShocked and ExpPhase with 

compoundShocked were both significant (p’s< 0.000; Table 1.5). A planned paired t-test showed 

that US expectancy ratings significantly decreased from the last block of acquisition to extinction 

for the single reinforced CS, CS1  (t(29)= 6.6047, p < 0.000, 1-sided; Acq-Block4: M= 9.516, 

SD=0.957; Extinction: M=6.129, SD=2.716) and for the reinforced compound , CS6 (t(29) = 

7.6669, p< 0.000, 1-sided; Acq-Block4 : M= 9.693,SD=0.629, Extinction: M=6.002, SD= 

2.691). In contrast, the mean US expectancy ratings for CS7 and CS8 combined, did not 

significantly changed from  the last acquisition block to extinction (t(29) = -0.51372,  p = 

0.6943, 1-sided;  Acq-block4: M= 1.155, SD=2.406; Extinction: M= 1.308, SD=  2.031). This 

was also the case for baseline compound CS9 (t(29) = -0.17149, p = 0.567, 1-sided; Acq-block4: 

M=1.2607 , SD= 2.3429; Extinction: M= 1.3148, SD= 2.1304) (Figure 1.7). However, mean US-

expectancy ratings during extinction were significantly higher than 0, for both the reinforced 

stimuli (CS1, CS6) and baseline stimuli, CS9, CS7 and CS8 (p<=0.001).  

Table 1.5. Fixed effects for model predicting mean US expectancy ratings as a function of 

experimental phase (acquisition last block and extinction). (* = p<0.005; ^ = p>0.005<0.10). 

Predictor Coefficient t p CI (95%) 

Intercept 1.395332 3.691206   0.0002 0.6558 - 2.1348 

compound1 0.311762 3.236542   0.0012 * 0.1233 - 0.5002 

prevTrialShocked1 -0.084435 -0.648539   0.5167 -0.3391 - 0.1702 

ExpPhase -0.018417 -0.197460   0.8435 -0.2008 - 0.1640 

Trait anxiety -0.193740 -5.025625   0.0000 * -0.2725 - -0.1149 

singleShocked1 15.324779 24.082153   0.0000 * 14.079 - 16.5696 

compoundShocked1 15.451693 24.195837   0.0000 * 14.2023 - 16.7010 

ExpPhase*Trait anxiety 0.085898 9.282722   0.0000 * 0.0677 - 0.1040 

ExpPhase*singleShocked1 -3.510027 -14.11951   0.0000 * -3.9963 - -3.0236 

ExpPhase*compoundShocked1 -3.719694 -14.92122   0.0000 * -4.2073 - -3.2320 

Trait anxiety*singleShocked1 0.042216 0.626329   0.5311 -0.0896 - 0.1740 

Trait anxiety* 

compoundShocked1 

0.066004 1.001167   0.3168 -0.0629 - 0.1949 

ExpPhase*singleShocked1*Trait 

anxiety 

-0.002513 -0.095471   0.9239 -0.0540 - 0.0489 

ExpPhase*compoundShocked1* 

Trait anxiety 

-0.013083 -0.504389   0.6140 -0.0638 - 0.0376 
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Figure 1.7. US-expectancy ratings during late acquisition and extinction as a function of CS 

type. (Error bars = SEM) 

 
 

In the analysis above we also found a main effect of trait anxiety and a significant 

interaction of ExpPhase and trait anxiety (p<0.000, Table 1.5) upon US expectancy ratings.  

Post-hoc correlation analysis indicated that mean US expectancy ratings across CS type were not 

significantly associated with trait anxiety scores at the last acquisition block (r(28)= -0.074, 

p=0.69). However, trait anxiety scores had a positive relationship with mean US expectancy 

ratings (across CS type) at extinction (r(28)= 0.385, p=0.035) (Figure 1.8). 

Figure 1.8. Mean US expectancy ratings (across CS type) at extinction as a function of trait 

anxiety scores. 
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 We next explored whether generalization effects were present at extinction, as reflected 

by increased US expectancy ratings to generalization stimuli (CS3, CS4 and CS5) relative to 

baseline stimuli (CS9, CS7 and CS8). Here, as with the analysis for acquisition, we included trial 

number as a fixed effect predictor to explore changes in ratings as subjects advanced in the task. 

Results from a linear mixed effects analysis showed main effects for the CS+s, the reinforced 

singleton (CS1, p<0.000) and the reinforced compound (CS6, p<0.000) (Table 1.6). Planned 

paired t-tests indicated, that during extinction, both reinforced CS’s, singleton CS1 and 

compound CS6, continued to be associated with higher US expectancy ratings relative to 

baseline stimuli CS7 and CS8, and CS9, respectively. (CS1vs CS7/CS8: t(29)= 8.0835, p< 

0.000, 1-sided; CS1 mean= 6.097,SD= 3.812, CS7/CS8 mean= 1.306,SD= 2.034;  CS6 vs CS9: 

t(29)= 7.8099, p<0.000, 1-sided; CS6 mean=5.901, SD= 3.733, CS9 mean= 1.263, SD=2.568) 

(Figure 1.9). From the main analysis above, we did not find significant main effects for 

singleGen and compoundGen at extinction. Thus, at extinction, the generalization stimuli (CS3, 

CS4, CS5) were no longer associated with significantly increased US expectancy ratings relative 

to baseline stimuli (p’s> 0.10). Yet, the CS+s (CS1, CS6) remained associated with higher 

expectation of the US compared to baseline stimuli, suggesting poor extinction. However, we 

found a main effect of trial number (p<0.000) upon US expectancy ratings and two significant 

interactions involving compoundGen (CS3, singleton –to compound- generalization) and 

singleGen (CS4 and CS5, compound to parts generalization) with trial number, respectively 

(p’s<0.04) (Table 1.6). A linear regression conducted using only the US expectancy ratings for 

CS3 with trial number as an explanatory variable, indicated only a trending effect of trial 

(p=0.0978) on US expectancy ratings for CS3 (F(1, 17)= 2.349, p= 0.1272; R2=  0.01339). 

Although the negative slope coefficient for trial (-0.2087), suggested US expectancy ratings for 

CS3 tended to decrease with every trial. Meanwhile, the mean US expectancy rating for CS4 and 

CS5 combined, significantly decreased with every trial (F(1, 177) =10.52, p= 0.001; coefficient: 

-0.3335; R2=0.0561) (Figure 1.9). 

Table 1.6. Fixed effects for model predicting mean US expectancy ratings during 

extinction. (* = p<0.005; ^ = p>0.005<0.10). 

Predictor Coefficient t p CI (95%) 

Intercept 3.051935 8.867993   0.0000 2.3803 -3.7235 

compound1 0.088249 0.424625   0.6712 -0.3173 - 0.4938 

trialNumber -0.500743 -12.305250   0.0000 * -0.5801 - -0.4213 

singleShocked1 4.853899 23.555063   0.0000 * 4.45178 - 5.2560 

compoundShocked1 4.568867 18.925650   0.0000 * 4.0977 - 5.0399 

compoundGen1 -0.489923 -1.104013   0.2698 -1.3558 - 0.3760 

singleGen1 -0.511809 -1.574988   0.1155 -1.1459 - 0.1223 

safeGen1 0.065035 0.316279   0.7518 -0.3362 - 0.4662 

Trait anxiety 0.029360 0.835356   0.4106 -0.0422 - 0.1009 

compoundGen1*Trait anxiety 0.076556 1.747034   0.0808 ^ -0.0089 - 0.1620 

singleGen1*Trait anxiety 0.015113 0.456801   0.6479 -0.0494 - 0.0796 

trialNumber*compoundGen1 0.278894 2.635548   0.0085 * 0.0723 - 0.4853 

trialNumber*singleGen1 0.172274 2.151765   0.0316 * 0.0160 - 0.3285 

trialNumber*Trait anxiety 0.012021 2.772571   0.0056 * 0.00356 - 0.0204 

trialNumber*compoundGen1* -0.015476 -1.380875   0.1675 -0.0373 - 0.00639 
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Trait anxiety 

trialNumber*singleGen1*Trait 

anxiety 

-0.009066 -1.067235   0.2860 -0.0256 - 0.0075 

 

 In addition, we found a trending interaction of compoundGen with trait anxiety scores 

(p=0.08, Table 1.6). A post-hoc correlation indicated there was a positive relationship between 

US expectancy ratings to CS3 during extinction and trait anxiety scores (r(28)= 0.332 , p= 0.072; 

CI 95%= -0.0314 - 0.6187). However, we had observed a significant positive correlation 

between US expectancy ratings across CS type and trait anxiety scores during extinction in the 

prior analysis (See Figure 1.8). The baseline compound CS9’s US expectancy ratings also had a 

trending positive relationship with trait anxiety scores (r(28)= 0.3280, p= 0.0767; CI 95%= -

0.0365 - 0.6155), suggesting CS3 did not hold a significantly stronger correlation with trait 

anxiety than that observed for CS9 (as suggested by their differences in CI’s). Additionally, 

examination of the significant interaction of trial number and trait anxiety (p=0.0056, Table 1.6) 

during extinction, indicated that, except for trial 1, there was a positive relationship between 

mean US expectancy ratings (across CS type) and trait anxiety scores, which was trending for 

trial 3 (r(28)=0.3250, p=0.079) and significant for the rest of the trials (p < 0.05) (Figure 1.10). 

To further explore this interaction, we used a median split to divide subjects into low and high 

anxious subgroups (median= 35; Low anxious subject  n= 16, mean= 31.125, SD=1.909, 

range=28-35; High anxious  n= 14, mean=47.142, SD=7.071 range= 36-61) and conducted a 

linear regression with each subgroup’s ratings data using trial number as a predictor. Results 

indicated that, during extinction, the mean US expectancy ratings across CS type decreased more 

slowly across trials for the high anxious subjects (coefficient trial= -0.3041, p= 0.0429) than for 

the low anxious subjects (coefficient trial = -0.4892, p<0.000). (Figure 1.10 B).  
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Figure 1.9.  Mean US expectancy ratings during extinction as a function of CS type and 

trial number. (Error bars = SEM)  
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Figure 1.10.  A) Relationship between mean US expectancy ratings (across CS type) and 

trait anxiety (as a continuous measure) as a function of trial number during extinction. B) 

The same relationship is plotted but using a median split for anxiety. 

 

 



 
 

29 
 

Pupillary dilation 

Habituation 

Prior to statistical analysis, the first trial for every CS was excluded from the habituation 

data to eliminate the influence of novelty on pupil dilation responses. This was done given that 

we noted that the very first trial of the task was associated with large pupillary responses. Results 

from a linear mixed effects analysis indicated a main effect of compound (p =0.025) (Table 1.7), 

with higher pupillary dilation responses shown to compound stimuli relative to baseline 

singletons (CS7, CS8) (t(28)= 2.6522, p= 0.0130, 2-sided; All compounds combined M=-0.0737, 

SD= 0.3281; CS7/CS8 combined M=-0.3170, SD= 0.4198). However, the mean of all 

compounds combined was not significantly different from the mean of all singletons combined 

(t(28)= 0.79798, p = 0.4316, 2-sided). In addition, we found a main effect of singleShocked 

(CS1, p=0.027; Table 1.7), and a main effect of singleGen (CS4 and CS5, p=0.003, Table 1.7), 

suggesting increased pupillary responses to CS1, CS4 and CS5 combined, relative to baseline 

stimuli CS7 and CS8 (CS1 vs  CS7/CS8: t(28)= 2.9673, p=0.006, 2-sided; CS1 M= -0.0083; 

SD= 0.5984; CS4/CS5 vs CS7/CS8: t(28)= 2.8265, p= 0.0085, 2-sided; CS4/CS5 M= 0.0089, 

SD= 0.4986) (Figure 1.11). No other effects were significant. Given these results, we conducted 

all subsequent analyses including the habituation pupil mean for each CS as a fixed factor. 

However, the significant or trending effects found did not change in this analysis and/or in the 

one without including the habituation mean as a fixed factor. Thus, the effects reported here are 

from the analysis not including the habituation mean as a predictor.  

Table 1.7. Fixed effects for model predicting mean pupil dilation during habituation. (* = 

p<0.005; ^ = p>0.005<0.10). 

Predictor Coefficient t p CI (95%) 

Intercept -0.3149795 -3.898399   0.0001 -0.4716 - -0.1582 

compound1 0.2961943 2.237516   0.0257 * 0.0394 - 0.5529 

singleShocked1 0.2912458 2.213209   0.0274 * 0.0360 - 0.5464 

compoundShocked1 -0.0740857 -0.480385   0.6312 -0.3731 - 0.2250 

compoundGen1 -0.0350180 -0.224612   0.8224 -0.3373 - 0.2673 

singleGen1 0.3214079 2.958783   0.0032 * 0.1107 - 0.5320 

safeGen1 0.1051903 0.783571   0.4337 -0.1551 - 0.3655 

Trait anxiety -0.0069000 -0.969505   0.3409 -0.0213 - 0.0075 

singleShocked1*Trait anxiety -0.0071603 -0.549761   0.5828 -0.0324 - 0.01809 

compoundShocked1* Trait 

anxiety 

-0.0139556 -1.068765   0.2857 -0.0392 - 0.0113 

compoundGen1*Trait anxiety 0.0086427 0.654288   0.5133 -0.0169 - 0.0342 

singleGen1*Trait anxiety -0.0179378 -1.710290   0.0879 ^ -0.0382 - 0.0024 

safeGen1* Trait anxiety 0.0056575 0.417775   0.6763 -0.0206 - 0.0319 
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Figure 1.11. Mean pupil dilation during habituation by CS type. 

 

 

 

Acquisition 

As with the analysis of the US expectancy ratings data, we first aimed at exploring 

whether a conditioned response was acquired by comparing pupil responses to the reinforced 

stimuli during habituation against those from the last acquisition block. From this analysis, we 

found a significant main effect of prevTrialShocked (p <.000) (Table 1.8), accounting for 

significant decreased pupil dilation when the US had been received in the previous trial 

compared to when there was no US in the previous trial (t(28)= -4.9408, p<0.000, 2-sided; 

prevTrialShocked=1 mean: -0.3651, SD= 0.3721; prevTrialShocked= 0 mean: -0.0260, SD= 

0.2401). This effect may have been due to higher mean pupil baselines being subtracted from 

trials where the US had been received in the previous trial, given that receipt of the US was 

associated with increases in pupil dilation. Furthermore, we found a main effect of singleGen 

(CS4 and CS5, p=0.028; Table 1.8) and one significant interaction of ExpPhase and 

compoundShocked (p= 0.047, Table 1.8). The interaction of ExpPhase with singleShocked was 

not significant (p = 0.268, Table 1.8). The main effect of singleGen was driven by the 

habituation data, where increased pupil dilation to CS4 and CS5 combined was observed relative 

to baseline stimuli CS7 and CS8 combined (see Habituation analysis above). The mean pupil 

dilation of CS4 and CS5 combined did not significantly differed from that of CS7 and CS8 

combined during the last acquisition block (t(28)= 1.0747, p= 0.2917). To explore the interaction 

of ExpPhase and compoundShocked, we conducted a planned paired t-test, which indicated that 

the mean pupil dilation to the reinforced compound (CS6) significantly increased from 

habituation to the last block of acquisition (t(28)=  -3.0693, p = 0.002, 1-sided; Habituation: 

mean= -0.135, SD=0.719; Acq-block4: mean=0.317,SD= 0.466). Meanwhile, the pupil dilation 

of baseline compound CS9 did not significantly change from habituation to the last acquisition 

block (t(28) = 0.85208, p = 0.7993, 1-sided; Habituation: mean= 0.0121, SD= 0.6856 ; Acq-

block4: mean= -0.1115, SD = 0.4659). However, the mean pupil dilation associated with the 
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reinforced singleton, CS1, did not significantly increased from habituation to acquisition block 4 

(t(28)= -1.2213, p= 0.116, 1- sided; Habituation: mean=-0.008, SD=0.598; Acq-block4: 

mean=0.146, SD=0.438 ). And this was also the case for the combined mean pupil dilation of 

baseline stimuli, CS7 and CS8 (t(28)= -1.3242, p = 0.098, 1-sided; Habituation: mean=-0.317, 

SD=0.419; Acq-block4: mean= -0.215, SD=0.279). These results suggest significant fear 

acquisition for the reinforced compound CS6 by the last acquisition block, however there was no 

significant pupillary conditioned fear expressed to the reinforced singleton CS1 by this last 

acquisition block.  

Table 1.8.  Fixed effects for model predicting mean pupil dilation across habituation and 

last acquisition block. (* = p<0.005; ^ = p>0.005<0.10). 

Predictor Coefficient t p CI (95%) 

Intercept -0.3718281 -2.776059 0.0056 -0.6327 - -0.1109 

compound1 0.1054311 1.587769 0.1125 -0.0239 - 0.2347 

prevTrialShocked1 -0.3286917 -6.534706 0.0000 * -0.4266 - -0.2307 

singleShocked1 0.0671002 0.264195 0.7917 -0.4276 - 0.5618 

compoundShocked1 -0.2335036 -0.895713 0.3705 -0.7413 - 0.2742 

compoundGen1 0.2211875 0.838894 0.4016 -0.2924 - 0.7347 

singleGen1 0.4465291 2.193746 0.0284 * 0.0500 - 0.8430 

safeGen1 0.0179047 0.069174 0.9449 -0.4862 - 0.5220 

Trait anxiety -0.0130109 -0.946664 0.3522 -0.0410 -  0.0149 

ExpPhase 0.1185380 1.644245 0.1003 -0.0218 - 0.2589 

Trait anxiety*ExpPhase 0.0061210 0.829653 0.4068 -0.0082 - 0.0204 

singleShocked1*ExpPhase 0.1565930 1.106163 0.2688 -0.1191 - 0.4323 

singleShocked1*Trait anxiety -0.0092316 -0.347561 0.7282 -0.0609 - 0.0425  

compoundShocked1*ExpPhase 0.2847839 1.983657 0.0474 * 0.0051 - 0.5644 

compoundShocked1*Trait 

anxiety 

-0.0259338 -0.973959 0.3302 -0.0778 - 0.0259 

singleGen1*ExpPhase -0.1866493 -1.655038   0.0981^ -0.4063 - 0.0330 

singleGen1*Trait anxiety -0.0318971 -1.498141   0.1343 -0.0733 - 0.0095 

compoundGen1*ExpPhase -0.1281501 -0.887641   0.3748 -0.4093 - 0.1530 

compoundGen1*Trait anxiety 0.0215666 0.803471   0.4218 -0.0307 - 0.0738 

safeGen1*ExpPhase 0.0318891 0.222215 0.8242 -0.2476 - 0.3114 

safeGen1*Trait anxiety 0.0231247 0.842960 0.3994 -0.0303 - 0.0765 

ExpPhase*singleShocked1*Trait 

anxiety 

0.0027533 0.184756   0.8534 -0.0262 - 0.0317 

ExpPhase*compoundShocked1*

Trait anxiety 

0.0119046 0.797011   0.4255 -0.0171 - 0.0409 

ExpPhase*singleGen1*Trait 

anxiety 

0.0145724 1.231325   0.2184 -0.0084 - 0.0376 

ExpPhase*compoundGen1*Trait 

anxiety 

-0.0128572 -0.860357   0.3897 -0.0419 - 0.0162 

ExpPhase*safeGen1*Trait 

anxiety 

-0.0171809 -1.130935   0.2582 -0.0467 - 0.0124 
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We were interested in examining whether pupil dilation to generalization stimuli (CS3, 

CS4 and CS5), changed as subjects accumulated experience with the CS-US contingencies. We 

performed the linear mixed effects analysis described above (under Analysis), using only the 

acquisition data and including trial block as a fixed predictor. Analysis of the pupil data from 

acquisition (see Table 1.9) revealed a significant main effect for prevTrialShocked (p<0.000), 

accounting for the same effect observed above, that is, decreased pupil dilation when the US had 

been received in the previous trial compared to when there was no US (t(28) = -7.3886, p<0.000; 

prevTrialShocked =1 mean: -0.3608, SD= 0.2768; prevTrialShocked =0 mean: 0.0565, SD= 

0.2639). In addition, the predictors singleShocked (coding for single CS+, CS1) and 

compoundShocked (coding for compound CS+, CS6) were significant predictors of pupil dilation 

(p’s < 0.000, Table 1.9). Planned paired t-tests indicated that the mean pupillary dilation 

associated with CS1 was significantly greater than that of CS7 and CS8 combined (t (28) = 

8.6751, p<0.000,1-sided; CS1 mean= 0.277, SD=0.867, CS7/CS8 mean= -0.179, SD= 0.229). 

Similarly, the mean pupil dilation associated with the reinforced compound CS6, was 

significantly higher than that of baseline CS9 (t(28)= 7.2198, p<0.000, 1-sided  CS6 mean= 

0.303, SD= 0.911, CS9 mean= -0.118, SD= 0.803 ). Thus, both reinforced CS’s were associated 

with increased pupillary dilation, relative to baseline stimuli, suggesting successful acquisition of 

conditioned fear. We also found that the predictor compoundGen (coding for CS3) was 

significantly associated with pupil dilation (p<0.00, Table 1.9). Pupillary responses to the 

generalization stimulus CS3 were significantly higher than those to baseline compound CS9 

(t(28)= 2.2239,  p= 0.017,1-sided; CS3 mean= -0.048, SD=0.841), suggesting fear generalization 

from the reinforced singleton (CS1) to the unreinforced compound containing it (CS3). In turn, 

the predictor singleGen (coding for C4 and CS5) was not significant (p>.10, Table 1.9), although 

the combined mean pupillary responses of CS4 and CS5 combined also tended to be greater than 

that of baseline stimuli CS7 and CS8 combined (t(28)=1.3336, p= 0.096, CS4/CS5 mean= -

0.130, SD=.282). Furthermore, the predictor safeGen (coding for CS2) was not significantly 

associated with pupil dilation (p>.10, Table 1.9). Meanwhile, trait anxiety scores significantly 

predicted pupil dilation (p=0.008, Table 1.9), with higher anxiety scores being associated with a 

reduced pupillary dilation relative to lower scores (r(27)= -0.3756, p=0.044). Lastly, two 

interactions involving trial block were significant:  trial block by trait anxiety (p= 0.04; Table 

1.9), suggesting that the negative relationship of trait anxiety with pupil dilation changed across 

blocks, and trial block by compoundGen (p<0.000; Table 1.9), suggesting that the main effect of 

singleton- to-compound generalization also differed across trial blocks.  

Table 1.9. Fixed effects for model predicting mean pupil dilation during fear acquisition. (* 

= p<0.005; ^ = p>0.005<0.10). 

Predictor Coefficient t p CI (95%) 

Intercept -0.0696 -1.1576 0.2471 -0.1875 - 0.0482 

compound1 0.0447                  1.1871 0.2352  -0.0291 - 0.1186 

prevTrialShocked1 -0.3876 -15.6278   0.0000* -0.4362 - -0.3390 

trialBlock -0.0025 -0.2227 0.8238 -0.0246 - 0.0195 

singleShocked1 0.4367 11.4987 0.0000* 0.3622 - 0.5111 

compoundShocked1 0.4080 9.3550   0.0000* 0.3225 - 0.4935 

compoundGen1 0.4552 4.0431 0.0001* 0.2345 - 0.6760 

singleGen1 0.1312 1.5637 0.1179 -0.0332 -  0.2958 
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safeGen1 0.0085 0.2247 0.8222 -0.0657 - 0.0827 

Trait anxiety -0.0171 -2.8625  0.0080* -0.0293 - -0.0048 

Trait anxiety*compoundGen1 0.0016 0.1437   0.8857 -0.0207 - 0.0240 

Trait anxiety *singleGen1 -0.0066 -0.7743 0.4388 -0.0233 - 0.0101 

trialBlock*compoundGen1 -0.1065 -3.5589 0.0004* -0.1652 - -0.0478 

trialBlock*singleGen1 -0.0265 -1.1782 0.2387 -0.0707 - 0.0176 

trialBlock* Trait anxiety 0.0024 2.0513 0.0403 0.0001 - 0.0047 

trialBlock* compoundGen1* Trait 

anxiety 

0.0000 0.0015 0.9988 -0.0061  -  0.0061 

trialBlock* singleGen1* Trait 

anxiety 

0.0013 0.5752 0.5651 -0.0032 - 0.0059 

 

To further explore these two interactions involving trial block, we conducted a linear 

mixed effects analysis using each acquisition block’s data separately. We included all the 

predictors specified above, except for trialBlock and the interactions involving this variable. In 

this model, we added a fixed effect predictor for trial (1-6) and two interactions terms of trial 

with compoundGen and trial with singleGen, to explore how pupillary dilation and effects of 

generalization changed across trials, as subjects gained experience with the task. This analysis 

revealed the predictor prevTrialShocked was significantly associated with pupil dilation in all 4 

acquisition blocks (p’s < 0.000; Table 1.10), accounting for the same effect observed in the 

overall analysis with all blocks. In addition, singleShocked (CS1+) and compoundShocked 

(CS6+) were significant positive predictors of pupil dilation across all four blocks (Figure 1.12).  

Thus, from the first acquisition block and until the last acquisition block, subjects were able to 

discriminate the reinforced CS’s (CS1, CS6), as indexed by increased pupil dilation to the CS+’s 

relative to baseline stimuli (CS7 and CS8, and CS9). (CS1 vs CS7/CS8: Block 1: (t(28) =4.9568, 

p<0.000; Block 2: t(28)=5.5765, p<0.000; Block 3: t(28)=4.7366, p<0.000; Block 4: 

t(28)=4.1651, p= 0.0001). (CS6 vs CS9: Block 1: t(28)=4.4019, p <0.000; Block 2: t(28)= 
4.4954, p<0.000; Block 3: t(28)= 4.2395, p = 0.0001; Block 4: t(28)=4.0121, p = 0.0002). 

Additionally, we found that compoundGen (CS3) and singleGen (CS4, CS5) were 

significant predictors of pupil dilation only during the first acquisition block when subjects were 

initially learning the CS-US contingencies (CS3, p<0.000; CS4 and CS5, p =0.0279; Table 1.10). 

For the rest of the blocks (2-4), compoundGen and singleGen had no significant effect upon 

pupillary dilation (p>0.10). During the first acquisition block, the mean pupillary dilation 

associated with CS3 was higher than the mean pupil dilation associated with the baseline 

compound CS9 (t(28)= 5.8229, p<0.000, 1-sided; CS3 mean= 0.2329, SD= 0.2915; CS9 mean= -

0.1707; SD= 0.3580). Similarly, during the first acquisition block, the mean pupillary dilation 

associated with CS4 and CS5 combined, was higher than that of baseline stimuli CS7 and CS8 

combined (t(28)=1.6756, p= 0.052, 1-sided; CS4/CS5 mean= -0.0614, SD= 0.3617; CS7/CS8 

mean= -0.1667, SD= 0.3143) (Figure 1.12, Block 1). Furthermore, while singleGen (CS4 and 

CS5, compound- to- parts generalization) did not interact with trial number (p>0.10, Table 1.10) 

during the first acquisition block, compoundGen (CS3, singleton-to-compound generalization) 

did interact with trial (p<0.000; Table 1.10) (Figure 1.13). A linear regression using only the 

pupil data of CS3 block 1, with trial number as a predictor (F(1, 169)=  11.62, p= 0.0008), 
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showed that pupil dilation to CS3 significantly decreased by -0.12025 zscored units with every 

trial (R2=0.06434), suggesting that as subjects advanced in the block, fear generalization 

responses to CS3 decreased (Figure 1.13). We noted that the first presentation of CS3 generated 

a large pupillary response (Figure 1.13), this trial also happened to be the first trial with which 

acquisition started. Thus, this increased response shown to CS3 may be confounded with novelty 

and/or uncertainty related to the onset of the acquisition phase. Therefore, we repeated the linear 

mixed effects analysis for acquisition block 1 data with the same predictors specified above, but 

excluding the very first trial from the data (which was the first CS3 presentation). The results 

indicated that the main effect of compoundGen (coding for CS3) (coefficient= 0.3345, p=0.1136) 

and the interaction of compoundGen and trial number (coefficient= -0.0401560, p= 0.4079) were 

no longer significant.  

Furthermore, contrary to our hypothesis, trait anxiety did not interact with either of the 

generalization predictors (compoundGen, singleGen) in none of the acquisition blocks (1-4). 

However, there was a significant main effect of anxiety upon pupil dilation for blocks 1- 3 

(p’s<=0.03). During the first two acquisition blocks higher anxiety scores were significantly 

associated with reduced pupillary dilation across CS type (Block1: r(27)= -0.44870, p = 0.014; 

Block 2: r(27)= -0.43884, p=  0.0172; Block 3: r(27)= -0.29621, p = 0.1187). 

Table 1.10. Fixed effects for model predicting mean pupil dilation during the fear 

acquisition block 1. (* = p<0.005; ^ = p>0.005<0.10). 

Predictor Coefficient t p CI (95%) 

Intercept -0.2761512 -3.703975   0.0002* -0.4217 - -0.1305 

compound1 0.0617301 0.832795   0.4051 -0.0830 - 0.2064 

prevTrialShocked1 -0.4039650 -7.683702   0.0000* -0.5066 - -0.3013 

trialNumber 0.0509412 3.472264   0.0005* 0.0222 - 0.0795 

singleShocked1 0.4441243 6.000504   0.0000* 0.2996 - 0.5886 

compoundShocked1 0.3651026 4.244701   0.0000* 0.1971 - 0.5330 

compoundGen1 0.8934005 5.655565   0.0000* 0.5849 - 1.2018 

singleGen1 0.2743697 2.201197   0.0279* 0.0309 - 0.5177 

safeGen1 -0.0452967 -0.610084   0.5419 -0.1902 - 0.0996 

Trait anxiety -0.0097356 -2.202303   0.0364* -0.0187 - -0.0007 

compoundGen1*Trait anxiety -0.0001778 -0.025792   0.9794 -0.0136 -0.0132 

singleGen1*Trait anxiety -0.0068562 -1.332582   0.1829 -0.0169 - 0.0031 

trialNumber*compoundGen1 -0.1599695 -4.201558   0.0000* -0.2343 - -0.0856 

trialNumber*singleGen1 -0.0388019 -1.260443   0.2077 -0.0989 - 0.0213 
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Figure 1.12. Mean pupil dilation by acquisition block and CS type (error bars = SEM). 

 

Figure 1.13. Mean pupil dilation during the first block of acquisition by CS type (CS3, CS4, 

CS5, CS7, CS8 and CS9) and trial number (error bars = SEM). 
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 Extinction 

To examine if a decrease in conditioned responding had occurred, we compared mean 

pupillary responses during extinction to those from the last acquisition block with a linear mixed 

effects analysis using the same predictors as with the US expectancy rating data analysis (see US 

expectancy ratings – Extinction). We found no significant main effect of experimental phase, 

ExpPhase (acquisition block 4, extinction) and no interactions involving ExpPhase (p’s > 0.10), 

suggesting no significant differences in pupillary responses as a function of experimental phase. 

We next conducted the linear mixed effects analysis as specified above (under Analysis) using 

the extinction data only and including trial number as a predictor. From this analysis, only the 

two previously reinforced CS’s+, singleShocked and compoundShocked, remained significant 

predictors of pupil dilation (p’s< 0.005; see Table 1.11). Both CS+’s (CS1 and CS6) continued to 

be associated with higher pupil dilation relative to baseline CS’s (CS7/CS8 and CS9), suggesting 

poor extinction of conditioned responses  (CS1 vs CS7/CS8: t(28)= 3.5643, p= 0.0006, 1-sided; 

CS1 mean= 0.2701, SD=0.49465; CS7/CS8 mean= -0.06025, SD= 0.3081) (CS6 vs CS9: t(28)= 

2.2647, p = 0.015, 1-sided; CS6 mean= 0.1505, SD=0.4560; CS9 mean=-0.1139, SD= 0.4373) 

(Figure 1.14). Generalization stimuli (CS3, CS4 and CS5) were not significantly associated with 

increased pupillary dilation relative to baseline stimuli (CS9, CS7 and CS8) nor there were any 

effects of trait anxiety on pupil dilation during extinction (Table 1.11). 

Table 1.11. Fixed effects for model predicting mean pupil dilation during fear extinction. (* 

= p<0.005; ^ = p>0.005<0.10). 

Predictor Coefficient t p CI (95%) 

Intercept -0.0769002 -0.912833 0.3615 -0.2412 - 0.0874 

compound1 -0.0292823 -0.375040 0.7077 -0.1815 - 0.1230 

trialNumber 0.0024007 0.157569 0.8748 -0.0273 - 0.0321 

singleShocked1 0.3410348 4.481156 0.0000* 0.1925 - 0.4894 

compoundShocked1 0.2525565 2.819449 0.0049* 0.0778 - 0.4272 

compoundGen1 -0.1592804 -0.970109 0.3322 -0.4795 - 0.1609 

singleGen1 0.0976213 0.800766 0.4234 -0.1401 - 0.3354 

safeGen1 -0.0732212 -0.928110 0.3535 -0.2271 - 0.0806 

Trait anxiety -0.0000638 -0.007990 0.9937 -0.0163 - 0.0162 

compoundGen1*Trait anxiety -0.0181962 -1.138530 0.2551 -0.0493 - 0.0129 

singleGen1*Trait anxiety -0.0041906 -0.342924 0.7317 -0.0280 - 0.0196 

trialNumber*compoundGen1 0.0515517 1.267416 0.2052 -0.0277 - 0.1308 

trialNumber*singleGen1 -0.0283418 -0.918380 0.3586 -0.0885 - 0.0318 

trialNumber*Trait anxiety -0.0002942 -0.179233 0.8578 -0.0034 - 0.0029 

trialNumber*compoundGen1*Trait 

anxiety 

0.0009294 0.220317 0.8257 -0.0072 - 0.0091 

trialNumber*singleGen1*Trait 

anxiety 

0.0017987 0.542931 0.5873 -0.0046 - 0.0082 
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Figure 1.14. Mean pupil dilation by CS type during extinction (error bars = SEM). 

 

 

DISCUSSION 

 In this study, we found evidence for the occurrence of both fear generalization processes: 

from singleton to compound and from compound to its components. This was reflected by 

increased pupillary dilation and US expectancy ratings to generalization stimuli (compound CS3, 

and singletons CS4 and CS5) relative to baseline stimuli (compound CS9 and singletons CS7 and 

CS8). These effects were apparent early during learning and decreased as subjects gained 

exposure to the task and were able to better discriminate the CS-US contingencies. Specifically, 

generalization effects quickly extinguished for the pupil data, since both types of generalization 

were only significant for the first trial block of acquisition. However, generalization effects 

seemed to decrease more slowly for US expectancy ratings, since singleton to compound 

generalization (CS1CS3) was a significant predictor for the first two acquisition blocks while 

compound to parts generalization (CS6 CS4, CS5) was a significant predictor for acquisition 

blocks 1-3. The reason for this quick decrease in conditioned responding to the generalization 

stimuli, especially reflected in the pupil data, might have been due to fast learning and 

discrimination of the CS-US contingencies, especially given that we used a 100% CS-US 

reinforcement rate. Discrimination of the CS-US contingencies was observed already by the first 

block, as reflected by significant main effects of the single reinforced CS (CS1) and the 

reinforced compound (CS6). This might have prevented us from observing significant 

generalization beyond the first block of trials for the pupillary data. Other fear generalization 

studies usually have used partial reinforcement rates, such as of 50% or even 33% (Lissek et al 

2010; Dunsmoor et al., 2009) precisely to better capture generalization processes over time and 

prevent rapid extinction of fear generalization. Future studies may examine the generalization 

processes examined here using partial reinforcement rates. 

In addition, in the first block of acquisition, fear generalization appeared to be more 

strongly reflected in both US expectancy ratings and pupil dilation for singleton to compound 
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than for compound to parts generalization. However, given that compoundGen (CS3) was 

presented first during this trial block, and this first trial had a significant effect in pupillary 

dilation data, we cannot discard order effects having an influence in the observed stronger 

generalization to CS3. In addition, it may be possible that compoundGen (CS3), being a 

compound, also acquires higher conditioned responding, not only by generalization from its 

reinforced component (CS1) but also in part through generalization from the reinforced 

compound (CS6).  

Although significant increased responding to the generalization stimuli were only 

apparent in pupillary responses during the first acquisition block, significant generalization 

effects were observed upon US expectancy ratings up to block 3. Specifically, significant 

singleton to compound and compound to parts generalization was observed in blocks 1-2, while 

compound to parts generalization remained significant for block 3. For acquisition blocks 2 and 

3, compound to parts (CS6 CS4, CS5) generalization was more strongly reflected in US 

expectancy ratings than singleton –to compound generalization (CS1CS3). It appears that 

different response systems may reflect “updating” of stimulus’ predictive information at different 

timescales. Pupillary dilation, which is under sympathetic and parasympathetic autonomic 

nervous system control, might reflect faster updating as compared to subjective ratings which are 

dependent on more conscious and effortful cognitive processes. However, as mentioned above, it 

is possible that order effects could have also influenced the faster extinction of singleton to 

compound generalization. Given these observations, we cannot conclude whether one type of 

generalization was enhanced relative to the other. 

Furthermore, contrary to our expectations, we did not find any significant interactions of 

trait anxiety with none of the generalization effects (compound to parts; singleton to compound) 

upon pupil dilation and US expectancy ratings during fear acquisition or extinction. Although we 

found a trending positive relationship between US expectancy ratings to CS3 and trait anxiety 

during extinction ( p= 0.072), this relationship was not specific to CS3 as the mean ratings across 

CS type as well as the mean ratings of CS9 also held a positive correlation with trait anxiety. 

Thus, we found no significant evidence that higher trait anxiety scores are related to increased 

fear generalization, from singleton to compound and vice-versa. Additionally, trait anxiety 

significantly impacted US expectancy ratings during habituation and extinction, such that higher 

anxiety scores were associated with higher US expectancy ratings across CS type. Meanwhile, 

the effect of anxiety upon pupil dilation was only observed during acquisition, with lower pupil 

dilation (across CS type) being associated with higher anxiety scores. Thus, although we found 

no evidence that higher trait anxiety (deemed a vulnerability factor for anxiety) is associated with 

enhanced fear generalization, we cannot discard that rapid learning associated with the 100% 

CS-US contingency rate may have prevented individual differences in fear generalization to 

emerge. It is known that anxiety is associated with stronger intolerance for uncertainty, and 

anxious subjects’ behavior is impacted in situations of high uncertainty or ambiguity (Grupe and 

Nitschke, 2013). The 100% CS-US contingency rate used here, could have reduced ambiguity 

and reduce the possibility of detecting any effect of trait anxiety on fear generalization.  

 In this study, we focused on fear generalization based on perceptual similarity across one 

dimension only, visual perception. However, in the real world, many stimuli are not unimodal 

and studying how generalization occurs between multimodal stimuli remains a research area for 

further study (Dunsmoor and Paz, 2015). 
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 In sum, we found evidence of singleton to compound and compound to parts fear 

generalization occurring especially early during learning when subjects were trying to figure out 

the CS-US contingencies. This was reflected in both pupil and US expectancy ratings. However, 

stimuli order effects may have contributed to the generalization effects observed (especially in 

the case of CS3, singleton to compound generalization-, which was presented first at 

acquisition). Contrary to our hypothesis, trait anxiety did not significantly modulate the 

responses to the generalization stimuli (CS3, CS4 and CS5). However, the lack of an anxiety 

effect on fear generalization may have been due, at least in part, to the 100% CS-US contingency 

rate used in the task. This reinforcement rate could have provided high levels of certainty 

regarding US occurrence and may have contributed to rapid learning of the CS-US contingencies 

and rapid extinction of fear generalization.  
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CHAPTER 2 

Effects of trait anxiety on fear acquisition and extinction across more than one 

context. 

 

ABSTRACT 

Extinction learning deficits have been reported in anxiety patients and return of fear is 

commonly observed after exposure therapy, a treatment for anxiety based on extinction learning 

principles. Therefore, there is great interest in studying factors that would aid in strengthening 

extinction learning, to improve treatment outcomes for anxiety. Extinction has been proposed to 

be more subject to contextual modulation, that is, the context greatly influences whether 

extinction memory is retrieved or not. For this reason, extinction training conducted across 

multiple contexts has been proposed as a technique that could aid in making extinction less 

context-specific, improve extinction generalization and extinction memory retrieval. In this 

study, we aimed to examine if individuals with high and low levels of trait vulnerability to 

anxiety would show reduced conditioned fear and fear recovery (as indexed by pupillary 

dilation) when extinction was conducted across more than one context. We additionally explored 

if fear acquisition conducted across more than one context was associated with increased 

pupillary conditioned fear and fear recovery. Subjects underwent differential fear acquisition, 

extinction and extinction recall under 3 different conditions tested over 4 separate consecutive 

days. In condition 2-1, conditioned fear was acquired over 2 different contexts while extinction 

occurred in a single different context. In condition 1-2, subjects underwent acquisition in on 

single context and extinction over two different contexts. In condition 1-1, subjects underwent 

fear acquisition in one single context and fear extinction in another single different context. Each 

condition’s acquisition and extinction phase was conducted in a single session/day and 24 hrs 

later subjects completed extinction recall trials after experiencing the US unsignaled (fear 

reinstatement). Results indicated no significant impact of trait anxiety in conditioned fear either 

during acquisition or extinction when fear was acquired across more than one context. In turn, 

when extinction was trained across more than one context, decreased differential fear was 

observed in the low anxious subjects, relative to the high anxious subjects, after the change in 

context occurred during extinction. Additionally, a significant increase in CS+ responding was 

observed in the high anxious subjects when a change in context occurred during extinction, 

suggesting fear renewal. Meanwhile, no significant differential fear recovery and no impact of 

trait anxiety were observed during extinction recall in all three conditions. Thus, although 

extinction across more than one context appeared to reduce conditioned fear responding during 

extinction, more so in the low anxious subjects, we found no evidence that it led to reduced 

differential fear at extinction recall (24 hrs later), relative to single context extinction. The fact 

that we only observed modulation of conditioned fear by trait anxiety levels during the extinction 

phase of condition 1-2, appears to be in line with theoretical accounts suggesting extinction 

learning is more subject to contextual modulation as well as findings suggesting anxiety is linked 

to deficits in extinction learning.  
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INTRODUCTION 

Contextual information, from internal (e.g., the cognitive and motivational state of the 

organism) and/or external sources (e.g., the physical environment), plays a pivotal role in 

modulating psychological processes such as learning and memory retrieval. Particularly, research 

from the fear conditioning literature – where context manipulations often involve changing the 

physical background where learning takes place, has shown that certain types of learning are 

more sensitive to contextual information. One such type of learning is fear extinction, a process 

by which a previously conditioned stimulus (CS) (e.g., an auditory tone) is no longer paired with 

an unconditioned stimulus (US) (e.g., an electric shock), such that the animal ceases displaying 

conditioned fear responses to the CS after a number of CS-No US pairings. After extinction 

learning, however, fear conditioned responses often recover simply with the passage of time 

(spontaneous recovery), upon encountering the extinguished CS in a context different from the 

extinction context (renewal), or upon experiencing the unsignaled US (reinstatement) (Bouton, 

2002, 2004). These behavioral phenomena are evidence that extinction is not unlearning of the 

previously acquired CS- US representation. Rather, extinction is thought to represent new 

inhibitory learning, where the new acquired CS-No US representation will compete for memory 

expression with the previously learned CS-US representation. Whether or not this CS-No US 

memory is retrieved after extinction, appears to be modulated at least in part by the context. The 

context- dependence of extinction memory retrieval is especially evident in the renewal and 

reinstatement effects, extensively demonstrated in animals and humans (Rosas et al., 2013). The 

mere nature of fear renewal, involves a change in context. After extinction, fear conditioned 

responses recover when the CS is presented outside the extinction context, both if it is presented 

in the acquisition context or in a novel context (Bouton, 2002; Harris et al., 2000). In 

reinstatement, fear responses to a previously extinguished CS can recover when the US is 

experienced after extinction, if the CS is tested in the same context where the US is re-

experienced, but not otherwise (Bouton, 2002; Bouton and Bolles, 1979b; Labar et al., 2005). 

Moreover, re-experiencing the US, enhances fear reinstatement to an extinguished CS but not to 

an unextinguished CS with similar fear conditioning responding levels (Bouton, 2002; Bouton, 

1984).   

Unlike extinction, the expression of the fear acquisition memory is thought to be less 

influenced by the context (Bouton 2004). Research in mice has shown that contextual changes 

during or after acquisition had little impact on fear conditioned responding (Bouton, 2004; Harris 

et al., 2000). For instance, it has been shown that fear conditioned responses during extinction do 

not differ when there has been a change in context after acquisition compared to when there is no 

change in context in between acquisition and extinction (Bouton and King, 1983). Additionally, 

fear conditioned responses to a CS that was not extinguished, do not differ at test independently 

of whether the CS is tested in the acquisition context or a context different from the original 

acquisition context (Harris et al., 2000). Furthermore, when there has been a contextual change at 

acquisition so that the CS continues to be reinforced in this new context, fear conditioned 

responding at test does not differ independently of whether the CS is tested in the initial 

acquisition context or a different context (Harris et al., 2000).  The absence of significant 

differential fear conditioned responding after these  different contextual manipulations during or 

immediately after fear acquisition are in line with the idea that the fear acquisition memory is 

less subject to contextual control compared to extinction. Similarly, although it has been 

demonstrated that fear renewal is stronger for ABA renewal (where the CS is tested in the 
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original acquisition context, (A)) compared to ABC renewal (where the CS is tested in a different 

context (C) from the acquisition (A) and extinction (B) context), conditioned fear still readily 

recovers during ABC renewal, supporting the conclusion that the acquisition fear memory is at 

least less context dependent. 

Many different accounts have theorized why extinction learning is especially context 

dependent. For instance, Bouton (2002, 2004) argues that information about a cue or response 

that is learned second (which is the case of extinction since it’s learned after acquisition) appears 

to be more influenced by the context because it could be encoded as an ‘exception to the rule’. 

Information that is learned second (i.e., the CS - No US relationship during extinction) renders 

the CS ambiguous and the context becomes an important source of information to interpret the 

meaning of the CS. In this way, the first learned information, the acquisition memory (which also 

happens to be the more salient, given its association with the US), is the predominant learning to 

be retrieved, and the extinction memory would only be accessed if the extinction context is 

present to signal its retrieval. Similarly, it has been argued that at the beginning of extinction, 

prediction errors are especially large which leads to increased ambiguity and attention to 

contextual information (Rosas et al., 2013).  This increased attention to the context potentially 

contributes to the context dependence of extinction learning.  

Latent cause models of extinction learning represent another theoretical account that 

offers insight into why extinction learning is so fragile. Under this view, animals learn to 

associate observations they make from stimuli (e.g., CS, context, US, etc.) with specific latent 

causes (Gershman et al., 2012). When confronted with a new situation, an animal would try to 

infer which cause is most likely active based on previous observations with similar conditions. In 

this sense, the animal would infer one latent cause for the events occurring during acquisition 

(CS, US), and would infer another latent cause is in effect for the events during extinction,-when 

the US is absent. The omission of the US at the onset of extinction generates large predictions 

errors, which drive the animal to infer a new latent cause must be active during extinction. 

Nevertheless, there appears to be individual differences in the extent to which an animal would 

infer a new latent cause to explain extinction or would rather update the original fear acquisition 

memory. Depending on whether or not an individual prediction error threshold is reached, 

subjects might or might not infer a new latent cause during extinction (Gershman and Hartley, 

2015). Accordingly, subjects who only infer one latent cause for the events of acquisition and 

extinction, updating the acquisition latent cause during extinction rather than generating a new 

one, should show no fear recovery after extinction. In contrast, subjects who infer one latent 

cause for acquisition and another one for extinction might be more prone to show fear recovery 

after extinction (Gershman and Hartley, 2015). Besides potentially explaining individual 

differences in learning, this account predicts that a manipulation aimed at reducing prediction 

errors magnitude at the onset of extinction – for example conducting extinction training 

gradually with the US occurrence being omitted gradually from acquisition to extinction rather 

than suddenly- would also lead to reduced fear recovery (Gershman et al., 2013). It is thought 

that reduced prediction errors at the onset of extinction would allow subjects to update the fear 

acquisition memory and avoid the generation of a distinct cause for extinction. Thus, latent cause 

models predict fear recovery after extinction will depend on what latent cause the animal infers 

to be active given the conditions present.  

Extinction learning principles are the basis for exposure therapy, a therapeutic technique 

extensively used for the treatment of anxiety disorders. Thus, there is special interest in 
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investigating factors that would enhance extinction learning and retrieval and thus lead to 

improved treatment outcomes. Extinction training across multiple different contexts has been 

suggested as a potential method for strengthening extinction learning and retrieval. Extinction 

training occurring in more than one context is believed to allow for exposure to several 

contextual cues that would facilitate generalization of extinction learning and retrieval in new 

contexts by making it less context-specific (Urcelay, 2012; Dunsmoor et  al., 2015; Bouton, 

2002). Although some null findings have been reported (e.g., Bouton et al., 2006; Neumann et 

al., 2007), other studies have provided evidence to indicate that multi-context extinction leads to 

reduced fear recovery. In animals, for instance, Gunther et al., (1998) showed that rats that 

underwent extinction training in three different contexts showed reduced fear renewal, as 

indexed by conditioned behavioral suppression, when tested in a novel context, compared to rats 

that underwent extinction training in only one context. In humans, extinction learning across 

multiple contexts has also been shown to reduce fear recovery. Dunsmoor et al., (2014) showed 

that the fear potentiated startle (FPS) response to the CS+ was reduced after reinstatement in a 

group of subjects who experienced extinction across three different contexts compared to 

subjects that underwent extinction in a single context.  

Enhancing extinction learning and retrieval may be especially advantageous for 

populations reported to present deficits in extinction learning. Increased fear responses to the 

CS+ during extinction as well as slower extinction learning, have been reported in anxiety 

patients compared to healthy controls (Otto et al., 2014; Blechert et al., 2007; Duits et al., 2015; 

Michael et al., 2007; Orr et al., 2000). Trait anxiety levels, usually measured through self-report 

scales such as the Spielberger State Trait Anxiety Inventory (STAI), which have also been found 

to be elevated in anxiety patients, are considered a vulnerability factor for the development of 

anxiety and mood disorders (Chambers et al., 2004). Thus, studying how individuals with 

varying levels of non-clinical anxiety may differ in their responses to fear acquisition and 

extinction manipulations offers a pathway towards elucidating what learning mechanisms may 

go awry in anxiety disorders and may inform what aspects of learning could potentially be 

targeted in therapeutic interventions to improve treatment results.  

Although research regarding the effects of individual differences in trait anxiety on 

extinction learning is still scant, there is some evidence suggesting trait anxiety levels are 

associated with differential behavioral and brain responses to conditioned stimuli during fear 

extinction. For instance, higher trait anxiety levels have been associated with a slower decrease 

of startle responses to both the CS+ and CS- during extinction (Gazendam et al., 2016). Also, 

increased distress ratings to the CS- and higher US expectancy ratings to the CS+ during 

extinction have been reported in high anxious subjects compared to controls (Gazendam et al., 

2016; Dibbets et al., 2015). These findings have been suggested to indicate deficient safety 

learning and/or overgeneralization of fear to safety cues, as well as delayed extinction, in high 

anxious subjects (Gazendam et al., 2016; Dibbets et al., 2015). Additionally, higher trait anxiety 

levels have been associated with increased amygdala responsivity to the conditioned stimulus 

during extinction (Barret et al., 2009; Sehlmeyer et al., 2011).  

Differences between high and low anxious individuals on behavioral and physiological 

responding during fear acquisition have also been observed. Indovina et al. (2011) found 

increased differential fear (CS predictable vs CS safe) skin conductance responses (SCR) during 

early acquisition to be positively correlated with trait anxiety levels. This conditioned response 

also correlated positively with amygdala activation to the threat predictive CS. Additionally, high 
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trait anxious subjects showed reduced  phasic ventral prefrontal cortex (vPFC) activation in 

response to a CS threat predictive cue relative to an non-predictive cue.  Similarly, high trait 

anxious subjects showed a reduced sustained vPFC activation during the presentation of an 

unpredictable context (relative to a safe context), where CS presentations were not predictive of 

US occurrence (Indovina et al., 2011). This PFC under-recruitment was interpreted to reflect 

deficits in high trait anxious subjects to downregulate both cued and contextual fear and recruit 

PFC regulatory mechanisms in an appropriate contingent manner (Indovina et al., 2011). This 

inability to contingently engage PFC function in a phasic or sustained manner according to the 

context (threat predictable vs unpredictable), might reflect a difficulty in high anxious subjects to 

distinguish the stimulus-outcome contingencies associated with different contexts. In terms of 

the latent cause model, high anxious subjects might have trouble determining when to reject a 

‘single latent cause’ model and replace it with a ‘two latent cause model (one cause 

corresponding to each context here, predictable and unpredictable). It has been argued that the 

perceived degree of similarity between observed relationships of stimuli (context, CS, US, No 

US, etc.) contributes to them either being clustered into a single or multiple latent causes 

(Gershman et al., 2015). In this way, observed associations between stimuli (whether between a 

CS and the presence or the absence of a US) experienced as holding across multiple contexts 

may be encoded more robustly and/or more prone to generalization. Thus, individual differences 

in the ability to infer when different events belong to a single versus multiple latent causes might 

impact the strength of initial fear acquisition and/or later fear extinction.  

Thus in the present study, we explored to what degree manipulating the number of 

contexts in which fear associations are learned impacts fear acquisition, fear extinction and 

extinction recall – and whether this would vary as a function of individual differences in trait 

anxiety. We contrasted two alternative hypotheses. First, one possibility is that subjects would 

show enhanced differential fear when the CS+ it’s reinforced across 2 different contexts 

(acquisition 2-1) and decreased differential fear when the CS+ is extinguished across 2 different 

contexts (extinction 1-2). In terms of the latent cause model, experiencing either acquisition or 

extinction across more than one context is predicted to strengthen acquisition or extinction 

respectively. If elevated trait anxiety is linked to impoverished inference of latent causes, this 

might reduce the impact of number of contexts upon both acquisition and extinction. Another 

possibility is that the initial learning during acquisition is already sufficiently strong and stable. 

In this way, acquisition learning may not be dramatically strengthened by encountering the 

reinforced CS in a second different context. In contrast, given extinction is learned second, 

making extinction more context dependent (Bouton, 2002, 2004), the effect of inferring, or 

failing to infer latent causes might be especially evident when number of contexts is manipulated 

at extinction. According to this possibility, we might only predict an effect of context and 

modulation of this effect by anxiety, at extinction and not at acquisition. Specifically, extinction 

across more than one context may lead to reduced fear recovery in the low anxious subjects, but 

high anxious subjects may not potentially benefit from extinction across more than one context. 

To tests these hypothesis, we invited low and high anxious subjects to take part in three 

different experimental conditions, tested over four consecutive days. In condition ‘1-2’, subjects 

acquired fear in one single context and extinction occurred over two different new contexts. In 

condition ‘2-1’, acquisition occurred in two different contexts, while extinction occurred in one 

single new context. Finally, in condition ‘1-1’, subjects undertook acquisition in one context and 
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extinction in another single new context. All extinction recall tests occurred in one single new 

context.  

METHODS 

Participants 

Thirty-five healthy right-handed adults aged between 18 and 40 years with normal or 

corrected vision took part in the study. The study was conducted under ethical approval from the 

UC Berkeley Institutional Review Board and informed consent was obtained from participants 

before the tasks began. From these subjects, three were excluded from data analysis given 

technical problems with the electrical current stimulator (Digitimer) during their experimental 

sessions. Three more subjects were excluded because they had more than 50% missing pupillary 

data trials. One more subject’s data was excluded due to failure to complete all experimental 

sessions.  This left us with a total of twenty eight participant’s data being included in data 

analysis (18 female; mean age 21.4, SD=5.13). Of these, one participant’s extinction recall 

pupillary data from condition 1-1 was not included given technical equipment failure in 

recording his data during this phase. Additionally, one subject’s pupillary data from acquisition 

2-1, extinction 1-1 and extinction 2-1 was not included in the analysis given he had more than 

50% of missing trials for a given CS for one or more task blocks.  

 All participants completed the Spielberger State and Trait Anxiety Inventory (STAI; 

Spielberger, 1983) before the experimental tasks. A median STAI anxiety level across the 28 

participants was calculated and used to split the subjects into ‘low’ and ‘high’ trait anxiety sub-

groups. This resulted in the following subgroups: low trait anxiety (n=14, 5 males, mean age = 

23.22, SD age = 7. 29, STAI range = 21- 38, mean STAI trait=29.9, SD STAI=6); high trait 

anxiety (n=14, 5 males, mean age 20.08, SD age= 2.15, STAI range = 41- 62, mean STAI trait 

=49.3, SD STAI=5.9).  

 

Stimuli, task design and procedure 

A differential fear-conditioning paradigm was used. Each participant completed three 

experimental conditions (one acquisition and one extinction context (1-1), two contexts at 

extinction (1-2) and two contexts at acquisition (2-1) ) across four days, the order of which was 

counterbalanced across participants. Each condition involved habituation, acquisition, extinction 

and then (24 hours later) extinction recall. Across conditions, six different images of dogs served 

as conditioned stimuli (CS+ and CS-) (a pair used for each condition) and eleven different 

images of rooms -3D computer generated room models, were used as contexts in which the CS’s 

were shown (three or four ‘virtual rooms’ were used per condition). The room images were 

created and /or modified using blender (www.blender.org). Allocation of rooms as well as the 

dog images that served as CS+ and CS- were randomized across participants as a function of 

condition and stage of fear conditioning (acquisition, extinction or extinction recall).  

For each condition, during acquisition, extinction and extinction recall, each trial started 

with a context (room) presented by itself for 5-7 seconds. After this period, the dog (CS) would 

appear in the room and remained in the screen for 4-6 seconds, period after which the dog would 

disappear with the image of the room remaining by itself on the screen for another 5-7 seconds, 

after which a new trial would begin (see Figure 2.1). One dog served as a CS+, its presentation 
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always co-terminating with presentation of the US (a 2ms burst of electrical stimulation) during 

acquisition. The other dog served as the CS-, this image never being paired with electrical 

stimulation. Depending upon the condition, the CS+ and CS- were presented in either a single or 

two sequential contexts at acquisition followed by either one or two novel contexts at extinction. 

Specifically, in the baseline (1-1) condition, a single context was used both at acquisition and at 

extinction. In the ‘2 context acquisition’ (2-1) condition,  two contexts were used for acquisition, 

with the first 8 CS+ and 8 CS- presentations occurring in one room, and the remaining 8 CS+ 

and 8 CS- presentations occurring in a second room (Figure 2.1 A) and a single novel (third) 

room being used for extinction. In the ‘2 context extinction’ (1-2) condition, a single context was 

used for acquisition, but this time two novel rooms were used at extinction (one for the first 8 

CS+ and first 8 CS- extinction trials and the other for the remaining 8 CS+ and 8 CS- extinction 

trials) (Figure 2.1B). For all three conditions, the day after acquisition and extinction (roughly 24 

hours later), participants underwent US-reinstatement by receiving three un-cued electric shocks 

while looking at a gray screen. Immediately after, subjects underwent 20 extinction recall trials 

(10 CS+, 10 CS- presentations) where the CS’s appeared unreinforced in another novel context 

(a new room). In addition, for all three conditions, a habituation period preceded acquisition. 

During habituation however, the CS’s (dogs) were not presented inside the rooms, but each dog 

and room used in the experimental condition was presented separately three times each. For 

habituation, each stimulus (the dog or room) was presented for 6-8 seconds, followed by an ISI 

of 2-4 seconds.  

Figure 2.1. Trial structure for acquisition 2-1 (A) and extinction 1-2(B). In both cases by 

the 9th trial a change in context occurred. 
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On day 1, before habituation and before any fear conditioning training occurred, subjects 

were presented on a computer screen with each of the images to be used in the experiment. This 

comprised both room and dog images. With each image presentation, subjects were presented 

with a rating scale requiring them to rate how much they liked the image in a scale from 1 (‘Not 

at all’) to 5 (‘Very Much’). On day 4, after all fear conditioning training for all three conditions 

had occurred, subjects were again presented one by one with all the images used as contexts and 

as CS’s together with the likability rating scale used before, requiring them to rate how much 

they liked the image. Following this, all the rooms and dogs images were presented again a 

second time together  with a contingency rating, requiring subjects to rate how likely was it for 

the given image to be followed by electrical stimulation in a 1 (‘Not at all likely’) to 5 (‘Very 

likely’) scale.  The order in which the images were presented for rating was randomized and this 

randomization was used for all subjects. 

Task conditions were presented across four experimental sessions separated by 24 hours, 

with condition order counterbalanced across participants. On day 1, participants initially 

completed the Spielberger State and Trait Anxiety Inventory (STAI; Spielberger, 1983).  

Afterwards, subjects completed the likability ratings (as described above).Following this, 

subjects completed habituation, acquisition and extinction trials for one of the three experimental 

conditions (1-1, 1-2 or 2-1). The following day (Day 2), subjects underwent reinstatement 

followed by extinction recall for this initial condition. Following this, subjects continued with 

habituation, acquisition and extinction trials for the next condition. Day 3 similarly started with 
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reinstatement and extinction recall trials for the condition acquired / extinguished on day 2. This 

was followed by habituation, acquisition and extinction trials for the final condition. On day 4, 

subjects completed reinstatement and extinction recall trials for this last condition. Following 

this, subjects completed stimulus likability ratings and contingency ratings (as described above). 

Participants were seated at 60cm distance from the monitor on which task stimuli were 

presented. Psychopy 1.74 (Psychology Software in Python) was used for stimulus presentation 

and behavioral data collection. 

 

Electrical Stimulation  

The unconditioned stimulus (US) consisted of a 2ms burst of electrical stimulation 

delivered with a constant current stimulator (Digitimer DS7A, Digitimer Ltd.) via an electrode 

attached to the right wrist. On each day’s visit, prior to task performance, subjects underwent an 

electrical stimulation (re)calibration procedure to keep the perceived level of stimulation as 

constant as possible across sessions. Specifically, the level of stimulation was gradually 

increased until the participant rated the stimulation as 7 /10 on a 1- “not 

uncomfortable/unpleasant at all” to 10- “very uncomfortable/unpleasant” scale.  

Pupillary Measurements 

Participants’ pupil diameter was recorded with an EyeLink 1000 (SR Research) eye-

tracker system at a sampling rate of 500 Hz. Subjects were seated in a room with reduced 

lighting, with their head positioned in a chin rest 60 cm away from the display monitor.  All 

pupil data was pre-processed and analyzed with customized scripts written in Matlab (The 

Mathworks, Natick, MA, USA). The data was inspected for artifacts (i.e., blinks, loss of signal), 

these were removed and linear interpolation between neighboring points was used to replace 

them. The clean/ interpolated data was low- pass filtered at 3.75 Hz frequency cutoff, using a 

butterworth filter (Nassar, et al. 2012). Then, pupil measurements were z-transformed across all 

phases for a given condition (habituation, acquisition, extinction and extinction recall) and 

epoched into trials beginning 0.2 seconds before CS onset and ending at 4 seconds after CS 

onset.  Each trial was baseline corrected by subtracting the average 0.2 sec pre-event onset 

baseline and then data from the left and right pupils was averaged. 

For each experimental phase (habituation, acquisition, extinction and extinction recall), 

baseline-corrected pupil dilation data yoked to events of interest (CS+, CS-) were down-sampled 

to give mean values for four sequential 1 second time bins post event onset.  For all statistical 

analysis, two mean pupil bins corresponding to the average from 2-3 and from 3-4 seconds after 

CS onset were used as dependent measures. These intervals corresponded to the latest 

anticipation period, before the US occurrence during acquisition.  

For each subject, trials with 50% or more interpolated or missing data were discarded 

from analysis. Data from subjects with more than 50% of missing trials per CS during each fear 

conditioning stage (habituation, acquisition, extinction and extinction recall) and per block, in 

the case of acquisition and extinction, were not included in the analysis.  

 

 



 
 

49 
 

Skin Conductance Response 

 A pair of electrodes were attached to the participant’s index and middle fingers of the left 

hand to record the skin conductance response (SCR) data, using a MP-100 Biopac system 

(BIOPAC systems). This data was low-pass filtered and smoothed using customized Matlab 

scripts. The SCRs were identified as any change from base to peak equal to or greater than 0.02 

microsiemens that occurred between 0.5 and 3.8 seconds after stimulus onset (CS+, CS-). This 

period was chosen to avoid getting SCR’s to the electrical stimulation, which occurred at 4 

seconds during acquisition. If a given event did not elicit an SCR, the SCR value was set to 0 for 

that given trial (Labar, et al. 2005). The identified SCR amplitudes were square root transformed. 

From this data, we calculated mean SCR amplitudes per event (CS+, CS-) and trial block (for 

acquisition and extinction). Subsequently we used these means to calculate SCR differential 

scores for each condition, phase, and block (eg Acquisition: CS+ Mean Block 1 (-) CS- Mean 

Block 1).  

 

RESULTS 

Subjective reports  

 We first sought to examine whether participants’ perception of CS+/ CS- US 

contingencies at the end of the experimental sessions varied as a function of CS type (CS+, CS-), 

anxiety levels and experimental condition. A repeated measures ANOVA with within subjects 

factors condition (1-1, 1-2, 2-1) and CS type (CS+, CS-) and between subjects factor anxiety 

group (low, high) was conducted with participants’ US contingency ratings from day 4 as the 

dependent measure. This revealed a main effect of CS type (F(1, 26)= 34.511, p=.000), with the 

CS+ being more highly rated as being contingent with electrical stimulation compared to the CS- 

(t(27)= 5.825, p = .000; CS+: M= 3.69,SD=.993; CS- : M= 2.011, SD=.853). There were no 

significant main effects or interactions involving condition and/or anxiety (ps >.10) (Figure 2.2). 

We next analyzed change in stimulus likability from day 1 to day 4. A repeated measures 

ANOVA with within subjects factors condition (1-1, 1-2, 2-1) , CS type (CS+, CS-), assessment 

time (day 1, day 4), and between subjects factor anxiety group (low, high) was conducted with 

participants’ stimulus likability ratings as the dependent measure. This analysis revealed a 

significant main effect of CS type (F(1, 26) = 9.668, p =.005 ), assessment time (F( 1, 26)= 

14.424, p= .001) and an interaction of CS type with assessment time (F(1, 26)=11.631, p =.002 )  

and no main effects or interactions involving experimental condition or anxiety (p’ > .10). 

Planned paired t-tests showed that likability ratings decreased significantly for the CS+ from pre 

to post fear conditioning training (t(27)= 4.647, p = .000; CS+ mean pre- fear conditioning: 

3.2619 ; CS+ mean post- fear conditioning: 2.511 ), but did not change significantly for the CS- 

(t(27)= 1.479, p=.151; CS- pre- fear conditioning mean: 3.369; post- fear conditioning mean: 

3.178). Furthermore, the CS+ was rated lower in likability on day 4, post fear conditioning, than 

the CS- (t(27)= 3.795, p = .001; CS+ post fear-conditioning mean: 2.511; CS- post- fear 

conditioning mean: 3.1786). In contrast there was no difference in CS+ and CS- likability before 

any fear conditioning occurred (t(27)= -.964, p =.344) (Figure 2.2). 

These subjective reports indicate that fear conditioning affected the degree to which the 

CS+ was perceived to be associated with electrical stimulation and the likability of the CS +, 
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suggesting an influence of the conditioning procedure even after extinction and extinction recall 

had taken place. However, US contingency and likability ratings did not vary as a function of 

experimental condition or participants’ anxiety levels.  

Figure  2.2 Subjective ratings. A) US contingency ratings as a function of CS type and 

experimental condition. B) Likability ratings as a function of CS type before any fear 

conditioning training and after all fear conditioning training. (Error bars= SEM) 

A)                                                                      B) 

 

 

Physiological Responses 

Pupil  

Habituation 

  Results from a 2 way repeated measures ANOVA performed with each experimental 

condition’s habituation data separately, indicated no significant main effects of CS type or 

anxiety and no interactions, in any of the experimental conditions  for both mean pupil bins (p’s 

> .10). These results suggest that in each of three conditions (1-1, 1-2, 2-1) pupil responses 

during habituation did not differ as a function of conditioned stimuli (CS+, CS-) or anxiety 

group.  

To inspect whether there were differences in the pupillary responses during habituation as 

a function of condition and anxiety group, we used the mean differential pupil response (CS+ - 

CS-) from time bin 3 (2 -3 seconds after CS onset) and bin 4 (3-4 seconds after CS onset) as 

dependent measures in a two-way repeated measures ANOVA. The results showed no effects of 

condition ( bin 3: F(2, 52)= .375, p=.689; bin 4: F(2, 52) =.067, p=.935), anxiety group  (bin 3: F 

(1, 26) = .312, p=.581; bin 4: F(1, 26) = 1.633, p=.213) , and no condition by anxiety interaction 

(bin3: F(2, 52)= .198, p=.821 ; bin 4: F(2, 52) =.819, p=.446 ). Thus, pupillary responses during 

habituation did not vary as a function of experimental condition and anxiety.  

 



 
 

51 
 

Acquisition  

For each condition, the acquisition and extinction data was divided into four blocks (each 

consisting of 8 trials, 4 CS+ and 4 CS- ), to allow us to inspect how pupil responses changed as 

subjects learned the contingencies associated with the CS’s. From each block, a baseline-

corrected mean pupil trace was obtained for each CS by averaging across trials. From this pupil 

trace average the two one-second mean bins (bin 3, bin 4) were calculated (from 2-3 and 3-4 

seconds after CS onset, respectively), and used as a dependent variables in the following 

analysis.  

We initially sought to establish whether subjects had acquired a conditioned pupil 

response as a result of fear conditioning training. For each condition, we conducted a repeated 

measures ANOVA with within subjects factors CS type (CS+, CS-), trial block (1-4) and 

between subjects factor anxiety group.  For all 3 conditions, for both pupil time bins we found 

main effects of  trial block (bin 3,  1-1 :F(3, 78)= 3.504, p= .019; 1-2: F(3, 78)= 4.744, p= .004; 

2-1: F(3, 75)= 3.993, p=.011 ;  bin 4,  1-1: F(3,78) = 2.908, p=.040;  1-2: F(3, 78)= 5.827, 

p=.001; 2-1: F(3, 75 )= 6.982, p=.000), as well as main effects of CS type (bin 3, 1-1: F(1, 

26)=5.398, p=.028,  1-2: F(1, 26)= 7.365, p=.012;  2-1: F(1, 25)= 4.847, p=.037; bin 4: 1-1: F(1, 

26 ) = 7.075, p=.013; 1-2: F(1, 26)= 10.742, p=.003; 2-1: F(1, 25)= 8.395, p=.008) (Table 2.1). 

Paired sample t-tests indicated that the mean pupillary response to the CS+ (bin 3,  1-1: M=.190 

; 1-2: M= .274; 2-1: M= .221; bin 4: 1-1: M= .1948, SD=.290; 1-2: M=.297, SD=.258; 2-1: 

M=.270, SD=.324) was significantly higher than the mean pupillary response to the CS- (bin 3,  

1-1: M= .060;  1-2: M=.120 ; 2-1: M=.095 ; bin 4 : 1-1: M = .0554, SD=.234;  1-2: M =.088, 

SD=.234; 2-1: M=.084, SD=.229) in all 3 conditions (bin 3, 1-1: p=.029; 1-2: p=.01; 2-1: 

p=.021; bin 4, 1-1: p=.015; 1-2: p=.003; 2-1: p=.006), suggesting subjects had acquired a 

conditioned response to the CS+. The interaction of trial block by CS type was not significant in 

any of the three conditions for the very last pupil bin (bin 4, 1-1: F(3, 78)= 2.173, p=.098; 1-2:  

F(3, 78)= 2.146, p= .101; 2-1:  F(3, 75)=.402, p=.752). However, for the preceding pupil bin 

(bin3) the interaction of trial block by CS type was significant for acquisition 1-1 (F (3, 78) = 

6.845, p=.000) but not for acquisition 1-2 (F(3, 78)= 1.954, p=.128 ) or acquisition 2-1 (F(3, 

75)= .184, p=.907). There was also a trending 3 way interaction of trial block, CS type and 

anxiety group in acquisition 1-1 (F (3, 78)= 2.477, p=.067), but not in acquisition 1-2 (F(3,78)= 

2.076, p=.116) or acquisition 2-1 (F(3, 75)= .487, p=.692)(Table 2.1) .  

To follow up on the significant interaction of block by CS type found in acquisition 1-1 

in pupillary time bin 3 (2-3 sec after CS onset), we analyzed each block’s data separately 

including CS type as within subjects factor and anxiety group as between subjects factor in the 

ANOVA.  We found a main effect of CS type in block 1 (F (1,26)= 4.279, p=.049), block 2 ( 

F(1, 26)= 10.664, p=.003) and block 3 (F(1, 26)= 6.540, p=.017), while this effect was trending 

in block 4 (F(1, 26) =3.197, p=.085).  With the exception of block 4, pupillary dilation to the 

CS+ in blocks 1-3  (block 1: M=.318; block 2: M=.172; block 3: M=.238; block 4: M=.030)  was 

higher than that for the CS- (block 1: M=.164 ; block2: M=-.112 ; block3: M= -.004; block 4: 

M= .193) (p’s < 0.05, block 1-3; one -tailed), confirming successful conditioned fear expression 

to the CS+ in these blocks.  We also found an interaction of CS type with anxiety group in block 

1 only (F(1,26)= 6.628, p=.016). This interaction was driven by the fact that the low anxious 

subjects showed a differential fear response on block 1 of acquisition 1-1 (t(13)= 3.44, p=.004; 

CS+ M= .395; CS- M= .049) but the high anxious subjects did not (t(13)= -.343, p= .737; CS+ 

M=.242; CS- M= .2802).  There were no main effects of anxiety group in any of the acquisition 
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1-1 blocks for this pupil time bin (bin 3, p’s> .10). Thus, only in the first block of acquisition 1-

1, was there a significant difference in conditioned responding between low and high anxious 

subjects. The low anxious subjects showed a differential fear response early on, by the first 

block, while it took a bit longer for the high anxious subjects to do so, not showing a differential 

conditioned pupillary response until the second block of trials.  No significant effects of anxiety 

were found for acquisition 1-2 and 2-1.  

Table 2.1. Main effects and interactions during acquisition (in each experimental 

condition), for pupil time bins 3 and 4 (* p <0.05; ns = not significant/p>.10). 

Repeated measures ANOVA 

main effects and  interactions 
Pupil mean time bin 3 

(2-3 sec after CS onset) 

Pupil mean time bin 4 

(3-4 seconds after CS onset) 

Trial block  1-1:  F(3, 78)= 3.504, p= .019 * 

1-2: F(3, 78)= 4.744, p= .004 * 

2-1: F(3, 75)= 3.993, p=.011 * 

 

1-1: F(3,78) = 2.908, p=.040 * 

1-2: F(3, 78)= 5.827, p=.001 * 

2-1: F(3, 75 )= 6.982, p=.000 * 

 

CS type 1-1: F(1, 26)=5.398, p=.028 * 

1-2: F(1, 26)= 7.365, p=.012 * 

2-1: F(1, 25)= 4.847, p=.037 * 

1-1: F(1, 26 ) = 7.075, p=.013*  

1-2: F(1, 26)= 10.742, p=.003* 

2-1: F(1, 25)= 8.395, p=.008 * 

Trial block * CS type 1-1: F (3, 78)= 6.845, p=.000) * 

1-2: ns  (F(3, 78)= 1.954, 

p=.128 

2-1: ns p>.60 

1-1: ns 

1-2: ns 

2-1: ns  

Trial block * CS type * 

anxiety group 

1-1: ns F (3, 78)= 2.477, 

p=.067 

1-2: ns F(3,78)= 2.076, p=.116 

2-1: ns  p>.60 

1-1: ns 

1-2: ns 

2-1: ns 

Anxiety group 1-1: ns 

1-2: ns 

2-1: ns 

1-1: ns 

1-2: ns 

2-1: ns 

 

 We next sought to determine whether the presence of one or two contexts at acquisition 

influenced strength of differential conditioned fear acquired. In condition 2-1 there was a change 

in room between acquisition blocks 2 and 3. This resulted in this condition differing from 

conditions 1-1 and 1-2 for blocks 3 and 4 alone. For this analysis we used as the dependent 

variables the same one-second bin averages (from 2-3 and 3-4 sec after CS onset) but this time 
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derived from the mean differential pupil response from blocks 3 and 4 (e.g., CS+ block 3 - CS- 

block 3). We investigated whether the experience of more than one context led to stronger 

acquisition by comparing the mean differential pupil response in condition 2-1 separately against 

that in conditions 1-1 and 1-2. A 3-way ANOVA with repeated measures revealed a trend for a 

main effect of condition for pupil bin 4 (F(2, 50)= 2.540, p=.089) but not for pupil bin 3(p> .10). 

Although the interaction of condition with trial block was not significant for pupil bin 4 (p>. 10), 

it was significant in pupil bin 3 (F(1.63, 40.78)= 4.662, p=.021).  There were no main effects of 

block or anxiety group on both pupil bins (p’s > .10).  

 We further examined the trending main effect of condition found in pupil bin 4. A 

planned paired sample t-test indicated that the mean differential pupil response across the last 2 

blocks of acquisition 2-1 was significantly higher than that from acquisition 1-1 (t(26)= 2.227, 

p=.017, one- tailed;  2-1: M= .254, SD=.447; 1-1: M= .028, SD=.372) , but it was not 

significantly different from that of acquisition 1-2 (t(26)= .711, p=.241, one-tailed; 1-2: M=.174, 

SD=.395)(Figure 2.3).  However, to note is that differential fear responding was not significantly 

different from 0 on the last 2 blocks of acquisition 1-1 (t(26)=.396, p=.695) but it was for 

acquisition 1-2 (t(26)=2.287, p=.031) and 2-1 (t(26)=2.951, p=.007). This may explain why 

conditioned responses for acquisition 2-1 differed from those in acquisition 1-1, but not from 

those of acquisition 1-2.  In the other hand, further examination of the condition by block 

interaction observed in pupil bin 3, indicated differences in pupillary responses between 

conditions during block 4, but not during block 3 (p’s  >10). In block 4, there was a significant 

main effect of condition (F(1.62, 42.29) = 5.457, p=.012), due to the mean differential pupil 

response for acquisition 2-1 (mean=.183, SD=.588 )being significantly higher than for 

acquisition 1-1 (mean=-.162, SD=.471) (p=.03), but not acquisition 1-2 (mean= .276, SD=.426) 

(p>.10). Therefore, both results from pupil bins 3 and 4, suggest pupillary fear conditioned 

responses were not significantly modulated as a function of the number of contexts in which the 

CS+ was reinforced nor by trait anxiety levels. Although pupillary conditioned responses during 

acquisition 2-1, were higher than those observed in acquisition 1-1, this last condition failed to 

show significant differential fear on the last acquisition block. Additionally, pupillary 

conditioned responses during acquisition 2-1 did not significantly vary from those observed in 

acquisition 1-2. 
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Figure 2.3. Mean differential pupil response (CS+ - CS-) averaged over last two acquisition 

blocks (3 and 4) by condition. (Error bars= SEM) 

 

Extinction 

 To examine whether successful extinction of conditioned responses had occurred in each 

condition, we conducted a repeated measures ANOVA with within subjects factors trial block (1-

4), CS type (CS+, CS-) and between subjects factor anxiety group. For extinction 1-1, for pupil 

bin 4, the results indicated a main effect of block (F(3, 75)= 4.881, p= .004, p=.017; Linear 

Trend : F(1,25) =9.958, p=.004) while this effect was trending for pupil  bin 3 (F(3, 75)= 2.645, 

p=.055). Also, there was a significant interaction of block with anxiety group in both pupillary 

time bins (bin 4: F(3, 75)= 3.973, p=.011; bin 3: F(3, 75)= 3.704, p=.015) (See Appendix, figure 

2.12 A) and a trending interaction of  CS type and anxiety group in pupil bin 3 only (F(1, 25)= 

3.528, p=.072).We further examined the interaction of trial block and anxiety present in pupil 

bins 3 and 4 by repeating the ANOVA above but in each anxiety group’s data separately. The 

main effect of block was significant in both the low anxious (bin 3: F(3, 39)= 2.904, p=.047; bin 

4: F(3, 39)= 3.817, p= .017) and high anxious groups (bin 3: F(3, 36)= 3.522, p= .025; bin 4: 

F(3, 36)= 5.232, p=.004). Both groups showed a decrease in their pupillary responses to the CS’s 

across the first 3 blocks on both pupil bins 3 and 4. However, for pupil bin 4 the initial 

decrement in pupillary responding from block 1 to block 2, was greater for the low anxious 

subjects (bin 4: t(13)=2.353, p=.035, 2-tailed, block 1 mean= .172, SD=.350;  block 2 mean= -

.067, SD=.319) than in the high anxious subjects (bin 4: t(12)= .224 p=.826, 2-tailed;  block 1 

mean=.170, SD=.261, block 2 mean=.153, SD=.192) (See Appendix, figure 2.12 A). Although 

not significant, a similar trend was present for pupil bin 3 (p >.10).  Also, further examination of 

the interaction of CS type with anxiety group present in pupil bin 3, showed it was driven by a 

trending main effect of CS type in the high anxious subjects (F(1, 12)= 4.400, p=.058), but not in 

the low anxious group(p’s > .10). Here, the high anxious subjects showed an increase responding 

to the CS- compared to the CS+, that was trending towards significance in the second block only 

(t(26)= -1.865, p=.073). Furthermore, we also examined whether the mean differential pupil 

response from the last block of extinction 1-1 was significantly different from 0. The result was 
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not significant (bin 3: t(26)= .943, p= .354; bin 4: t(26)= -.130, p=.898; 2-tailed), suggesting no 

differential fear responding  by the last extinction block of extinction 1-1.  

For extinction 1-2, we found a weak trend towards an interaction of block with anxiety 

group (F(3, 78)= 2.186, p=.096) in pupil bin 4 and no other effects (p’s >.10). In pupil bin 3, the 

only significant effect was a 3 way interaction of trial block with CS type and anxiety group 

(F(3, 78)= 2.965, p=.037) (Figure 2.4). The block by anxiety trending interaction  present in the 

last pupil bin (bin 4) was driven by a main effect of anxiety on the first extinction block F(1, 

26)= 4.131, p=.052), but not the rest of the blocks (ps> .10) (See Appendix, figure 2.12 B). On 

the first extinction block the low anxious group showed higher pupillary dilation across CS type 

compared to the high anxious subjects (t(26)=2.032, p=.052, 2-tailed; Low Anxious: M= .302, 

SD= .328; High Anxious: M= .024, SD=.393). On the other hand, to explore the 3-way 

interaction of block, CS type and anxiety group present in pupil bin 3, we conducted a 2-way 

ANOVA on each extinction block’s data separately. In the first extinction block, similarly as 

with the previous pupil bin, we found a main effect of anxiety (F(1, 26)= 5.283, p= .030), with 

the low anxious subjects showing increased pupillary responses across CS type, compared to the 

high anxious subjects (t(26)= 2.298, p=.030; 2-tailed). No significant effects were present in 

blocks 2 and 3, while in block 4 we found a significant interaction of  CS type and anxiety group 

(F(1, 26)= 4.971, p=.035). Here, the low anxious subjects showed a trend towards an increased 

pupillary response to the CS- compared to the CS+ (t(13)= -1.883, p=.082, 2-tailed; CS+ mean= 

.050, SD= .408; CS- mean =.386, SD= .443), while the high anxious subjects did not differ in 

their pupil responses to the CS’s (t(13)= 1.206, p=.249, 2-tailed; CS+ mean= .301,SD= .321,  

CS- mean=.140, SD= .303) (Figure 2.5). In addition, during block 4, low anxious subjects’ 

pupillary response to the CS+ tended to be lower than that of the high anxious individuals (t(26) 

= -1.813, p=.081; 2-tailed), but their response to the CS- tended to be higher than that of the high 

anxious subjects (t(26)= 1.717, p=.098; 2-tailed). We aimed to examine whether these 

differences in pupillary responses between low and high anxious subjects present in the last 

extinction block had changed over blocks as a function of the change in extinction context that 

occurred in block 3, by comparing pupillary responses to the CS’s across blocks. Therefore, we 

repeated the ANOVA specified above with predictors block and CS type in each anxiety group 

separately. From this analysis we found no significant effects in the low anxious group (p’s 

>.25), but we found a significant effect of block (F(3,39)=2.895, p=.047) and a trending 

interaction of block and CS type in the high anxious group (F(3, 39)=2.631, p=.064). 

Examination of this block by CS type interaction trend in the high anxious group, revealed that 

the effect of block was significant for the CS+ (F(3,39)= 3.149, p=.036) and trending for the CS- 

(F(3,39)= 2.338, p=.088). Specifically, we found that relative to the second extinction block 

(CS+ Block 2 M= -.026, SD=.329) the response to the CS+ had significantly increased in block 

3, when the new context was introduced (t(13) = 2.164, p=.050; 2-tailed, CS+ Block 3 M= .290, 

SD=.403),  and block 4 (t(13)=-2.514, p=.026; 2-tailed, CS+ Block 4 M= .301, SD=.321) (Figure 

2.4). Meanwhile, the pupillary response to the CS- had significantly increased only from the first 

block (CS- block 1 M= -.030, SD=.427) to the second extinction block (t(13)= -2.248, p=.043, 2-

tailed, CS- block 2 M= .303, SD=.454 ) before any changes in context occurred. 

Thus, when an additional context was introduced during extinction, low anxious subjects 

modulated their pupillary responses by showing enhanced pupil dilation to the safe CS (CS-) in 

the subsequent block after the context change (block 4). Furthermore, high anxious subjects’ 

pupillary conditioned responding to the CS+ significantly increased when the new extinction 
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context was introduced, from block 2 to blocks 3 and 4, suggesting a fear renewal effect. This 

enhanced CS+ pupillary responding with extinction context change was not observed in the low 

anxious subjects. Although we also observed pupillary changes in responses to the CS- in the 

high anxious group, these did not occur with the change in extinction context, but before any 

contextual changes occurred (an increase in CS- responding from block 1 to block 2). In addition 

to these analyses, we confirmed that the group mean differential pupil response from the last 

block of extinction 1-2 was not significantly different from 0 (bin 3: t(27)= -.730, p=.472; bin 4: 

t(27)= -1.470, p=.153; 2-tailed) suggesting successful extinction of conditioned responses.   

Lastly, for extinction 2-1, we found no significant main effects and no interactions for 

both pupil bins (all p’s > .10). However, unlike extinction 1-1 and 1-2, the mean differential 

pupil response from the last block of extinction 2-1 was significantly different from 0 for bin 4 

(t(26)=2.406, p=.024, 2-tailed), and trending for  bin3 (t(26)= 1.715, p=.098). In this last 

extinction block, for pupil bin 4, the mean pupil response to the CS+ was significantly higher 

than that to the CS- (CS+ mean=.241, SD=.383; CS- mean=.045, SD=.379). Similarly the mean 

pupil response to CS+ for bin3 tended to be higher than that of the CS- (CS+ mean= .196, 

SD=354; CS- mean=.075, SD=.275).   

In sum, these results suggest successful extinction of conditioned responses in extinction 

1-1 and 1-2. For extinction 2-1, however, there was still differential fear responding to the CS+ 

by the last task block, suggesting conditioned responses had not fully extinguished by then 

(Figure 2.6 C). In addition, effects of anxiety were observed in extinction 1-1 and 1-2. In 

extinction 1-1, pupillary responses across CS type decreased faster over the first 3 blocks for the 

low anxious subjects than the high anxious subjects. In this condition also, the high anxious 

group shown an enhanced pupillary response to the CS- in the second block of trials. In 

extinction 1-2, the low anxious subjects tended to show increased pupillary responses to the CS- 

compared to the CS+ in the last block of extinction, after the change in context had been 

introduced in block 3. Meanwhile, the high anxious showed a significant increase in CS+ 

conditioned responding from extinction 1-2 block 2 to blocks 3 and 4, when the change in 

context was introduced (block 3) and afterwards.  
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Figure 2.4.  Mean pupillary responses (bin 3) during extinction 1-2, by trial block, CS type 

and anxiety group (Block*CSType*anxiety group interaction was significant, p=.037). 

(Error bars= SEM) 

 
 

 

Figure 2.5.  Mean pupillary responses (bin 3) during extinction 1-2 block 4, by anxiety 

group and CS type (CS type*anxiety group interaction, p=.035). (Error bars= SEM). 
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Figure 2.6. Mean pupil response by CS type across extinction blocks for each condition 

(pupil bin 4). (Error bars= SEM) 

 

 

Next, we aimed to investigate whether there were differential fear differences in 

extinction as a function of the number of contexts in which extinction learning was experienced. 

Here, participants in condition 1-2 experienced a new room before blocks 3 and 4. Hence, for 

these blocks, participants in all three conditions had distinct prior histories due to their 

experience at either acquisition or extinction and thus we focused our analysis on these last 2 

blocks. We conducted a repeated measures ANOVA with within subject factors condition (1-1, 

1-2, 2-1), trial block (3,4) and between subject factors anxiety group, using the two mean 

differential pupil bin averages (from 2-3 and 3-4 seconds after CS onset) as dependent measures. 

We found a significant interaction of condition with task block (F(2, 50) = 3.534, p=.037) in 

pupil bin 4 and a trending interaction of condition with anxiety group in pupil bin 3 (F(2,52)= 

2.516, p=.091) 

Further examination of the interaction of condition with task block found in pupil bin 4, 

indicated that the mean differential pupil response during extinction 1-2 was not significantly 

different from that of extinction 1-1 (t(26)=1.677, p=.105, 2-tailed; mean 1-1= -.025, SD=.417; 

mean 1-2= .144, SD= .560) and extinction 2-1 (t(26)= .748, p=.461; 2-1 mean= .034, SD=.603) 

during task block 3 (when the change in context had occurred for extinction 1-2). In addition, 

also during this third block, mean differential pupillary responses during extinction 2-1 were not 

significantly different from those of extinction 1-1 (t(26) .516, p=.610; 2-tailed). However, for 



 
 

59 
 

the last block of extinction, although the mean differential pupil response for extinction 1-2 did 

not significantly differ from that of extinction 1-1 (t(26)= -1.197, p=.242; 2 tailed; 1-1 mean= -

.014, SD=.560; 1-2 mean=-.235, SD= .751), it was significantly lower than the mean differential 

pupil response of extinction 2-1 (t(26)= -2.480, p=.020, 2-tailed; 1-2 mean=-.235, SD= .751; 2-1 

mean= .195, SD= .423) (Figure 2.7). Also, mean pupillary responses during extinction 2-1 did 

not significantly differ from those of extinction 1-1, for this last block (t(26)= 1.495, p=.147; 2-

tailed). The significant difference on pupillary conditioned responding  in this last block between 

extinction 1-2 and 2-1 in pupil bin 4, may have been driven by the fact that significant  

differential conditioned fear was observed on the last block of extinction 2-1, suggesting  

conditioned responses had not fully extinguished. In the other hand, examination of the trending 

interaction of condition with anxiety group found in mean pupil bin 3, by  conducting a one way 

ANOVA in each anxiety group’s data separately, indicated a trending effect of condition (F(2, 

26)= 2.947, p= .070) in the low anxious group and no other effects. No effects were significant 

nor trending in the high anxious group (p’s >.10). A post hoc paired sample t-test showed that in 

the low anxious group, the mean differential pupil response during extinction 1-2, averaged over 

block 3 and 4 (mean = -.158, SD=.341) was significantly lower compared to the mean of 

extinction 1-1 (mean=.053, SD=.342) (t(13) =-2.404, p=.032, 2-tailed). Similarly, there was a 

trend for extinction 1-2 mean differential pupil responses (averaged over the last two extinction 

blocks) to be lower compared to extinction 2-1 responses (mean=.142, SD= .355)(t(13)= -2.002, 

p=.067, 2-tailed) (Figure 2.8).  Thus, there was some indication that extinction across more than 

one context modulated pupillary responses, specifically by enhancing the response to the CS- 

compared to the CS+. This effect was only observed in the low anxious subjects and in pupil bin 

3. Thus, changes in contextual information during extinction may reduce differential fear 

responding in low anxious subjects but not in high anxious individuals. Additionally, although 

significant differential fear was observed by the last block of extinction 2-1, which was 

significantly higher than that observed in extinction 1-2, differential fear responding for 

extinction 2-1 was not significantly higher than that for extinction 1-1. 

Figure 2.7. Mean differential pupil response (bin 4, 3-4 sec after CS onset) during 

extinction as a function of condition and trial block. (Error bars= SEM) 
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Figure 2.8. Mean differential pupil response across blocks 3 and 4 (bin 3, 2 -3 seconds after 

CS onset) by condition and anxiety group. (Error bars= SEM) 

 
 

  

 

Extinction Recall 

Similarly as with analysis of the extinction data, we first examined whether fear recovery 

had occurred for each condition separately after undergoing extinction training (conducted 24 hrs 

before) and fear reinstatement. Fear reinstatement was achieved by having subjects experience 3 

bursts of electrical stimulation in the absence of the CS’s at the beginning of the extinction recall 

session. We conducted an ANOVA with repeated measures using as dependent variable mean 

pupillary measures obtained from the last block of extinction and from the average of the first 

two trials of extinction recall. As within subject factors we included block (last block of 

extinction, extinction recall) and CS type, and anxiety group as a between subjects factor. For 

extinction recall 1-1 , the results showed a significant main effect of block only (1-1: bin 3 

F(1,25)=11.131, p=.003; bin 4: F(1,25)= 16.532, p=.000), accounting for higher mean pupillary 

responses across CS type during extinction recall compared to the last  block of extinction (bin 3: 

t(26)= 3.406, p=.002; bin4: t(26)=4.076, p=.000; 2-tailed). There was also a trending main effect 

of anxiety group (bin 3: F(1, 25)= 3.803, p=.062), the low anxious subjects showing increased 

pupillary responses across the last extinction block and the first two trials of extinction recall 

relative to high anxious subjects (t(26)= 1.875, p=.072, 2-tailed). For extinction 2-1, we also 

identified a main effect of block only in pupil bin 4 (bin 4: 2-1: F(1, 26)= 5.216, p=.031), 

similarly with  higher mean pupil responses across CS type during extinction recall compared to 

the last  block of extinction (t(26)= 2.336, p=.027, 2-tailed) . No other effects or interactions 

involving CS type, anxiety group and/or block (p’s > .10) were found for extinction recall 1-1 

and 2-1. Meanwhile, for extinction recall 1-2, we found no effects involving block, CS type and/ 
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or anxiety group in pupil bin 4 (p’s > .10), while for pupil bin 3 we identified a trending 

interaction of CS type with anxiety group (F(1, 26) =3.664, p=.067). However, this effect was 

driven mostly by the extinction data, where this interaction was significant (see extinction 

section above). Analysis of the extinction recall data alone showed no significant effects 

including no significant CS type by anxiety group interaction on pupil bin 3 (F(1, 26)= .335, 

p=.568). 

These results suggest that although there was an increase in pupillary responding from 

the last block of extinction to the beginning of extinction recall for conditions 1-1 and 2-1 only, 

pupillary responses did not vary significantly as a function of CS type and/or anxiety group in 

any of the conditions. Thus, we found no evidence of differential fear recovery, 24 hrs after 

extinction, in any of the conditions. We did not proceed to explore pupillary conditioned 

responses as a function of experimental condition in this phase, given we found no evidence of 

fear recovery during the extinction recall phase in any of the conditions.  

 

Skin Conductance Responses 

Habituation 

 A repeated measures 3- way ANOVA using the mean square root transformed SCR as the 

dependent measure revealed no main effects of condition (F(2, 52) =1.487, p=.235), CS type 

(F(1, 26) =.308, p=.584) and anxiety group (F(1, 26) =1.095, p=.305) and no interactions (p’s > 

.20). Thus, indicating no differences in skin conductance responses during habituation as a 

function of experimental condition, conditioned stimuli, and /or anxiety group. 

Acquisition 

As with the pupillary data, we conducted similar analyses with the SCR data. First, we 

examined for each condition whether subjects had acquired a fear response to the reinforced CS 

(CS+). A two-way repeated measures ANOVA indicated a main effect of block (F(2.24, 58.28) = 

15.629, p=.000); Greenhouse-Geisser corrected), but no main effect of CS type (F(1,26)= 2.657, 

p=.115) and no interactions (p’s > .10) for acquisition 1-1. For acquisition 1-2, we found a 

significant interaction of block with CS type (F(3, 78) =3.134, p=.030),  a trending main effect of 

block (F(2.11, 54.87)=2.689; p=.074; Greenhouse-Geisser corrected) and a trending block by 

anxiety group interaction ( F(2.11, 54.87)= 2.895, p=.061 ; Greenhouse-Geisser corrected), and 

no other effects (p’s > .10). While for acquisition 2-1, results indicated a main effect of block 

(F(2.10, 54.643)= 6.939, p=.002; Greenhouse-Geisser corrected) and a trend for a CS type main 

effect (F(1, 26)= 4.126, p=.053) and no other effects (p’s > .13).  

Following up on the block by CS type interaction found in acquisition 1-2, a paired 

sample t-test indicated that the CS+ mean SCR ( M=.359, SD=.368) was significantly higher 

than the CS- mean SCR (M=.201, SD=.304) only during the first block (t(27)= 2.478, p=.020; 2-

tailed), but not during the rest of the blocks (p’s > .17, 2-tailed) (Figure 2.9 B). Thus, we found 

no significant evidence of differential fear conditioning as indexed by the SCR occurring in 

acquisition 1-1 and 2-1. Only for acquisition 1-2, was there a significant increased SCR to the 

CS+ versus the CS- but only during the first task block. 
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Figure 2.9. Mean SCR during acquisition by condition (A)= 1-1; B)= 1-2, C)=2-1), CS type 

and task block. (Error bars = SEM) 

 

 
 

 

 Subsequently, we explored whether strength of fear conditioning differed as a function of 

the number of contexts in which fear to the CS+ was acquired. Here, as with the pupil data 

analysis, we used the mean differential SCR as the dependent measure (e.g., CS+ block 1 – CS- 

block 1) and we focused in the last two acquisition blocks. A 3 way ANOVA revealed no main 

effect of condition (F(1.876, 48.78)= 1.259, p=.291), block (F(1,26)= .203, p=.656) and anxiety 

group (F(1, 26)= .408, p=.528), but a trending condition by block interaction (F(1.523, 39.596) = 

3.254, p=.062) and a trending interaction of block with anxiety group (F(1, 26) = 3.715, p=.065).  

To further explore the condition by trial block interaction, we conducted a separate repeated 

measures ANOVA using each block’s SCR data separately including condition as a within 

subjects factor and anxiety group as a between subjects factor. This analysis revealed no effects 

of condition on task block 4 (p’s > .10), however, there was a main effect of condition in block 3 

(F(2, 52)= 3.870, p=.027). Given that in block 3 a change in context occurred in acquisition 2-1, 

we conducted a paired sample t- tests to examine whether the mean differential SCR would be 

higher during acquisition 2-1 compared to acquisition 1-1 and 1-2. Compared to acquisition 1-2, 

the mean differential SCR was significantly higher during acquisition 2-1 (t(27)= 2.471, p= .010, 

one-tailed; acq 2-1 mean: 0.1361, SD=.342; acq 1-2 mean: -.08147, SD= .307), but  this 

difference was only trending when comparing  acquisition 2-1 with acquisition 1-1 (t(27) = 
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1.367, p=.09, one tailed; acq 1-1 mean: .03765, SD= .162)(Figure 2.10). These results suggest 

that a change in context during acquisition was associated with a stronger SCR conditioned fear 

response compared to conditions where no change in context occurred at acquisition. However, 

this difference was short lived as it was only present for the third task block, the block where the 

contextual change occurred, and it was no longer observed by the next block of trials. 

Meanwhile, exploration of the block by anxiety group interaction by examining the effect of 

block in each anxiety group separately, using the mean differential SCR averaged across 

conditions as dependent measure, revealed no significant effects (p’s>.15). Although, low 

anxiety subjects tended to show a decrease in differential SCR (averaged across conditions) from 

block 3 to block 4, while the high anxious tended to show an increase in SCR responding from 

block 3 to block 4. 

 

 Figure 2.10. Mean differential SCR during acquisition block 3 by condition. (Error bars = 

SEM) 

 

 

Extinction 

To examine whether extinction learning had occurred in each condition, we conducted an 

ANOVA with repeated measures for each condition, with within subject factors block (the four 

blocks of extinction) and CS type and between subject factor anxiety group. This analysis 

revealed no significant effects nor interactions for any of the extinction conditions (1-1, 1-2, 2-1) 

(p’s > .10). In addition, the differential SCR during the last block of extinction was not 

significantly different from 0 in any of the conditions (p’s > .10). These results suggest that in all 

conditions, subjects did not show any differential fear responding to the conditioned stimuli 

during extinction. Given we did not observe significant fear conditioning at acquisition in the 

first place, we cannot conclude extinction learning took place. Additionally no effects of 

condition, block, and anxiety group, nor interactions involving these variables were observed. 

Extinction Recall 
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 We assessed whether subjects showed a differential fear response after having undergone 

extinction (24 hrs earlier) and fear reinstatement, by conducting a 3 way repeated measures 

ANOVA for each condition separately contrasting the last block of extinction with the mean of 

the first 2 trials of extinction recall. For extinction recall 1-1 and 2-1, this analysis revealed no 

significant main effects of phase (extinction, extinction recall), CS type and anxiety group, and 

no interactions (p’s > .09). For extinction recall 1-2, we found a significant 3 way interaction of 

phase with CS type and anxiety group (F(1,26) = 4.364, p=.047). To follow up on this 3- way 

interaction, we repeated the ANOVA using the extinction recall 1-2 data only (given no effects 

had been observed during extinction). This analysis revealed a CS type by anxiety group 

interaction trend (F(1,26)= 3.202, p=.085). A paired sample t- test showed that the low anxious 

subjects tended to show a higher SCR response to the CS+ compared to the CS- (t(13)= 1.413, 

p=.09, one –tailed), while high anxious subjects did not differ in their responses to the 

conditioned stimuli (t(13)= -1.098, p=.145, one tailed). In addition, we examined whether the 

mean differential SCR response (across the first 2 trials) from extinction recall 1-2 was 

significantly different from 0 for the low and high anxious subjects. The results indicated that the 

mean differential SCR from extinction recall 1-2 did not significantly differ from 0 for both the 

low (t(13)=1.413, p=.181; 2 –tailed; M= .111, SD=.295, 2-tailed) and high anxious subjects 

(t(13)= -1.098, p=.292, 2- tailed; M= -.070, SD=.238, 2 tailed). Thus, no significant evidence of 

fear recovery after extinction training and fear reinstatement was found on conditions 1-1 and 2-

1. However, for condition 1-2, trending results indicated low anxious tended to show a higher 

fear conditioned response to the CS+ versus the CS-, as indexed by the SCR, but high anxious 

subjects did not (Figure 2.11).  

Figure 2.11. Mean SCR during Extinction Recall 1-2 by CS type and anxiety group. (Error 

bars= SEM) 
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DISCUSSION  

 In this study we examined whether a CS+ being reinforced across more than one context 

during acquisition (acquisition 2-1) and extinguished across more than one context (extinction 1-

2), was associated with increased and reduced conditioned fear respectively, during either 

acquisition, extinction or extinction recall. We were especially interested in examining the effect 

of trait anxiety on the modulation of conditioned fear during multi-context acquisition and 

extinction. 

We did not find significant evidence that fear acquisition occurring across more than one 

context (acquisition 2-1), is associated with increased sustained conditioned fear. Although we 

found evidence of significant pupillary differential conditioned fear (CS+> CS-) present in the 

last block of extinction 2-1 (but not during extinction 1-1 and 1-2), the mean differential pupil 

response (CS+- CS-) during this last block, was not significantly different from that of extinction 

1-1, although it was from extinction 1-2. Additionally, no differences in pupillary conditioned 

fear responding were observed either during acquisition 2-1 and/or extinction recall 2-1. Thus, 

although fear acquisition across more than one context was associated with poor fear extinction 

in the last extinction block only, it did not impact pupillary fear conditioned responding during 

acquisition itself or extinction recall. Moreover, contrary to our hypothesis we did not find any 

evidence that trait anxiety modulated pupillary fear conditioned responding during either 

acquisition 2-1, extinction 2-1 or extinction recall 2-1. Meanwhile, analysis of the SCR data 

revealed no significant evidence of differential fear acquisition across blocks in the three 

experimental conditions. Differential fear was reflected in the SCR only during certain blocks 

and conditions. For instance, there was significant CS+ conditioned fear responding, versus the 

CS-, in block 1 of acquisition 1-2 only. There also appeared to be increased differential SCR 

associated with the third block of acquisition 2-1 compared to acquisition 1-1 and 1-2; this being 

in line with our hypothesis of increased conditioned fear associated with the CS+ being 

reinforced across more than one context. However, the lack of significant CS type main effects 

during fear acquisition in all three conditions, prevent us from drawing conclusions on 

differential fear learning as reflected by the SCR. Without the convincing establishment of a 

differential fear response across conditions during acquisition, we cannot draw strong 

conclusions regarding extinction and extinction recall. Thus, we do not further discuss the SCR 

data here.  

 In contrast, extinction across more than one context had an impact in fear-conditioned 

responding that differed for low and high anxious subjects. Specifically, low anxious subjects’ 

mean differential pupillary responses across the last two blocks of extinction 1-2, were reduced 

relative to extinction 1-1 and extinction 2-1. This effect was not observed in the high anxious 

subjects. Particularly, when extinction was conducted in more than one context (extinction 1-2), 

low anxious subjects tended to show higher pupillary responses to the safety cue (CS-) relative to 

the CS+ in the last extinction block. In addition, they showed decreased CS+ conditioned 

responses during this last block compared to the high anxious group, who did not differ in their 

pupil responses to the CS+ and CS-. Moreover, high anxious subjects’ conditioned responding to 

the CS+ significantly increased when the new extinction context was introduced, suggesting a 

fear renewal effect. Low anxious subjects did not show a significant increase in conditioned 

responding with the change in contexts during extinction 1-2. However, extinction across more 

than one context was not associated with a significant reduction in differential conditioned fear at 

the extinction recall phase, compared to single context extinction. Thus, extinction across more 
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than one context appeared to affect conditioned responding only during the extinction period, but 

it did not carry on to decrease differential fear at extinction recall, relative to single context 

extinction. Indeed, we found no evidence of differential fear recovery in any of the conditions (1-

1, 1-2, 2-1) and no effects of anxiety at extinction recall. Nevertheless, we observed a significant 

overall increase in pupillary responding during extinction recall 1-1 and 2-1, relative to the last 

block of the extinction phase, potentially suggesting increased sensitization in these two 

conditions. This effect, nonetheless, was not observed for extinction recall 1-2. Taken together, 

these results could suggest that extinction across more than one context is associated with a 

reduced conditioned responding to the CS+, especially in low anxious subjects, and only during 

the extinction phase. Furthermore, multi-context extinction may not necessarily be helpful for 

high anxious subjects, who appeared to show fear renewal when a change in context occurred 

during extinction. Additionally, extinction across more than one context may be associated with 

reduced sensitization at extinction recall, that is, reduced overall conditioned responding at 

extinction recall, although not different for threat and safe predictive cues.  

The fact that we observed contextual changes affecting fear conditioned responding 

during extinction, but not acquisition across more than one context, appears to be in line with the 

view that fear acquisition learning is not as significantly modulated by the context as extinction.  

As argued by Bouton, 2002, 2004, extinction is believed to be more context-dependent given that 

the CS - No US relationship is learned second, which renders the meaning of the CS to be 

ambiguous, leaving the context as an important source of information to disambiguate the 

meaning of the CS. It was during extinction across more than one context that we also observed 

an effect of anxiety on conditioned responding, but not during acquisition or extinction recall. 

Specifically, low anxious subjects showed a decrease in CS+ conditioned responding relative to 

high anxious subjects, in the last block of extinction 1-2. In addition, low anxious subjects did 

not show a significant increase in CS+ responding with a change in extinction context, while a 

contextual change during extinction increased conditioned responding to the CS+ in the high 

anxious subjects. These results could suggest that the low anxious subjects were better at 

detecting that the CS+ remained not predictive of the US when the new extinction context was 

introduced. Low anxious subjects might have a better ability to discriminate that, despite the 

changes in context during extinction, the series of events observed (CS-No US) could still be 

classified under the same extinction latent cause. It is possible that the change in context during 

extinction may have brought about increased ambiguity regarding the threat predictive value of 

the CS+, especially for the high anxious subjects. Previous research has linked anxiety with a 

tendency to overestimate the probability and cost of potential negative events, which may lead to 

increased anticipatory distress (Grupe and Nitschke, 2013). Additionally, the heightened CS+ 

conditioned responding observed in the high anxious subjects during extinction, might be in line 

with previous research indicating deficits in extinction or safety learning in anxiety patients and 

those with high subclinical anxiety levels (Otto et al., 2014; Blechert et al., 2007; Duits et al., 

2015; Michael et al., 2007; Gazendam et al., 2013).  

 In this study, we only used one context change during both acquisition 2-1 and extinction 

1-2. It is unknown if the introduction of more context changes during either acquisition or 

extinction would impact fear conditioning at acquisition, extinction or extinction recall in low 

and high anxious subjects differently. Future research may examine if the number of contextual 

changes during acquisition or extinction is an important factor modulating the strength of fear 

conditioned responding. Also, future studies may explore whether the use of partial 



 
 

67 
 

reinforcement instead of the 100% CS-US contingency used here, could strengthen the impact of 

multi-context fear acquisition on conditioned fear. 

In sum, we found no evidence that experiencing a threat predictive cue reinforced with an 

aversive event in different contexts, leads to stronger fear expression and subsequent fear 

memory to that cue, relative to single context CS-US reinforcement. Additionally, trait anxiety 

levels do not seem to impact the strength of fear conditioned responding when the reinforced CS 

is experienced across 2 different contexts relative to when is only experienced in one context. 

Although, undergoing fear extinction over 2 different contexts, relative to a single context, lead 

to reduced differential fear in low anxious subjects relative to high anxious subjects, we did not 

observed significant reduced fear memory to the CS+ (relative to the CS-) to be associated with 

extinction across more than one context, relative to single context extinction. Thus, in this study, 

we did not find evidence that extinction across more than one context leads to reduced fear 

memory to the CS+ after extinction. Yet it appears that extinction across more than one context 

may reduce fear conditioned responding, during the extinction training period, for low anxious 

subjects only, potentially suggesting high anxious individuals may not benefit from multi-context 

extinction training. Nevertheless, several factors including the number of contexts over which 

extinction is trained, need to be further investigated before concluding whether multi-context 

extinction could potentially reduce fear recovery and relapse after exposure therapy for both low 

and high anxious individuals. 
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CHAPTER 3 

Trait anxiety and experience of control’s impact on anticipation and response 

to subsequent aversive stimuli. 

 

ABSTRACT 

In rodents, prior experience with controllable stress is associated with a more resilient 

profile of responses to subsequent stressors compared to prior experience with uncontrollable 

stress of equal amount, pattern, and intensity. These studies have shown that ventromedial 

prefrontal cortical (vmPFC) function is crucial for the protective effects associated with 

controllable stress to emerge. In humans, higher levels of trait anxiety have been linked to 

deficits in vmPFC recruitment during anticipation or experience of threat-related stimuli. Thus, 

here we explored whether individual differences in trait anxiety modulate the effects of stressor 

controllability on human participants’ responses to current or subsequent stressors. Participants 

with high and low trait anxiety performed an initial sequence learning task involving either 

controllable or uncontrollable aversive stimulation. Subsequently, all subjects performed a task 

involving uncontrollable aversive stimulation. In the first task, participants who experienced 

control showed reduced pupil diameter in response to aversive stimulation. This effect became 

more pronounced as subjects acquired more experience with the task. No significant modulatory 

effect of anxiety was observed. In the second task, in response to uncontrollable aversive 

stimulation, while low anxious subjects did not differ in their pupillary responses as a function of 

prior experience of control, high anxious subjects who experienced prior control showed a 

reduced pupillary response but only in the first half of the task. These findings suggest that the 

effects of prior control over mild stress are relatively short lived in humans and more apparent in 

high trait anxious individuals. 
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INTRODUCTION 

The ability to exert instrumental control over a stressor, namely to implement a response 

that alters some aspect of the stressor, e.g., its occurrence, duration or intensity, has been shown 

to be a critical factor in modulating physiological and behavioral responses to aversive events. 

These findings have come primarily from work conducted in rodents. In an often-used paradigm, 

two groups of animals are exposed to aversive stimulation. One group can control the offset of 

stimulation through a behavioral response, the second  ‘yoked’ group experiences the same 

amount of aversive stimulation, but has no instrumental control over the stressor (Maier & 

Watkins, 2010; Drugan et al., 1997; Pryce et al., 2011). When exposed to subsequent stressors, 

those animals in the yoked group exposed to uncontrollable stress show reduced escape learning, 

increased anxiety like behavior, reduced aggression, and reduced social interaction (Maier & 

Watkins, 2005).The experience of control has hence been argued to be a key factor in promoting 

resilient-like behavior and immunization against future stress.  

Additional work has shed light onto the mechanisms underlying the effects of exposure to 

uncontrollable as opposed to controllable stressors. At the time of initial exposure to a stressor, 

absence of control is associated with increased activation of 5HT neurons within the dorsal raphe 

nucleus (DRN) as measured by c-fos expression and 5HT extracellular levels (Maier &Watkins, 

2010). Upon subsequent exposure to stress, increased 5HT levels in the DRN and amygdala are 

also observed (Maier &Watkins, 2010; Maier, 2015). When DRN 5HT activity is blocked either 

before the initial stressor or before subsequent behavioral testing, the behavioral outcomes 

typically observed after uncontrollable stress, such as poor escape learning when exposed to a 

subsequent stressor, are no longer observed suggesting that the behavioral effects associated with 

uncontrollable stress may depend upon activation and sensitization of DRN 5HT neurons (Maier 

& Watkins, 2010, 2005; Maier, 2015). The protective effects associated with controllable stress, 

meanwhile, appear to be mediated by ventromedial prefrontal cortical (vmPFC) inhibitory 

control of DRN activity (Maier & Watkins, 2010; Amat et al., 2005, 2006). Here, 

pharmacological inactivation of vmPFC, either before the initial controllable stress experience, 

or before subsequent testing, has been shown to block the protective effects associated with 

control, with controllable and uncontrollable stress leading to comparable levels of 5HT 

activation at the time of the initial stressor and to impaired escape learning and potentiated fear 

conditioning during subsequent testing (Maier & Watkins, 2010; Amat et al., 2005, 2006). In 

addition, pharmacological activation of the vmPFC during uncontrollable stress has been shown 

to reduce DRN 5HT activity and decrease subsequent escape deficits typically associated with 

prior uncontrollable stress exposure (Maier &Watkins, 2010; Maier, 2015; Amat et al., 2008).  

 Studies in humans into the effects of stressor controllability upon behavioral and 

physiological responses to aversive events have produced mixed findings. In an early review of 

the literature, Miller 1979, concluded that while the majority of studies indicated that stressor 

controllability was associated with reduced subjective ratings of anxiety and pain (during 

anticipation and at impact of aversive stimuli, respectively), the evidence for control reducing 

physiological responses (e.g., skin conductance responses) to stressor stimuli was less clear cut 

(Miller, 1979). More recent studies point to a lack of consistency in the effects of controllability 

upon subjective responses to stressors (see Wiech et al, 2006 vs Salomons et al., 2004, 2007). 

Studies in humans vary widely on how control over stress is manipulated and what type of 
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stimuli constitutes the stressor. These differences may explain in part the inconsistent results 

observed in the human literature.  

Fewer studies with human subjects have investigated the effects of prior experience of 

control over responses to future stressors, particularly future uncontrollable stressors. Here, in 

contrast to findings from the rodent literature, two studies reported the experience of control over 

aversive stimulus occurrence, or intensity, to be associated with increased fear and decreased 

pain tolerance, when participants were subsequently exposed to uncontrollable painful stimuli 

(Crombez et al., 2008; Staub et al., 1971). A third study reported no differences in peripheral 

physiological responses to uncontrollable aversive stimuli as a function of prior stressor 

controllability (Rockstroh et al., 1979). 

The findings reviewed above suggest that the effects of stressor controllability may be 

more complex in humans than in rodents. One possibility is that additional variables might 

modulate the effects of stress controllability in human subjects. Unlike typical animal subjects 

reared under controlled environmental conditions, humans vary enormously in genetic makeup, 

and life experiences, and show considerable individual variation in trait affect and cognitive 

styles. Indeed, this has led to calls for caution in the application of constructs of learned 

helplessness derived from animal studies to interpretation of effects of manipulations of stress 

controllability in humans (Abramson & Seligman, 1978). Given that there are trait differences 

among individuals that influence how they react to aversive events, considering these trait 

differences may well be crucial when conducting experiments in humans aimed at examining the 

effects of stressor control manipulations.  

One dimension of individual differences that influences how people react to aversive 

events is trait anxiety. This is commonly measured by standardized self-report scales such as the 

Spielberger State Trait Anxiety Inventory (STAI) (Spielberger et al., 1983). Scores on this 

subscale are elevated in individuals meeting criteria for anxiety disorders (AD) across subtypes 

(Bieling et al., 1998; Chambers et al., 2004) and predict future AD diagnosis (Plehn & Peterson, 

2002). Individual differences in trait anxiety have been associated with differential behavioral, 

physiological, and brain responses to aversive stimuli across many paradigms (Bishop, 2007; 

Etkin et al., 2004; Mogg et al., 2004; Chan & Lovibond, 1996; Grillon & Ameli, 2001; Carlson 

et al., 2011; Stein et al., 2007; Simmons et al., 2006). Of particular note, trait anxiety has been 

associated with inefficient recruitment of vmPFC regulatory mechanisms across a number of 

paradigms including conditioned fear extinction, emotion regulation, and anticipation of, and 

exposure to, negative images (Stein et al., 2007; Hare et al., 2008; Indovina et al., 2011; 

Sehlmeyer et al., 2011; Campbell-Sills et al., 2011). This link between trait anxiety and 

impoverished vmPFC function is of interest given the aforementioned findings that intact 

vmPFC function is necessary in rodents for the protective effects associated with control to 

emerge. It raises the possibility that individuals scoring high in trait anxiety might react 

differently to the experience of having control over the occurrence of stressors. In particular, we 

might predict that high trait anxious subjects may have difficulty regulating stress reactions even 

when presented with controllable stressors – i.e., they may benefit less from the experience of 

control. 

 To address this prediction, we invited high and low trait anxious individuals to undertake 

two tasks, the first involving either control or absence of control over aversive stimulation and 

the second uniformly exposing all participants to uncontrollable aversive stimulation. 
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Specifically, participants first performed a sequence learning task. Half of each group was 

allocated, with their knowledge, to a “controllable stress” condition – where discovery of the 

correct sequence of key presses resulted in avoidance of aversive stimulation on a given trial.  

The remaining subjects were allocated with their knowledge to an “uncontrollable stress” 

(yoked) condition - where an alternate subject’s performance, not that of the current subject, 

determined the receipt of aversive stimulation. In the second task, participants were left to 

determine whether or not they had control over stressor occurrence. In actuality, control was 

absent for all participants, with aversive stimulation being delivered randomly on one third of 

trials.  

We tested the hypothesis that, for the initial stressor experience (task 1), experience of 

control over receipt of aversive stimulation would be associated with reduced peripheral arousal 

responses (as indexed by pupillary dilation) and that this would be more pronounced in low trait 

anxious individuals. For the subsequent experience of uncontrollable stress (task 2), we tested 

the competing hypotheses that: a) prior experience of control would lead to reduced 

physiological responses, and potentially subjective anxiety and pain responses, upon subsequent 

exposure to uncontrollable aversive stimuli, with this effect being more pronounced in low trait 

anxious individuals or b) the reverse would be observed, with low trait anxious individuals being 

more able to correctly identify the non-controllability of the new stressors, especially in the 

context of prior control, this resulting in higher physiological, and potentially subjective, 

responses to these novel uncontrollable aversive stimuli.  

 

METHODS 

Participants 

Sixty healthy right handed adults aged between 18 and 39 years, with normal or corrected 

vision took part in the study. Informed consent was obtained prior to participation and the study 

was conducted under ethical approval from the UC Berkeley Institutional Review Board. Thirty 

participants were allocated to have control over the receipt of aversive stimulation in task 1, with 

control being based on their sequence learning performance. The remaining participants were 

allocated to the ‘uncontrollable stress’ condition, each being yoked to a participant in the 

‘controllable stress’ group and receiving aversive stimulation on the same trials where their 

paired participant received stimulation. As far as possible, equal numbers of participants with 

low versus high levels of trait anxiety were allocated to each condition, and where possible 

participants in the ‘uncontrollable’ condition were ‘yoked’ to a participant in the controllable 

condition with a similar trait anxiety score. Four participants from the controllable stress group 

were excluded. Two participants were outliers with regards to the objective level of electrical 

stimulation they accepted to receive during the two tasks (participants were asked to reach the 

same ‘subjective’ threshold of 7/10 on a 1 to 10 scale of unpleasantness, but the objective level 

which translated to this was over 2 standard deviations from the group mean for these two 

participants). Two other participants had insufficient or corrupted pupil data. In addition, one 

participant from the uncontrollable (yoked) stress condition was excluded because of technical 

equipment failure. The final sample comprised fifty-five participants (thirty-five females, twenty 

males, mean age = 21.8, SD=4.28 years), of these 26 participated in the controllable stress 

condition and 29 in the uncontrollable stress condition of task 1. We recalculated the median 

STAI anxiety level across these 55 participants and used this new median to divide participants 
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within each controllability group into ‘low’ and ‘high’ trait anxiety sub-groups. This resulted in 

the following four groups: controllable stress, low trait anxiety (n=14, 6 males, mean STAI 

trait=29.3, SD=5.4); controllable stress, high trait anxiety (n=12, 3 males, mean STAI trait =48.9, 

SD=8.3); uncontrollable stress, low trait anxiety  (n=14, 8 males, mean STAI trait=31.6, SD= 

4.1), uncontrollable stress, high trait anxiety (n=15, 3 males, mean STAI trait=47.9, SD=5.5). 

Aversive Stimuli 

In both tasks we used a compound stimulus consisting of electrical stimulation lasting 0.5 

ms and a 103 dB scream lasting 750 ms. The electrical stimulation was administered to the right 

wrist and was calibrated to a level that the subject deemed uncomfortable/unpleasant (see 

below). The auditory stimulus was played through headphones and had the same onset as the 

electrical stimulation. 

Electrical Stimulation Administration 

Before the experimental tasks, subjects underwent an electrical shock calibration 

procedure to determine the electrical current intensity to be used. Through this procedure, the 

current level was gradually increased until each participant rated the stimulation as “moderately 

uncomfortable/unpleasant.” Such a rating corresponded to a 7 in a 1- “not 

uncomfortable/unpleasant at all” to 10- “very uncomfortable/unpleasant” scale. Electrical shocks 

were delivered with a constant current stimulator (Digitimer DS7A, Digitimer Ltd.) via an 

electrode attached to the right wrist.  

Pupillary Measurements 

Participants’ pupil diameter was recorded with an EyeLink 1000 (SR Research) eye-

tracker system at a sampling rate of 1000 Hz. Subjects were seated in a silent room with minimal 

light, with their head positioned in a chin rest 60 cm away from the display monitor.  All pupil 

data was pre-processed and analyzed with customized scripts written in Matlab (The Mathworks, 

Natick, MA, USA). Artifacts due to blinks or loss of signal were detected and removed and 

linear interpolation was conducted between neighboring points. Trials with more than 25% 

interpolated or missing data were discarded from further analysis.  

All pupil traces were z-transformed for each subject. Pupil dilation was calculated using a 

frame of reference based on the onset of events of interest and with subtraction of a 200 ms pre-

event onset baseline. Data from the left and right pupils were averaged. For each task, baseline-

corrected pupil dilation data yoked to events of interest was down-sampled to give mean values 

for sequential 1 second time bins post event onset.    

 

Procedure 

 Participants initially completed the Spielberger State and Trait Anxiety Inventory (STAI; 

Spielberger, 1983). Following this they were assigned to complete either the controllable or 

uncontrollable (yoked) version of the sequence learning task (task 1) followed by task 2. 

Participants were seated at 60cm distance from the monitor on which task stimuli were 

presented. Psychopy 1.74 (Psychology Software in Python) (Peirce , 2007) was used for stimulus 

presentation and behavioral data collection. 
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Task 1 

In this sequence learning task, participants were instructed to find a correct sequence of 

key presses on each trial. Participants were given a 5-key response box and instructed that keys 

1-4 were potential members of each sequence, and that the fifth key should be pressed to ‘enter’ 

each sequence. The number of key presses required increased gradually across trials from one up 

to a maximum of four key-presses, with the sequence only increasing in length when it had been 

correctly performed on 6 previous occasions. In each case, the new correct sequence extended 

upon the previously correct sequence by addition of one extra key press. On each trial, subjects 

were given a set time during which they could input key presses and obtain feedback as to 

whether the sequence entered was correct or not. Subjects in the controllable stress condition 

were instructed that finding the correct sequence would allow them to avoid the impending 

aversive stimulation. Subjects in the uncontrollable stress condition were also instructed to find 

the correct sequence. However, they were additionally told that their responses would not be 

predictive of shock occurrence or non-occurrence. Instead, they were instructed that, independent 

of whether their responses were correct, they would receive stimulation on the same trials as 

another participant in the controllable group. 

As illustrated in Figure 3.1, each trial commenced with a fixation cross in the center of 

the screen; this was presented for 0.5 sec. Next, a lightning bolt image appeared in the center of 

the screen indicating that aversive stimulation was impending. At the same time, a number from 

1 through 4 was presented in the right upper corner of the screen. This number indicated the 

length of the correct sequence on the current trial. After pressing the required number of keys 

subjects had to press the “submit” key to obtain feedback. The appearance of a green square at 

the bottom of the screen indicated that their response was correct; a red square indicated the 

sequence selected was incorrect. Subjects were instructed that if they received feedback 

indicating that the sequence they had input was correct (the green square) they should not press 

anything else and just wait for the response time to run out. They were also instructed that if they 

obtained a red square, indicating the sequence input was incorrect, they should try other 

sequences until they ran out of time. The time given varied between 2 and 4 seconds depending 

on sequence length. After the response period, the number indicating the sequence length 

required for the trial disappeared. Participants were then either presented with an enlarged 

lightning bolt image (1 sec duration) and received compound aversive stimulation or were 

presented with an image of a blocked lightning bolt (1 sec) and received no aversive stimulation 

(Figure 3.1). For participants in the controllable stress condition, a correct response allowed them 

to avoid aversive stimulation, whereas an incorrect response resulted in receipt of the compound 

aversive stimulus. Each participant in the yoked uncontrollable group received aversive 

stimulation on the same trials as their matched participant in the controllable group. The 

percentage of sequences correctly completed by each participant was recorded in addition to 

pupil dilation in response to trial outcome. 

Task 2 

After a short break, all subjects took part in a second task. Here, participants were 

instructed to explore key-presses or sequence of key-presses that ‘might or might not’ help them 

avoid aversive stimulation. Unlike the first task, subjects were not given details about how many 

keys to press in a given trial and were not provided with feedback. It was emphasized that key 

presses might, but also might not, aid in avoidance of the aversive stimulation. In actuality, for 



 
 

74 
 

all subjects in this experiment, there was no relationship between behavioral responses and 

receipt of aversive stimulation, which occurred randomly on 33% of trials. Subjects were told 

that if they believed they had found a correct response, subsequent trials would require more key 

presses in order to avoid aversive stimulation. All subjects additionally subsequently completed 

an experiment (not presented here due to technical issues with the joystick used) where the 

instruction was equivalent but their responses did indeed influence receipt of aversive 

stimulation. 

Each trial in this task began with a fixation cross presented for 0.5 seconds, followed by 

the appearance of a response cue for 3-7 seconds, Figure 3.2. The response cue indicated the 

possibility of impending aversive stimulation. It was during this period that subjects could enter 

key presses in case these might aid in avoiding aversive stimulation. The response period was 

followed by an anticipation period of 5-7 seconds. Following this, subjects were either presented 

with a lightning bolt (1 sec) and received combined electrical and auditory aversive stimulation 

or saw an image of a blocked lightning bolt (1 sec) and received no stimulation. After another 5-

7 sec interval, participants were asked to rate on a 1-5 scale (1- “Not at all”, 5- “Very Much") 

their pain and surprise if they had received stimulation and their anxiety and relief levels if they 

had not. At the end of task 2, subjects additionally rated the degree to which they believed they 

had control over avoiding the aversive stimuli in this task using a 0 (“Not at all”) to 4 (“All the 

time”) scale. Number of key presses made was recorded in addition to pupil dilation during 

anticipation of outcome and post outcome periods.  

 

RESULTS 

Task 1 

Number of trials with aversive stimulation and objective shock level 

As an initial manipulation check, a two way ANOVA was conducted with stressor 

controllability group (control, no control) and anxiety group (high, low) as factors and number of 

trials on which aversive stimulation was received as the dependent variable. There was not a 

significant main effect of controllability group (F(1,51) =0.003, p= 0.955), or anxiety group 

(F(1,51)= 1.112, p= .297) and no significant interaction of anxiety group by controllability group 

(F(1, 51)= .003, p= .955). In other words, the yoking manipulation was successful. We next 

conducted a parallel two-way analysis of variance with objective shock level used (i.e., that 

equated to a perceived painfulness of 7 out of 10 during calibration) as the dependent variable. 

Here again there was no significant effect of controllability group (F(1,51)=.193, p = .662), or 

anxiety group (F(1,51)= 2.149, p =.149) and no significant interaction of anxiety group by 

controllability group (F(1,51)= .011, p= .917) upon objective shock level. 

 

Performance on the sequence learning task (task 1) 

A two way ANOVA revealed no significant main effects of controllability group 

(F(1,51)=0.009, p= 0.92) or anxiety group (F(1,51)= 0.002,p=0.96),  and no significant interaction 

of controllability group by anxiety group (F(1,51)= 0.510,p= 0.47) on the percentage of sequences 

performed correctly in the first task.  
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Pupil dilation response to aversive stimulation as a function of stressor controllability and trait 

anxiety  

We examined pupil dilation for the three one second time bins post aversive stimulation 

onset, from all trials where aversive stimulation was received. Task data was broken down into 4 

task blocks of 12 trials each. A repeated measures ANOVA with within group factors of time bin 

and task block and between group factors of controllability group and anxiety group revealed  a 

significant controllability group by time bin interaction (F(2,56)= 12.676, p<0.001), but no 

interactions involving anxiety group, ps>.1  Examining each time-bin separately, significant 

effects of controllability group were observed for time bin 2 , t(53)=5.390, p<0.001, 2- tailed, 

and time bin 3, t(53)= 4.657, p<0.001, 2 tailed, which corresponded  to 1-2 and 2-3 seconds post 

aversive stimulation onset, respectively. In both of these time bins, participants with control over 

aversive stimulation, showed reduced pupillary dilation in response to receiving electrical 

stimulation compared to yoked participants (Figure 3.3).  

As the peak pupillary response to aversive stimulation occurred in time bin 2, we focused 

further on this time bin. Here there was a trend towards a linear effect, for the interaction of 

block by controllability group (linear effect: F(1, 28)=3.524, p=.071). We explored this effect by 

conducting an additional repeated measures ANOVA for each controllability group, separately, 

with block as the within subject factor and the mean pupillary response post-aversive stimulation 

across time bin 2 as the dependent measure. This indicated that there was a linear effect of block 

upon pupil response in the controllable group (F(1, 13)= 11.453, p =.005), but not in the 

uncontrollable group (F(1,15)=.283, p=.602). In participants with control, the size of the peak 

pupillary response (i.e., time bin 2) to aversive stimulation  decreased significantly from block 1 

to block 4, (t (19) = 2.111, p <0.05, 2 tailed), no such decrease was observed for the 

uncontrollable group, (t(22)=-.550, p =.588, 2 tailed), Figure 3.4. 

 

Uncontrollable stressor task (task 2) 

Before starting task 2, participants were asked whether the intensity of the electrical 

stimulation was still aversive at a level they would rate as a 7 in 1 -10 scale. If participants 

considered the intensity to be lower or higher than a 7, the electrical stimulation level was 

recalibrated. Fifteen subjects asked to change the electrical current level (13 subjects choose to 

increase it and 2 subjects choose to decrease it). Examination of differences among groups in 

objective shock level chosen for task 2 revealed no significant effects of anxiety group, F(1,51)= 

1.749, p= 0.19, prior (i.e., task 1) controllability  group, F(1,51)= 0.212, p=0.64, and no 

significant interaction of anxiety group by prior controllability group, F(1,51)= 0.120, p= 0.72. 

Uncontrollable stressor task: behavioral responses 

  In this task, participants were instructed that they might or might not have control over 

receipt of the stressor. In actuality, aversive stimulation randomly occurred on one third of trials 

and was not under participants’ control. We first examined whether prior controllability 

experience and anxiety group impacted attempted behavioral avoidance of aversive stimulation, 

as indexed by number of key-presses made on each trial. As in task 1, task data was divided into 

4 blocks; here each block comprised six trials, aversive stimulation being received on two of 

these six trials. A repeated measures ANOVA was conducted with ‘block’ as a within subjects 
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factor, prior controllability group and anxiety group as between subject factors and number of 

key presses as the dependent variable. This enabled us to investigate whether effects of anxiety 

and prior controllability differed over time as subjects acquired more experience with the task.   

This analysis revealed a significant linear effect for the interaction of block by anxiety 

group on number of key presses (F(1,51)= 4.023, p= .050). To investigate this further, effects of 

anxiety group upon key presses were examined separately for each block. This revealed a trend 

towards an effect of anxiety group upon key presses in block 1 alone, with low anxious 

participants attempting more key-presses to avoid aversive stimulation in this first task block 

than high anxious participants (t(40.198) = 1.819, p= .076, 2-tailed), Figure 3.5 . There was no 

significant main effect of prior control, or interaction of prior controllability group with anxiety 

group upon number of key presses made, either across the whole task or as a function of task 

block (ps>.1).   

A single measure of perceived control was obtained at the end of task 2. An additional  

repeated measures ANCOVA was conducted upon number of key presses with block as a within 

subjects factor, prior controllability group and anxiety groups as between subjects factors and 

ratings of perceived control as a covariate. This revealed a significant interaction of block by 

perceived control, F (2.48, 124.04) = 6.086, p= .001. To further explore this interaction, 

correlational analyses were conducted to examine the relationship between perceived control and 

number of key presses within each block. These revealed that in the last task block (block 4) 

alone, there was a near-significant positive correlation between the number of key presses made 

to avoid stimulation and ratings of perceived control, r(55)= .257, p=.058. These findings 

suggest that at the end of the task, the extent to which participants perceived they had control 

over avoiding the aversive stimulation influenced how much they attempted to avoid it (Figure 

3.6). We note, that with perceived control included in the analysis, the linear term for the 

interaction of anxiety group by block was somewhat reduced (F(1,50)=3.041, p=.087). 

Furthermore, a two-way ANOVA revealed no effect of prior controllability group (F(1,51)= 

.105,p=.747), anxiety group (F(1,51)=.886, p=.351), or their interaction (F(1,51)=1.680, p=.201) 

upon the rating of perceived control. 

We also examined the effects of prior controllability group and anxiety group on 

subjective ratings of pain, anxiety, surprise and relief (averaged across trials) and observed no 

significant effects or interactions of the group variables upon these subjective ratings (ps>.1). 

These subjective ratings also showed no significant relationship with perceived control ratings 

(ps>.1). 

 

Uncontrollable stressor task: pupillary responses 

Pupil dilation in response to aversive stimulation in task 2 was examined using baseline 

corrected mean dilation scores from the five sequential one second time bins post receipt of 

stimulation. We conducted a repeated measures ANOVA with block and time bin as within 

subject factors, anxiety group and prior controllability group as between subjects-factors and 

pupil dilation as the dependent variable. This revealed a trend towards an interaction of time bin 

by prior controllability group by anxiety group (F(2.129, 106.446 )= 2.886, p= .057) and a 

significant interaction of block by time-bin (F(7.368 , 368.382) )= 2.467, p=.016) ). Given these 

effects, we repeated the ANOVA separately for low and high anxious individuals with time bin 
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and block as within factors and prior controllability group as a between group factor. This 

revealed only a main effect of pupil time bin (F(1.983, 51.556) = 66.257, p= .000) and  no other 

significant effects involving prior controllability group and/or task block in the low anxious 

group (ps> .10). In the high anxious group, we found a main effect of pupil time bin (F(2.130, 

51.109 ) =58.612, p=.000), a near significant main effect of controllability group (F(1,24) = 

4.179, p=.052) upon the pupillary response to electrical shock and a weak trend towards an  

interaction of time bin by prior controllability group (F (2.130,  51.109)= 2.458, p=.092).  

The main effect of controllability group in the high anxious subjects indicated that across 

blocks, the high anxious group who had prior control showed decreased pupil dilation in 

response to electrical shock compared to the high anxious group who had experienced prior 

uncontrollability. This effect was observed across pupil time bins 3 -5 (bin 3: t(25)= 2.939, 

p=.007;  high anxious controllability M= .240, high anxious uncontrollability M= .766; bin 4: 

t(25)= 2.672, p=.013, high anxious controllability M=-.175, high anxious uncontrollability M= 

.298;  bin 5: t(25)= 2.165, p=.040; high anxious controllability: M= -.333, high anxious 

uncontrollability : M= .098) (Figure 3.7B).  

Examination of the data from each task block separately revealed that, in the high 

anxious group,  there was a significant time bin by prior controllability group interaction for 

block 1 (F(2.645, 66.137)= 3.298, p=.031) and block 2 (F( 2.785, 69.631)= 3.940, p= .014 ), but 

not for blocks 3 (F(2.466,59.192)=.946, p=.410) and 4 (F(2.084, 50.0)= .767, p=.475). The 

interaction of time bin by prior controllability was not significant for none of the blocks in the 

low anxious subjects (p’s>.10). In block 1, the high anxious group who experienced prior 

control, relative to those who experienced prior uncontrollability, showed decreased pupillary 

dilation following aversive stimulation which approached significance in time bin 3, 

(t(25)=2.039, p=.052, 2 tailed), was significant in time bin 4, (t(25)= 2.691, p=.013, 2 tailed), and 

trended towards significance again in time bin 5, (t(25)=1.981, p=.059, 2 tailed), Figure 3.8. In 

Block 2, compared to high anxious who experienced prior stressor uncontrollability, the high 

anxious group with prior control showed significantly reduced pupillary dilation after aversive 

stimulation for time bins 3 through 5 (bin 3: t(25)=2.731, p=.011;  bin 4: t(25)= 2.145, p=.042; 

bin 5:t(25)= 2.165, p=.040; 2 tailed), Figure 3.8. Thus, the decreased pupillary responses 

observed in the high anxious with prior control compared to high anxious who experienced prior 

uncontrollability was mostly present during the first half of the task. We verified that low and 

high anxious subjects who experienced prior control did not significantly differ in their pupillary 

responses to uncontrollable aversive stimulation across blocks and bins (p’s>. 10). Regarding the 

group that experience prior uncontrollability, only during block 2  for time bin 3 was there a 

trend for the high anxious subjects to show increased  pupillary responses to the aversive 

simulation compared to the low anxious subjects (Block 2, bin 3: t(21.71)=1.844, p=.079, 2-

tailed; low anxious uncontrol M=.316, SD=.990, high anxious uncontrol M=.888, SD=.626). 

We also examined baseline corrected mean pupil dilation during anticipation of outcome 

across five sequential 1s time bins where the last bin finished at the time of outcome onset. Trials 

resulting in both aversive stimulation and no aversive stimulation were collapsed together. Here, 

a repeated measures ANOVA with between subject factors of prior controllability group and 

anxiety group and within subject factors of trial block and time bin revealed a non significant 

trend across blocks and time bins for high anxious individuals, compared to low anxious 

individuals, to show greater pupil dilation during the anticipation of outcome window( F(1,51) = 
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.350, p=.073) (Figure 3.9). There were no significant effects or interactions involving prior 

controllability group (p>.10). 

The analyses reported above for pupil dilation post-aversive stimulation and pupil 

dilation during anticipation of outcome were repeated including ratings of perceived control as a 

covariate. For pupil dilation post aversive stimulation, there was a trend towards a main effect of 

perceived control (F(1,49)= 3.487, p=.068), with increased perceived control being associated 

with a decreased pupil response to aversive stimulation. The 3-way interaction of pupil time bin 

with controllability group and anxiety group upon pupil dilation in response to electrical 

stimulation reported above, was still trending when controlling for perceived control (F(2.065, 

101.205) = 2.793, p= .064). For the anticipation of outcome period, an interaction of time bin by 

block by perceived control was observed upon the anticipatory pupil response, (F(6.113 , 

305.666)= 2.441, p=.025) as well as a main effect of anxiety group (F(1, 50)= 4.107, p= .048. 

The main effect of anxiety accounted for high anxious subjects showing increased pupillary 

dilation across pupil bins and task blocks during the anticipation period. To follow up on the 3 

way interaction of pupil time bin with block and perceived control upon the anticipatory pupil 

response, we conducted a repeated measures ANOVA using each anticipatory time bin’s data, 

with block as a within factor and ratings of perceived control as a covariate. This analysis 

revealed an interaction of  block by perceived control for the last time bin prior to outcome 

receipt: bin 5 (F(3,150)= 2.724, p= .046). To further explore this interaction, we conducted 

correlational analyses to examine the relationship between perceived control and pupil dilation in 

time bin 5, separately by block. These revealed that perceived control was associated with 

reduced pupillary dilation during anticipation of outcome in the last block (block 4) alone (bin 5: 

r(55)= -.335, p= .012) (Figure 3.10).  

Given we also observed a near significant correlation between perceived control and key 

presses to avoid aversive stimulation in block 4, we examined the relationship between 

anticipatory pupil dilation and key presses within this block. We observed a negative correlation 

between these variables across time bins 3-5 (bin 3: r(55)= -.451, p= .001; bin 4: r (55)= -.371, p 

= .005; bin 5: r(55)= -.320, p= .017). In other words, in this last block of trials, those participants 

who made more key presses in the response period to avoid stimulation, showed less pupil 

dilation during the latter stage of the period during which outcome was anticipated. Although all 

of these variables -pupillary response during anticipation, perceived control and number of 

keypresses, were correlated, we found no significant evidence through regression and mediation 

analysis that the amount of keypresses mediated the relationship between perceived control and 

anticipatory pupil response.  

 

DISCUSSION 

Results from our first task indicated that participants who experienced control over 

aversive stimulation showed a smaller pupillary response to the compound aversive stimuli. This 

effect became more pronounced in later task blocks, suggesting it developed with experience of 

control. Contrary to predictions, the extent to which the experience of control influenced the 

pupillary response to aversive stimulation did not vary significantly between high and low trait 

anxious individuals. At subsequent testing (i.e., task 2), prior experience of control was observed 

to have a transient impact on pupillary responses to uncontrollable aversive stimulation, most 

notable in the high anxious group.  Here, participants were not informed as to whether the 
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aversive stimulation was under their control or not, the reality being that participants had no 

control over aversive stimulation in this task. Low anxious subjects did not differ significantly in 

their pupillary responses to uncontrollable aversive stimulation as a function of prior experience 

of control in task 1. In contrast, the high anxious subjects who experienced prior control showed 

a reduced pupillary response to aversive stimulation in the first, but not second half of task 2 

(i.e., blocks 1 and 2 alone). 

 In partial support of our first hypothesis, our results from task 1 revealed that 

instrumental control reduced physiological responses to aversive stimulation during the initial 

manipulation of control. This effect increasingly emerged across task blocks, suggesting that as 

participants in the control group advanced in the task and gained experience of control over the 

stressor, their pupillary response to the aversive stimulus decreased. Contrary to our predictions, 

the effect of stressor controllability was not modulated by subjects’ trait anxiety levels, nor was 

there a main effect of anxiety on the pupillary response to stimulation in task 1. The lack of an 

interaction between trait anxiety and controllability may have been due to the stressor control 

manipulation not being potent enough to affect differently low and high anxious individuals.  

Data from task 2 provided some suggestion that prior controllability transiently 

influenced pupillary responses to subsequent uncontrollable aversive stimuli, with this being 

more apparent in high anxious subjects. Specifically, while the low anxious subjects did not 

show significant differences in their pupillary responses to aversive stimulation as a function of 

prior control experience, high anxious participants who experienced prior control showed a 

reduced pupillary response to aversive stimulation in the first half of the task relative to those 

who experienced absence of control. This reduction was observed at later time points rather than 

synchronous with the peak response to stimulation, and had a duration spanning three time bins. 

This may indicate that high anxious participants show a more sustained response to 

uncontrollable stressors, especially when primed by recent experience of uncontrollable stress.  

 The reduced pupillary responses to uncontrollable aversive stimulation observed in the 

high anxious participants with prior experience of control, may also in part reflect them taking 

longer than low anxious participants with prior experience of control to detect that this control is 

no longer present. However, to note is that low and high anxious subjects who had control over 

aversive stimulation in the first task, did not differ in their pupillary responses to aversive 

stimulation in the second task. Yet high anxious subjects who experience prior uncontrollability 

tended to show higher pupillary responses to aversive stimulation than their low anxious 

counterparts who also experienced prior uncontrollability. However, this was only reflected in 

one pupil time bin (bin 3) and only during the second block. It is possible that a combination of 

delayed detection of control as well as enhanced sensitization to aversive stimuli, especially 

when primed by a recent uncontrollability experience, may have contributed to the effects of 

prior control observed in the high anxious subjects during the second task. 

Previous studies have suggested a relationship between perceived control and trait 

anxiety, such that higher levels of trait anxiety are associated with increased deficits in perceived 

control (Gallagher  et al., 2014).Unfortunately, here, it is not possible to know if high anxious 

subjects who had prior control indeed perceived more control within the first half of task two as 

we did not gather ratings of perception of control until the end of this task. At this stage, no 

effects of anxiety group or prior controllability were observed upon perceived control. 

Specifically, in the last two task blocks differences as a function of anxiety group or prior 
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controllability were no longer observed upon the pupillary response to aversive stimulation. In 

contrast the ratings of perceived control obtained at the end of task 2 showed a relationship with 

avoidance behavior and, to some extent, pupillary responses during anticipation in the last task 

block. It would hence be of value, in future work, to assess changes in perceptions of control as 

subjects advance in an uncontrollable stress task.  

 To consider the correlates of perceived control in more detail, during the last task block, 

we observed an inverse correlation between ratings of perceived control and pupil dilation during 

anticipation. Further, a positive correlation was observed between scores on this single report of 

perceived control and number of keys pressed in the fourth block (i.e., attempts at behavioral 

avoidance of the stressor). The number of key-presses in turn correlated inversely with pupil 

dilation during anticipation of outcome in this same block. These findings suggests that 

individual differences in subjective perception of control are linked to greater attempts at 

behavioral avoidance of aversive stimulation and reduced anticipatory arousal, the latter being in 

line with prior findings that perceived control can reduce anticipatory arousal (Geer et al., 1970). 

 A limitation of the current study is that, observed differences in pupil dilation change in 

response to aversive stimulation observed as a function of stressor control could potentially be 

secondary to effects of predictability. Specifically, subjects who had instrumental control over 

the stimulation also had increased predictability regarding when the aversive stimulation would 

occur. In contrast, subjects in the uncontrollable group had decreased predictability regarding the 

occurrence of the aversive stimulation, given their responses were not predictive of stressor 

occurrence. Predictable painful stimuli have been shown to induce a diminished pupillary 

response compared to less predictable painful stimuli (Oka et al., 2010). However, there is prior 

data to suggest that the effects of stressor controllability on peripheral arousal cannot be 

explained by predictability alone, as even when controllable and uncontrollable conditions are 

equated for predictability, controllability is still linked to diminished physiological responding  

(SCR amplitude and spontaneous SCRs) at occurrence and during anticipation of aversive 

stimuli  (Geer & Maisel, 1972). A future avenue of interest will be, thus, to examine individual 

differences in the interaction of stressor control and predictability as a function of trait anxiety. 

Thus, we are not able to determine whether the effects of reduced physiological arousal 

in response to aversive stimuli observed in the high anxious subjects as a function of prior 

control are due to in part to increased predictability and/or perceived control. However, the 

observed findings may suggest that experiences with behavioral control might be of benefit, 

especially to subjects prone to anxiety, in the regulation of physiological arousal or responses to 

aversive uncontrollable events. Given that trait anxiety is deemed to be a vulnerability factor for 

the development of mood disorders it would be of value to further investigate if experiences with 

control can help at-risk individuals to better cope with stress and regulate their emotional 

responses to stressors. If experience of control aids vulnerable subjects to better cope with 

subsequent stress, it may be critical for at-risk individuals and those vulnerable to mood and 

stress-related disorders to acquire experiences with control. More research is needed to discern 

the mechanisms by which behavioral control can boost resilient behavior to stress, especially in 

vulnerable populations. 

In summary, this study investigated in humans whether we would replicate the findings 

obtained from rodent studies that the degree of behavioral control a subject is able to exert over a 

stressor is a critical factor in modulating physiological reactions to stressors. Our findings 
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suggest that in humans, the effects of prior control over subsequent uncontrollable mild stress 

appear to be very transient, reducing subsequent physiological responses to mild stress briefly 

and only in high anxious participants. In future studies it will be of value to measure perceived 

control throughout task performance and to dissociate effects of aversive stimulus predictability 

from effects of controllability. 

 

 

FIGURES CAPTIONS 

 

 

Figure 3.1. Task 1.  A) Schematic of an experimental trial for a participant in the controllable 

group that ends with avoidance of aversive stimulation. In this trial the participant inputs the 

correct sequence of 2 key presses required (key 2 followed by key 3, shown in green in the top of 

the figure), leading to avoidance of the aversive stimulation. B) Schematic of an experimental 

trial for a participant in the controllable group that results in aversive stimulation receipt. In this 

trial the participant incorrectly inputs the required sequence of keys. Instead of the correct 

sequence (2, 3), the subject inputs keys 1 and 2 (shown in red), leading to receipt of aversive 

stimulation. C) Example of an experimental trial for a participant in the yoked-uncontrollable 

group that results in aversive stimulation. In this trial, although the participant inputs the correct 

sequence of keys (2, 3; shown in green) and receives correct contingent feedback (the green 

square), the participant still receives aversive stimulation since the participant in the control 

group to whom (s)he was yoked received stimulation for that trial.  
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Figure 3.2. Task 2. Each trial started with a fixation cross (0.5 sec.), followed by a response cue 

consisting of an orange square at the bottom of the screen. When the response cue appeared on 

the screen (3-7 seconds) participants could explore key presses they were told might or might not 

aid in avoiding aversive stimulation. After the response window, an interval of 5-7 seconds 

followed, after which participants either saw a lightning bolt (1 sec) and received aversive 

stimulation or saw a blocked lightning bolt (1 sec) and received no aversive stimulation. 

Aversive stimulation occurred randomly on one third of trials independent of participants’ 

responses. After the trial outcome, an interval followed (5-7 seconds) after which participants 

rated their pain and surprise if they had received aversive stimulation or their anxiety and relief if 

they had not. After their ratings, a period of 2 seconds followed, after which a new trial started. 
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Figure 3.3.  Task 1: Pupil dilation post- aversive stimulation onset as a function of control 

group (control, no control). For each trial, the zscored pupil signal post aversive stimulation 

was baseline corrected by subtracting the mean pupil diameter from a 200 ms window prior to 

stimulation onset. Effects of experimental condition (control group or no control group) upon 

mean pupil dilation are shown for each 1-s time bin post aversive stimulation onset. (*** 

p<0.001).  

 



 
 

84 
 

 

 

Figure 3.4. Task 1: Peak pupil response post aversive stimulation by task block and control 

group.  From block 1 to block 4, a decrease in peak (time bin 2) pupillary response to aversive 

stimulation was observed for participants who had instrumental control over the aversive 

stimulation (*p<.05). 
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Figure 3.5. Task 2: Attempts at behavioral avoidance of aversive stimulation (number of 

key presses made) by task block and anxiety group. There was a linear trend of block by 

anxiety group on number of key presses, F(1,51)= 4.023, p= .050. Earlier on in the task low 

anxious participants made more key presses in attempts to avoid aversive stimulation.  († 

difference between groups, p<0.10, 2-tailed). 

 

Figure 3.6. Task 2:  Relationship between perceived control and behavioral avoidance. 

Higher post task ratings of perceived control were correlated with the number of key presses 

made in an attempt to avoid aversive stimulation within the last task block (block 4). (Shaded 

area= 95% CI). 
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Figure 3.7.  Task 2: Pupil dilation in response to uncontrollable aversive stimulation 

averaged across blocks by control group and anxiety group. Mean pupil diameter (baseline 

corrected) after aversive stimulation onset is shown for in panel A for low anxious participants 

and panel B for high trait anxious participants. The lines shown mean response across blocks, 

shaded area SEM. Solid line = control group, dotted line = no control group (* = p<0.05). 
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Figure 3.8. Task 2: Pupil dilation in response to uncontrollable aversive stimulation by 

control group, anxiety group and task block. Mean pupil diameter (baseline corrected) after 

aversive stimulation onset is shown for blocks 1 to 4, respectively, in panels A, C, E and G for 

low anxious participants and panels B, D, F and H for high trait anxious participants. The lines 

shown mean response, shaded area SEM. Solid line = control group, dotted line = no control 

group (*= p<0.05). 
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Figure 3.9. Task 2:  Pupil dilation during anticipation of outcome by anxiety group. Mean 

pupil diameter (baseline corrected) across task blocks during anticipation of outcome (shock/ no 

shock) for low and high anxious participants. Anticipation time varied between 5 –and 7 seconds 

after which subjects either received or did not received electrical stimulation. The lines shown 

mean response, shaded area SEM. Solid line = control group, dotted line = no control group (*= 

p<0.05). 
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Figure 3.10. Task 2:  Relationship between post task perceived control ratings and 

pupillary response during anticipation of aversive stimulation in the last task block. 

Increased ratings of post task perceived control was associated with reduced mean pupil dilation 

during the last time bin of the anticipation period. (Shaded area = 95% CI) 
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CONCLUSIONS 

Over three different studies, this thesis examined the relationship between individual 

differences in trait anxiety and fear conditioned responding, as well as responses to aversive 

unconditioned stimuli. In Study 1, we examined whether fear generalization from a reinforced 

singleton to an unreinforced compound containing this singleton, and from a reinforced 

compound to its unreinforced components, was modulated by trait anxiety levels. We found 

significant evidence for singleton to compound and compound to parts fear generalization 

occurring especially early during leaning. This was reflected by both increased pupillary dilation 

and US expectancy ratings to the generalization stimuli relative to the control stimuli. 

Importantly, however, trait anxiety did not significantly impact fear generalization. Yet, as 

discussed in this study’s chapter (Chapter 1 - Discussion), the fact that we did not observe effects 

of trait anxiety on fear generalization may have been in part due to the experimental design, 

including a 100% CS-US reinforcement rate. This CS-US reinforcement rate may have 

contributed to the rapid learning of the CS-US contingencies and quick extinction of fear 

generalization. 

In Study 2, we examined whether fear acquisition and fear extinction occurring across 

more than one context were associated with enhanced and reduced differential conditioned fear 

responding, respectively. Again, our main interest here was to examine the effect of trait anxiety 

on multi-context acquisition and extinction learning. We found effects of trait anxiety only 

during multi-context extinction but not during multi-context acquisition or extinction recall. 

Specifically, low anxious subjects tended to show a reduced differential pupillary response, 

compared to high anxious subjects, during multi-context extinction. This effect was short-lived 

as it was only observed during the last extinction block and it did not carry over to impact 

conditioned responses at extinction recall. Additionally, high anxious subjects showed increased 

fear renewal with contextual changes at extinction as well as increased CS+ pupillary responses, 

relative to low anxious subjects. Thus, extinction across more than one context was not 

associated with reduced fear recovery 24 hours later, but it decreased fear conditioned responses 

of low anxious individuals during the extinction phase. In addition, extinction across more than 

one context may not aid high anxious individuals in reducing CS+ conditioned responding. 

Indeed, contextual changes during extinction may actually lead to fear renewal in high anxious 

individuals. These results appear to be in agreement with studies suggesting deficits in extinction 

learning in anxiety patients and those with high trait anxiety levels (Duits et al., 2015; Blechert et 

al., 2007; VanElzakker et al., 2014; Gazendam et al., 2013; Dibbets et al; 2015), which have 

been interpreted as a potential deficit in safety learning and/or the inhibition of learned fear.  

Finally, in Study 3, we examined the effects of having control over avoiding an aversive 

stimulus upon physiological responses (pupillary dilation) to that aversive stimulus, and on 

subsequent responding to uncontrollable aversive stimuli. We were interested in exploring if trait 

anxiety modulated the effects of behavioral control on responses to aversive stimuli. In the first 

task, where the manipulation of control (i.e., controllable vs. uncontrollable aversive stimuli) was 

introduced, we found that although experience of control led to reduced physiological arousal in 

response to aversive stimulation relative to experience of uncontrollability, we did not observe 

any modulatory effect of trait anxiety. However, in the second task, we found differences 

between low and high anxious subjects as a function of prior control on responses to subsequent 

uncontrollable aversive stimuli. Specifically, high anxious subjects who had prior control had a 
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reduced pupillary response to subsequent uncontrollable aversive stimulation compared to high 

anxious subjects who did not have control in the first task. Additionally, high anxious subjects 

with prior uncontrollability experience also tended to show increased pupillary responses to 

uncontrollable aversive stimulation as compared to the low anxious subjects who experienced 

prior uncontrollability (albeit, we observed that this result was trending only for block 2 of the 

experiment). The interaction of prior control and trait anxiety was only observed during the first 

half of the task and may suggest a potentiation in the responsivity to aversive stimulation in the 

high anxious subjects who had experienced prior uncontrol. Also, it may be possible that high 

anxious subjects with prior control were delayed in detecting the uncontrollability of the second 

task. However, it was not possible to test this hypothesis given that we did not gather perception 

of control measurements along the task. 

 Each of the studies’ results has been discussed more thoroughly in their respective 

chapters. Thus, we next, focus on the commonalities across studies, how they fit with previous 

research findings, and their potential future directions.  

It is notable that only in Study 2 and Study 3 did we observe interactions of anxiety and 

the experimental variables of interest (extinction across more than one context, prior control, 

respectively) upon the pupillary response to conditioned stimuli and unconditioned stimuli, 

respectively. The findings of Study 2, where high anxious subjects showed increased fear 

renewal with contextual changes at extinction, as well as increased CS+ pupillary responses 

relative to low anxious subjects, could suggest a potential deficit in the inhibition of conditioned 

fear in high anxious individuals, especially in the context of safety. Additionally, it may suggest 

that extinction across more than one context may not necessarily aid high anxious individuals to 

reduce their fear conditioned responses during extinction or to retrieve extinction memory. 

Nevertheless, as discussed in Chapter 2, several other factors need to be researched before 

discarding multi-context extinction as a promising tool for enhancing extinction memory 

retrieval for both low and high anxious individuals. The findings of Study 3 are less clear-cut. 

Study 3 showed that high anxious subjects who experienced prior uncontrollability had stronger 

pupillary responses to uncontrollable aversive stimulation, during the first half of the task, 

relative to high anxious subjects who experienced prior control. In Study 3 we also found that 

high anxious subjects who experienced prior uncontrollability tended to show higher pupillary 

responses to subsequent uncontrollable aversive stimulation relative to low anxious subjects who 

experienced prior uncontrol. Yet, this last contrast was trending and not statistically significant. 

Taken together these results may either point to a delay in detecting a change of contingencies 

and the uncontrollability of the second task, or could suggest increased threat reactivity and/or a 

potential deficit in the inhibition of unconditioned fear in the high anxious subjects, especially 

when they have been recently primed by uncontrollable stress. Moreover, these results suggest 

that experiences with control may be relevant in enhancing resilient coping for subjects 

vulnerable to experience anxiety. Thus, it may be critical for at-risk individuals to gain 

experiences with control. 

Considering the above results, it is possible that poor recruitment of PFC regulatory 

mechanisms in high anxious subjects may have contributed to the effects observed in Study 2 

(increased fear renewal and CS+ responses during extinction) and in Study 3 (increased 

physiological reactivity to aversive stimulation in high anxious subjects primed with an 

experience of uncontrollability). PFC function has been shown to be critical for the inhibition of 

fear through inhibitory pathways to the amygdala (Milad and Quirk, 2012) and the cortical 
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thickness of the vmPFC has been shown to predict extinction retention (Milad et al., 2005). High 

trait anxiety has been linked to deficient recruitment of PFC regulatory mechanisms to 

downregulate conditioned fear (Indovina et al., 2011). Similarly, the integrity of a vmPFC –

amygdala white matter tract, has been shown to inversely correlate with trait anxiety levels (Kim 

& Whalen, 2009). This suggests that potentially stronger connections between PFC regulatory 

regions and threat-reactivity amygdala regions may be associated with lower anxiety.  

It is noteworthy that in both Study 2 and 3, the interactions observed with anxiety were 

short-lived. That is, these interactions were only observed during a subsequent trial block or a 

couple of blocks after the experimental manipulation was introduced (during the last half of the 

task for study 2 and during the first half of the task for study 3). This could potentially suggest 

our experimental manipulations were not sensitive enough to allow for the impact of anxiety on 

behavior to be observed for a longer period. It could also suggest that individuals with high 

subclinical levels of anxiety may present a delay in adjusting their behavior, but ultimately do 

adjust their behavior in a way that it no longer differentiates them from the low anxious subjects. 

Given the latter, this may suggest that the potential differences between subjects with low and 

high sub-clinical anxiety levels may be subtle and/or transitory, and experimental designs and 

analysis methods sensitive enough to pick up on those differences would be crucial on advancing 

research on individual differences in trait anxiety.  

Several approaches have been suggested to increase the sensitivity of experimental 

designs and analyses in detecting individual differences in fear learning. Some have proposed 

that human fear conditioning studies that create more ambiguous and/or unpredictable situations, 

as opposed to unambiguous testing conditions with clear predictive cues, may be more suitable at 

allowing individual differences in fear learning to emerge (Lissek et al., 2006; Beckers et al., 

2013). Additionally, others have proposed to include in fear conditioning studies, in addition to 

the traditional subjective reports and/or physiological reactivity (such as SCR) measurements, 

the measurement of action tendencies (such as avoidance), which is often not measured in fear 

conditioning studies despite being highly characteristic of various anxiety disorders (Beckers et 

al., 2013). In addition, Beckers et al., 2013 argue for the inclusion of implicit, automatic 

measurements of fear expression, given that certain measurements may be more influenced by 

cognitive processing (such as subjective reports and SCR) and subject to misrepresentation. 

Furthermore, computational approaches are being increasingly used to operationalize 

mechanisms of aversive learning and are providing insight regarding the factors that may 

characterize high anxious individuals’ learning and decision making under threat or uncertainty 

(Raymond et al., 2017).  

 In sum, subtle and transitory individual differences associated with trait anxiety in 

responding to conditioned and unconditioned stimuli were detected in Study 2 and Study 3. 

However, no interactions of anxiety and the experimental variables were observed in Study 1. It 

has been suggested that “weak”, ambiguous situations are more adept at allowing individual 

differences in fear learning to emerge (Lissek et al., 2006). It is possible that differences in the 

degree of ambiguity in the experimental designs may have allowed anxiety effects to emerge in 

Study 2 and Study 3, but not in Study 1. Of the three studies, Study 1 was the least ambiguous, 

with clear 100% CS-US stable contingencies over blocks. However, Study 2 and 3 may have 

introduced a certain level of ambiguity with the change in context during extinction and the 

change from a controllable aversive condition to an unpredictable, uncontrollable condition, 

respectively. Future studies in individual differences in fear learning may increase the sensitivity 



 
 

93 
 

of their experimental designs and analysis by including ambiguous testing conditions, 

measurement of avoidance action tendencies and/or implementing computational approaches to 

the experimental design and data analysis.  
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APPENDIX 

 

Figure 1.15. Group mean pupil traces by CS type for acquisition block 1.  Subjects had 

from CS onset until 2 seconds (0-2 sec) to answer the rating scale. The US occurred with 

CS+ (CS1, CS6) offset at 4 seconds. 
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Figure 2.12. Mean pupil responses (pupil bin 4) across CS type during A) extinction 1-1 

and B) extinction 1-2 as a function of trial block and anxiety group.  

  

    

 

 

 




