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Abstract

Numerous studies in psychology, neuroscience, and behavioral economics have
consistently agreed that human behavior is controlled by a dual learning sys-
tem, namely the reflexive system and the reflective system. The former is an
automated habitual system that responds rapidly without consuming cognitive
resources, whereas the latter is a slower cognitive system that requires more cog-
nitive resources but is also more flexible and can effectively respond to changes
in the external environment. These two learning systems exist in parallel and
compete with each other, jointly influencing human psychology and behavior.
Which learning system plays a dominant role in specific human behaviors and
what factors lead to that system’ s control over behavior are questions that
have received widespread attention in recent years. Previous researchers have
employed navigational learning, probabilistic classification learning, or instru-
mental learning and their computational models to investigate changes in the
dual learning system under acute and chronic stress from both behavioral and
brain levels. Through reviewing and analyzing these studies, we summarize the
physiological mechanism by which stress leads to a shift toward habitual be-
havior in individuals, namely that norepinephrine and glucocorticoids, with the
involvement of the amygdala, bind to receptors and act synergistically on brain
regions related to the dual system, and from this perspective, we re-examine
and explain the formation of drug addiction. Future research should focus on
the relationship between individual genetic differences and stress’ s impact on
learning, and employ multiple research methods to better reveal the underlying
neural and endocrine mechanisms.
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Abstract

Numerous studies in psychology, neuroscience, and behavioral economics con-
verge on the view that human behavior is controlled by dual-learning systems:
the reflexive system and the reflective system. The former is an automated
habitual system that responds rapidly without consuming cognitive resources.
The latter is a slower cognitive system that requires more cognitive resources
but is more flexible and can effectively adapt to changes in the external environ-
ment. These two learning systems exist in parallel and compete with each other,
jointly influencing human psychology and behavior. A question of widespread
concern in recent years is which learning system plays a dominant role in spe-
cific human behaviors and what factors cause that system to govern behavior.
Previous researchers have employed navigation learning, probabilistic classifica-
tion learning, or instrumental learning tasks and their computational models to
investigate changes in dual-learning systems under acute and chronic stress at
both behavioral and neural levels. By reviewing and analyzing these studies, we
summarize the physiological mechanism underlying stress-induced shifts toward
habitual behavior, namely, that noradrenaline and glucocorticoids, orchestrated
by the amygdala, bind to receptors and exert synergistic effects on brain regions
related to the dual systems. From this perspective, we reinterpret the formation
of drug addiction. Future research needs to focus on the relationship between
individual genetic differences and stress effects on learning, and employ multiple
methodological approaches to better reveal the underlying neural and endocrine
mechanisms.

Keywords: stress; dual-learning systems; reflexive system; reflective system;
drug addiction

1. The Dual-Learning Systems
1.1 Reflexive and Reflective Systems

Human beings and other organisms have evolved over millions of years to develop
instincts for seeking advantages and avoiding harm in complex environments. A
long-standing question among researchers is whether individual behavior repre-
sents simple responses to stimuli or is driven by anticipated outcomes. Numer-
ous studies suggest that individuals are governed by dual-learning systems—the
reflexive system and the reflective system—which coexist in the human brain and
function either independently or in competition with each other across different
contexts [?, 7,7, 7,7, 7,2, 7.

The reflexive system, also known as the habitual system, is built upon stimulus-
response associations. Characterized by automaticity, rapid responding, and
minimal cognitive resource consumption, this system helps conserve mental
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energy for coping with other complex environmental demands, making it an
adaptive learning mechanism. However, because the habitual system does not
require individuals to explicitly contemplate the potential consequences of their
actions, it tends to be rigid and inflexible, unable to adapt to changing exter-
nal circumstances. The reflective system, also termed the cognitive system, is
based on action-outcome associations and requires individuals to explicitly con-
sider the potential consequences of their impending actions. Unlike the reflexive
system, it responds more slowly and consumes greater cognitive resources, but
offers greater flexibility in effectively addressing environmental changes.

1.2 Factors Influencing Dual-Learning Systems

Early research focused on providing evidence for the existence of dual-learning
systems and dissociating them at behavioral and neural levels, accumulating
a substantial body of findings. In recent years, research interest has shifted
toward identifying factors that modulate the control exerted by these systems
over behavior: which system dominates specific human behaviors and what
factors cause such dominance have become increasingly important questions for
investigators.

Studies indicate that for optimal task performance, the reflexive and reflective
systems typically need to be simultaneously engaged in behavioral control [?, ?,
?,?, 7, ?7]. However, in other contexts, numerous factors—including distraction
tasks [?, 7, ?, 7], training duration [?, ?], and stressful events [?, ?]—can influence
and alter the dominant role of these two learning systems in guiding behavior.
Take training duration as an example: washing hands before meals to avoid
bacterial infection represents a goal-directed behavior controlled by the reflective
system. Yet after this behavior is repeated numerous times, the reflexive system
begins to dominate, such that individuals automatically wash their hands upon
entering the kitchen without contemplating the purpose. This illustrates that
normal behavioral performance results from a dynamic balance between the
dual-learning systems, whereas overtraining disrupts this equilibrium. Stress
can also affect dual-learning systems, primarily by reducing flexible cognitive
strategies and increasing rigid habitual responses [?, 7, 7, ?].

For instance, participants who experienced acute stress continued to respond
for food rewards even when satiated, demonstrating habitual responding [?, ?].
Stress can elevate cortisol levels, thereby promoting a shift from the reflective to
the reflexive system [?, 2, 2, 7,2, 2 7,2 7 7 27 7 ?]. This article will review
accumulated findings to delineate the cognitive processes and neural mechanisms
through which stress influences dual-learning systems.
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2. Stress and Stress Responses
2.1 Definitions and Physiological Mechanisms

Stress is ubiquitous in daily life and exerts significant influence on mental health.
Regarding the definition of stress, Koolhaas et al. (2011) concluded through
meta-analysis that stress emerges when external stimuli exceed an individual’ s
regulatory capacity. Traditionally, stressors were considered uncontrollable and
unpredictable, but a new perspective suggests that events that can be accurately
predicted may also induce stress [?, 7, 7, ?].

Stress involves two physiological systems: the sympathetic-adrenal-medullary
(SAM) axis and the hypothalamic-pituitary-adrenal (HPA) axis [?, ?]. These
axes promote the secretion of catecholamines (including adrenaline and nora-
drenaline) and glucocorticoids, respectively, triggering a series of peripheral neu-
ral responses including changes in heart rate, blood pressure, and alpha-amylase
secretion. Glucocorticoids can enter the brain and bind to glucocorticoid recep-
tors (GRs) and mineralocorticoid receptors (MRs), thereby affecting cognitive
function-related brain regions such as the prefrontal cortex. In humans, the
primary glucocorticoid is cortisol, which elevates blood glucose levels to provide
energy for behavioral responses.

2.2 Stress Induction Procedures

Based on the operational definition of stress, researchers design stressors to elicit
stress responses in participants, timing experimental tasks to coincide with ex-
pected peak cortisol levels. The Socially Evaluated Cold Pressor Test (SECPT),
developed by Schwabe et al. [?, ?], requires participants to immerse their hands
in ice water while being videotaped, creating both physiological and psychologi-
cal threats that effectively induce stress responses, such as significantly increased
cortisol levels [?, ?]. Its simple experimental procedure makes it an economical
and efficient stress induction paradigm. The Trier Social Stress Test (TSST) is
also widely used [?, ?, ?, ?], requiring participants to deliver a public speech
and perform mental arithmetic while being recorded, thereby adding social eval-
uative components. Ishizuka et al. (2007) demonstrated the validity of this
paradigm. The group version of the TSST (TSST-G) [?, ?, 7, ?] enhances ex-
perimental efficiency. While the TSST is more effective at inducing stress, its
relatively cumbersome procedure requires researchers to weigh trade-offs based
on specific research objectives.

3. Dual-Learning Systems Under Stress

Researchers have induced stress in laboratory settings and employed navigation
learning, probabilistic classification learning, instrumental learning, and their
computational models to investigate the effects of stress on dual-learning sys-
tems, while attempting to uncover the underlying neuroendocrine mechanisms.
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From navigation learning to computational models of instrumental learning, we
briefly review research across these four domains, covering their theoretical ori-
gins, experimental paradigms, and logical frameworks, before delineating how
stress and its mediating factors bias individuals toward particular learning sys-
tems in each area.

3.1 Navigation Learning

Research on navigation learning can be traced back to early 20th-century de-
bates between stimulus-response theory and cognitive learning theory. Stimulus-
response learning theory posits that rats learn to respond to stimuli in specific
ways in a T-maze—for example, learning to turn right during the test phase
to obtain food—because food reinforcement strengthens the stimulus-response
association. Tolman, however, argued that rats do not learn a sequence of left
or right turns but rather construct a “cognitive map” of the maze layout in
their brains, which they use to navigate toward food. Results from the Plus-
Maze Task support this latter view. This maze features two opposite entry
points (north and south) and two distinct goal locations (east and west). Ex-
perimental mice were divided into spatial learning and response learning groups,
entering the maze from different starting points to locate food. For the spatial
learning group, food location varied across trials, whereas for the response learn-
ing group, food was consistently placed to the right of the entry point. Findings
revealed that with increasing trials, the spatial learning group showed a rapid
decline in error rates compared to the response learning group, demonstrating
spatial learning capacity [?, 7, 7, ?]. To behaviorally dissociate spatial learning
from stimulus-response learning, researchers designed navigation learning tasks
based on the plus-maze. Food was placed on the left side of the cross-maze, and
during training, rats entered from the north entrance, ensuring all rats learned
to obtain food by turning right. In the test phase, the entry point was switched
to the south. If rats repeated the same action (turning right) due to train-
ing influence, this reflected stimulus-response learning. If they were unaffected
by training and quickly made the opposite action (turning left), this reflected
spatial learning control.

The first study to investigate stress-induced habituation using a navigation learn-
ing task was conducted by Kim et al. (2001). They administered electric shocks
to experimental mice to induce stress responses, then had them perform the
Morris water maze (MWM) task. Results showed that the stressed group ex-
hibited shorter latencies to reach the new platform, with half the mice using a
stimulus-response strategy by swimming directly to the new platform, while the
other half first swam toward the original platform location before reaching the
new one, suggesting spatial learning strategy. However, swimming distances
between old and new platforms indicated greater reliance on stimulus-response
strategies. To validate these animal findings, Schwabe et al. (2007) designed a
novel spatial learning task to examine the effects of acute stress on dual-learning
systems in human participants. The experiment presented a three-dimensional
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room model with four face-down cards on a central table, one of which was a
“winning card” fixed in location next to a plant. The room’s walls contained cues
such as doors, windows, and clocks. Participants learned to identify the winning
card based on feedback from the experimenter. The experimenter rotated the
room and swapped wall positions, but the winning card and plant remained fixed
without informing participants. If participants learned that the winning card
was always adjacent to the plant, this represented a stimulus-response strategy;
if they learned the card’ s location through wall cues, this represented a spatial
learning strategy. The study found that compared to controls, the stress group
—who underwent the TSST 15 minutes prior and showed significantly elevated
salivary cortisol—relied more on stimulus-response strategies and less on spatial
learning strategies. These human results largely converged with Kim et al.” s
animal findings, demonstrating that stress enhances dorsal striatum-dependent
habitual learning. Researchers further noted that adopting stimulus-response
strategies under stress represents an adaptive response.

A recent neuroimaging study replicated these results [?, ?]. This study em-
ployed a virtual navigation task combined with an MRI-compatible SECPT,
requiring participants to immerse their right foot in 0-2°C ice water for three
minutes while performing difficult mental arithmetic, followed by the virtual
navigation task. Behavioral results showed that stressed participants primarily
relied on landmark cues, reflecting stimulus-response learning, whereas control
participants depended on horizon cues, employing spatial learning strategies.
Neuroimaging data revealed stronger amygdala activation and more active func-
tional connectivity between the amygdala and striatum in the stress group. Ad-
ditionally, pharmacological manipulation studies found that individuals who
ingested MR receptor antagonists did not show these behavioral effects or sig-
nificant brain region activation. This study directly demonstrates that MR
receptors and the amygdala play crucial mediating roles in stress effects on
learning systems.

Beyond acute stress, chronic stress and stress occurring during critical periods of
brain development similarly bias individuals toward dorsal striatum-dependent
stimulus-response learning [?, 7, 7,7, ?, 7, 7, ?]. For instance, individuals whose
mothers experienced negative life events during pregnancy—representing prena-
tal stress—showed greater use of rigid stimulus-response learning strategies in
virtual navigation tasks during adulthood. This indicates that learning strategy
selection is also significantly influenced by early-life stress.

3.2 Probabilistic Classification Learning

Building on the aforementioned research, investigators developed probabilis-
tic classification learning, in which individuals learn probabilistic relationships
between cues and outcomes across multiple trials to categorize stimuli. The
Weather Prediction Task (WPT) is a widely adopted paradigm. In this task,
four different cards serve as cues that predict two possible outcomes (sunny
or rainy weather) with specific probabilities. Participants learn the predictive
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probabilities of single or multiple presented cards through feedback. Similar to
the plus-maze task, WPT performance involves both hippocampus-dependent
cognitive systems and dorsal striatum-dependent habitual systems, manifest-
ing as explicit versus implicit strategies during category learning. Individuals
using explicit strategies rely on a single cue—for example, judging it will be
sunny whenever cue card 1 appears, and rainy otherwise. Those using implicit
strategies first learn the predictive probability of each cue card, then integrate
simultaneously presented cards to form cue patterns for weather prediction. Re-
searchers use mathematical models to confirm which strategy individuals adopt.
Studies have shown that the hippocampus is activated when using the former
strategy, whereas the striatum is activated when using the latter [?, ?], indicat-
ing that explicit strategies primarily involve the cognitive system while implicit
strategies reflect habitual system control.

Consistent with navigation task studies, probabilistic classification task research
has also found that stress reduces hippocampus-based learning and increases
dorsal striatum-based learning biases [?, ?, ?]. Schwabe and Wolf (2012) used
functional magnetic resonance imaging with the weather prediction task to in-
vestigate whether acute stress modulates the engagement of these two learning
systems and their underlying neural mechanisms. Experimental group partic-
ipants learned to predict weather from cue cards, while control participants
simply pressed buttons to indicate whether fewer than two cards were displayed
on screen, a task that did not involve learning. The experimental group under-
went the SECPT, and all participants received MRI scans 25 minutes post-stress
induction—when salivary cortisol levels were expected to peak—while perform-
ing the classification task. Results revealed that stressed participants more
frequently employed multi-cue strategies, though task performance itself was
unaffected by stress. Neuroimaging data showed striatal activation in the ex-
perimental group but hippocampal activation in the control group, providing
the first evidence in humans that stress alters the neural mechanisms of dual-
learning systems.

3.3 Instrumental Learning

As spatial learning may involve geometric cognition, spatial navigation tasks can-
not be fully generalized to broader learning contexts, prompting researchers to
focus on instrumental learning. Instrumental learning can be controlled by goal-
directed systems with neural substrates in the orbitofrontal cortex and putamen,
reflecting individuals’ action-outcome associations where outcomes are desired
or needed. Instrumental learning can also be governed by habitual systems
based solely on stimulus-response associations, independent of outcomes, with
the caudate nucleus as the primary associated brain region [?, ?]. To dissociate
whether an instrumental behavior is goal-directed or habitual, researchers have
developed instrumental learning paradigms, most notably the outcome devalu-
ation task [?, ?, 7, ?], widely considered the gold standard for demonstrating
habitual behavior. During training, participants learn associations between but-
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ton presses and food rewards, with one button yielding high-probability food
rewards and another low-probability rewards. In the devaluation phase, partici-
pants consume the food until satiated, eliminating motivation to obtain it. Dur-
ing the extinction test phase, participants resume button pressing. If they con-
tinue pressing the high-probability food button despite devaluation, they show
outcome insensitivity, indicating habitual system control. If they cease press-
ing the devalued button, they demonstrate outcome sensitivity and motivation-
guided choice, reflecting goal-directed learning control. Initially used in rodent
brain lesion studies and later adapted for humans, this task has revealed that the
orbitofrontal cortex and dorsomedial striatum underlie goal-directed behavior,
while the dorsal striatum forms the neural basis of habitual behavior [?, ?, ?].

Studies of stress in mice have shown that rats stressed before outcome deval-
uation are insensitive to outcome value changes, exhibiting more habitual be-
havior compared to non-stressed controls [?, ?]. To investigate stress effects on
human goal-directed learning, Schwabe and Wolf (2011) employed this instru-
mental learning task and found that during the test phase, stressed participants
showed no change in button pressing, displaying more habitual behavior than
controls. Notably, stress induction in this study occurred before the devalu-
ation phase, potentially affecting learning during training. To avoid this con-
found, subsequent work placed stress induction after the devaluation phase and
replicated these findings [?, ?]. In follow-up research, half of the stressed partic-
ipants received a beta-adrenergic blocker (propranolol) to reduce stress-induced
physiological responses, and the drug-treated group exhibited goal-directed be-
havior [?, 7, 7, ?, ?]. Goal-directed behavior following outcome value changes
represents flexible, adaptive responding, and these findings suggest that stress
impairs such adaptive behavior, possibly mediated by adrenal hormones. How-
ever, these results cannot resolve whether stress affects the goal-directed system,
enhances the habitual system, or both. Addressing this issue, recent research
found that stressed participants performed well on trials dependent solely on the
habitual system, indicating that stress affects behavioral flexibility by acting on
the goal-directed system rather than damaging the habitual system [?, 7, 7, ?].

Like hippocampus- or dorsal striatum-based learning, instrumental learning is
also affected by chronic and early-life stress, shifting toward more habitual re-
sponding [?, ?, ?, 7, 7, ?, ?]. While most stress research on cognitive func-
tions has focused on adult participants, fewer studies have examined early life
periods. To address this gap, researchers developed an infant version of the
instrumental learning task in which infants learned to press buttons [?, ?]. The
experiment was manipulated such that two buttons that previously produced
lights and sounds became devalued (no longer functional) during the test phase.
Stressed infants, who underwent a three-phase stress protocol to effectively ele-
vate salivary cortisol levels [?, ?], continued pressing the same button despite its
loss of function, whereas control infants began exploring the alternative button
after habitual pressing. This demonstrates that stress impairs cognitive flex-
ibility in infants, preventing behavioral adjustment to changed environments.
Soares et al. (2012) used neuroimaging to show that individuals experiencing
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chronic stress from prolonged medical exam preparation exhibited habitual be-
havior alongside structural and functional changes in the caudate nucleus and
putamen. Longitudinal follow-up revealed that six months after exams, the for-
merly chronic stress group reverted to goal-directed behavior, indicating that
chronic stress effects on brain structure and function are reversible—a finding
with theoretical significance for clinical stress research. Together, these studies
consistently demonstrate that acute, chronic, and early-life stress all strengthen
individuals’ habitual behavioral tendencies, regardless of whether behavioral or
neuroimaging methods are employed.

3.4 Computational Models of Instrumental Learning

Through decades of development, the instrumental learning field has accumu-
lated substantial research findings, leading to computational models of habit-
ual and goal-directed behavior. Inspired by artificial intelligence and optimal
control theory, Sutton and Barto (1998) proposed reinforcement learning (RL)
theory, using computational and modeling approaches to study how individuals
learn about their environment through trial and error to maximize reward while
minimizing punishment. The most commonly used paradigm is the sequential
decision task, which assesses the balance between model-based and model-free
learning. Model-based learners must predict action outcomes in specific states,
compare actual outcomes with predictions to generate prediction errors (PE),
and update their internal model of the task—how different actions lead to dif-
ferent states or outcomes, and how these outcomes map onto values. Model
construction facilitates evaluation of potential action values to guide subsequent
choices. In contrast, model-free learners focus only on direct action values, main-
taining actions that previously yielded pure rewards, increasing the likelihood of
actions that produced rewards and decreasing those that produced punishments.
Clearly, model-based learning is considered goal-directed, while model-free learn-
ing is deemed habitual [?, 7, ?, ?, 7, ?]. In sequential decision tasks, stage one
of each trial typically offers two distinct shapes, each with fixed probabilities
of transitioning to stage two states. In stage two, participants again choose be-
tween two shape stimuli, receiving monetary reward or no-reward feedback, with
reward probabilities varying within a certain range. Habitual learners always
repeat stage-one shapes that previously yielded rewards, regardless of whether
the stage-one-to-stage-two transition was common or rare. Conversely, goal-
directed learners consider the task’ s transition structure, selecting stage-one
shapes that lead to common transitions and ultimately reward. Researchers use
reinforcement learning computational models to derive the relative weights of
model-based and model-free learning based on participants’ choices.

Numerous studies show that under normal circumstances, learners in sequential
decision tasks exhibit control by both systems [?, 7, ?, 7,27, 7, 7, 7, ?]. Model-
based learning consumes cognitive resources but offers flexibility, whereas model-
free learning conserves resources at the cost of flexibility. These two systems
exist in parallel and compete to jointly control behavior. However, factors in-
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fluencing which system dominates behavior remain unclear. Researchers noted
that working memory capacity depletion reduces reliance on model-based learn-
ing without affecting model-free learning [?, 7, 7, 7, ?]. Previous research has
demonstrated that stress affects working memory and prefrontal brain regions
associated with it [?, 7,7, 2,2, 2.7, 7, 7,27, 27, 7], leading to the hypothesis that
stress selectively impairs model-based learning while sparing model-free learning.
Otto et al. (2013) therefore employed the SECPT, inducing stress in participants
ten minutes before they performed a reinforcement learning task while assessing
cognitive abilities with working memory scales. Results supported the hypothe-
sis: stress impaired model-based system utilization while leaving the model-free
system unaffected. Furthermore, the study found that individuals with lower
working memory capacity tended toward model-free learning under acute stress,
whereas those with higher capacity could effectively avoid stress-induced model-
free learning biases. Another study found that individual differences in stress
responses predicted model-based learning impairments, with participants hav-
ing high chronic stress levels showing reduced model-based control when facing
acute psychosocial stress compared to those with low chronic stress [?, ?]. These
findings indicate that working memory and chronic stress moderate the effects of
acute stress on model-free learning tendencies. Future research must therefore
fully consider individual differences in HPA axis responses and target cognitive
training and stress management interventions in clinical applications to enhance
stress coping abilities.

It should be noted that these four research traditions all developed within a
dual-system framework, converging on the reflexive and reflective systems. In
summary, we contend that regardless of learning type, experimental paradigm,
or participant population, previous research has yielded consistent conclusions:
stress induces a shift from cortex-based reflective systems to striatum-based
reflexive systems, mediated by neurotransmitters and hormones such as nora-
drenaline and glucocorticoids.

4. Psychological Mechanisms of Stress Effects on Dual-
Learning Systems

The psychological mechanisms through which stress influences dual-learning sys-
tems can be explained from the perspective of Pavlovian-Instrumental Transfer
(PIT). Pavlovian conditioning, also known as classical conditioning, refers to the
process by which a neutral stimulus becomes a conditioned stimulus after be-
ing paired with an unconditioned stimulus, thereby eliciting a specific behavior.
For example, when a tone is paired with food, the animal learns to salivate or
orient toward the food location upon hearing the tone. The primary difference
between instrumental and Pavlovian conditioning is that the former requires
active behavioral responses that are subsequently reinforced. For instance, rats
must press a lever to obtain food, and this lever-press training can produce the
two forms of instrumental behavior of interest in this article: habitual learn-
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ing and goal-directed behavior. In the PIT paradigm, animals first undergo
Pavlovian training (e.g., a light stimulus followed by food), then instrumental
training (learning to press a lever for the same food reward). After training,
food is removed, and animals are placed in a testing area with the lever while
the light stimulus is presented, resulting in significantly increased lever-pressing
frequency. This paradigm has also been applied to human participants to in-
vestigate how conditioned stimuli influence instrumental learning and its neural
mechanisms.

Despite substantial differences between Pavlovian and instrumental learning, nu-
merous studies show that Pavlovian conditioned stimuli can directly influence
instrumental conditioning under many circumstances [?, ?]. For example, pre-
senting appetite-inducing conditioned stimuli promotes lever-pressing for food
[?, 7,7, 7,7, 7, ?]. Similarly, presenting alcohol-related cue stimuli elicits in-
strumental behavior for alcohol rewards in alcohol-addicted individuals [?, ?].
Since Pavlovian conditioned stimuli can facilitate instrumental learning, they
may also cause the transition from goal-directed to habitual learning. Evidence
supporting this inference comes from animal models showing that stressors as
unconditioned stimuli (e.g., foot shocks or predator odors) induce habitual be-
havioral shifts [?, ?].

Thus, we can understand that stress first affects individuals’ Pavlovian learning
as a conditioned or unconditioned stimulus, which then facilitates instrumental
learning through PIT, leading to the transition from goal-directed to habitual
learning.

5. Neural Mechanisms of Stress Effects on Dual-Learning
Systems

Researchers have used fMRI and pharmacological manipulations (including re-
ceptor agonists and antagonists) to investigate the neural mechanisms through
which stress influences dual-learning systems, yielding relatively clear conclu-
sions. Key hormones in stress-induced habitual shifts include noradrenaline
and glucocorticoids, with MR receptors as relevant targets, and critical brain re-
gions including the amygdala as well as the previously mentioned hippocampus
and dorsal striatum.

5.1 Hippocampus, Dorsal Striatum, and Amygdala

fMRI studies have found that stressed individuals tending toward habitual learn-
ing in probabilistic classification tasks show reduced hippocampal neural activ-
ity, a key region for cognitive control [?, ?, ?]. To explore how stress affects
activation of habitual system brain regions, a recent study combining EEG and
fMRI found significantly enhanced dorsal striatum activation in stressed partici-
pants [?,?, 7, 7, 7, ?]. Other research from a functional connectivity perspective
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has revealed the amygdala’ s crucial role in stress-induced habitual responding.
Specifically, these studies demonstrate that stress enhances amygdala-dorsal
striatum functional connectivity while reducing amygdala-hippocampus connec-
tivity [?, 7, 7, 7, ?]. Earlier rodent studies using the plus-maze task found
that amygdala injections of yohimbine (an anxiogenic drug) caused rats to shift

toward caudate nucleus-dependent (part of dorsal striatum) habitual learning
(7, 7).

5.2 Noradrenaline

Notably, the anxiogenic properties of yohimbine in Packard’ s pharmacological
manipulation study are partly attributable to its effects on the noradrenergic
system, suggesting a role for noradrenaline in stress-induced habitual learning.
To verify this, Wirz et al. (2017) examined probabilistic classification learning
under stress in individuals with specific genetic differences, finding that carriers
of the ADRA2B deletion variant showed reduced habitual biases compared to
non-carriers under stress. The ADRA2B gene encodes the 2b-adrenoceptor
in humans, and individuals lacking this gene cannot encode functional 2b-
adrenoceptors, thereby blocking adrenergic hormone effects on the amygdala
and reducing habitual responding. This study demonstrates that normal nora-
drenaline function constitutes an essential component.

5.3 Glucocorticoids and MR Receptors

Glucocorticoids such as human cortisol are considered primary modulators be-
tween stress and learning. To investigate glucocorticoid effects, researchers
combined pharmacological manipulation with fMRI, administering MR recep-
tor antagonists to experimental groups and revealing interactive effects of stress
and MR receptors on amygdala-dorsal striatum functional connectivity [?, ?].
Schwabe et al. (2010) injected glucocorticoids into rats’dorsolateral and dorsome-
dial striatum before spatial maze tasks, finding that only dorsolateral striatum
injections produced stimulus-response learning tendencies similar to overtrained
rats. This study first established that the rat dorsolateral striatum constitutes
the neural basis of habitual learning, with the human homolog being the puta-
men. Second, it demonstrated glucocorticoid effects and showed that pharma-
cological blockade could prevent stress-induced habitual biases in rats. Two
additional human studies have replicated these glucocorticoid and MR receptor
effects [?, 7, 7].

5.4 Interaction Between Noradrenaline and Glucocorticoids

The aforementioned studies demonstrate individual roles of noradrenaline and
glucocorticoids in stress-induced habitual learning but do not directly reveal
their interactive relationship in controlling behavior. To examine their inter-
action, researchers conducted pharmacological manipulation studies in which
participants received either hydrocortisone alone, yohimbine alone, both drugs
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simultaneously, or no drug (control), before performing the outcome devalua-
tion task [?, ?, 7, 7, ?]. Results showed that only participants who received
both drugs exhibited outcome devaluation insensitivity during the test phase
—indicating habitual responding—while those receiving either drug alone or
placebo showed intact goal-directed behavior. Subsequently, researchers added
fMRI to this design, replicating behavioral results while discovering that the
noradrenaline-glucocorticoid interaction effect was significantly associated with
reduced activity in the medial prefrontal cortex (mPFC) and orbitofrontal cor-
tex [?, 7, 7, 7, ?]—brain regions that constitute the neural basis of goal-directed
learning [?, ?]. Thus, the synergistic action of noradrenaline and glucocorticoids
also damages the goal-directed learning system.

In summary, noradrenaline and glucocorticoids, under amygdala involvement,
synergistically act on brain regions related to dual-learning systems—including
the hippocampus, dorsal striatum, medial prefrontal cortex, and orbitofrontal
cortex—thereby impairing spatial or goal-directed learning and causing the shift
from reflective to reflexive system control.

6. Implications for Drug Addiction

Drug addiction is a chronic relapsing disorder characterized by compulsive drug
seeking and impaired social functioning, imposing severe burdens on individuals,
families, and society. Multiple factors including genetics, personality, social
environment, and life events can contribute to addiction [?, 7, ?, ?, ?, ?], while
research indicates that stress influences drug motivation, reward systems, and
drug efficacy, playing a critical role in addiction development and relapse [?,
?, 7, ?7]. The stress effects on dual-learning systems discussed herein enhance
understanding of addiction formation and relapse, offering insights for clinical
diagnosis and treatment [?, 7, ?7].

Schwabe et al. (2011) proposed a cognitive model of stress effects on drug addic-
tion, revealing the cognitive mechanisms underlying the progression from vol-
untary drug use to compulsive consumption and eventual relapse. Researchers
suggest that during initial drug exposure, individuals are primarily controlled
by the goal-directed system, but stress-induced executive function impairment
prevents effective inhibition of drug intake. Following drug consumption, acute
and chronic stress disrupt the balance between goal-directed and habitual sys-
tems’ control over instrumental behavior, biasing individuals toward automated
responses and resulting in increased drug seeking and intake, thereby establish-
ing addiction. During withdrawal, the synergistic action of noradrenaline and
glucocorticoids causes habitual system control over behavior. Since stimulus-
response associations have already formed, drug-related cue stimuli can trigger
drug seeking and intake responses, increasing relapse risk. Additional studies
by these researchers found that beta-blockers or glucocorticoid antagonists may
help prevent addiction relapse [?, 7, 7, 7, ?]. In summary, stress effects on drug
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addiction and relapse are mediated by elevated cortisol levels and promoted
dual-learning system imbalance.

Stress effects on drug addiction can also be understood through the psychologi-
cal mechanism of Pavlovian-Instrumental Transfer. Pavlovian conditioned stim-
uli facilitate instrumental learning, causing the transition from goal-directed to
habitual learning. Additionally, research shows that individuals with early-life
stress have larger amygdalae and stronger fear conditioning [?, ?]. It can thus be
inferred that aversive Pavlovian fear cues also produce this effect, particularly
in individuals with amygdala dysfunction, where habitual tendencies become
more pronounced. Therefore, aversive conditioned stimuli can alter individu-
als’ instrumental behavior, and when individuals with early-life stress histories
recall past aversive events for any reason, they are more likely to exhibit habit-
ual behavior and consequently face greater risks for substance abuse and drug
addiction [?,?, 7, 2,2, 2,2, 2,2, 2,7, 7]

These two models demonstrate that stress plays a critical role in addiction for-
mation and relapse by affecting hormone levels or brain structures, thereby
causing dual-learning system imbalance. Therefore, clinical interventions for
drug addiction could target the stress component, such as administering drugs
that block cortisol-MR receptor binding or using cognitive training to enhance
stress coping abilities, thereby indirectly and effectively controlling addiction
progression.

7. Summary and Outlook

In summary, we have reviewed the cognitive processes and physiological mecha-
nisms underlying dual-learning system imbalance under acute or chronic stress,
and reinterpreted drug addiction formation and relapse from this perspective.
In emergency or uncontrollable situations, acute stress responses can temporar-
ily enhance alertness and attention, prompting individuals to employ habitual
systems for faster behavioral responses while conserving cognitive resources—
considered an adaptive mechanism [?, ?]. However, when stressors subside, fail-
ure to reverse these stress-induced habitual responses severely impairs learning
flexibility and memory accuracy [?, ?]. Moreover, prolonged stress experiences
and maladaptive habitual behaviors can lead to stress-related psychological and
psychiatric disorders such as post-traumatic stress disorder and drug addiction
[?,2,?,7, 2,7, 7. Indeed, the shift toward habitual learning under stress
can be adaptive in the short term, but sustained imbalance in learning systems
negatively impacts individuals.

Currently, substantial research has accumulated on dual-learning systems under
stress. However, we believe future research should address the following issues:

First, regarding the definition of habitual systems and the reliability of exper-
imental tasks. Many studies employ different tasks and generally define ha-
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bitual learning as inflexible, automatic behavior based on stimulus-response
associations. However, the specific features and attributes of habitual learning
in each task remain unclear—for instance, whether habitual behavior is innate
or gradually acquired, and whether it requires attention or conscious aware-
ness. Even with identical paradigms, neuroimaging studies report varying ac-
tivation patterns. A recent meta-analysis of human habitual learning found
that probabilistic classification learning studies reported caudate nucleus acti-
vation, some reporting both caudate and putamen activation with voxel peaks
in anterior regions. Conversely, maze navigation studies mostly found caudate
activation with posterior voxel peaks. Notably, this meta-analysis also found
that outcome devaluation and reinforcement learning paradigms yielded more
consistent results, commonly reporting lateral putamen activation [?, ?]. The
human putamen, like the rodent dorsal striatum, constitutes a primary brain
region for habitual behavior. These results suggest that outcome devaluation
and reinforcement learning tasks more effectively dissociate habitual from goal-
directed systems compared to navigation and probabilistic classification tasks,
representing more reliable paradigms for studying human habitual behavior. Fu-
ture research could combine these latter paradigms with earlier ones to directly
confirm habitual responding and more effectively identify individuals or popu-
lations insensitive to devaluation.

Second, regarding individual differences in the relationship between stress and
dual-learning systems. Stress is fundamentally a subjective experience of the
external environment, and this subjectivity creates population heterogeneity—
a situation that is stressful for one person may be motivating for another. Ad-
ditionally, as previously discussed, individual differences in working memory
capacity or IQ influence stress responses. Evidence suggests that some cogni-
tive differences are genetically determined. For example, the ADRA2B gene
encoding the 2b-adrenoceptor shows stronger amygdala activation in carriers
under stress [?, ?], while Wirz et al. (2017) found that ADRA2B deletion variant
carriers exhibited reduced habitual biases under stress in probabilistic classifi-
cation learning. Future research could build on these findings to examine how
individual differences, particularly at the genetic level, moderate stress effects on
dual-learning systems, ultimately providing personalized treatment approaches
for stress-sensitive populations in clinical applications.

Third, temporal factors of stressors require consideration. These include stress-
task latency (time between stress induction and task), stressor duration, and
early-life stress [?, 7, 7, 7, ?]. Stress-task latency refers to the interval between
stress and task. Because GR and MR receptors have different affinities for glu-
cocorticoids under HPA axis influence—MR receptors have higher affinity and
rapidly induce neuronal excitation upon hormone binding, whereas GR recep-
tors have lower affinity and cause slow network inhibition—correcting for stress-
task latency is crucial for interpreting HPA axis-related results. Studies show
that differences of just a few minutes can affect stress impacts on risk-taking
behavior [?, 7, ?, 7, ?]. By duration, stress can be acute or chronic. Research
in animals [?, ?] and humans [?, ?] shows that chronic stress (repeated stres-
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sor presentation) correlates with structural changes in decision-related brain
regions more than acute stress does. Similarly, for early-life stress, effects on
decision-making vary across the lifespan depending on stress experiences [?, ?].
For example, adolescents experiencing early-life stress show altered emotion- or
motivation-related neural circuits (e.g., amygdala, prefrontal cortex, striatum)
involved in decision-making [?, ?]. Whether stress effects on dual-learning sys-
tems vary with these temporal factors awaits further investigation.

Finally, future research should employ multiple methodological approaches.
Dias-Ferreira et al. (2009) examined stress effects on goal-directed behavior
in mice, finding that after 21 days of stress (including social threat, forced
swimming, and restraint), experimental mice could not modify habitual
lever-pressing responses during devaluation. The study also revealed atrophy
in ventromedial prefrontal cortex (vinPFC) and dorsomedial striatum, with
concurrent dorsal striatum hypertrophy, providing direct evidence for brain
mechanisms underlying stress-induced behavioral changes. However, ethical
constraints prevent similar lesion studies in humans. Researchers have therefore
adopted non-invasive methods such as transcranial direct current stimulation
(tDCS), finding that stimulating dorsolateral prefrontal cortex -effectively
prevents stress-induced working memory impairment, revealing its critical
role in the stress-working memory relationship [?, ?]. Inspired by this, future
studies could employ similar non-invasive techniques combined with functional
neuroimaging and brain lesion patient studies to further identify and dissociate
brain structural and functional changes in dual-learning systems under stress.
More pharmacological manipulation studies are also needed to clarify neuroen-
docrine mechanisms. For instance, while MR receptor roles are well-established,
GR receptors remain understudied. Although one study first demonstrated GR
receptor involvement in chronic stress effects on instrumental behavior [?, ?],
their role in acute stress effects on dual-system balance is unknown. Future
research could fill this gap.
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