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ABSTRACT OF THE DISSERTATION 

 

Effects of Early-Life Stress on Actions, Habits,  

and the Neural Systems Supporting Instrumental Behavior 

 

by 

 

Tara Kathleen Patterson 

Doctor of Philosophy in Psychology 

University of California, Los Angeles, 2017 

Professor Barbara Knowlton, Chair 

 

Factors contributing to the formation of habits, defined as the stimulus-response associations that 

form the basis of much human and animal behavior, are not well understood, and although habits 

are believed to underlie many negative health behaviors such as addictions, the extent to which 

findings from animal research on habits apply in the human is largely unknown. In Study 1 

(Chapter 2), we conducted two experiments on appetitive habit formation in adults with a history 

of early-life stress. Using the size of the partial reinforcement extinction effect as a measure of 

goal-directed versus habit behavior, we found evidence of increased habit behavior in people 

who reported a history of early-life stress, and this effect appeared to be enhanced by the 

presence of distraction. In Study 2 (Chapter 3), we conducted two experiments on avoidance 

habit formation in this population. People with a history of early-life stress exhibited enhanced 

avoidance habits as measured by persistence of learned behaviors after outcome devaluation. 



 iii 

Finally, in Study 3 (Chapter 4), we conducted a meta-analysis of fMRI studies on human habit 

responding to assess the contributions of striatal subregions to habit behavior. We found that 

activation patterns varied based on the task that was used (probabilistic classification, maze 

navigation, outcome devaluation, sequential decision, or motor sequence learning), with 

differences observed along both the anterior-posterior and medial-lateral axes. Chapter 5 

summarizes the findings and makes suggestions for future research.  
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CHAPTER 1 

General Introduction and Overview of Studies 

 

A major accomplishment of memory research over the past 50 years has been 

establishing the existence of multiple memory systems in the brain, which specialize in learning 

different types of information and have distinct neural substrates that support their correct 

function. Some of the earliest evidence for the multiple memory systems hypothesis came from 

observations that patients with hippocampal lesions such as H.M. retained the ability to learn 

some types of new information in spite of profound deficits in the functioning of the declarative 

memory system (Milner et al., 1998). One type of memory that is spared by this condition is 

habit memory, which is defined as stimulus-response associations that are formed when the 

learner receives a desired outcome or avoids an undesired outcome (Knowlton, 2002; Packard, 

2009; Packard and Knowlton, 2002).  

Early in learning, behavior is “goal-directed” and is guided primarily by associations 

between responses and outcomes, but as habits develop, behavior comes to be guided primarily 

by associations between stimuli and responses (Dickinson, 1985). After a habit has formed, it is 

elicited automatically by the presence of the stimulus, and performance of the response behavior 

persists even when outcomes that previously had motivational value do not have value any 

longer. For example, an animal that has a habitual association between a lever and lever pressing 

behavior may continue to perform the lever pressing behavior when the lever is present even 

after the food reward associated with the lever pressing behavior has been devalued by taste 

aversion conditioning or sensory-specific satiety (Adams, 1982; Colwill and Rescorla, 1985).  
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Lesion studies in non-human animals have shown that habits and goal-directed behaviors 

are supported by distinct neural structures: habit behavior relies on the dorsolateral striatum, 

while goal-directed behavior relies on the dorsomedial striatum and prefrontal cortex (Balleine 

and Dickinson, 1998; Yin and Knowlton, 2004; Yin et al., 2004; Yin et al., 2005). Based on 

these findings, Yin and Knowlton (2006) suggested that the formation of habits corresponds to a 

shift in the control of behavior from a “sensorimotor” corticostriatal loop that contains the 

dorsolateral striatum to an “associative” corticostriatal loop that contains the dorsomedial 

striatum. Although this explanation fits well with the findings from non-human animals, the 

extent to which this occurs in the human brain has not been determined. Indeed, only within the 

past decade has there arisen evidence that humans form stimulus-response associations that are 

insensitive to the devaluation manipulations that have long been understood in rodents (Tricomi 

et al., 2009). 

One of the latest developments in this area of research has been the observation that 

stress increases habitual responding. This was first demonstrated in rodents in a study conducted 

by Kim et al. (2001), who showed that animals exposed to acute stress had impaired spatial 

memory and enhanced stimulus-response memory compared to non-stressed controls. In the 

nearly two decades since this landmark study, similar effects have been demonstrated in humans 

(Schwabe et al., 2007), and chronic stress has been shown to induce greater habit responding 

even when animals are tested after a stress-free delay (Schwabe et al., 2008). The persistence of 

such effects through a period of recovery raises important questions about how long the effects 

of stress on habit behavior last. A study conducted with adult humans under stress lasting on the 

order of months found that the neural and behavioral changes to the habit memory system 

reversed when the stress was removed (Soares et al., 2012), but studies in which stress occurs 



	 3 

prenatally or soon after birth have shown effects on habit memory persisting into adolescence 

and adulthood (Grissom et al., 2012; Schwabe et al., 2012). These data point toward the 

possibility that stress occurring during a sensitive period of development (early-life stress, ELS) 

may alter neural trajectories, creating a system that is inclined toward greater habit responding 

throughout the life of the organism. 

The focus of this dissertation was to investigate the habit memory system in humans, an 

area that has been greatly understudied relative to what we know about habit behavior in rodents 

and to the potential implications of such research for issues of human health and happiness. In 

Study 1 (Chapter 2), we conducted two experiments on appetitive habit formation in adults with 

a history of ELS. In Study 2 (Chapter 3), we conducted two experiments investigating the effects 

of ELS on formation of avoidance habits. Finally, in Study 3 (Chapter 4), we conducted a meta-

analysis of fMRI studies on human habit responding to assess how the activation of striatal 

subregions varies across different methods for studying habits. There exists some controversy in 

the literature with regard to the roles of specific striatal subregions in habit behavior, and a well-

defined region of interest would be useful for future research. Furthermore, identifying specific 

regions of the human brain that support habit behavior is an important intermediate step toward 

investigating the functioning of these regions in people with a history of ELS. Chapter 5 

summarizes the findings and makes suggestions for future research. 
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CHAPTER 2 

The Effect of Early-Life Stress on Memory Systems Supporting Instrumental Behavior 

 

Introduction 

A common psychological experience beginning to garner attention is stress that occurs 

during development (early-life stress, ELS). In a large-scale study conducted by the Centers for 

Disease Control and Prevention, nearly two-thirds of survey respondents (63.9%) reported at 

least one adverse childhood experience, and 37.9% reported two or more adverse childhood 

experiences (Anda et al., 2006). Some of the most prevalent types of ELS include abuse, neglect, 

and household dysfunction (e.g., witnessing domestic violence).  

A number of studies have linked ELS with widespread negative health outcomes, 

including severe obesity (Anda et al., 2006), heart disease (Dong et al., 2004), chronic 

obstructive pulmonary disease (Anda et al., 2008), liver disease (Dong et al., 2003), sexually 

transmitted disease (Hillis et al., 2000), depressive disorders (Chapman et al., 2004), and 

attempted suicide (Dube et al., 2001). The relationship between the breadth of childhood 

exposure to adversity and health in adulthood is strongly graded, with the likelihood of negative 

health outcomes increasing as the number of categories of exposure increases (Felitti et al., 

1998). 

Despite the strong links between ELS and negative health outcomes, the specific 

behavioral vulnerabilities that lead people who have experienced ELS to adopt health-risk 

behaviors are largely unknown. One candidate behavioral vulnerability is an overreliance on 

stimulus-response habits. Instrumental behavior can be guided by two anatomically and 

functionally distinct systems, a goal-directed system that learns action-outcome associations and 
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a habit-based system that learns stimulus-response associations (for review, see Yin and 

Knowlton, 2006). Many negative health behaviors, especially those that contribute to addiction- 

and obesity-related health conditions, may be viewed as resulting from an overreliance on habits 

as opposed to goal-directed instrumental behavior. Habit-based responding is characterized by 

greater inflexibility and relies on the dorsolateral striatum (Yin et al., 2004), whereas goal-

directed behavior relies on the prefrontal cortex and dorsomedial striatum (Balleine and 

Dickinson, 1998; Yin et al., 2005). 

In the standard multiple memory systems taxonomy, memory for stimulus-response 

habits is a type of nondeclarative memory, and as such does not depend on the hippocampus or 

associated temporal cortex (Packard and Knowlton, 2002; Knowlton and Moody, 2008). Goal-

directed actions, however, can be hippocampus-dependent, such as when they rely on declarative 

or spatial memory. For example, performance on the win-shift radial maze, a task similar to 

natural foraging, has been shown to be goal-directed and dependent on the hippocampus, 

whereas performance on the win-stay radial maze has been shown to be habit-based and 

dependent on the dorsolateral striatum (Packard et al., 1989; Sage and Knowlton, 2000).  

In addition to the evidence showing that ELS in humans may result in habit-related health 

problems, a growing body of work indicates that stress engages the stimulus-response habit 

learning system relative to both goal-directed and hippocampus-dependent systems (e.g., Kim et 

al., 2001; Schwabe et al., 2007, 2009, 2011, 2012; Dias-Ferreira et al., 2009; Gourley et al., 

2012; Schwabe and Wolf, 2009, 2013). Based on this research, we reasoned that people who 

have experienced ELS may be biased toward habit behavior, and may therefore show different 

patterns of learning in tasks requiring goal-directed action. We chose to assess the nature of 

instrumental learning by evaluating extinction after training with continuous or partial 
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reinforcement. A well-known finding in instrumental learning is that a behavior trained on a 

partial reinforcement schedule will persist longer in extinction than a behavior trained on a 

continuous reinforcement schedule, despite taking longer to acquire. This partial reinforcement 

extinction effect (PREE) has been demonstrated repeatedly in both humans and non-human 

animals (for reviews, see Jenkins and Stanley, 1950; Lewis, 1960). There have been two leading 

theoretical accounts of the PREE. By one view (frustration theory; Amsel, 1958, 1967), the 

absence of reward on some trials increases frustration during learning under partial 

reinforcement. These frustration cues become associated with reward during training. Thus, 

under extinction, when there is also frustration, the frustration cues impair extinction of the 

response because they have become a signal for reward. By another view (sequential theory; 

Capaldi, 1966, 1967), the PREE is based on memory for events during training. If nonreinforced 

trials are held in memory, these will become conditioned to the reinforcer during training. Thus, 

during extinction, when all trials are nonreinforced, the sequence of trials resembles the learner’s 

memory for the training session, where there were sequences of nonreinforced trials before 

reward trials. Because of the similarity between the extinction trials and the memory for the 

training trials, responding continues for a while at a similar rate to training. In contrast, if each 

trial was reinforced during training, extinction trials are very different than memory for the 

training trials, and response rates decrease. Thus, the important feature of sequential theory is the 

reliance on memory for the recent sequence of rewards and nonrewards, rather than the 

emotional component of nonrewards. 

In non-human animals, the PREE is attenuated or abolished by lesions to the septum 

(Henke, 1974), fornix-fimbria (Feldon et al., 1985), and hippocampal formation (Rawlins et al., 

1980; Jarrard et al., 1986). Thus, it appears that the hippocampal system plays a critical role in 



 9 

mediating the relative effects of partial reinforcement training on extinction behavior. In these 

experiments, hippocampal system lesions were found to increase persistence of responding in 

extinction after continuous reinforcement, decrease persistence of responding in extinction after 

partial reinforcement, or both. Other regions shown to be critical for the PREE include the 

nucleus accumbens (Tai et al., 1991) and medial prefrontal cortex (Yee, 2000). 

Henke (1974) and Amsel (1986) have offered frustration theory-based accounts of the 

effects of hippocampal system lesions on the PREE. An alternative explanation consistent with 

both a multiple memory systems framework as well as Capaldi’s (1966, 1967) sequential theory 

is that hippocampal lesions prevent the use of episodic memory for the pattern of rewards and 

nonrewards experienced during training, but do not prevent the use of dorsolateral striatum-

dependent habit memory. Thus, animals lacking an intact hippocampal system would still be able 

to learn the rewarded response by forming stimulus-response associations, and their behavior in 

extinction would be a reflection of the strength of these associations. Animals with an intact 

hippocampus, on the other hand, can behave in a goal-directed manner that reflects their 

reinforcement history. In the case of continuous reinforcement, memory for reinforcement 

history accelerates extinction relative to the level of responding supported by habit strength, 

whereas in the case of partial reinforcement, memory for reinforcement history increases 

persistence relative to the level supported by habit. Thus, in both cases, declarative memory for 

the sequence of rewards and nonrewards experienced during training pushes behavior away from 

the level of persistence supported by habit strength, resulting in a decreased PREE. This view is 

also consistent with the effects of medial prefrontal and nucleus accumbens lesions on the PREE 

given the roles of these two regions in representing outcome value, which is an important 
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component of goal-directed behavior (Schultz et al., 1997; Balleine and Dickinson, 1998; 

Killcross and Coutureau, 2003). 

Based on this idea, we designed two experiments using the PREE as a way to probe the 

extent to which episodic memory may be contributing to the instrumental behavior of adults who 

have a history of ELS. We hypothesized that people who experience ELS would show an 

overreliance on habit responding and reduced reliance on hippocampus-dependent memory, 

which would be expressed as a reduction in the PREE. In Experiment 1, we measured 

instrumental behavior in participants who were trained with either continuous or partial 

reinforcement, and we classified participants into two groups based on their responses to a 

questionnaire that measures experience with ELS. In Experiment 2, we sought to replicate the 

findings of Experiment 1 in a larger sample to investigate dosage effects of ELS on the PREE. In 

this experiment we included a declarative memory challenge condition in which participants 

performed a concurrent tone-counting task during acquisition and extinction of the instrumental 

response. Past research has shown that hippocampus-dependent declarative learning is impaired 

by divided attention, whereas dorsolateral striatum-dependent habit learning is not (Foerde et al., 

2006, 2007). We were thus able to use the divided attention condition as a way to challenge 

declarative memory to examine whether this challenge led to a greater reliance on habitual 

performance in individuals with ELS. 

Experiment 1 

Materials and Methods 

Participants. Study participants were recruited from the undergraduate student 

population at the University of California, Los Angeles. Study procedures were approved by the 

Institutional Review Board of the University of California Los Angeles, and all participants 
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provided written record of informed consent. Participants were compensated for their time at the 

rate of $10.00 per hour or one credit per hour toward partial fulfillment of course requirements. 

Participants were also compensated $.25 for each correct response they made in the instrumental 

reward-learning task. Participants in the continuous reinforcement condition were able to earn a 

$5.00 bonus and participants in the partial reinforcement condition were able to earn a $2.50 

bonus.   

A total of 79 participants were recruited. Six provided partial data and were not included 

in the analysis, yielding a sample size of 73 (59 women, 14 men, Mage = 19.82 yr, SDage = 1.37 

yr, age range: 18-23 yr). 

Design and procedure. The instrumental reward-learning task was adapted from Vogel-

Sprott (1967). Participants were instructed that their task was to learn which four-button 

sequence(s) received a $.25 reward. Participants were told that they could choose to press the 

four buttons in any order, provided that no button was pressed twice within the same response. 

The fifth sequence the participant entered was rewarded, and each subsequent entry of this 

sequence was scored as a correct response. Although the reward was only administered for one 

particular sequence, participants were not informed of this. Participants were randomly assigned 

to one of two between-subjects experimental conditions, continuous reinforcement or partial 

reinforcement. 

In the continuous reinforcement condition, participants received acquisition training on a 

continuous reinforcement schedule, receiving a $.25 reward for each correct response. In the 

partial reinforcement condition, participants received acquisition training on a partial 

reinforcement schedule, receiving a $.25 reward for 50% of the trials on which they entered the 

correct response. The reward sequence for participants under partial reinforcement was 
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constrained such that participants received no more than two rewards consecutively. After 20 

correct responses had been obtained, participants completed 40 trials of extinction during which 

no rewards were given.  

Stimulus appearance and trial timing was the same for both acquisition and extinction. 

Each trial of the instrumental learning task began with a black fixation cross presented on a white 

background for 4 s. Next, participants were prompted to enter a four-button response. Following 

the fourth button press, participants were asked to rate on a scale of one to five their expectation 

that their last response would receive a reward (1 = low expectation, 5 = high expectation). After 

a 5 s delay, participants viewed a 2 s feedback stimulus indicating reward or no reward. 

Participants were allowed as much time as they needed to enter the four-button response and the 

expectancy judgment. The instrumental learning task was completed on a 2.66 GHz Macintosh 

computer in a private testing booth. Button press responses and expectancy ratings were made 

using the computer keyboard. Responses were recorded with E-Prime Standard (Version 2.0) 

experimental software. 

 Questionnaires were used to assess anxiety, depression, personality factors, and ELS. 

State and trait anxiety were measured using the 40-item State-Trait Anxiety Inventory (STAI; 

Spielberger, 1983). Participants completed the state anxiety form twice during the experimental 

session, first immediately after informed consent, and again after the instrumental learning task. 

All other questionnaires were completed after the instrumental learning task. The 14-item 

Hospital Anxiety and Depression Scale (HADS; Zigmond and Snaith, 1983) was used to 

measure anxiety and depression symptoms experienced over the past week. Personality was 

assessed with the Big Five Inventory (BFI; John et al., 1991, 2008), a 44-item measure that 
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yields subscale scores of extraversion, agreeableness, conscientiousness, neuroticism, and 

openness.  

 Eighteen items from the Adverse Childhood Experiences Questionnaire (ACEQ; Felitti et 

al., 1998; Anda et al., 2006) assessed exposure to stress during the first 18 yr of life. The ACEQ 

was scored 0–8 representing the number of categories of stress experienced (Anda et al., 2006). 

The eight exposure categories were: emotional abuse, physical abuse, sexual abuse, witnessing 

domestic violence, parental separation or divorce, household substance abuse, household mental 

illness, and having a criminal household member. Participants were blocked into two groups, 

those scoring 0 (non-ELS group) and those scoring 1 or higher (ELS group). The distribution of 

the ELS groups over the two reinforcement conditions was as follows: non-ELS continuous 

reinforcement, n = 21; non-ELS partial reinforcement, n = 16; ELS continuous reinforcement, n 

= 16; ELS partial reinforcement, n = 20. 

 Performance data and expectancy data were computed separately for acquisition and 

extinction and were submitted to 2 (schedule: continuous, partial) × 2 (stress: non-ELS, ELS) 

ANOVA. We also conducted planned comparisons to test the hypothesis that individuals with 

ELS would show a reduced PREE. A significance level of 0.05 was used for all statistical tests. 

Results 

 Sample characteristics. The prevalence of exposure to ELS in the sample was as 

follows: emotional abuse, 16.4%; physical abuse, 2.7%; sexual abuse, 11.0%; witnessing 

domestic violence, 4.1%; parental separation or divorce, 15.1%; household substance abuse, 

11.0%; household mental illness, 20.5%; having a criminal household member, 1.4%. The 

percentages of the sample exposed to 0, 1, 2, 3, 4, and 5 categories of ELS were 50.7%, 28.8%, 

13.7%, 2.7%, 2.7%, and 1.4%, respectively; no participants reported exposure to ≥ 6 categories. 
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The ELS group did not differ significantly from the non-ELS group on any subscales of the 

STAI, HADS, or BFI, smallest p > 0.05 (see Table 2.1). 

Acquisition. The number of trials required by each group to obtain the criterion of 20 

correct responses is shown in Figure 2.1A. Consistent with previous findings, we observed a 

significant main effect of reinforcement schedule during acquisition, with slower learning in the 

partial reinforcement group than the continuous reinforcement group, F(1, 69) = 21.98, p < .001. 

The main effect of ELS was marginal, F(1, 69) = 3.97, p = .050. The direction of this trend was 

toward a greater number of acquisition trials required by the ELS group than the non-ELS group. 

The interaction was not significant, F(1, 69) = 0.38, p = .542. 

The expectation of reward during acquisition is shown in Figure 2.1B. Participants 

assigned to the continuous reinforcement schedule had a higher expectation of reward compared 

with participants learning under partial reinforcement, F(1, 69) = 32.90, p < .001. The main 

effect of ELS was also significant, F(1, 69) = 4.67, p = .034, such that the expectation of reward 

was higher in the non-ELS group than in the ELS group. The interaction was not significant, F(1, 

69) = 0.93, p = .339. 

Extinction. The extinction behavior of each group in Experiment 1 is shown in Figures 

2.2A (extinction means) and 2.3 (extinction time courses). We observed a significant main effect 

of reinforcement schedule on the number of correct (previously rewarded) responses made in 

extinction, F(1, 69) = 97.63, p < .001. The number of correct responses was significantly higher 

after partial reinforcement compared with continuous reinforcement, replicating the PREE found 

in previous studies of reward schedule effects in extinction. The main effect of ELS was not 

significant, F(1, 69) = 1.83, p = .180, and the interaction between ELS and schedule was not 

significant, F(1, 69) = 2.67, p = .107. Specific planned hypothesis tests revealed that in the 
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continuous reinforcement condition, there was no significant difference between the ELS group 

and the non-ELS group, F(1, 69) = 0.04, p = .844. In the partial reinforcement condition, 

however, the effect of ELS was significant, F(1, 69) = 4.41, p = .039, such that the number of 

correct responses in extinction was significantly lower for participants who reported ELS 

compared with non-ELS participants.  

The expectation of reward during extinction is shown in Figure 2.2B. In contrast to the 

pattern found during acquisition, participants trained on a partial reinforcement schedule had a 

higher expectation of reward, F(1, 69) = 5.69, p = .020. The main effect of ELS was also 

significant, F(1, 69) = 5.38, p = .023, such that the expectation of reward was higher in the non-

ELS group than in the ELS group. The interaction effect was not significant, F(1, 69) = 0.01, p = 

.905. 

Experiment 2 

In Experiment 1, we found support for the hypothesis that the ELS group had a 

diminished effect of the partial reinforcement schedule on extinction, consistent with the view 

that instrumental learning in this group relied less on goal-directed declarative learning and more 

on habit learning. In this experiment, participants reporting at least one significant stressor in 

early life were considered to be in the ELS group. Because the amount of ELS has been shown to 

be related to the likelihood of negative health behaviors (Felitti et al., 1998), it is possible that 

there is a “dosage effect” with increasing tendency for habitual responding with greater exposure 

to ELS. In Experiment 2 we recruited a larger sample of participants to be able to stratify 

participants into high-, moderate-, and non-ELS participants. 
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 In Experiment 2 we also added a condition in which subjects performed the instrumental 

task under distraction. This declarative-memory challenge condition provided a more sensitive 

test of the tendency for reliance on habit learning in our task. 

Materials and Methods 

 Participants. In Experiment 2, we recruited from the same undergraduate population as 

Experiment 1, but advertising and screening procedures were implemented to over-sample for 

ELS in order to gain the statistical power to investigate dosage effects. Study procedures were 

approved by the Institutional Review Board of the University of California Los Angeles, and all 

participants provided written record of informed consent. Compensation procedures were the 

same as in Experiment 1. 

A total of 242 participants were recruited. Twenty-three provided partial data and were 

not included in the analysis. Of the 219 remaining participants, five were excluded for failure to 

comply with the tone-counting task instructions, and two were excluded for poor performance on 

the tone-counting task. This yielded a final sample size of 212 (162 women, 50 men, Mage = 

20.21 yr, SDage = 2.29 yr, age range: 18-39 yr). 

Design and procedure. Participants in Experiment 2 performed the instrumental reward-

learning task under either continuous or partial reinforcement as described for Experiment 1. The 

trial structure differed from that used in Experiment 1 in the following ways: the delay period 

preceding feedback was shortened from 5 s to 2 s, the feedback presentation period was 

shortened from 2 s to 1 s, and the expectancy ratings were eliminated. These changes served to 

shorten the procedure to reduce fatigue.  

 Half of the participants in Experiment 2 were assigned to a declarative memory challenge 

condition; these participants were required to perform a concurrent tone-counting task during 
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acquisition and extinction of the instrumental reward-learning task. Participants assigned to 

perform the concurrent tone-counting task heard high- (1,000 Hz) and low- (500 Hz) pitched 

tones during the fixation period of each instrumental learning trial. They were instructed to keep 

a running count of the high-pitched tones and ignore the low-pitched tones. After every 10 trials, 

the dual-task participants were prompted to enter the number of high-pitched tones they had 

heard.  

The questionnaire measures were the same as in Experiment 1. To investigate the effects 

of ELS severity in this larger sample, participants were blocked into three groups based on their 

responses to the ACEQ. Participants who scored 0, 1-2, and 3 or higher were coded as non-ELS, 

moderate-ELS, and high-ELS, respectively. The distribution of the ELS groups over the four 

experimental conditions was as follows: non-ELS continuous reinforcement single-task, n = 24; 

non-ELS continuous reinforcement dual-task, n = 21; non-ELS partial reinforcement single-task, 

n = 22; non-ELS partial reinforcement dual-task, n = 19; moderate-ELS continuous 

reinforcement single-task, n = 21; moderate-ELS continuous reinforcement dual-task, n = 23; 

moderate-ELS partial reinforcement single-task, n = 22; moderate-ELS partial reinforcement 

dual-task, n = 19; high-ELS continuous reinforcement single-task, n = 10; high-ELS continuous 

reinforcement dual-task, n = 10; high-ELS partial reinforcement single-task, n = 10; high-ELS 

partial reinforcement dual-task, n = 11. 

Performance data were computed separately for acquisition and extinction and were 

submitted to 2 (task: single-task, dual-task) × 2 (schedule: continuous, partial) × 3 (stress: non-

ELS, moderate-ELS, high-ELS) ANOVA. Planned comparisons were conducted to investigate 

the hypothesis that the high-ELS group would show reduced PREE, and the moderate-ELS group 
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would show reduced PREE under the declarative memory challenge. A significance level of 0.05 

was used for all statistical tests. 

Results 

Sample characteristics. Recruitment efforts to increase the proportion of people 

reporting ELS in the second sample were successful. The prevalence of exposure to ELS was as 

follows: emotional abuse, 22.2%; physical abuse, 4.2%; sexual abuse, 11.3%; witnessing 

domestic violence, 14.2%; parental separation or divorce, 27.8%; household substance abuse, 

18.4%; household mental illness, 26.4%; having a criminal household member, 3.3%. The 

percentages of the sample exposed to 0, 1, 2, 3, 4, 5, and 6 categories of ELS were 40.6%, 

23.6%, 16.5%, 11.3%, 4.7%, 1.4%, and 1.9% respectively; no participants reported exposure to ≥ 

7 categories. Scores for each ELS group on the questionnaire measures are shown in Table 2.1. 

There was a significant effect of ELS on the HADS anxiety subscale, F(2, 209) = 4.61, p = .011. 

Pairwise comparisons indicated that this effect was driven by higher anxiety in the high-ELS 

group compared to the non-ELS group, F(1, 209) = 9.14, p = .003. The moderate-ELS group did 

not differ from the non-ELS group, F(1, 209) = 0.93, p = .335. Inclusion of this factor as a 

covariate did not change the observed pattern of results. There was no significant effect of ELS 

on any of the other questionnaire variables (STAI, BFI, depression), p > .05.  

For participants assigned to the declarative memory challenge condition, performance on 

the secondary task was assessed by calculating the absolute difference between the reported 

number of counted tones and the target number of tones divided by the target number and 

multiplied by 100. The average deviation score was low (M = 11.42, SD = 9.66). The effect of 

ELS on tone-counting performance was not significant, F(2, 100) = 2.18, p = .118. 
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Acquisition. Acquisition data from Experiment 2 are shown in Figure 2.4. Consistent 

with Experiment 1 and previous studies, we observed slower acquisition in participants who 

received partial reinforcement compared to participants who received continuous reinforcement, 

F(1, 200) = 52.47, p < .001. There was also a significant effect of ELS on the number of 

acquisition trials, F(2, 200) = 4.40, p = .014, and a significant interaction between reinforcement 

schedule and ELS, F(2, 200) = 4.77, p = .009. The effect of ELS on acquisition was highly 

significant for participants trained under partial reinforcement, F(2, 200) = 9.18, p < .001, but 

was not significant for participants trained under continuous reinforcement, F(2, 200) = 0.01, p = 

.986. In the partial reinforcement condition, high-ELS participants required significantly more 

acquisition trials than both non-ELS participants, F(1, 200) = 18.28, p < .001, and moderate-ELS 

participants, F(1, 200) = 9.24, p = .003. The difference between non-ELS participants and 

moderate-ELS participants under partial reinforcement was not significant, F(1, 200) = 2.25, p = 

.135. 

The main effect of the secondary task was not significant, and there were no significant 

interactions between task and the other factors, smallest p > .05. 

Extinction. Extinction data from Experiment 2 are shown in Figures 2.5 (extinction 

means) and 2.6 (extinction time courses). Overall, there was a significant main effect of 

reinforcement schedule on extinction responding, with higher responding after partial 

reinforcement, F(1, 200) = 92.43, p < .001. This replicates the PREE observed in Experiment 1 

and previous studies. We did not observe main effects of ELS, F(2, 200) = 1.03, p = .358, or of 

task, F(1, 200) = 0.32, p = .572. The three-way interaction between schedule, ELS, and task was 

also not significant, F(2, 200) = 1.59, p = .207. Consistent with the results of Experiment 1, 

among participants in the single-task condition we observed a significant effect of ELS on 
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responding after partial reinforcement, F(2, 200) = 3.10, p = .047. Specific hypothesis testing 

revealed that this effect was due to reduced persistence in the high-ELS single-task group 

compared with both the non-ELS single-task group, F(1, 200) = 5.76, p = .017, and the 

moderate-ELS single-task group, F(1, 200) = 4.57, p = .034. There was not a significant 

difference between the non-ELS single-task group and the moderate-ELS single-task group, F(1, 

200) = 0.11, p = .740. 

 We next investigated the effects of the declarative challenge condition. The declarative 

challenge did not affect the size of the PREE in the non-ELS group, shown by a non-significant 

interaction between task and schedule, F(1, 200) = 0.07, p = .796. In the high-ELS group, the 

interaction between task and schedule was also non-significant, F(1, 200) = 0.42, p = .518. This 

indicates that in the high-ELS group, which had diminished extinction responding even in the 

absence of a secondary task, there was no additional impact of declarative challenge. In the 

moderate-ELS group, however, we observed a significant task by schedule interaction, F(1, 200) 

= 4.00, p = .047. This interaction was characterized by a numerical increase in persistence after 

continuous reinforcement, F(1, 200) = 2.69, p = .103, and a numerical decrease in persistence 

after partial reinforcement, F(1, 200) = 1.43, p = .233, in response to the declarative challenge. 

Discussion 

With this pair of experiments, we demonstrate that a different pattern of instrumental 

responding is associated with a history of ELS. Using a classic reward-learning paradigm, we 

showed that people who reported ELS exhibited a slower rate of learning and decreased 

persistence in extinction after partial reinforcement. It is not the case, however, that extinction 

responding in ELS participants was lower overall; after continuous reinforcement, the ELS 

participants maintained response levels that were equivalent to or numerically higher than their 



 21 

non-ELS counterparts. Interestingly, this maintained responding occurred in the presence of 

significantly lower expectation of reward. Furthermore, when we gave learners a concurrent 

declarative memory challenge, we found that participants who reported moderate levels of ELS 

showed diminished sensitivity in extinction to the reinforcement schedule they had experienced 

during acquisition. Under single-task conditions, these participants performed similarly to non-

ELS participants, but under dual-task conditions, their behavior more closely resembled the 

behavior of the high-ELS group, with increased persistence after continuous reinforcement and 

decreased persistence after partial reinforcement. These results emerged using planned 

comparisons based on our hypotheses. However, the effects of ELS were fairly modest, which 

may have been due to the nature of our sample. As evidenced by their enrollment in university, 

individuals experiencing ELS in this group may have been more resilient than individuals 

experiencing ELS in general. Nevertheless, even in this high functioning sample, we found data 

consistent with our hypothesized effects of ELS on instrumental learning. Future work with more 

widely representative samples would be important to determine the generalizability of these 

effects. 

We propose that the observed effects of ELS can be explained by differential use of 

multiple memory systems in this population. Capaldi’s (1966, 1967) sequential theory and lesion 

studies in rodents (Henke, 1974; Rawlins et al., 1980; Feldon et al., 1985; Jarrard et al., 1986) 

support the idea that the PREE relies on hippocampus-dependent learning. An overreliance on 

the habit learning system instead of hippocampus-dependent, goal-directed responding may 

result in slower acquisition, consistent with the idea that habit system representations are built up 

slowly across many trials (Knowlton and Moody, 2008). In extinction, weaker episodic memory 

for the pattern of rewards and nonrewards experienced during training would in turn result in 
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behavior driven more by habit strength, which falls between the levels of responding produced 

by strong episodic memory of continuous reinforcement and strong episodic memory of partial 

reinforcement. Our data suggest that high levels of ELS, or moderate levels of ELS in 

combination with declarative challenge, produce these predicted impairments. The observed 

dissociation between expectation ratings and behavior, characterized by persistent responding in 

ELS participants despite relatively low expectation of reward, could also be a mark of increased 

habitization in this population. 

Mounting evidence suggests that acute and chronic stress lead to increased use of the 

habit learning system, both in terms of behavior and neural substrates, relative to goal-directed 

and hippocampus-dependent systems (e.g., Kim et al., 2001; Schwabe et al., 2007, 2009, 2011; 

Dias-Ferreira et al., 2009; Gourley et al., 2012; Schwabe and Wolf, 2009, 2013). Also, there is 

preliminary evidence that stress during development can have lasting effects on the relative use 

of these multiple memory systems later in life (Grissom et al., 2012; Schwabe et al., 2012). This 

study adds to the body of evidence in support of this claim. It is also, to our knowledge, the first 

investigation into the effects of postnatal developmental stress on interactions between multiple 

memory systems in humans. Given the sensitivity of the hippocampal system to stress (de Kloet 

et al., 2005; Pittenger and Duman, 2008; Lupien et al., 2009), it is possible that ELS affects 

hippocampal development, setting the stage for a compensatory dominance of habit responding. 

Many previous investigations have used pharmacological manipulations to assess the 

effects of stress on the use of multiple memory systems (e.g., Schwabe et al., 2009; Gourley et 

al., 2012). A benefit of this technique is that it allows precise control over the timing of the 

stress, and can allow for isolation of the specific neural structures that mediate the shift toward 

habit responding. Studies that investigate non-pharmacologically induced stress, on the other 
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hand, provide insight about the effects of stressors that occur at physiological levels, and thus 

have the potential for greater ecological validity. Similarly, much of the research conducted to 

date has been done with non-human animals (e.g., Kim et al., 2001; Dias-Ferreira et al., 2009; 

Grissom et al., 2012), allowing for high levels of induced stress over short periods of time. We 

would argue that although these types of experiments have provided information about what is 

possible, they offer less in terms of what is typical. Experiments such as ours help generate a 

more complete picture of stress effects in the general population. 

The results of the current study also offer a potential explanation for the negative health 

outcomes observed in people who have experienced ELS. Future research should address this 

potential link directly, by measuring health behavior. Another direction of future research is the 

investigation of factors that mediate and moderate the effects of ELS on engagement of habit 

responding. For example, higher anxiety has been associated with ELS previously (Stein et al., 

1996; Anda et al., 2006), and this increased level of anxiety was also present in high-ELS 

participants in this study. Inclusion of this factor as a covariate did not affect the pattern of 

results, indicating that ELS contributed to the measured behaviors over and above any effect of 

anxiety. However, it is quite likely that anxiety may be a partial mediator of the effects of ELS 

on the overreliance on habit, and reducing anxiety may help attenuate this effect.  

This study has several limitations. First, there were differences in acquisition rate of the 

rewarded response in ELS and non-ELS groups. Although both groups were trained until they 

received the same number of rewards, it is possible that the ELS participants learned the 

response less well, and as a result forgot it more quickly. This may not have been apparent in the 

continuous reinforcement condition because extinction was rapid for both groups. An interesting 

replication test would involve overtraining prior to extinction. Second, the changes we 
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implemented in Experiment 2 to reduce participant fatigue may have influenced our results, 

limiting comparison across the two experiments. Another limitation of the current study is the 

use of behavioral measures to test hypotheses about underlying neural processes. Therefore, an 

important next step for this area of research is the incorporation of neuroimaging techniques to 

assess the proposed effects of ELS on interactions between multiple memory systems. Finally, it 

will be important for future studies to validate our procedure for assessing the goal-directedness 

of instrumental behavior by measuring sensitivity to outcome devaluation or contingency 

degradation. These procedures, which are the standard methods employed in research on habit 

behavior in non-human animals, are not well-suited for work with human subjects. Therefore, the 

proposed technique of using sensitivity to reinforcement history as a way to probe whether an 

instrumental behavior is goal-directed or habit-based may be a useful alternative to traditional 

methods, which would aid in the advancement of translational research. 
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Tables and Figures 

Table 2.1 

Sample characteristics 

 Experiment 1  Experiment 2   
 Non-ELS ELS Non-ELS Moderate-ELS High-ELS 
STAI      
     State anxiety (pre) 31.95 (8.27) 35.14 (7.48) 33.84 (9.30) 34.65 (10.35) 34.41 (8.13) 
     State anxiety (post) 37.84 (11.51) 37.42 (9.78) 38.77 (11.41) 37.69 (11.39) 38.71 (10.67) 
     Trait anxiety 39.39 (7.20) 40.64 (9.30) 40.76 (9.98) 41.79 (11.58) 45.78 (12.84) 
HADS      
     Anxiety 6.76 (3.70) 7.25 (3.04) 7.22 (3.74) 7.82 (4.31) 9.56 (4.27) 
     Depression 2.78 (2.26) 3.39 (2.95) 3.67 (3.03) 3.77 (3.07) 4.54 (3.80) 
BFI      
     Extraversion 3.22 (0.63) 3.23 (0.85) 3.18 (0.86) 3.37 (0.88) 3.20 (0.91) 
     Agreeableness 3.84 (0.56) 3.81 (0.64) 3.92 (0.60) 3.75 (0.65) 3.74 (0.78) 
     Conscientiousness 3.75 (0.53) 3.75 (0.64) 3.66 (0.69) 3.70 (0.71) 3.39 (0.80) 
     Neuroticism 2.81 (0.67) 3.05 (0.76) 2.82 (0.83) 2.85 (0.91) 3.20 (0.95) 
     Openness 3.46 (0.65) 3.58 (0.63) 3.57 (0.63) 3.76 (0.59) 3.62 (0.68) 
ACEQ 0 1.67 (1.01) 0 1.41 (0.50) 3.68 (0.99) 
 

Note. Mean (SD) scores on questionnaire measures for participants grouped by stress exposure. 

ELS, early-life stress; STAI, State Trait Anxiety Inventory (Spielberger, 1983); HADS, Hospital 

Anxiety and Depression Scale (Zigmond and Snaith, 1983); BFI, Big Five Inventory (John et al., 

1991, 2008); ACEQ, Adverse Childhood Experiences Questionnaire (Felitti et al., 1998; Anda et 

al., 2006). 
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Figure 2.1. Experiment 1: Effects of early-life stress (ELS) and reinforcement schedule on 

acquisition behavior. Mean (± SEM) number of trials required to reach the criterion of 20 correct 

responses (A) and expectation of reward given for each trial on a scale of 1–5 (B). CRF, 

continuous reinforcement (100% of correct responses rewarded); PRF, partial reinforcement 

(50% of correct responses rewarded).  
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Figure 2.2. Experiment 1: Effects of early-life stress (ELS) and reinforcement schedule on 

extinction behavior. Mean (± SEM) number of correct responses (A) and expectation of reward 

given for each trial on a scale of 1–5 (B). CRF, continuous reinforcement (100% of correct 

responses rewarded); PRF, partial reinforcement (50% of correct responses rewarded).  
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Figure 2.3. Experiment 1: Effects of early-life stress (ELS) and reinforcement schedule on 

extinction behavior by block. Extinction timecourses are shown, beginning with the last three 

blocks of acquisition. CRF = continuous reinforcement (100% of correct responses rewarded), 

PRF = partial reinforcement (50% of correct responses rewarded). 
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Figure 2.4. Experiment 2: Effects of early-life stress (ELS), reinforcement schedule, and 

distraction on acquisition behavior. Mean (± SEM) number of trials required to reach the 

criterion of 20 correct responses for participants in the single-task condition (A) and the dual-

task condition (B). CRF, continuous reinforcement (100% of correct responses rewarded); PRF, 

partial reinforcement (50% of correct responses rewarded).  
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Figure 2.5. Experiment 2: Effects of early-life stress (ELS), reinforcement schedule, and 

distraction on extinction behavior. Mean (± SEM) number of correct responses for participants in 

the single-task condition (A) and the dual-task condition (B). CRF, continuous reinforcement 

(100% of correct responses rewarded); PRF, partial reinforcement (50% of correct responses 

rewarded).  
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Figure 2.6. Experiment 2: Effects of early-life stress (ELS), reinforcement schedule, and 

distraction on extinction behavior by block. Extinction timecourses for the non-ELS (A), 

moderate-ELS (B) and high-ELS (C) groups are shown, beginning with the last three blocks of 

acquisition. CRF = continuous reinforcement (100% of correct responses rewarded), PRF = 

partial reinforcement (50% of correct responses rewarded), ST = single-task, DT = dual-task. 
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CHAPTER 3 

The Effect of Early-Life Stress on Avoidance Habit Learning 

 

Introduction 

 The effects of stress on physical and psychological health have been of increasing interest 

in recent years, with one area of focus being the effects of stress that occurs during development, 

or early-life stress (ELS). Common sources of ELS are childhood abuse and neglect. Such 

experiences have been shown to cast a long shadow on health throughout the lifespan, affecting 

outcomes in adulthood ranging from obesity (Anda et al., 2006), heart disease (Dong et al., 

2004), and liver disease (Dong et al., 2003) to sexually transmitted disease (Hillis et al., 2000) 

and depressive disorders (Chapman et al., 2004). The behavioral and neural mechanisms of these 

links between ELS and adult health are largely unknown. Because many negative health 

outcomes are linked to repetitive behaviors such as overeating or substance use, it is possible that 

an increased reliance on stimulus-response habits in this population could explain some of the 

health effects experienced by its constituents. Stimulus-response habits are instrumental 

behaviors that, in contrast to goal-directed actions, have come to be automatically elicited by 

contextual stimuli without regard to instrumental outcomes (Dickinson, 1985). For example, an 

animal that has learned the habit of pressing a lever to obtain a food reward will persist in lever 

pressing even after the food outcome has been devalued through selective satiation (Balleine and 

Dickinson, 1998), and there is evidence that humans also show insensitivity to outcome 

devaluation after overtraining of stimulus-response associations (Tricomi et al., 2009). 

 Stimulus-response habits can be appetitive (e.g., pressing a lever to receive a food 

reward) or avoidant (e.g., pressing a lever to avoid a shock). Most research on stimulus-response 
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habits has been conducted using appetitive habits, as the methods for evaluation of habit 

formation through devaluation tests have been well established. However, a recent study by 

Gillan and colleagues (2014) introduced a novel procedure for devaluation of aversive outcomes 

and demonstrated enhanced avoidance habits in people with obsessive-compulsive disorder. Like 

compulsions, negative health behaviors can be understood as avoidance habits, and we were 

therefore interested in whether adults with a history of ELS show an increased tendency to 

engage in avoidance habit behaviors in the lab. If so, this tendency could represent a behavioral 

vulnerability that increases the likelihood of the poor health outcomes observed in this group. 

 We used a noise avoidance task wherein participants could avoid hearing aversive noises 

delivered to the left and right ears by making the correct keyboard responses to associated 

warning stimuli (Fig. 3.1A). After learning the responses, participants underwent an instructed 

devaluation procedure in which one of the two earphones previously delivering aversive noises 

was removed (Fig. 3.1B), and then a test for habit formation was conducted in extinction. 

Avoidance habit formation was measured by whether the participant persisted in making the 

keyboard response associated with avoiding noise to the ear from which the earphone had been 

removed. In addition to testing for an effect of ELS, we also manipulated the level of training 

participants received (Experiment 1) and the level of distraction present during training 

(Experiment 2). The primary hypothesis of this study was that people who reported a history of 

ELS would show enhanced avoidance habits. The secondary hypotheses were (a) that people 

who receive a greater level of training prior to devaluation would show enhanced avoidance 

habits relative to people who received less training, and (b) that learning the stimulus-response 

associations in the presence of distraction would lead to enhanced avoidance habits relative to 

associations learned without distraction. 
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Experiment 1 

Materials and Methods 

Participants. Study participants were recruited from the undergraduate student 

population at the University of California, Los Angeles. Participants were compensated with 

credit toward partial fulfillment of course requirements. Study procedures were approved by the 

Institutional Review Board of the University of California, Los Angeles, and all participants 

provided written record of informed consent. 

 A total of 197 participants were recruited. Five people did not complete the experiment 

and one failed to follow the instructions, yielding a sample size of 191 (148 women, 43 men, 

Mage = 20.31 yr, SDage = 1.80 yr, age range: 18-28 yr). We used the Childhood Trauma 

Questionnaire – Short Form (CTQ-SF; Bernstein et al., 2003) to assess participants’ exposure to 

stress during their first 16 years of life. Participants were categorized as high-ELS and low-ELS 

based on whether they scored above or below the sample median.  

Design and procedure. The avoidance learning task was adapted from procedures 

described in Gillan et al. (2014) and Gillan et al. (2015). Participants were instructed that their 

task was to avoid hearing aversive noises. Participants were shown two visual warning stimuli 

that predicted aversive noise to the left and right earphones, respectively, and were told that they 

could avoid hearing the aversive noises by making the correct keyboard responses when they 

saw the warning stimuli (Fig. 3.1A). Performing the correct response with the left hand avoided 

noise to the left earphone, and performing the correct response with the right hand avoided noise 

to the right earphone. A third stimulus was designated as the “safe” stimulus and never predicted 

aversive noise. Assignment of the three images to the three experimental trial types (warning 

stimulus 1, warning stimulus 2, and safe stimulus) was randomized across participants. On each 
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trial, one of the three stimuli was selected randomly and presented on screen for 500 ms. Correct 

responses to the warning stimuli prevented aversive noise from being delivered to the earphones, 

but did not terminate the stimulus. If the participant pressed the incorrect key or failed to respond 

within 500 ms, the aversive noise (an audio file resembling a female scream) was delivered to 

the corresponding earphone. Responses to the “safe” stimulus had no effect. There was a delay 

of 500 ms between termination of the warning stimulus and delivery of the aversive noise, and 

the intertrial interval was 2 s. Audio files were 1 s long and played at a volume of 82 dB. 

 Following demonstration of the stimulus-outcome contingencies, participants performed 

six practice trials (two per stimulus). Participants were allowed to repeat the practice phase if 

desired. The main experiment consisted of two phases, a training phase and a post-devaluation 

habit test. The amount of training was varied between subjects; participants in the short training 

condition completed 120 trials (40 per stimulus), and participants in the long training condition 

completed 600 trials (200 per stimulus). Assignment to condition was randomized across 

participants. After training was complete, one of the two outcomes was devalued by having 

participants remove one of the earphones (Fig. 3.1B). Which earphone was removed (left versus 

right) was counterbalanced across participants. Participants were told that they would be 

evaluated based on the responses they made to avoid noise to the earphone that had not been 

removed, and that it was not necessary to make the response associated with avoiding noise to 

the earphone that had been removed. The habit test was conducted in extinction (i.e., no noises 

were delivered to either earphone), but participants were not informed of this. The habit test 

consisted of 30 trials (10 per stimulus). The dependent variable of interest was whether the 

participant persisted in performing the response associated with avoiding aversive noise to the 
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removed earphone, as performance of this behavior was no longer of value and thus would be 

evidence of habit formation. 

 Participants completed the experiment in a private testing room on a Macintosh 

computer. Button press responses were made using the computer keyboard and were recorded 

with E-Prime Standard (Version 2.0) experimental software. Following completion of the 

computer task, participants completed a packet of questionnaires. The 28-item CTQ-SF 

(Bernstein et al., 2003) was used to assess stress exposure during the first 16 years of life. The 

items on the questionnaire ask about experiences of physical abuse, physical neglect, emotional 

abuse, emotional neglect, and sexual abuse. The 40-item State-Trait Anxiety Inventory 

(Spielberger, 1983) was used to assess anxiety at the present moment (state anxiety) and in 

general (trait anxiety). The 20-item Beck Depression Inventory-II (Beck et al., 1996) was used to 

assess depressive symptoms during the past two weeks (suicidality question omitted). The 44-

item Big Five Inventory (John et al., 1991; John et al., 2008) was used to assess personality 

along the dimensions of extraversion, agreeableness, conscientiousness, neuroticism, and 

openness. Finally, the 10-item Perceived Stress Scale (Cohen et al., 1983) was used to assess 

how unpredictable, uncontrollable, and overloading participants’ lives had been during the past 

month. The entire lab visit took approximately one hour. 

Results 

 Sample characteristics are reported in Tables 3.1 and 3.2. The median score on the CTQ-

SF used to block participants into low-ELS and high-ELS groups was 32.00. The low-ELS group 

had a mean score of 27.91 (SD = 2.18) and the high-ELS group had a mean score of 44.02 (SD = 

12.33). The high-ELS group differed significantly from the low-ELS group on measures of state 

anxiety, t(188) = 5.11, p < .001, trait anxiety, t(185) = 6.39, p < .001, depression, t(186) = 7.17, p 
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< .001, extraversion, t(189) = 2.77, p = .006, agreeableness, t(189) = 3.19, p = .002, 

conscientiousness, t(189) = 4.43, p < .001, neuroticism, t(189) = 4.56, p < .001, and perceived 

stress, t(185) = 3.70, p < .001. 

We tested for effects of the level of training (120 training trials versus 600 training trials) 

and level of ELS (low-ELS versus high-ELS) on responding during training and during the post-

devaluation habit test. During training, response accuracy to the two warning stimuli was 81.2% 

(Fig. 3.2A and Fig. 3.3A), and the false alarm rate to the safe stimulus was 11.6% (Fig. 3.2B and 

Fig. 3.3B). Training accuracy did not differ significantly across levels of training, F(1, 187) = 

2.80, p = .096, or levels of ELS, F(1, 187) = 0.78, p = .378, and the interaction between training 

and ELS was not significant, F(1, 187) = 0.69, p = .407. False alarm rate also did not differ 

significantly across levels of training, F(1, 187) = 0.08, p = .775, or levels of ELS, F(1, 187) = 

0.08, p = .774, and the interaction between training and ELS was not significant, F(1, 187) < 

0.01, p = .969.  

During the post-devaluation habit test, 100% of participants responded to the valued 

stimulus, with an average response rate of 90.7%. Responding to the valued stimulus did not 

differ significantly across levels of training, F(1, 187) = 2.60, p = .109, or levels of ELS, F(1, 

187) = 2.60, p = .109, and the interaction between training and ELS was not significant, F(1, 

187) = 1.30, p = .255. 

We tested for habit behavior by conducting the chi-square test on the number of 

participants who responded to the devalued stimulus during the post-devaluation habit test. The 

effect of training was not significant, χ²(1) = 0.04, p = 0.837, and the effect of ELS was also not 

significant, χ²(1) = 1.97, p = 0.161. We then analyzed the data separately for participants who 

were instructed to remove the right earphone (n = 96) and participants who were instructed to 
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remove the left earphone (n = 95) during the devaluation procedure. This variable had been 

counterbalanced across participants, but there is evidence suggesting that people are more likely 

to engage in habit behaviors when they are using their dominant hand (Neal et al., 2011). In this 

analysis, there was no effect of training in the group that was instructed to remove the right 

earphone, χ²(1) = 0.05, p = 0.832, or in the group that was instructed to remove the left earphone, 

χ²(1) = 0.01, p = 0.936. We did, however, observe a significant effect of ELS in the group that 

was instructed to remove the right earphone, χ²(1) = 4.26, p = 0.039, such that 26.5% of the low-

ELS group performed the habit response, while 46.8% of the high-ELS group performed the 

habit response (Fig. 3.4). This effect was not present in the group that was instructed to remove 

the left earphone, χ²(1) = 0.01, p = 0.936. 

Finally, we investigated the effect of the amount of ELS on post-devaluation habit 

responding by calculating correlation coefficients for the relationship between CTQ-SF score 

and the number of responses made to the devalued stimulus. This effect was not significant in 

either the group instructed to remove the right earphone, R = .067, p = .516, or the group 

instructed to remove the left earphone, R = -.007, p = .948. A scatter plot from the group 

instructed to remove the right earphone is provided in Figure 3.5 for illustration and comparison 

with Experiment 2. 

Experiment 2 

 In Experiment 1, we found support for the hypothesis that ELS is associated with 

enhanced avoidance habits, but this effect was only observed in the subset of participants who 

were tested for habit behavior in the right hand. Therefore, in Experiment 2, we sought to 

replicate the effect of ELS observed in Experiment 1, and we also added a condition in which 

participants performed the avoidance learning task under distraction. Because the effect in 
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Experiment 1 was isolated to those people tested for habit behavior in the right hand, all 

participants in Experiment 2 were tested for habit behavior in the right hand by having them 

remove the right earphone during the devaluation procedure. 

Materials and Methods 

Participants. As in Experiment 1, study participants were recruited from the 

undergraduate student population at the University of California, Los Angeles. Participants were 

compensated with credit toward partial fulfillment of course requirements. Study procedures 

were approved by the Institutional Review Board of the University of California, Los Angeles, 

and all participants provided written record of informed consent. 

 A total of 119 participants were recruited. One person was excluded for failure to follow 

instructions, yielding a sample size of 118 (95 women, 23 men, Mage = 20.52 yr, SDage = 1.60 yr, 

age range: 18-26 yr). As in Experiment 1, we used the CTQ-SF (Bernstein et al., 2003) to assess 

participants’ exposure to stress during their first 16 years of life. Participants were categorized as 

high-ELS and low-ELS based on whether they scored above or below the sample median.  

 Design and procedure. Participants performed the avoidance learning task described 

above in Experiment 1 (Fig. 3.1A). We manipulated the level of distraction within subjects 

during the training phase of the experiment by having participants perform a counting task 

during alternate blocks of 30 trials. During counting blocks, participants were randomly shown 

an image of a dog or a cat for 500 ms after each noise avoidance trial. They were instructed to 

count the cats and ignore the dogs. At the end of each counting block, participants were asked to 

report how many cats they had counted in the previous block. Before beginning the main 

experiment, participants completed practice trials on both the avoidance task and the counting 

task, and were allowed to repeat the practice trials if desired. To minimize task difficulty, we 
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increased the response window for the noise avoidance task from 500 ms to 750 ms. Six stimulus 

images were used for the noise avoidance task, such that the same three stimuli were shown 

during all counting blocks and the other three stimuli were shown during non-counting blocks. 

Participants completed a total of 360 training trials (180 trials per level of distraction). 

 The devaluation procedure was the same as in Experiment 1 (Fig. 3.1B), except that in 

Experiment 2 we instructed all participants to remove the right earphone. The post-devaluation 

habit test consisted of 60 trials, 30 containing stimuli that had been learned in the no-distraction 

condition and 30 containing stimuli that had been learned in the distraction condition. The 60 

stimuli were presented in random order. Participants were not required to perform the counting 

task during the habit test. As in Experiment 1, the dependent variable of interest was whether the 

participant persisted in performing the response associated with avoiding aversive noise to the 

removed earphone.  

 Participants completed the experiment in a private testing room on a Macintosh 

computer. Button press responses were made using the computer keyboard and were recorded 

with E-Prime Standard (Version 2.0) experimental software. Following completion of the 

computer task, participants completed the same packet of questionnaires described above for 

Experiment 1. The entire lab visit took approximately one hour. 

Results 

Sample characteristics are reported in Tables 3.1 and 3.2. The median score on the CTQ-

SF used to block participants into low-ELS and high-ELS groups was 32.50. The low-ELS group 

had a mean score of 28.22 (SD = 2.07) and the high-ELS group had a mean score of 42.66 (SD = 

8.71). The high-ELS group differed significantly from the low-ELS group on measures of state 

anxiety, t(113) = 3.32, p = .001, trait anxiety, t(115) = 3.48, p = .001, depression, t(114) = 3.90, p 
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< .001, agreeableness, t(116) = 3.16, p = .002, neuroticism, t(116) = 2.21, p = .029, and 

perceived stress, t(112) = 2.73, p = .007. 

We tested for effects of the level of distraction (no-distraction versus distraction) and 

level of ELS (low-ELS versus high-ELS) on responding during training and during the post-

devaluation habit test. During training, response accuracy to the four warning stimuli was 91.8% 

(Fig. 3.6A), and the false alarm rate to the two safe stimuli was 9.3% (Fig. 3.6B). There was a 

significant effect of distraction on training accuracy, F(1, 116) = 15.60, p < .001, such that 

accuracy was higher in single-task condition blocks (92.7%) than in dual-task condition blocks 

(90.8%). Training accuracy did not differ significantly across levels of ELS, F(1, 116) = 0.28, p 

= .599, and the interaction between distraction and ELS was not significant, F(1, 116) = 0.06, p = 

.811. False alarm rate did not differ significantly across levels of distraction, F(1, 116) = 0.74, p 

= .390, or levels of ELS, F(1, 116) = 3.79, p = .054, and the interaction between distraction and 

ELS was not significant, F(1, 116) = 0.23, p = .630. The direction of the marginal effect of ELS 

was toward a higher rate of false alarms in the high-ELS group (12.6%) than the low-ELS group 

(6.0%).  

During the post-devaluation habit test, 100% of participants responded to the valued 

stimuli, with an average response rate of 92.7%. Responding to valued stimuli did not differ 

significantly across levels of distraction, F(1, 116) = 0.11, p = .740, or levels of ELS, F(1, 116) = 

0.12, p = .727, and the interaction between distraction and ELS was not significant, F(1, 116) = 

3.73, p = .056. The direction of the marginal interaction between distraction and ELS was toward 

higher responding to valued stimuli learned in the no-distraction condition (94.1%) than the 

distraction condition (92.0%) in the low-ELS group, and toward higher responding to valued 
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stimuli learned in the distraction condition (93.7%) than the no-distraction condition (90.8%) in 

the high-ELS group. 

We tested for habit behavior by conducting McNemar’s chi-square test for within-subject 

designs and the chi-square test on the number of participants who responded to the devalued 

stimuli during the post-devaluation habit test. The effect of distraction was not significant, χ²(1) 

= 0.25, p = 0.617. Consistent with Experiment 1, we again observed a significant effect of ELS, 

χ²(1) = 7.66, p = 0.006, such that 33.9% of the low-ELS group performed the habit response, 

while 59.3% of the high-ELS group performed the habit response (Fig. 3.7). 

Finally, we investigated the effect of the amount of ELS on post-devaluation habit 

responding by calculating correlation coefficients for the relationship between CTQ-SF score 

and the number of responses made to the devalued stimulus. This relationship was significant, R 

= .203, p = .027. The scatter plot is shown in Figure 3.8. As can be seen in the figure, the data do 

not conform to a linear pattern but rather fall into two clusters of participants: people who made 

five or fewer responses to the devalued stimuli and people who made 15 or more such responses. 

These clusters may represent people who made no devalued responses or made the devalued 

response inadvertently (i.e., because of inhibition failure), and people who made a conscious 

decision not to attempt inhibition of the devalued response during the habit test. 

Discussion 

 In two experiments using an avoidance learning task, we observed evidence of enhanced 

avoidance habits in adults who reported a history of ELS. Interestingly, this effect was only 

present when the avoidance habit was measured in the right hand, consistent with previous 

observations that people are more likely to exhibit habits when they are executing behaviors with 

their dominant hand (Neal et al., 2011). Our findings are consistent with previous work from our 
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lab showing enhanced appetitive habit behavior in people who have a history of ELS (Patterson 

et al., 2013), and the observed enhanced avoidance habit behavior may contribute to the negative 

health outcomes commonly experienced by this population. Negative health outcomes are 

frequently tied to negative health behaviors, which may be performed habitually. Certain 

negative health behaviors such as overeating and substance use can be conceptualized as 

avoidance behaviors, which over time can become avoidance habits. For example, people may 

initially engage in overeating or substance use in a goal-directed manner to avoid feelings of 

distress, but over time these behaviors may become more automatic and stimulus-bound.   

 A possible biological basis for enhanced habit behavior following ELS is that stress 

selectively damages the neural structures that support goal-directed behavior, which could lead 

to a compensatory over-reliance on habit responding. Goal-directed behavior relies on prefrontal 

cortex, dorsomedial striatum, and the hippocampus, which have been shown to atrophy 

following stress exposure (Dias-Ferreira et al., 2009; Joëls et al., 2007; McEwen, 2000; Soares et 

al., 2012). Habit behavior, on the other hand, appears to rely on the dorsolateral striatum (Yin et 

al., 2004), which is less sensitive to stress and indeed has been shown in some cases to undergo 

stress-induced hypertrophy (Dias-Ferreira et al., 2009; Soares et al., 2012). The extent to which 

these morphological changes are reversible is not known. The presence of significant stress 

during a sensitive period of development may crystallize these dynamics, setting the stage for an 

overreliance on habit responding in adulthood. Some evidence supporting this hypothesis 

includes the finding that male rats exposed to maternal separation during the first two weeks of 

life are more likely to use a stimulus-response navigation strategy in early adolescence (Grissom 

et al., 2012), and people exposed to stress prenatally are more likely to use a stimulus-response 
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navigation strategy in adulthood (Schwabe et al., 2012). Future research incorporating 

neuroimaging of habit learning in the ELS population should investigate this possibility. 

In addition to providing support for the hypothesis that ELS alters the tendency toward 

habit responding, the results of the present study also demonstrate the utility of avoidance 

learning tasks in human habit research. Research on habits in humans has traditionally been 

carried out in appetitive situations with participants working for monetary rewards, points, or 

food (e.g., Tricomi et al., 2009), but tasks employing aversive stimuli have a long history of 

success in the nonhuman animal habit learning literature, particularly in maze navigation tasks 

where animals are motivated to escape a negative situation such as a water tank or open surface 

(e.g., McDonald and White, 1994; Packard and McGaugh, 1992). Aversive stimuli like the 

scream sound used in the present study are not difficult to incorporate into computer-based tasks 

and may provide greater motivation than appetitive stimuli. 

 Two hypotheses that we made in this pair of experiments were not borne out by the 

results. In Experiment 1, we predicted that a longer period of training would result in greater 

habit responding, and in Experiment 2, we predicted that distraction during habit formation 

would result in greater habit responding. Neither of these manipulations affected the level of 

habit formation as measured by our post-devaluation habit test. It is possible that the 

manipulations we employed were not effective because the manipulations were not strong 

enough. Our manipulation of amount of training was a five-fold increase in the number of 

training trials, but participants in the long training condition still received only a single training 

session, and it is possible that to see an effect of training, multiple sessions would be required. 

An experiment conducted with appetitive stimuli that showed an effect of training on habit 

responding implemented 12 training sessions over the course of three days (Tricomi et al., 2009). 
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Similarly, the distraction task we used may have failed to provide enough of a challenge. 

Demonstration of such effects in future experiments will be an important step in validating our 

approach and interpretations. 

 One discrepancy in the results of this study is that we observed a positive correlation 

between amount of ELS and number of habit responses in Experiment 2 but not in Experiment 1. 

This is likely due to the fact that Experiment 2 (a) had more participants who had the right hand 

devalued (118 versus 96) and (b) had a longer extinction block, allowing for more opportunity to 

make the habit response. The clustering of participants into two groups may represent differing 

strategic approaches to the task, and should be investigated in future research. 

 A limitation of this study is that because we used a college sample, our ELS groups may 

be more high-functioning and resilient to stress than people with a history of ELS in the general 

population. Nevertheless, even this sample yielded evidence in support of our hypothesis that 

ELS affects avoidance habit formation. Future research with a more representative sample 

would, however, yield important information about the generalizability of our findings and 

typical effect sizes. A second limitation is that our sample was primarily composed of women; a 

sample with a larger proportion of men would be necessary to demonstrate that ELS has similar 

effects on avoidance habits in both genders. 

 Our findings extend recent work demonstrating enhanced avoidance habits in people with 

obsessive-compulsive disorder (Gillan et al., 2014), identifying a second population with this 

behavioral pattern. Additional populations that may show similar patterns include people with 

post-traumatic stress disorder, binge eating disorder, and substance use disorders. Future research 

should investigate these possibilities. The present experiments have implications for the 

development of interventions aimed at reducing the detrimental effects of ELS. Enhanced 
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avoidance habit formation may be related not only to behavioral habits such as overeating and 

substance abuse but also psychological habits such as avoidant thought and dissociation, and 

interventions geared toward minimizing such habits may have substantial effects on the quality 

of life of people who struggle to overcome them.  

Acknowledgments 

 The authors thank Ling Lee Chong, Zhixi Liu, and Alex Gordon for research assistance. 

  



 53 

Tables and Figures 

Table 3.1 

Sample characteristics 

 Experiment 1 Experiment 2 
 Low-ELS High-ELS Low-ELS High-ELS 
CTQ-SF 27.91 (2.18) 44.02 (12.33) 28.22 (2.07) 42.66 (8.71) 
STAI     
     State anxiety 36.38 (10.98) 44.77 (11.62) 35.19 (13.06) 43.07 (12.38) 
     Trait anxiety 38.43 (9.77) 48.58 (11.87) 40.95 (11.73) 48.36 (11.33) 
BDI-II 7.32 (5.67) 16.23 (10.64) 7.43 (7.82) 13.72 (9.48) 
BFI     
     Extraversion 3.29 (0.91) 2.95 (0.79) 3.22 (0.89) 2.99 (0.87) 
     Agreeableness 3.98 (0.55) 3.71 (0.63) 3.95 (0.57) 3.57 (0.73) 
     Conscientiousness 3.77 (0.50) 3.38 (0.70) 3.70 (0.67) 3.48 (0.67) 
     Neuroticism 2.84 (0.74) 3.33 (0.74) 2.99 (0.81) 3.33 (0.86) 
     Openness 3.35 (0.65) 3.36 (0.57) 3.42 (0.66) 3.45 (0.67) 
PSS 17.03 (6.32) 20.52 (6.54) 16.71 (6.76) 20.28 (7.16) 
 

Note. Mean (SD) scores on questionnaire measures for participants grouped by reported level of 

childhood stress exposure. ELS = early-life stress; CTQ-SF = Childhood Trauma Questionnaire 

– Short Form (Bernstein et al., 2003); STAI = State-Trait Anxiety Inventory (Spielberger, 1983); 

BDI-II = Beck Depression Inventory-II (Beck et al., 1996); BFI = Big Five Inventory (John et 

al., 1991; John et al., 2008); PSS = Perceived Stress Scale (Cohen et al., 1983). 
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Table 3.2 

Prevalence of early-life stress (ELS) in sample by type of stress 

 Experiment 1    Experiment 2    
 5 6-10 11-15 16-20 21-25 5 6-10 11-15 16-20 21-25 
CTQ-SF subscale           
     Physical abuse 62.8% 30.9% 4.7% 0.5% 1.0% 58.5% 35.6% 3.4% 2.5% 0.0% 
     Physical neglect 47.1% 43.5% 8.4% 1.0% 0.0% 51.7% 47.5% 0.8% 0.0% 0.0% 
     Emotional abuse 31.4% 48.2% 14.1% 2.6% 3.7% 24.6% 55.9% 12.7% 6.8% 0.0% 
     Emotional neglect 27.7% 46.6% 17.3% 6.8% 1.6% 28.0% 46.6% 17.8% 6.8% 0.8% 
     Sexual abuse 84.3% 11.0% 2.1% 2.1% 0.5% 84.7% 9.3% 3.4% 0.8% 1.7% 
 

Note. Percentage of participants in each experiment broken down by level and type of childhood 

stress reported. For each subscale, five is the lowest score, corresponding to a response of 

“never” for each item. CTQ-SF = Childhood Trauma Questionnaire – Short Form (Bernstein et 

al., 2003). 
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Figure 3.1. Experimental procedure. (a) Participants learned to make avoidance responses to two 

warning stimuli that predicted aversive noise played to the left (top) and right (bottom) 

earphones. If the correct avoidance response (shown in red) was made in time, the aversive 

noises were not delivered. (b) After training, one of the two outcomes was devalued by having 

participants remove one of the two earphones.  

  

Stimulus Response Outcome 

f	 j	

f	 j	

f	 j	

f	 j	

Devaluation 

A 

B 
Valued Devalued 



 56 

 

 

Figure 3.2. Experiment 1: Effects of early-life stress (ELS) on acquisition behavior by block, 

short training condition. Timecourses show % correct avoidance responses to the warning stimuli 

(A) and % false alarms to the safe stimulus (B) during the training phase. 
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Figure 3.3. Experiment 1: Effects of early-life stress (ELS) on acquisition behavior by block, 

long training condition. Timecourses show % correct avoidance responses to the warning stimuli 

(A) and % false alarms to the safe stimulus (B) during the training phase. 
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Figure 3.4. Experiment 1: Effects of early-life stress (ELS) on proportion of sample exhibiting 

avoidance habit behavior. Participants were scored as exhibiting habit behavior if they continued 

to respond to the devalued stimulus during the post-devaluation habit test. 
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Figure 3.5. Experiment 1: Relationship between degree of early-life stress (ELS) and number of 

avoidance habit responses made on the post-devaluation habit test.  
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Figure 3.6. Experiment 2: Effects of early-life stress (ELS) on acquisition behavior by block. 

Timecourses show % correct avoidance responses to the warning stimuli (A) and % false alarms 

to the safe stimuli (B) during the training phase. Odd blocks were performed under single-task 

conditions (no-distraction) and even blocks were performed under dual-task conditions 

(distraction). 
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Figure 3.7. Experiment 2: Effects of early-life stress (ELS) on proportion of sample exhibiting 

avoidance habit behavior. Participants were scored as exhibiting habit behavior if they continued 

to respond to the devalued stimulus during the post-devaluation habit test. 

 

 

  

Habit 

No Habit 

Habit 

No Habit 

Low-ELS High-ELS 



 62 

 

Figure 3.8. Experiment 2: Relationship between degree of early-life stress (ELS) and number of 

avoidance habit responses made on the post-devaluation habit test.  
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CHAPTER 4 

A Coordinates-Based Meta-Analysis of Human Habit Learning 

 

Introduction 

Localization of the neural substrates of habitual responding is an ongoing effort with 

important implications for our understanding of maladaptive behaviors such as drug addiction 

(Everitt and Robbins, 2005). Lesion studies in non-human animals (e.g., Fernandez-Ruiz et al., 

2001; Packard et al., 1989) and neuropsychological studies in humans (e.g., Knowlton et al., 

1996) have implicated the dorsal striatum in the development and expression of habitual 

behavior. In the rodent, there is evidence suggesting that within the dorsal striatum, the 

dorsolateral striatum (analogous to the putamen in the human brain) underlies habitual behavior 

while the dorsomedial striatum (analogous to the caudate in the human brain) underlies non-

habitual, goal-directed behavior (Yin and Knowlton, 2004; Yin et al., 2004; Yin et al., 2005). 

This observed intra-striatal functional heterogeneity has been interpreted as evidence for a shift 

in control of behavior from associative to sensorimotor corticostriatal loops as habits develop 

(Yin and Knowlton, 2006). 

It is not currently known whether the pattern of localization observed in the rodent 

striatum is preserved in the human brain, as ethical concerns limit experimentation and naturally 

occurring striatal damage such as that resulting from Parkinson’s disease is not sufficiently 

precise. Therefore, to assess the degree to which the subregional specificity for habits present in 

rodents is also present in the human, we conducted a coordinates-based meta-analytic review of 

human fMRI experiments reporting putative habit-related activation across a variety of tasks. 

Tasks included in the review are as follows: probabilistic classification, maze navigation, 
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instrumental learning with outcome devaluation, sequential decision making, and motor 

sequence learning. We focus specifically on experiments in 1) healthy human subjects that 2) 

report habit-related activation of the dorsal striatum (caudate, putamen, or both caudate and 

putamen). Findings for each of the five tasks are discussed separately below, and peak voxel 

locations are projected onto a 3D rendering of the dorsal striatum in Fig. 4.1. 

Materials and Methods 

Studies included in the meta-analysis were identified through extensive review of the 

literature via a combination of database searches and consultation of review articles. First, we 

searched PsycINFO and Web of Science for peer-reviewed articles published in English using 

the following search terms: (“habit” OR “habits” OR “probabilistic classification” OR “weather 

prediction” OR “response learning” OR “instrumental conditioning” OR “instrumental learning” 

OR “reinforcement learning” OR “outcome devaluation”) AND (“basal ganglia” OR “caudate” 

OR “putamen” OR “striatum”) AND (“fMRI” OR “functional magnetic resonance imaging” OR 

“functional MRI”). We then checked the reference sections of major review papers, searched for 

articles written by major contributors to the field, and consulted major contributors to the field to 

identify additional studies. 

Next, studies were reviewed for inclusion using the following criteria. First, the study had 

to report original fMRI data using healthy human subjects. Studies that were conducted with 

clinical populations or older adult samples were included only if data from a control group were 

published in the article or in supplementary materials accompanying the article. Second, studies 

were included only if they reported habit-related activation of the dorsal striatum (caudate, 

putamen, or both). We included both studies that used whole-brain analyses and studies that used 

region of interest analyses, notating for each study the approach that was used. Third, studies 
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included in the meta-analysis employed one of the following tasks: probabilistic classification, 

maze navigation, instrumental learning with outcome devaluation, sequential decision making 

(limited to studies estimating contributions of model-based versus model-free learning), or motor 

sequence learning (limited to studies contrasting late versus early learning). 

This procedure yielded a total of 24 papers. These papers were coded for number of 

subjects, the habit manipulation(s) or measure(s) used, the contrast(s) used in the imaging 

analysis, the reported subregion(s) of activation (caudate, putamen, or both), and the coordinates 

of peak voxels, if reported. Coordinates reported in Talairach space were converted to Montreal 

Neurological Institute space using GingerALE 2.3.6. 

Results 

Probabilistic Classification 

 fMRI studies of probabilistic classification comprise some of the earliest work on the 

neural basis of human habit learning. In these experiments, participants are shown visual cues 

that are probabilistically related to outcomes, and they gradually learn the cue-outcome 

relationships through trial-by-trial feedback. For example, in the weather prediction task, 

participants are shown a combination of patterned cards and are asked to indicate whether the 

cards predict sunshine or rain. Relationships between cues and outcomes are not readily apparent 

to participants performing the task, which discourages use of declarative memory. Patients with 

limbic-diencephalic amnesia show normal learning on this task in spite of having no declarative 

memory for the learning episode, whereas patients with Parkinson’s disease, which affects 

striatal function, show impaired learning (Knowlton et al., 1996).  

Findings from 11 fMRI studies of probabilistic classification are listed in Table 4.1. Of 

these, four reported activation of the caudate (Fera et al., 2005; Poldrack et al., 2001; Poldrack et 
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al., 1999; Weickert et al., 2009), one reported activation of the putamen (Foerde et al., 2006), and 

six reported activation of both subregions (Aron et al., 2006; Aron et al., 2004; Celone et al., 

2011; Schwabe et al., 2013; Schwabe and Wolf, 2012; Seger and Cincotta, 2005). The 

engagement of both caudate and putamen is consistent with the hypothesis that probabilistic 

classification can be supported by both declarative and habit memory, with task strategies 

varying across individuals. 

Activation peaks reported in these studies of probabilistic classification are shown in 

Figure 4.1 in red. These activation peaks were located primarily in anterior caudate and anterior 

putamen. Activation peaks located in posterolateral putamen were from studies that included 

manipulations intended to increase habitual responding, namely distraction (Foerde et al., 2006) 

and stress (Schwabe et al., 2013; Schwabe and Wolf, 2012). 

Maze Navigation 

 Tasks involving maze navigation have long been used in the rodent literature to contrast 

navigation strategies with different neural substrates (Packard et al., 1989; Packard and 

McGaugh, 1992; Yin and Knowlton, 2004). These studies suggest that navigation based on distal 

cues and memory for location history is supported by the hippocampus and dorsomedial 

striatum, whereas navigation based on proximal cues and stimulus-response associations (i.e., 

navigation on the basis of habits) is supported by the dorsolateral striatum. Researchers have 

adapted the maze navigation tasks used in rodents for use in humans by employing virtual reality 

environments that participants can navigate while stationary in an fMRI scanner.  

Findings from four fMRI studies of habit-based navigation are listed in Table 4.2. Three 

of these studies reported activation of the caudate (Banner et al., 2011; Etchamendy et al., 2012; 

Iaria et al., 2003), although it is important to note that these three studies employed a priori 
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region of interest analyses that included the caudate but did not include the putamen. Such region 

of interest analyses allow for less stringent correction for multiple comparisons than whole-brain 

analyses or analyses that use the entire dorsal striatum as a region of interest. Thus, they are a 

powerful tool for investigating specific hypotheses, but do not afford conclusions about regions 

that are outside the search volume. A more recent habit-based navigation study employing a 

region of interest analysis that included both caudate and putamen reported activation of both 

subregions (Horga et al., 2015). Unlike previous navigation studies that relied on individual 

differences in navigation strategy, this study correlated brain activity with estimates of model-

free learning, a technique described in more detail below in the section on sequential decision 

tasks. 

Activation peaks reported in these studies of maze navigation are shown in Figure 4.1 in 

green. The caudate activation peaks tended to be located more posteriorly than the activation 

peaks from studies of probabilistic classification, corresponding to activation in the body and tail 

of the caudate. Putamen activation peaks from the single study that included the putamen as a 

region of interest were located in the posterolateral putamen (Horga et al., 2015). 

Outcome Devaluation 

 Another longstanding method for investigating habit behavior in rodents is to train an 

instrumental response by rewarding the animal for performing it with a desired outcome (e.g., a 

food pellet), and then devaluing the outcome (e.g., through sensory-specific satiety or taste 

aversion conditioning). Insensitivity to the devaluation procedure, shown by continued 

performance of the devalued response, is taken as evidence of habit formation (Dickinson, 1985). 

Although this procedure is considered the “gold standard” for determining whether a behavior 
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has become habitual in rodents, there have been relatively few studies demonstrating devaluation 

insensitivity in humans.  

Four studies that have employed this procedure in conjunction with fMRI are listed in 

Table 4.3. The first of these studies, using the putamen as a region of interest, reported stimulus 

onset-related putamen activation in a group of participants who developed a devaluation-

insensitive response after overtraining (Tricomi et al., 2009). A subsequent study, using a region 

of interest that included both caudate and putamen, reported putamen activation in people who 

showed stress-induced devaluation insensitivity when compared to non-stressed, devaluation 

sensitive controls (Soares et al., 2012). Similarly, in a study on the effects of hydrocortisone and 

the a2-adrenoceptor antagonist yohimbine on habit behavior, the group that received both drugs 

showed insensitivity to devaluation, demonstrating that pharmacological stress can also create 

devaluation-insensitive responding (Schwabe et al., 2012). Using a region of interest that 

included both caudate and putamen, this study reported that across participants, activation of the 

putamen was modulated by salivary a-amylase, an indicator of adrenergic activity. 

Finally, in a recent paper that employed a novel instrumental learning task designed to 

rapidly induce habitual responding, activation of the caudate during early learning correlated 

with subsequent devaluation insensitivity (Liljeholm et al., 2015). This study included both 

caudate and putamen as regions of interest but notably did not observe a relationship between 

activation of the putamen during early learning and subsequent devaluation insensitivity. 

Although further research is necessary to confirm this hypothesis, it is possible that the 

correspondence between activation in the caudate during early learning and insensitivity to 

devaluation indicates that the caudate may support the early learning of behaviors that will later 

become habitual, while the putamen may support the execution of well-trained habit behaviors. 
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Activation peaks reported in these studies of outcome devaluation are shown in Figure 

4.1 in orange. The activation peaks were all located posteriorly, in either the posterior half of 

putamen or the tail of the caudate. 

Sequential Decision Making 

In the computational neuroscience literature, a distinction has been made between  

“model-free learning,” posited as being akin to stimulus-response habit behavior, and “model-

based learning,” posited as being akin to goal-directed behavior (Daw et al., 2005). The 

fundamental difference between these two learning systems is that the model-based learner 

makes decisions using an internal model of the environment, whereas the model-free learner 

relies on a strategy of repeating rewarded behaviors. Based on this framework, a number of 

studies have attempted to describe these systems and how arbitration between them is 

accomplished (for review, see Dolan and Dayan, 2013; Doll et al., 2012). One approach has been 

to use a sequential decision task in combination with computational modeling to determine the 

extent to which a subject’s behavior is under model-free versus model-based control (Daw et al., 

2011; Glascher et al., 2010). Consistent with the idea that model-free learning involves habitual 

or automatic processes, this procedure has been used to show that acute stress and performance 

of a secondary task can decrease model-based contributions to learning while leaving model-free 

contributions intact (Otto et al., 2013a; Otto et al., 2013b).  

In conjunction with fMRI, sequential decision making tasks can be used to identify brain 

regions whose activity correlates with estimated internal subject variables specific to each 

controller. Initial investigations using this approach only identified activation related to model-

free control in the ventral striatum (Daw et al., 2011; Glascher et al., 2010), but two subsequent 

studies reported activation related to model-free control in the dorsal striatum as well (Doll et al., 
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2015; Lee et al., 2014). Findings from these two studies are listed in Table 4.4. Both studies 

found model-free prediction error signals in the putamen that that survived whole brain 

correction. Furthermore, model-free Q-signals were found with a region of interest analysis in 

the putamen (Lee et al., 2014), and across participants, putamen prediction error activation was 

found to correlate with model-free choice (Doll et al., 2015). 

Activation peaks reported in these studies of sequential decision making are shown in 

Figure 4.1 in yellow. These activation peaks were found in lateral putamen throughout the 

anterior-posterior axis. 

Motor Sequence Learning 

Motor sequence learning has traditionally been considered to be a different type of 

procedural learning than habit learning, but recent reviews on habit behavior (Daw and 

O’Doherty, 2014; Wood and Rünger, 2016) have pointed out that several motor sequence 

learning studies have reported practice-related increases in activation of the dorsal striatum. 

Three such studies are listed in Table 4.5. All of these studies reported increases in activation of 

the putamen as the motor sequence was practiced (Fernández-Seara et al., 2009; Lehéricy et al., 

2005; Steele and Penhune, 2010).  

Activation peaks reported in these studies of motor sequence learning are shown in 

Figure 4.1 in blue. Two peaks were located in posterolateral putamen (Fernández-Seara et al., 

2009; Lehéricy et al., 2005) and one was located in the putamen more anteriorly (Steele and 

Penhune, 2010). 

Discussion 

This review of putative habit-related fMRI activation in the human dorsal striatum 

(caudate and putamen) found that there do appear to be task-related differences in the 
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distribution of activations. Specifically, studies using probabilistic classification tasks tended to 

report either activation of the caudate or of both caudate and putamen, and peak voxels tended to 

be located in the anterior portion of these structures. In contrast, studies using maze navigation 

tasks tended to report activation in the caudate that was located more posteriorly, in the body and 

tail of the caudate. Finally, studies using outcome devaluation, sequential decision making, and 

motor sequence learning tasks most frequently reported activation in the lateral putamen. 

One goal of this project was to evaluate the evidence that the subregional specificity for 

habits in the rodent dorsal striatum is conserved across species. In the rodent, the dorsolateral 

striatum appears to subserve habits, while the dorsomedial striatum appears to subserve goal-

directed behavior (Yin and Knowlton, 2004; Yin and Knowlton, 2006; Yin et al., 2004; Yin et 

al., 2005). Conservation across species, therefore, would predict habit-related activation in the 

human putamen (analogous to the rodent dorsolateral striatum), and in our meta-analysis we 

observed that findings from studies using outcome devaluation, sequential decision making, and 

motor sequence learning tasks were generally consistent with this hypothesis.  

Outcome devaluation procedures are the strongest test of habitual behavior, and therefore 

studies that employ outcome devaluation are of special interest. Three out of the four reviewed 

studies using this method reported activation in the putamen. The other two tasks that were found 

to yield habit-related activation of the putamen, the sequential decision task and the motor 

sequence learning task, represent relatively recent conceptualizations of habit and will require 

further research to determine whether they generate signals that are fundamentally similar to 

signals found using outcome devaluation or whether they capture different aspects of habit 

behavior. One issue that remains to be resolved is that an agent with complete insensitivity to 

devaluation would not be expected to continue to show the sort of model-free prediction error 
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signaling that has been detected in the putamen using the sequential decision task, as this 

signaling is based on computation of expected rewards and detection of deviations from these 

expected rewards. One hypothesis is that the putamen generates model-free prediction error 

signals during the early stages of habit formation, but that such signaling would decrease with 

overtraining and be replaced by a simple response to stimuli historically associated with reward 

regardless of their current value.  

In contrast to studies using outcome devaluation, sequential decision, and motor sequence 

learning tasks, we found that studies using probabilistic classification and maze navigation tasks 

often reported activation of the caudate. It is possible, therefore, that these two tasks are 

relatively less well-suited for the study of habit behavior in humans, and that fMRI studies using 

these tasks contain signals of both goal-directed and habit-based control. Further evidence for 

this interpretation comes from the fact that of the probabilistic classification and maze navigation 

studies we reviewed, the ones that reported more lateral activations included manipulations that 

would increase habit responding (i.e., stress and distraction), or used estimates of model-free 

learning similar to those used in studies of sequential decision making. One direction for future 

research would be to combine outcome devaluation procedures with these tasks in humans as has 

been done in the rodent with maze navigation (Sage and Knowlton, 2000). This would provide 

more direct confirmation of habit responding, and would allow researchers to eliminate or group 

separately participants who fail to develop devaluation insensitivity. 

Finally, a surprising number of studies reviewed used region of interest analyses that did 

not include both dorsal striatal subregions. This makes it difficult to draw firm conclusions about 

subregional specificity, as the level of activation in the voxels not included in the region of 

interest is not known. Given the variety of findings from studies of putative habit learning, we 
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recommend that the entire dorsal striatum be used as a region of interest, or, if this is not possible 

due to lack of power, that region of interest analyses include partial coverage of each subregion 

(e.g., by using spherical regions of interest centered on coordinates from previous studies such as 

those included in this review). This will help clarify the individual contributions of the caudate 

and putamen to habit behavior.  
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Tables and Figures 

Table 4.1 
 
Locations of dorsal striatal activations reported by studies using probabilistic classification 

learning tasks 

Paper N Habit Manipulation/Measure Contrast Activation 

Poldrack et al., 1999 8 Probabilistic feedback Task > control (perceptual-motor) caudate 

Poldrack et al., 2001 13 Probabilistic feedback Task > control (perceptual-motor) caudate 

Ibid. 13, 13 Probabilistic feedback Task > control (paired associate) caudate 

Ibid. 13 Probabilistic feedback Activation modulated by task experience caudate 

Ibid. 14 Probabilistic feedback Task > baseline caudate 

Ibid. 14 Probabilistic feedback Activation modulated by task experience caudate 

Aron et al., 2004 15 Probabilistic feedback Task > baseline caudate, putamen 

Fera et al., 2005 18 Probabilistic feedback Task > control (perceptual-motor) caudate 

Ibid. 18 Probabilistic feedback Activation modulated by performance (accuracy) caudate 

Ibid. 18 Probabilistic feedback Activation modulated by performance (latency) caudate 

Seger & Cincotta, 2005 15 Probabilistic feedback Task > baseline caudate, putamen 

Ibid. 15 Probabilistic feedback Activation modulated by performance (accuracy) caudate 

Aron et al., 2006 8 Probabilistic feedback Task > control (perceptual-motor) caudate, putamen 

Ibid. 8 Probabilistic feedback Task > control (perceptual-motor) caudate, putamen 

Foerde et al., 2006 14 Probabilistic feedback, distraction Activation modulated by performance (accuracy) putamen 

Weickert et al., 2009 25 Probabilistic feedback Task > control (perceptual-motor) caudate 

Celone et al., 2011 19 Probabilistic feedback Task > control (perceptual-motor) caudate, putamen 

Schwabe & Wolf, 2012 30 Probabilistic feedback Task > control (perceptual-motor) caudate, putamen 

Ibid. 30 Probabilistic feedback, stress Task > control (perceptual-motor) caudate, putamen 

Ibid. 30 Probabilistic feedback, stress Activation modulated by performance (accuracy) caudate, putamen 

Schwabe et al., 2013 75 Probabilistic feedback, stress Task > control (perceptual-motor) caudate, putamen 

Ibid. 19 Probabilistic feedback, stress Activation modulated by performance (accuracy) caudate 
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Table 4.2 
 
Locations of dorsal striatal activations reported by studies using maze navigation tasks 
 
Paper N Habit Manipulation/Measure Contrast Activation 

Iaria et al., 2003 7 Non-spatial strategy use Task > control (perceptual-motor) caudate 

Ibid. 7 Non-spatial strategy use Activation modulated by performance (accuracy) caudate 

Ibid. 7 Non-spatial strategy use Activation modulated by performance (latency) caudate 

Banner et al., 2011  5, 16 BDNF polymorphism Met allele Met > Val, training  caudate 

Ibid. 5, 16 BDNF polymorphism Met allele Met > Val, probe test caudate 

Etchamendy et al., 2012 23 Memory inflexibility (continuous) Activation modulated by flexibility, training caudate 

Ibid. 15 Memory inflexibility (subgroup) Task > control (perceptual-motor), probe test caudate 

Horga et al., 2015 54 Model-free learning estimates Prediction error signal, all subjects caudate 

Ibid. 54 Model-free learning estimates Q-signal, all subjects caudate, putamen 

Ibid. 15 Model-free learning estimates Q-signal, learners putamen 

Ibid. 15, 39 Model-free learning estimates Q-signal, learners > non-learners caudate, putamen 
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Table 4.3 
 
Locations of dorsal striatal activations reported by studies using outcome devaluation tasks 
 
Paper N Habit Manipulation/Measure Contrast Activation 

Tricomi et al., 2009 15 Overtraining Late > early putamen 

Soares et al., 2012 12, 12 Stress Stress > control putamen 

Schwabe et al., 2012 69 Pharmacological stress Activation modulated by a-amylase level putamen 

Liljeholm et al., 2015 19 Devaluation insensitivity Activation modulated by devaluation insensitivity caudate 
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Table 4.4 
 
Locations of dorsal striatal activations reported by studies using sequential decision making 

tasks 

Paper N Habit Manipulation/Measure Contrast Activation 

Lee et al., 2014 22 Model-free learning estimates Prediction error signal putamen 

Ibid. 22 Model-free learning estimates Q-signal putamen 

Doll et al., 2015  20 Model-free learning estimates Prediction error signal putamen 

Ibid. 20 Model-free learning estimates Activation modulated by model-free choice putamen 
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Table 4.5 
 
Locations of dorsal striatal activations reported by studies using motor sequence learning tasks 
 
Paper N Habit Manipulation/Measure Contrast Activation 

Lehéricy et al., 2005 14 Overtraining Activation modulated by task experience putamen 

Fernández-Seara et al., 2009  14 Overtraining Late > early putamen 

Steele & Penhune, 2010 15 Overtraining Late > early putamen 
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Figure 4.1. Peak coordinate locations from fMRI studies of habit behavior by task. Coordinates 

of peak voxel activation reported in the studies listed in tables 4.1 – 4.5 are projected onto a 3D 

rendering of caudate and putamen (axial view). Coordinates reported in Talairach space were 

converted to Montreal Neurological Institute space using GingerALE 2.3.6. For studies using 

probabilistic classification tasks (red), activations clustered around anterior caudate and anterior 

putamen. Activations from maze navigation studies (green) tended to occur more posteriorly in 

the body and tail of the caudate. Peak voxels from studies of outcome devaluation (orange), 

sequential decision making (yellow), and motor sequence learning (blue) were located in the 

lateral putamen. A, anterior; P, posterior; L, left; R, right.  



 84 

References 

Aron AR, Gluck MA, Poldrack RA. 2006. Long-term test-retest reliability of functional MRI in a 

classification learning task. NeuroImage 29:1000-1006. 

Aron AR, Shohamy D, Clark J, Myers C, Gluck MA, Poldrack RA. 2004. Human midbrain 

sensitivity to cognitive feedback and uncertainty during classification learning. J 

Neurophysiol 92:1144-1152. 

Banner H, Bhat V, Etchamendy N, Joober R, Bohbot VD. 2011. The brain-derived neurotrophic 

factor val66met polymorphism is associated with reduced functional magnetic resonance 

imaging activity in the hippocampus and increased use of caudate nucleus-dependent 

strategies in a human virtual navigation task. Eur J Neurosci 33:968-977. 

Celone KA, Thompson-Brenner H, Ross RS, Pratt EM, Stern CE. 2011. An fmri investigation of 

the fronto-striatal learning system in women who exhibit eating disorder behaviors. 

NeuroImage 56:1749-1757. 

Daw ND, Gershman SJ, Seymour B, Dayan P, Dolan RJ. 2011. Model-based influences on 

humans' choices and striatal prediction errors. Neuron 69:1204-1215. 

Daw ND, Niv Y, Dayan P. 2005. Uncertainty-based competition between prefrontal and 

dorsolateral striatal systems for behavioral control. Nat Neurosci 8:1704-1711. 

Daw ND, O’Doherty JP. 2014. Multiple systems for value learning. In: Fehr E, editor. 

Neuroeconomics (second edition). San Diego: Academic Press. pp 393-410. 

Dickinson A. 1985. Actions and habits: The development of behavioural autonomy. Philos Trans 

R Soc Lond, Ser B: Biol Sci 308:67-78. 

Dolan RJ, Dayan P. 2013. Goals and habits in the brain. Neuron 80:312-325. 



 85 

Doll BB, Duncan KD, Simon DA, Shohamy D, Daw ND. 2015. Model-based choices involve 

prospective neural activity. Nat Neurosci 18:767-772. 

Doll BB, Simon DA, Daw ND. 2012. The ubiquity of model-based reinforcement learning. Curr 

Opin Neurobiol 22:1075-1081. 

Etchamendy N, Konishi K, Pike GB, Marighetto A, Bohbot VD. 2012. Evidence for a virtual 

human analog of a rodent relational memory task: A study of aging and fmri in young 

adults. Hippocampus 22:869-880. 

Everitt BJ, Robbins TW. 2005. Neural systems of reinforcement for drug addiction: From actions 

to habits to compulsion. Nat Neurosci 8:1481-9. 

Fera F, Weickert TW, Goldberg TE, Tessitore A, Hariri A, Das S, Lee S, Zoltick B, Meeter M, 

Myers CE and others. 2005. Neural mechanisms underlying probabilistic category 

learning in normal aging. J Neurosci 25:11340-11348. 

Fernandez-Ruiz J, Wang J, Aigner TG, Mishkin N. 2001. Visual habit formation in monkeys 

with neurotoxic lesions of the ventrocaudal neostriatum. Proc Natl Acad Sci USA 

98:4196-4201. 

Fernández-Seara MA, Aznárez-Sanado M, Mengual E, Loayza FR, Pastor MA. 2009. 

Continuous performance of a novel motor sequence leads to highly correlated striatal and 

hippocampal perfusion increases. NeuroImage 47:1797-1808. 

Foerde K, Knowlton BJ, Poldrack RA. 2006. Modulation of competing memory systems by 

distraction. Proc Natl Acad Sci USA 103:11778-11783. 

Glascher J, Daw N, Dayan P, O'Doherty JP. 2010. States versus rewards: Dissociable neural 

prediction error signals underlying model-based and model-free reinforcement learning. 

Neuron 66:585-595. 



 86 

Horga G, Maia TV, Marsh R, Hao X, Xu D, Duan Y, Tau GZ, Graniello B, Wang Z, Kangarlu A 

and others. 2015. Changes in corticostriatal connectivity during reinforcement learning in 

humans. Hum Brain Mapp 36:793-803. 

Iaria G, Petrides M, Dagher A, Pike B, Bohbot VD. 2003. Cognitive strategies dependent on the 

hippocampus and caudate nucleus in human navigation: Variability and change with 

practice. J Neurosci 23:5945-5952. 

Knowlton BJ, Mangels JA, Squire LR. 1996. A neostriatal habit learning system in humans. 

Science 273:1399-1402. 

Lee SW, Shimojo S, O'Doherty JP. 2014. Neural computations underlying arbitration between 

model-based and model-free learning. Neuron 81:687-699. 

Lehéricy S, Benali H, Van de Moortele PF, Pélégrini-Issac M, Waechter T, Ugurbil K, Doyon J. 

2005. Distinct basal ganglia territories are engaged in early and advanced motor sequence 

learning. Proc Natl Acad Sci USA 102:12566-12571. 

Liljeholm M, Dunne S, O'Doherty JP. 2015. Differentiating neural systems mediating the 

acquisition vs. Expression of goal-directed and habitual behavioral control. Eur J 

Neurosci 41:1358-1371. 

Otto AR, Gershman SJ, Markman AB, Daw ND. 2013a. The curse of planning: Dissecting 

multiple reinforcement-learning systems by taxing the central executive. Psychol Sci 

24:751-761. 

Otto AR, Raio CM, Chiang A, Phelps EA, Daw ND. 2013b. Working-memory capacity protects 

model-based learning from stress. Proc Natl Acad Sci USA 110:20941-20946. 



 87 

Packard MG, Hirsh R, White NM. 1989. Differential effects of fornix and caudate nucleus 

lesions on two radial maze tasks: Evidence for multiple memory systems. J Neurosci 

9:1465-1472. 

Packard MG, McGaugh JL. 1992. Double dissociation of fornix and caudate-nucleus lesions on 

acquisition of two water maze tasks: Further evidence for multiple memory systems. 

Behav Neurosci 106:439-446. 

Poldrack RA, Clark J, Paré-Blagoev EJ, Shohamy D, Creso Moyano J, Myers C, Gluck MA. 

2001. Interactive memory systems in the human brain. Nature 414:546-550. 

Poldrack RA, Prabhakaran V, Seger CA, Gabrieli JDE. 1999. Striatal activation during 

acquisition of a cognitive skill. Neuropsychology 13:564-574. 

Sage JR, Knowlton BJ. 2000. Effects of us devaluation on win-stay and win-shift radial maze 

performance in rats. Behav Neurosci 114:295-306. 

Schwabe L, Tegenthoff M, Ho ̈ffken O, Wolf OT. 2012. Simultaneous glucocorticoid and 

noradrenergic activity disrupts the neural basis of goal-directed action in the human 

brain. J Neurosci 32:10146-10155. 

Schwabe L, Tegenthoff M, Ho ̈ffken O, Wolf OT. 2013. Mineralocorticoid receptor blockade 

prevents stress-induced modulation of multiple memory systems in the human brain. Biol 

Psychiatry 74:801-808. 

Schwabe L, Wolf OT. 2012. Stress modulates the engagement of multiple memory systems in 

classification learning. J Neurosci 32:11042-11049. 

Seger CA, Cincotta CM. 2005. The roles of the caudate nucleus in human classification learning. 

J Neurosci 25:2941-51. 



 88 

Soares JM, Sampaio A, Ferreira LM, Santos NC, Marques F, Palha JA, Cerqueira JJ, Sousa N. 

2012. Stress-induced changes in human decision-making are reversible. Transl Psychiatry 

2 e131:1-7. 

Steele CJ, Penhune VB. 2010. Specific increases within global decreases: A functional magnetic 

resonance imaging investigation of five days of motor sequence learning. J Neurosci 

30:8332-8341. 

Tricomi E, Balleine BW, O'Doherty JP. 2009. A specific role for posterior dorsolateral striatum 

in human habit learning. Eur J Neurosci 29:2225-32. 

Weickert TW, Goldberg TE, Callicott JH, Chen Q, Apud JA, Das S, Zoltick BJ, Egan MF, 

Meeter M, Myers C and others. 2009. Neural correlates of probabilistic category learning 

in patients with schizophrenia. J Neurosci 29:1244-54. 

Wood W, Rünger D. 2016. Psychology of habit. Annu Rev Psychol 67:289-314. 

Yin HH, Knowlton BJ. 2004. Contributions of striatal subregions to place and response learning. 

Learn Memory 11:459-463. 

Yin HH, Knowlton BJ. 2006. The role of the basal ganglia in habit formation. Nat Rev Neurosci 

7:464-476. 

Yin HH, Knowlton BJ, Balleine BW. 2004. Lesions of dorsolateral striatum preserve outcome 

expectancy but disrupt habit formation in instrumental learning. Eur J Neurosci 19:181-

189. 

Yin HH, Ostlund SB, Knowlton BJ, Balleine BW. 2005. The role of the dorsomedial striatum in 

instrumental conditioning. Eur J Neurosci 22:513-523. 

 



	 89 

CHAPTER 5 

Concluding Remarks 

 

 This series of studies provides evidence in support of the hypothesis that the habit 

learning system that has been described in non-human animals has several features that appear to 

be conserved in the human, and that early-life stress (ELS) has lasting effects on this system. 

Specifically, Study 1 and Study 2 demonstrated that ELS increases habit behavior of young 

adults, in line with research in rodents showing a similar pattern (Grissom et al., 2012). In Study 

1, we showed that there are striking similarities between the pattern of partial reinforcement 

extinction behavior obtained in rodents with hippocampal lesions and humans with a history of 

ELS, and we proposed a multiple memory systems perspective that explains these findings as 

evidence of increased habit responding resulting from impaired declarative memory.  

 In Study 2, we modified a recently developed shock avoidance procedure (Gillan et al., 

2014) by replacing shocks with aversive noises, and showed that people who reported a history 

of ELS were more likely to continue making a trained response to stimuli that had been 

selectively devalued. Devaluation insensitivity is a fundamental part of habit responding in 

animals, yet it has been difficult to observe in humans. Our research contributes to the growing 

evidence that using aversive stimuli may be a fruitful avenue of research toward this end. 

 In Study 3, we assessed the current fMRI literature on habit behavior to evaluate the 

hypothesis that the human putamen plays a similar role to the rodent dorsolateral striatum in 

habitual responding (Yin and Knowlton, 2006). Results from studies using outcome devaluation, 

sequential decision, and motor sequence learning tasks were consistent with this hypothesis, 

whereas results from studies using probabilistic classification and maze navigation tasks were 
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not. It is possible that the lack of consistent activation of the putamen during the performance of 

probabilistic classification and maze navigation tasks indicates that these tasks are not as well-

suited for the study of habit behavior in humans. 

 As discussed in Chapter 1, a growing number of experiments have demonstrated that 

stress increases habitual responding (e.g., Kim et al., 2001; Schwabe et al., 2008; Schwabe et al., 

2007). In the rodent, there is evidence that the behavioral shifts toward habit responding after 

stress are accompanied by specific neural changes: selection of a stimulus-response habit 

strategy by chronically stressed mice is associated with decreased hippocampal neurogenesis 

(Ferragud et al., 2010), and rats exposed to chronic stress that produces outcome devaluation 

insensitivity show atrophy of brain regions that support goal-directed behavior and hypertrophy 

of brain regions that support habit behavior (Dias-Ferreira et al., 2009). These findings, in 

combination with evidence indicating that stress that occurs early in development can have 

effects on the habit behavior of the organism at a later developmental stage (Grissom et al., 2012; 

Schwabe et al., 2012), led us to hypothesize that ELS may become neurally embedded in the 

systems that support instrumental behavior, and may thereby affect responding long after the 

stress experienced during development is no longer present.  

A possible process by which this may occur is shown in Figure 5.1. Stress that occurs 

during development may result in underactivity of structures supporting declarative memory and 

goal-directed behavior (hippocampus, prefrontal cortex, caudate) and compensatory overactivity 

of structures supporting habit behavior (sensorimotor cortex, putamen). Ultimately this could 

result in an overreliance on habit responding, putting people with a history of ELS at risk of 

premature death due to negative health behaviors such as substance abuse and overeating. The 

fact that people with a history of ELS have increased risk of premature death that can be 
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attributed to negative health behaviors is undeniable (Anda et al., 2008; Anda et al., 2006; Dong 

et al., 2003; Dong et al., 2004; Felitti et al., 1998; Hillis et al., 2000); what is not yet known are 

the specific neural and behavioral vulnerabilities that lead to these outcomes. Studies 1 and 2 

provide evidence that young adults with a history of ELS show increased reliance on habit 

responding in both appetitive and avoidance habit learning situations, respectively, suggesting 

that both positive and negative reinforcement may contribute to the development of negative 

health behaviors in this population. Study 3 provides support for the hypothesis that the putamen 

supports habitual behaviors such as devaluation insensitive responding in humans, suggesting 

this area is a potential region of interest for future studies investigating the effects of ELS on the 

brain. We would predict functional and possibly structural differences in this region of the brain 

in people with a history of ELS compared to people without. Specifically, we would predict 

increased activation during instrumental learning, increased connectivity with sensorimotor 

cortex, and hypertrophy. 

 In general, it will be important for future habit studies to focus on the temporal aspects of 

habit formation, both across the development of specific habitual behaviors and across the 

lifespans of individuals. Some open questions are: how is the switch from goal-directed to 

habitual control over behavior accomplished, and can it be reversed? Are the neural systems that 

support appetitive habit formation the same as the ones that support avoidance habit formation? 

How does the duration of ELS affect future habit behavior? And finally, can the apparent 

enhanced habit behavior observed in people with a history of ELS be prevented or stopped? 

Possible directions for prevention and intervention research include the development of stimulus-

elicited redirection toward goals, incorporation of mindful awareness and meditation practices, 

and use of instrumental learning theory to encourage formation of healthy habits. 
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Figure 5.1. Potential process by which early-life stress leads to negative health behaviors and 

premature death.  



	 93 

References 

Anda RF, Brown DW, Dube SR, Bremner JD, Felitti VJ, Giles WH. 2008. Adverse childhood 

experiences and chronic obstructive pulmonary disease in adults. Am J Prev Med 34:396-

403. 

Anda RF, Felitti VJ, Bremner JD, Walker JD, Whitfield C, Perry BD, Dube SR, Giles WH. 

2006. The enduring effects of abuse and related adverse experiences in childhood: A 

convergence of evidence from neurobiology and epidemiology. Eur Arch Psychiatry Clin 

Neurosci 256:174-186. 

Dias-Ferreira E, Sousa JC, Melo I, Morgado P, Mesquita AR, Cerqueira JJ, Costa RM, Sousa N. 

2009. Chronic stress causes frontostriatal reorganization and affects decision-making. 

Science 325:621-625. 

Dong M, Dube SR, Felitti VJ, Giles WH, Anda RF. 2003. Adverse childhood experiences and 

self-reported liver disease: New insights into the causal pathway. Arch Intern Med 

163:1949-1956. 

Dong M, Giles WH, Felitti VJ, Dube SR, Williams JE, Chapman DP, Anda RF. 2004. Insights 

into causal pathways for ischemic heart disease: Adverse childhood experiences study. 

Circulation 110:1761-1766. 

Felitti VJ, Anda RF, Nordenberg D, Williamson DF, Spitz AM, Edwards V, Koss MP, Marks JS. 

1998. Relationship of childhood abuse and household dysfunction to many of the leading 

causes of death in adults: The adverse childhood experiences (ace) study. Am J Prev Med 

14:245-258. 



	 94 

Ferragud A, Haro A, Sylvain A, Velazquez-Sanchez C, Hernandez-Rabaza V, Canales JJ. 2010. 

Enhanced habit-based learning and decreased neurogenesis in the adult hippocampus in a 

murine model of chronic social stress. Behav Brain Res 210:134-9. 

Gillan CM, Morein-Zamir S, Urcelay GP, Sule A, Voon V, Apergis-Schoute AM, Fineberg NA, 

Sahakian BJ, Robbins TW. 2014. Enhanced avoidance habits in obsessive-compulsive 

disorder. Biol Psychiatry 75:631-638. 

Grissom EM, Hawley WR, Bromley-Dulfano SS, Marino SE, Stathopoulos NG, Dohanich GP. 

2012. Learning strategy is influenced by trait anxiety and early rearing conditions in 

prepubertal male, but not prepubertal female rats. Neurobiol Learn Mem 98:174-181. 

Hillis SD, Anda RF, Felitti VJ, Nordenberg D, Marchbanks PA. 2000. Adverse childhood 

experiences and sexually transmitted diseases in men and women: A retrospective study. 

Pediatrics 106 e11:1-6. 

Kim JJ, Lee HJ, Han J-S, Packard MG. 2001. Amygdala is critical for stress-induced modulation 

of hippocampal long-term potentiation and learning. J Neurosci 21:5222-5238. 

Schwabe L, Bohbot VD, Wolf OT. 2012. Prenatal stress changes learning strategies in 

adulthood. Hippocampus 22:2136-2143. 

Schwabe L, Dalm S, Schachinger H, Oitzl MS. 2008. Chronic stress modulates the use of spatial 

and stimulus-response learning strategies in mice and man. Neurobiol Learn Mem 

90:495-503. 

Schwabe L, Oitzl MS, Philippsen C, Richter S, Bohringer A, Wippich W, Schachinger H. 2007. 

Stress modulates the use of spatial versus stimulus-response learning strategies in 

humans. Learn Memory 14:109-16. 



	 95 

Yin HH, Knowlton BJ. 2006. The role of the basal ganglia in habit formation. Nat Rev Neurosci 

7:464-476. 

 




