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

Tara K. Patterson,* Michelle G. Craske, and Barbara J. Knowlton

ABSTRACT:  People experiencing early-life stress (ELS) exhibit
increased incidence of behaviors that lead to addiction and obesity as
adults. Many of these behaviors may be viewed as resulting from an
overreliance on habits as opposed to goal-directed instrumental behav-
ior. This increased habitization may result from alterations in the inter-
actions between dorsolateral striatum-dependent and hippocampus-
dependent learning systems. As an initial examination of this idea, we
investigated the effect of ELS on instrumental learning and extinction.
In Experiment 1, we examined the effect of ELS in two groups of peo-
ple, one trained on a continuous reinforcement schedule and one
trained on a partial reinforcement schedule. We found that people who
experienced ELS had a diminished effect of the partial reinforcement
schedule on extinction. In Experiment 2, we again manipulated rein-
forcement schedule and also challenged declarative memory by requir-
ing subjects to perform a concurrent task. We found that the
declarative challenge did not affect extinction responding in the non-
ELS group. In a moderate-ELS group, we observed a diminished sensitiv-
ity to the reinforcement schedule during extinction only under divided
attention. In the high-ELS group, we observed a reduced sensitivity to
reinforcement schedule even in the absence of the declarative memory
challenge, consistent with Experiment 1. Our results suggest that ELS
reduces the tendency to use declarative, hippocampus-dependent mem-
ory in instrumental tasks in favor of habits. ELS may affect hippocampal
development, thus altering the interaction between memory systems
and potentially contributing to poor health outcomes. © 2013 Wiley
Periodicals, Inc.

KEY WORDS: learning; extinction; multiple memory systems; hippo-
campus; dorsal striatum

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 Preven-
tion, nearly two-thirds of survey respondents (63.9%) reported at least
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childhood 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 dys-
function (e.g., witnessing domestic violence).

A number of studies have linked ELS with wide-
spread negative health outcomes, including severe obe-
sity (Anda et al., 20006), heart disease (Dong et al.,
2004), chronic obstructive pulmonary disease (Anda
et al., 2008), liver disease (Dong et al., 2003), sexu-
ally transmitted disease (Hillis et al., 2000), depressive
disorders (Chapman et al., 2004), and attempted sui-
cide (Dube et al., 2001). The relationship between
the breadth of childhood exposure to adversity and
health in adulthood is strongly graded, with the likeli-

hood of negative health outcomes increasing as the

one adverse experience,

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 candi-
date behavioral vulnerability is an overreliance on
stimulus-response habits. Instrumental behavior can
be guided by two anatomically and functionally dis-
tinct systems, a goal-directed system that learns
action-outcome associations and 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 addic-
tion- 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 stria-
tum (Balleine and Dickinson, 1998; Yin et al., 2005).

In the standard multiple memory systems taxon-
omy, 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

hippocampus-dependent, such as when they rely on

actions, however, can be
declarative or spatial memory. For example, perform-
ance on the win-shift radial maze, a task similar to

natural foraging, has been shown to be goal-directed
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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 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 expe-
rienced 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 instru-
mental learning by evaluating extinction after training with

relative  to

continuous or partial 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 rein-
forcement. 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 non-
reinforced trials are held in memory, these will become condi-
tioned 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 con-
tinues 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 hippocam-
pal system plays a critical role in 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 continu-
ous reinforcement, decrease persistence of responding in extinc-

Hippocampus

tion 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 extinc-
tion would be a reflection of the strength of these associa-
tions. 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 reinforce-
ment, memory for reinforcement history accelerates extinction
relative to the level of responding supported by habit
strength, whereas in the case of partial reinforcement, mem-
ory 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 experi-
enced 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 component of goal-
directed behavior (Schultz et al., 1997; Balleine and Dickin-
son, 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 respond-
ing 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 partici-
pants who were trained with either continuous or partial rein-
forcement, 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 declar-
ative memory challenge condition in which participants per-
formed 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 striacum-
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 stu-
dent 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 partic-
ipants 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, M,,e = 19.82 yr, SD,,. =
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, par-
ticipants were not informed of this. Participants were randomly
assigned to one of two between-subjects experimental condi-
tions, 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 acqui-
sition 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 constrained such that participants
received no more than two rewards consecutively. After 20 cor-
rect 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 learn-
ing 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, par-
ticipants 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,
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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. But-
ton 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, per-
sonality factors, and ELS. State and trait anxiety were measured
using the 40-item State-Trait Anxiety Inventory (STAI; Spiel-
berger, 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 instru-
mental 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 yields subscale scores of extraversion, agreeableness, consci-
entiousness, neuroticism, and openness.

Eighteen items from the Adverse Childhood Experiences
Questionnaire (ACEQ; Felitti et al., 1998; Anda et al., 2000)
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 hav-
ing 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, » = 21; non-ELS partial
reinforcement, » = 16; ELS continuous reinforcement, n =
16; ELS partial reinforcement, » = 20.

Performance data and expectancy data were computed sepa-
rately for acquisition and extinction and were submitted to 2
(schedule: continuous, partial) X 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 fol-
lows: emotional abuse, 16.4%; physical abuse, 2.7%; sexual
abuse, 11.0%; witnessing domestic violence, 4.1%; parental sep-
aration or divorce, 15.1%; household substance abuse, 11.0%j;
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. The ELS group did not differ

Hippocampus
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TABLE 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)

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 Child-

hood Experiences Quesionnaire (Felitti et al., 1998; Anda et al., 2006).

significantly from the non-ELS group on any subscales of the
STAI, HADS, or BFI, smallest 2 > 0.05 (see Table 1).

Acquisition

The number of trials required by each group to obtain the
criterion of 20 correct responses is shown in Figure 1A. Consist-
ent with previous findings, we observed a significant main effect
of reinforcement schedule during acquisition, with slower learn-
ing in the partial reinforcement group than the continuous rein-
forcement group, F(1, 69) = 21.98, P < 0.001. The main
effect of ELS was marginal, /(1, 69) = 3.97, P = 0.050. The
direction of this trend was toward a greater number of acquisi-
tion trials required by the ELS group than the non-ELS group.
The interaction was not significant, A1, 69) = 0.38, P =
0.542.

The expectation of reward during acquisition is shown in Fig-
ure 1B. Participants assigned to the continuous reinforcement
schedule had a higher expectation of reward compared with par-
ticipants learning under partial reinforcement, F(1, 69) = 32.90,
P < 0.001. The main effect of ELS was also significant, F(1, 69)
= 4.67, P = 0.034, such that the expectation of reward was
higher in the non-ELS group than in the ELS group. The inter-
action was not significant, /(1, 69) = 0.93, P = 0.339.

Extinction

The extinction behavior of each group in Experiment 1 is
shown in Figure 2A (extinction means) and Supporting Infor-
mation Figure S1 (extinction time courses). We observed a sig-
nificant main effect of reinforcement schedule on the number
of correct (previously rewarded) responses made in extinction,
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K1, 69) = 97.63, P < 0.001. 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 = 0.180, and the interaction between ELS and
schedule was not significant, F(1, 69) = 2.67, P = 0.107. Spe-
cific planned hypothesis tests revealed that in the continuous
reinforcement condition, there was no significant difference
between the ELS group and the non-ELS group, F(1, 69) =
0.04, P = 0.844. In the partial reinforcement condition, how-
ever, the effect of ELS was significant, F(1, 69) = 4.41, P =
0.039, such that the number of correct responses in extinction
was significantly lower for participants who reported ELS com-
pared with non-ELS participants.

The expectation of reward during extinction is shown in Fig-
ure 2B. In contrast to the pattern found during acquisition,
participants trained on a partial reinforcement schedule had a
higher expectation of reward, (1, 69) = 5.69, P = 0.020.
The main effect of ELS was also significant, /(1, 69) = 5.38,
P = 0.023, such that the expectation of reward was higher in
the non-ELS group than in the ELS group. The interaction
effect was not significant, /(1, 69) = 0.01, P = 0.905.

EXPERIMENT 2

In Experiment 1, we found support for the hypothesis that
the ELS group had a diminished effect of the partial reinforce-

ment schedule on extinction, consistent with the view that
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FIGURE 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); PRE, partial reinforcement (50% of correct
responses rewarded).

instrumental learning in this group relied less on goal-directed
declarative learning and more on habit learning. In this experi-
ment, 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 Experi-
ment 2, we recruited a larger sample of participants to be able
to stratify participants into high-, moderate-, and non-ELS
participants.

In Experiment 2, we also added a condition in which subjects
performed  the This
declarative memory challenge condition provided a more sensitive
test of the tendency for reliance on habit learning in our task.

instrumental task under distraction.

Materials and Methods
Participants

In Experiment 2, we recruited from the same undergraduate
population as Experiment 1, but advertising and screening pro-
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cedures 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 pro-
vided 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,
M,ge = 20.21 yr, SD o = 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 rein-
forcement 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
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FIGURE 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). CRE continuous reinforce-
ment (100% of correct responses rewarded); PRF, partial reinforce-
ment (50% of correct responses rewarded).
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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
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 sam-
ple, 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 continu-
ous reinforcement single-task, » = 24; non-ELS continuous
reinforcement dual-task, » = 21; non-ELS partial reinforce-
ment single-task, # = 22; non-ELS partial reinforcement dual-
task, 7 =
task, n =
task, » =

19; moderate-ELS continuous reinforcement single-
21; moderate-ELS continuous reinforcement dual-
23; moderate-ELS partial reinforcement single-task,
n = 22; moderate-ELS partial reinforcement dual-task, n =
19; high-ELS continuous reinforcement single-task, » = 10;
high-ELS continuous reinforcement dual-task, » = 10; high-
ELS partial reinforcement single-task, » = 10; high-ELS partial
reinforcement dual-task, » = 11.

Performance data were computed separately for acquisition
and extinction and were submitted to 2 (task: single-task, dual-
task) X 2 (schedule: continuous, partial) X 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 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 report-
ing 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
t0 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 partici-
pants reported exposure to >7 categories. Scores for each ELS
group on the questionnaire measures are shown in Table 1. There
was a significant effect of ELS on the HADS anxiety subscale, (2,
209) = 4.61, P = 0.011. Pairwise comparisons indicated that this
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effect was driven by higher anxiety in the high-ELS group com-
pared to the non-ELS group, (1, 209) = 9.14, P = 0.003. The
moderate-ELS group did not differ from the non-ELS group, F(1,
209) = 0.93, P = 0.335. 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 > 0.05.

For participants assigned to the declarative memory chal-
lenge 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, A2, 100) = 2.18, P = 0.118.

Acquisition

Acquisition data from Experiment 2 are shown in Figure 3.
Consistent with Experiment 1 and previous studies, we
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FIGURE 3. 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). CRE, continuous reinforce-
ment (100% of correct responses rewarded); PRF, partial reinforce-
ment (50% of correct responses rewarded).
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FIGURE 4. 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
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continuous reinforcement (100% of correct responses rewarded);
PRE, partial reinforcement (50% of correct responses rewarded).

observed slower acquisition in participants who received partial
reinforcement compared to participants who received continu-
ous reinforcement, F(1, 200) = 52.47, P < 0.001. There was
also a significant effect of ELS on the number of acquisition
trials, F(2, 200) = 4.40, P = 0.014, and a significant interac-
tion between reinforcement schedule and ELS, F(2, 200) =
4.77, P = 0.009. The effect of ELS on acquisition was highly
significant for participants trained under partial reinforcement,
F2, 200) = 9.18, P < 0.001, but was not significant for par-
ticipants trained under continuous reinforcement, (2, 200) =
0.01, P = 0.986. In the partial reinforcement condition, high-
ELS participants required significantly more acquisition trials
than both non-ELS participants, F(1, 200) = 18.28, P <
0.001, and moderate-ELS participants, F(1, 200) = 9.24, P =
0.003. The difference between non-ELS participants and
moderate-ELS participants under partial reinforcement was not
significant, £(1, 200) = 2.25, P = 0.135.

The main effect of the secondary task was not significant,
and there were no significant interactions between task and the
other factors, smallest 2 > 0.05.
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Extinction

Extinction data from Experiment 2 are shown in Figure 4
(extinction means) and Supporting Information Figure S2
(extinction time courses). Overall, there was a significant
main effect of reinforcement schedule on extinction respond-
ing, with higher responding after partial reinforcement, F(1,
200) = 92.43, P < 0.001. 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 = 0.358,
or of task, F(1, 200) = 0.32, P = 0.572. The three-way
interaction between schedule, ELS, and task was also not sig-
nificant, F(2, 200) = 1.59, P = 0.207. Consistent with the
results of Experiment 1, among participants in the single-task
condition we observed a significant effect of ELS on respond-
ing after partial reinforcement, F(2, 200) = 3.10, P =
0.047. 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, (1,
200) = 5.76, P = 0.017, and the moderate-ELS single-task
group, F(1, 200) = 4.57, P = 0.034. There was not a signif-
icant difference between the non-ELS single-task group and
the moderate-ELS single-task group, F(1, 200) = 0.11,
P = 0.740.

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 =
0.796. In the high-ELS group, the interaction between task
and schedule was also non-significant, (1, 200) = 0.42, P =
0.518. This indicates that in the high-ELS group, which had
diminished extinction responding even in the absence of a sec-
ondary task, there was no additional impact of declarative chal-
lenge. In the moderate-ELS group, however, we observed a
significant task by schedule interaction, F(1, 200) = 4.00, P =
0.047. This interaction was characterized by a numerical
increase in persistence after continuous reinforcement, F(1,
200) = 2.69, P = 0.103, and a numerical decrease in persist-
ence after partial reinforcement, /(1, 200) = 1.43, P = 0.233,
in response to the declarative challenge.

DISCUSSION

With this pair of experiments, we demonstrate that a differ-
ent pattern of instrumental responding is associated with a his-
tory 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 continu-
ous reinforcement, the ELS participants maintained response
levels that were equivalent to or numerically higher than their
non-ELS counterparts. Interestingly, this maintained respond-
ing occurred in the presence of significantly lower expectation
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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 experi-
enced 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 per-
sistence 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 gen-
eral. 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 represen-
tative samples would be important to determine the generaliz-
ability of these effects.

We propose that the observed effects of ELS can be explained
by differential use of multiple memory systems in this popula-
tion. 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 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 chal-
lenge, produce these predicted impairments. The observed disso-
ciation 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 develop-
ment can have lasting effects on the relative use of these multi-
ple 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
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Kloet et al., 2005; Pittenger and Duman, 2008; Lupien et al.,
2009), it is possible that ELS affects hippocampal develop-
ment, 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 multi-
ple memory systems (e.g., Schwabe et al., 2009; Gourley et al.,
2012). A benefit of this technique is that it allows precise con-
trol over the timing of the stress, and can allow for isolation of
the specific neural structures that mediate the shift toward
habit Studies  that
pharmacologically induced stress, on the other hand, provide

responding. investigate  non-
insight about the effects of stressors that occur at physiological
levels, and thus have the potential for greater ecological valid-
ity. 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 expla-
nation 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 associ-
ated 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 differen-
ces 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 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 under-
lying neural processes. Therefore, an important next step for
this area of research is the incorporation of neuroimaging tech-
niques 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 pro-
posed 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 tradi-
tional methods, which would aid in the advancement of trans-
lational research.

Acknowledgment

The authors thank Katherine Misogas for research assistance.

REFERENCES

Amsel A. 1958. The role of frustrative nonreward in noncontinuous
reward situations. Psychol Bull 55:102-119.

Amsel A. 1967. Partial reinforcement effects on vigor and persistence.
In: Spence KW, Spence JT, editors. The Psychology of Learning
and Motivation: Advances in Research and Theory. New York:
Academic Press. pp 1-65.

Amsel A. 1986. Developmental psychobiology and behaviour theory:
Reciprocating influences. Can J Psychol 40:311-342.

Anda RE Felitti V], 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 evi-
dence from neurobiology and epidemiology. Eur Arch Psychiatry
Clin Neurosci 256:174-186.

Anda RE Brown DW, Dube SR, Bremner JD, Felitti V], Giles WH.
2008. Adverse childhood experiences and chronic obstructive pul-
monary disease in adults. Am J Prev Med 34:396-403.

Balleine BW, Dickinson A. 1998. Goal-directed instrumental action:
Contingency and incentive learning and their cortical substrates.
Neuropharmacology 37:407-419.

Capaldi EJ. 1966. Partial reinforcement: A hypothesis of sequential
effects. Psychol Rev 73:459-477.

Capaldi EJ. 1967. A sequential hypothesis of instrumental learning.
In: Spence KW, Spence JT, editors. The Psychology of Learning
and Motivation: Advances in Research and Theory. New York:
Academic Press. pp 67-156.

Chapman DP, Whitfield CL, Felitti V], Dube SR, Edwards V], Anda
RE. 2004. Adverse childhood experiences and the risk of depressive
disorders in adulthood. J Affect Disord 82:217-225.

de Kloet ER, Joels M, Holsboer F. 2005. Stress and the brain: From
adaptation to disease. Nat Rev Neurosci 6:463-475.

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 V], Giles WH, Anda RE 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 V], Dube SR, Williams JE, Chapman
DP, Anda RE 2004. Insights into causal pathways for ischemic
heart disease: Adverse childhood experiences study. Circulation
110:1761-1766.

Dube SR, Anda RF, Felitti VJ, Chapman DP, Williamson DE Giles
WH. 2001. Childhood abuse, household dysfunction, and the risk
of attempted suicide throughout the life span: Findings from the
adverse childhood experiences study. JAMA 286:3089-3096.

EFFECT OF EARLY-LIFE STRESS ON INSTRUMENTAL BEHAVIOR

1033

Feldon J, Rawlins JNP, Gray JA. 1985. Fornix-fimbria section and the
partial reinforcement extinction effect. Exp Brain Res 58:435-439.

Felitti V], Anda RF, Nordenberg D, Williamson DEFE 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.

Foerde K, Knowlton BJ, Poldrack RA. 2006. Modulation of compet-
ing memory systems by distraction. Proc Natl Acad Sci USA 103:
11778-11783.

Foerde K, Poldrack RA, Knowlton BJ. 2007. Secondary-task effects on
classification learning. Mem Cognit 35:864-874.

Gourley SL, Swanson AM, Jacobs AM, Howell JL, Mo M, DiLeone
RJ, Koleske AJ, Taylor JR. 2012. Action control is mediated by
prefrontal BDNF and glucocorticoid receptor binding. Proc Natl
Acad Sci USA 109:20714-20719.

Grissom EM, Hawley WR, Bromley-Dulfano SS, Marino SE,
Stathopoulos NG, Dohanich GP. 2012. Learning strategy is influ-
enced by trait anxiety and early rearing conditions in prepubertal
male, but not prepubertal female rats. Neurobiol Learn Mem 98:
174-181.

Henke PG. 1974. Persistence of runway performance after septal
lesions in rats. ] Comp Physiol Psychol 86:760-767.

Hillis SD, Anda RE Felitti V], Nordenberg D, Marchbanks PA.
2000. Adverse childhood experiences and sexually transmitted dis-
cases in men and women: A retrospective study. Pediatrics 106
ell:1-6.

Jarrard LE, Feldon J, Rawlins JNP, Sinden JD, Gray JA. 1986. The
effects of intrahippocampal ibotenate on resistance to extinction
after continuous or partial reinforcement. Exp Brain Res 61:519—
530.

Jenkins WO, Stanley JC. 1950. Partial reinforcement: A review and
critique. Psychol Bull 47:193-234.

John OP, Donahue EM, Kende RL. 1991. The Big Five Inventory—
Versions 4a and 54. Berkeley: University of California, Berkeley,
Institute of Personality and Social Research.

John OP, Naumann LP, Soto CJ. 2008. Paradigm Shift to the Integra-
tive Big Five Trait Taxonomy: History, Measurement, and Concep-
tual Issues. Handbook of Personality: Theory and Research, 3rd
ed. New York: Guilford Press. pp 114-158.

Killcross S, Coutureau E. 2003. Coordination of actions and habits in
the medial prefrontal cortex of rats. Cereb Cortex 13:400-408.
Kim JJ, Lee HJ, Han J, Packard MG. 2001. Amygdala is critical for
stress-induced modulation of hippocampal long-term potentiation

and learning. ] Neurosci 21:5222-5238.

Knowlton BJ, Moody TD. 2008. Procedural learning in humans. In:
Byrne JH, editor. Learning and Memory: A Comprehensive Refer-
ence. Oxford: Academic Press. pp 321-340.

Lewis DJ. 1960. Partial reinforcement: A selective review of the litera-
ture since 1950. Psychol Bull 57:1-28.

Lupien SJ, McEwen BS, Gunnar MR, Heim C. 2009. Effects of stress
throughout the lifespan on the brain, behaviour and cognition.
Nat Rev Neurosci 10:434-445.

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. ] Neurosci 9:1465-1472.

Packard MG, Knowlton BK. 2002. Learning and memory functions
of the basal ganglia. Annu Rev Neurosci 25:563-593.

Pittenger C, Duman RS. 2008. Stress, depression, and neuroplasticity:
A convergence of mechanisms. Neuropsychopharmacology 33:88—
109.

Rawlins JNP, Feldon J, Gray JA. 1980. The effects of hippocampec-
tomy and of fimbria section upon the partial reinforcement extinc-
tion effect in rats. Exp Brain Res 38:273-283.

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.

Hippocampus



1034 PATTERSON ET AL.

Schultz W, Dayan P, Montague PR. 1997. A neural substrate of pre-
diction and reward. Science 275:1593-1599.

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
14:109-116.

Schwabe L, Oitzl MS, Richter S, Schachinger H. 2009. Modulation
of spatial and stimulus-response learning strategies by exogenous
cortisol in healthy young women. Psychoneuroendocrinology 34:
358-366.

Schwabe L, Hoffken O, Tegenthoff M, Wolf OT. 2011. Preventing
the stress-induced shift from goal-directed to habit action with a
beta-adrenergic antagonist. ] Neurosci 31:17317-17325.

Schwabe L, Bohbot VD, Wolf OT. 2012. Prenatal stress changes
learning strategies in adulthood. Hippocampus 22:2136-2143.

Schwabe L, Wolf OT. 2009. Stress prompts habit behavior in humans.
J Neurosci 29:7191-7198.

Schwabe L, Wolf OT. 2013. Stress and multiple memory systems:
From ‘thinking’ to ‘doing’. Trends Cogn Sci 17:60-68.

Spielberger CD. 1983. Manual for the State-Trait Anxiety Inventory
(Form Y). Menlo Park: Mind Garden.

Stein MB, Walker JR, Anderson G, Hazen AL, Ross CA, Eldridge G,
Forde DR. 1996. Childhood physical and sexual abuse in patients

Hippocampus

with anxiety disorders and in a community sample. Am ] Psychia-
try 153:275-277.

Tai C, Clark AJM, Feldon ], Rawlins JNP. 1991. Electrolytic lesions
of the nucleus accumbens in rats which abolish the PREE enhance
the locomotor response to amphetamine. Exp Brain Res 86:333—
340.

Vogel-Sprott M. 1967. Partial-reward training for resistance to punish-
ment and to subsequent extinction. ] Exp Psychol 75:138-140.

Yee BK. 2000. Cytotoxic lesion of the medial prefrontal cortex abol-
ishes the partial reinforcement extinction effect, attenuates prepulse
inhibition of the acoustic startle reflex and induces transient hyper-
locomotion, while sparing spontaneous object recognition memory
in the rat. Neuroscience 95:675-689.

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 ] Neurosci 19:181-189.

Yin HH, Ostlund SB, Knowlton BJ, Balleine BW. 2005. The role of
the dorsomedial striatum in instrumental conditioning. Eur ] Neu-
rosci 22:513-523.

Zigmond AS, Snaith RP. 1983. The hospital anxiety and depression
scale. Acta Psychiatr Scand 67:361-370.





