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Summary

In this review article, we aim at analysing the role of stress
in addiction and relapse. In order to do so, we first offer
a summary of the findings from affective neuroscience try-
ing to understand compulsive reward-seeking behaviours.
These behaviours are characterised by an imbalance be-
tween the considerable amount of effort an individual is
willing to mobilise to obtain a reward and the comparative-
ly little pleasure that is felt once the reward is obtained and
consumed.

We illustrate how the neuropsychological mechanisms un-
derlying these behaviours might play an important role in
substance addiction and in particular for stress-induced
relapse. We then review evidence suggesting that a per-
sonalised health approach would be particularly beneficial
in order to better understand the role of stress in addiction
and relapse in humans. More specifically, observing indi-
vidual differences during distinct forms of learning (Pavlov-
ian, habitual and goal-directed learning) might represent a
very promising way to identify risk profiles for compulsive
reward-seeking behaviours, addiction, and vulnerabilities
to relapse under stress.

Keywords: Pavlovian, instrumental, individual differ-
ences, stress, addiction

Introduction

One of the most paradoxical phenomena of human behav-
iours is that in many situations individuals will invest a
considerable amount of effort to obtain an object of their
desire; however, once they obtain the object they only ex-
perience it as little bit pleasant compared with the immense
effort they mobilised. This happens in nonpathological be-
haviours such as occasional overeating, but it becomes em-
blematic in the case of substance addiction, where indi-
viduals are willing to go to extraordinary lengths in order
to obtain a substance, even though after a period of time
the substance itself elicits less and less pleasurable feelings
during its consumption [1].

This kind of pursuit of rewards, such as drugs or alcohol,
has been characterised as compulsive because it not only
persists despite the total absence of positive consequences
but it also persists despite the presence of adverse con-

sequences [2–5]. Compulsive reward-seeking behaviours
play an important role in several psychiatric disorders (fig.
1), but in this review we will focus on substance addiction
(or substance use disorder). In particular, we will illustrate
how stress exacerbates compulsive reward-seeking behav-
iours and in turn triggers relapses in substance addiction
[6].

Strikingly, very large individual differences exist when it
comes to the development of compulsive reward-seeking
behaviours in substance addiction [7]. Decades of research
in affective neuroscience have been devoted to understand-
ing how and why some individuals are more vulnerable
than others to situations where choice behaviours are hi-
jacked in the service of outcomes that are no longer –
or very little – valued by the individual [1, 4, 5, 8–11].
This research has aimed at identifying the underlying neu-
ropsychological mechanisms that can lead to compulsive
reward-seeking behaviours where the amount of effort mo-
bilised to obtain an outcome is no longer justified by its
value.

Here, we summarise findings from this literature and we il-
lustrate how the neuropsychological mechanisms implicat-
ed in compulsive reward-seeking behaviours can elucidate
how and why individuals are more likely to relapse under
stress in the case of substance addiction. We summarise lit-
erature suggesting that the balance between two fundamen-
tal learning systems – goal-directed and habitual learning
– is critical for the understanding of compulsive reward-
seeking behaviours. We present findings suggesting that
individual differences observed during Pavlovian learning
could be promising to identify risk profiles for compulsive
reward-seeking behaviours. Critically, at each step, we il-
lustrate how these mechanisms can be applied to better un-
derstand substance addiction and vulnerabilities to relapse
under stress.

Neuropsychological mechanisms of compulsive
reward-seeking behaviours

The presence of compulsive reward-seeking behaviours is
one of the key characteristics of substance addiction. These
behaviours are defined by the persistent pursuit of a re-
ward, despite that reward being no longer valued by the in-
dividual: there is a disparity between the choice behaviour
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and the amount of mobilised effort on one hand, and the
actual pleasure the individual experiences once that reward
is obtained on the other [1, 4, 5]. Affective neuroscience
suggests that these kinds of behaviours arise from the ex-
istence of different learning mechanisms exerting parallel
controls on behaviour [12–15]. Classically, three learning
systems controlling behaviour are distinguished: goal-di-
rected control (driven by goals), and habitual control and
Pavlovian control (which are both driven by cues).

Pavlovian control is one of the oldest learning mechanisms
shared across the animal kingdom and has a deep influence
on human physiology [16–18], behaviour [19–22] and cog-
nition [23, 24]. In Pavlovian conditioning, reflexive condi-
tioned behaviours [14, 15] (e.g., salivating) or motivational
states [25–27] can be triggered by an environmental stim-
ulus (e.g., a ticking sound from a metronome) that predicts
the delivery of an affectively significant outcome (e.g.,
food). During Pavlovian conditioning, the organism learns
the association between a stimulus and an outcome that oc-
curs independently of its behaviour. Conditioned Pavlov-
ian behaviours (e.g., salivating) help the organism prepare
for the outcome delivery (e.g., arrival of food), but do not
allow the organism to actively increase the probability of
obtaining the rewarding outcome [14]. On the other hand,

goal-directed control and habitual control involve learn-
ing about an instrumental action (e.g., pressing on a lever)
that actively increases the possibility of obtaining a reward
(e.g., food).

Goal-directed control involves learning the association be-
tween a specific action (e.g., ordering a glass of wine) and
the current value of its outcome (e.g., pleasure while drink-
ing the glass of wine; fig. 2). This class of behaviours (i.e.,
goal-directed actions) is driven by a rich representation of
the outcome and its causal relationship with the action.
Therefore, behaviour under goal-directed control is flexi-
bly proportional to the predicted value of the outcome that
it is leading to. Importantly, this flexibility comes at a cost:
goal-directed control demands significantly more cogni-
tive resources to implement than habits [9, 14, 28].

Habitual control is highly efficient and can be executed
with minimal cognitive effort. Unlike goal-directed ac-
tions, habits are driven by environmental cues (e.g., seeing
a bar) and are executed reflexively (e.g., automatically or-
dering a glass of wine) regardless of the current value of
the outcome the action is leading to (fig. 2). However, this
implies that actions can come to be selected even if the ac-
tion’s outcome is no longer relevant to or valued by the in-
dividual (e.g., ordering a drink even though drinking it is

Figure 1: Illustration of compulsive reward-seeking behaviours as a trans-diagnostic dimension. Compulsive reward-seeking behav-
iours are implicated in several psychiatric disorders such as substance addiction, binge eating, and various kinds of behavioural addictions
(e.g., gambling, internet, shopping). In this review, we focus on their role in substance addiction (or substance use disorder), particularly in
stress-induced relapse.
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not pleasurable or watching television at night even though
it is not liked) [14, 29, 30]. Typically, habits are distin-
guished from goal-directed actions based on outcome de-
valuation tests. In classical animal experiments, the out-
come (e.g., a food pellet) is devalued either by it being fed
until satiation or by it being associated with a state of gas-
tric illness (e.g., induced by lithium chloride injections). If
a behaviour persists even after the action’s outcome is no
longer valued (e.g., ordering a glass of wine the day after
being intoxicated from binge alcohol consumption), then it
is considered to be under habitual control.

The psychological distinction between Pavlovian, habitual
and goal-driven control is rooted in distinct neuronal net-
works. At a computational level, the interactions between
Pavlovian control and the other two controllers remain rel-
atively poorly investigated [31–34]. However, the interac-
tions and distinctions between the goal-directed and habit-
ual computational strategies have been largely studied [14,
29, 30, 35, 36]. Two algorithms accounting for reinforce-

ment learning (RL) have been used to define the compu-
tations and the learning signals of goal-directed versus ha-
bitual control. The fundamental difference between these
two computational strategies is whether they rely on the
representation of an “internal model” of the environmental
contingencies. The strategy that relies on an internal model
is defined as model-based RL and is used to approximate
goal-directed control. Model-based RL is computationally
sophisticated: it builds a cognitive map of the environment
(its states, actions, and the transition probabilities between
them) to plan behaviour prospectively. Therefore if an out-
come has been devalued, its associated cues and actions are
immediately devalued as well. Model-based computations
are mainly implemented in the dorsolateral prefrontal, the
orbitofrontal and the posterior parietal cortex [14, 37].

The strategy that does not rely on an internal model is de-
fined as model-free RL and is used to approximate habitual
control. Model-free RL is computationally simple as it as-
cribes value to an action only by integrating past reinforce-

Figure 2: Illustration of goal-directed actions and habitual responses. (A) The “stimulus – action/ response – outcome” sequence. A per-
son sees a bar (stimulus or environmental cue), enters the bar and orders a glass of wine (action/response, also referred to as the reward-
seeking behaviour), and drinks the glass of wine (outcome, also referred to as the reward). Ordering a glass of wine can be either a goal-di-
rected action or a habitual response. (B) The goal-directed action is driven by the representation of the outcome (the glass of wine) and is
performed in order to obtain this outcome. Therefore, if the outcome (the glass of wine) becomes less valuable (e.g., after intoxication) the ac-
tion will less likely be performed by the goal-directed mechanisms anymore. (C) On the other hand, habits are solely triggered by antecedent
stimuli (the sight of the bar sign) without the representation of the outcome (the glass of wine) being involved in the process. Therefore, the re-
sponse (entering the bar and ordering a glass of wine) will be performed upon the perception of the bar sign, even if the future outcome (the
glass of wine) has been devalued (e.g., after intoxication).
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ment experiences: actions that have been rewarded in the
past are more likely to be repeated in the present. These al-
gorithms learn retrospectively and are merely updated after
an experience with the environment (i.e., reward prediction
errors). Therefore, if an outcome has been devalued, its as-
sociated cues and actions will be devalued only if they are
paired again with the now devalued outcome: to be updat-
ed they require a direct associative experience. These com-
putations are mainly implemented in the dopaminergic ac-
tivity of the striatum [14, 37].

Habits and their corresponding model-free computations
are not in and of themselves pathological: the synergy be-
tween habitual control and goal-directed control allows in-
dividuals to be flexible and efficient in order to face the
constant challenges present in the environment and to op-
timise reward pursuit. For instance, we can habitually and
effortlessly always choose to go to the same restaurant
for lunch, but if that restaurant is closed, we are able to
invest more effort in evaluating different restaurants and
to choose the best option (e.g., a restaurant that is in the
neighbourhood serving a type of cuisine we like).

Initially, behaviour is predominantly under goal-directed
control so that it can be constantly adjusted, but the more
the behaviour is repeated the more habitual control be-
comes predominant so that optimised actions can be exe-
cuted with much less effort [9]. Another factor determin-
ing the predominance of goal-directed behaviour is the cost
of cognitive control [38–40]: the organism has limited re-
sources, it should therefore only engage in costly processes
such as goal-directed control when this strategy is clearly
superior to the other types of control [41, 42]. If a task is
very easy or too hard to be solved even through sophisti-
cated model-based computations, then it is unlikely that ef-
fortful goal-directed processes will be engaged [43].

The degree to which habitual, goal-directed and Pavlovian
control behaviour varies over time and context. An influ-
ential theoretical idea is that a number of compulsive be-
haviours in humans and other animals can be understood
as emerging from interactions between two or more of
these controllers [12]. In particular, a prominent hypothesis
suggests that the imbalance between habitual and goal-
directed control is a critical trans-diagnostic neurocogni-
tive mechanism underlying compulsive symptoms in sev-
eral mental health disorders [44] ranging from substance
addiction to eating disorders (e.g., binge eating) and be-
havioural addictions (e.g., gambling; problematic internet
use or gaming disorder [45]). This imbalance favours the
rigid habitual control over the flexible goal-directed con-
trol, thereby stereotyping behaviour that is triggered by en-
vironmental cues and is insensitive to its consequences [3,
44, 46–50]. Importantly, this imbalance is still not fully un-
derstood: there are several mechanisms that could drive it
such as (1) a potentiation of the habitual responses, (2) an
impairment of the goal-directed action, or (3) a dysregula-
tion in the arbitration between the habitual and the goal-di-
rected control (e.g., a problem in the inhibition of the ha-
bitual responses) [14, 51].

The role of the imbalance between habits and goal-directed
actions has been particularly prominent among theories of
substance addiction: initially the substance consumption is
mediated by the hedonic experiences associated with the
consumption; the transition to addiction is characterised by

a reduction of the goal-directed system’s activity with a
concomitant predominant engagement of the habitual sys-
tem in the brain [3, 48]. This makes the individual in-
vest energy in the pursuit of a substance even if it is no
longer experienced as pleasurable [1, 52]. A large corpus
of animal studies showed that a wide variety of substance-
seeking behaviours (i.e., cocaine- [53], alcohol- [54] and
nicotine- [55] seeking behaviours) became very rapidly re-
sistant to outcome devaluation procedures: animals con-
tinue to pursue these substances even if they have been
devalued. Similarly, studies combining neuroimaging and
computational modelling in humans suggest that the im-
pairment of model-based representation mediated by the
caudate and medial orbitofrontal cortex might be respon-
sible for the excessive habits observed in substance addic-
tion [44, 47].

Though imbalance between goal-directed and habitual
control mechanisms is critical in substance addiction, it
is not the sole mechanism underlying the transition from
voluntary to compulsive consumption [3]: motivational
processes involved in Pavlovian learning are also thought
to be fundamental in this transition [1, 3, 52, 56]. From the
very beginning of research on substance addiction, it has
been clear that environmental stimuli associated with sub-
stance consumption are able to precipitate relapses even af-
ter a prolonged period of abstinence [3, 57–59].

The incentive sensitisation hypothesis of addiction at-
tempts to model the role of Pavlovian learning in substance
addiction. A central tenet of this hypothesis is that the neu-
ronal network underlying the cue-triggered motivation for
substances (i.e., “wanting”) becomes sensitised and hyper-
reactive [1, 52, 60]. This cue-triggered motivation has been
investigated for decades in affective neuroscience through
a paradigm called Pavlovian-to-instrumental transfer
[25–27, 61]. Classical studies using this paradigm show
that the perception of a Pavlovian cue (e.g., a sound) that
has been previously associated with a rewarding outcome
(e.g., food) increases the amount of energy invested in the
instrumental action (e.g., pressing the lever to obtain food).
This increase of motivation appears upon the presentation
of the Pavlovian cue and disappears when the Pavlovian
cue is no longer presented; therefore, it is sometimes re-
ferred to as a motivational “burst” [62, 63].

This cue-triggered motivation mainly relies on striatal
dopamine neurons and is at least partly distinct from the
network underlying hedonic pleasure (i.e., “liking”) that
relies on a collection of opioid hotspots distributed in cor-
tical and subcortical areas. This neuro-anatomical distinc-
tion makes it possible that, in substance addiction, the
motivational hyper-reactivity to substance-associated cues
does not occur with a parallel increase of the hedonic
pleasure associated with the substance consumption. Ac-
cording to the incentive salience hypothesis, the more the
consumption continues over time, the more the cue-trig-
gered motivation for substances increases while the actual
pleasure during the substance consumption decreases. This
mechanism leads to the situation we described earlier
wherein an individual becomes more and more motivated
to obtain a substance even though they enjoy its consump-
tion less and less.

Critically, in substance addiction, the neuronal network un-
derlying motivation is not constantly hyperactive, but it is
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hyper-reactive to cues associated with the substance. For
these motivational bursts to occur, an interaction between
a sensitised brain and the perception of an environmen-
tal substance-associated cue is necessary [1, 52]. Initial-
ly, it was thought that the prolonged use of substances
directly stimulating dopamine release (e.g., cocaine, am-
phetamines) was essential for the sensitisation process.
However, it has been shown that neuronal sensitisation of
cue-triggered motivational networks can even occur with-
out substances directly stimulating of dopamine release.
Indeed, recent evidence suggests that gambling and binge
eating [59, 64–67] might rely on similar neuronal sensiti-
sation resulting in hyper-reactivity to cues related to these
addictions. These processes are still poorly understood,
but it is hypothesised that sensitisation changes of motiva-
tional networks could occur without the need of external
substances in vulnerable individuals [1]. Note that in the
case of binge eating, the nature of the addiction-like sub-
type is still debated: whereas some authors propose that
it could be conceptualised as a behavioural addiction to
eating (similar to gambling or compulsive gaming), oth-
ers propose that it should rather be considered as an addic-
tion to high fat/sugar foods (similar to substance addiction)
[68].

Similar to habits, Pavlovian motivational mechanisms are
also triggered by environmental cues. This common char-
acteristic led many authors to think that the interaction be-
tween the habitual and the Pavlovian control could be key
for understanding the emergence of compulsive reward-
seeking behaviours [3, 12, 15, 69, 70]. Despite this hypoth-
esis’ potential, a clear computational model underlying this
interaction is still lacking.

It is important to note that theories of addiction have long
postulated the existence of parallel and potentially inde-
pendent processes with different degrees of automaticity
and awareness, such as automatic action schemata and the
subjective feeling of urge [71]. Recent theoretical accounts
distinguish several separable entities such as craving and
relapse [49, 72]. Although the cue-triggered mechanisms
we described are thought to lead to relapse, they are not
necessarily involved in craving. Inversely, although goal-
directed mechanisms could lead to craving and explicit de-
sire for a substance, they will not necessarily lead to re-
lapse [49, 72].

The influence of stress on relapse

Addiction has been defined as a chronically relapsing dis-
order [56], a relapse after periods of abstinence being in
its intrinsic nature [73]. A classical observation in clinical
studies is that stress is a critical factor associated with re-
lapse [6, 73–75] in individuals who abuse cocaine [76], al-
cohol [77] and nicotine [78]. The consistency of this obser-
vation has given rise to a new recent research line aiming
at understanding the neuropsychological mechanisms un-
derlying stress-induced relapse [6, 73–75].

Stress has typically been conceptualised in the framework
of emotion research [79], with current conceptualisations
in affective neuroscience considering that each emotion
is composed of two phases: (1) an emotion elicitation
process, mainly driven by appraisal mechanisms, that elic-
its (2) the emotion response composed of a psychophysio-
logical bodily reaction, a motor expression, an action ten-

dency and a feeling [80, 81]. Although there are theoretical
debates concerning whether stress can be considered a typ-
ical emotion or not, in particular because of its relatively
long duration compared with typical emotions, it is con-
ceptually useful to distinguish between these two phases.
In terms of elicitation, an event is usually stressful when
the individual (1) appraises the event as threatening to their
physiological and psychological integrity and (2) apprais-
es their resources as insufficient to successfully cope with
such an event [82]. Generally, in everyday life, powerful
stressors are situations representing a threat to the self be-
cause of a form of social evaluation such as being judged
by other people [83]. The stress response includes cogni-
tive, affective, and physiological components. Research on
stress and reward-seeking behaviours mainly focuses on
the physiological component that is characterised by the
activation of dopaminergic and noradrenergic systems [84,
85], the sympathetic nervous system as well as the hypo-
thalamic-pituitary-adrenal axis (HPA) [86]. The activation
of the HPA leads to the secretion of glucocorticoids (cor-
tisol in humans) and numerous other hormones, neuropep-
tides and neurotransmitters [87]. Important individual dif-
ferences exist with respect not only to stress elicitation but
also to how people adapt after a stressful episode, for in-
stance, as a function of resilience factors [88].

Strikingly, recent evidence suggests that stress might am-
plify the control that cue-triggered mechanisms exert on
behaviour (i.e., habitual and Pavlovian controls), which are
thought to underlie the transition from voluntary to com-
pulsive reward-seeking behaviour [1, 3] and to play a crit-
ical role in relapse [49].

Growing evidence shows that stress shifts the control to-
ward stimulus-response striatal mechanisms increasing the
imbalance between habitual and goal-directed behavioural
controls. As previously described, this imbalance is be-
lieved to underlie the transition from voluntary to compul-
sive substance consumption [3, 48]. Animal literature has
demonstrated that stress reduces rodents’ sensitivity to out-
come devaluation – the classical marker of habitual be-
haviour. Stressed rodents kept performing an instrumen-
tal action (e.g., pressing on a lever) even if it led to an
outcome (i.e., food) that had been devalued, whereas non-
stressed rodents adapted their behaviour to the new out-
come value [89]. Translational studies on a human popu-
lation show similar findings. A behavioural induction of a
stressful state decreased the individuals’ sensitivity to out-
come devaluation: stressed participants kept performing an
instrumental action even when it was leading to a food out-
come that had been previously devalued [85, 90]. This bias
toward habitual behaviour appears to be induced by the
physiological stress response, particularly by the concur-
rent activation of the glucocorticoid and noradrenergic sys-
tems [91–94]. Research on the influence of stress on habits
and goal-directed actions provided the foundation for a
new line of studies investigating the neuro-computational
mechanisms underlying this stress-induced bias toward ha-
bitual behaviour. Evidence from these studies suggests that
stress might impair the prefrontal circuitry supporting the
model-based computation underlying the goal-directed ac-
tions and might increase the striatal activity supporting the
model-free computation underlying habits [95–97].
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This promising line of research suggests an interesting
mechanism might underlie stress-induced relapse in sub-
stance addiction: Under stressful conditions, the organism
mainly relies on striatal model-free mechanisms, with en-
vironmental cues triggering habitual substance-seeking be-
haviour, no matter whether the substance is currently liked
or not, and independently of the organism’s current goals
(e.g., the goal of not consuming the substance). The habit-
ual control determines what kind of behavioural routine is
executed (i.e., whether a specific substance-seeking behav-
iour is initiated upon cue perception). However, it does not
appear to determine the motivational intensity with which
these behavioural routines are executed (i.e., the amount
of effort mobilised in a specific substance-seeking behav-
iour). The motivational intensity determining effort mobil-
isation seems to be rather controlled by Pavlovian mecha-
nisms [3, 58, 98, 99].

Pavlovian cues have a powerful motivational influence on
behaviour [19–22, 100–103]. The motivational influence
of Pavlovian cues (e.g., food-associated sounds) critical-
ly depends on the physiological state (e.g., hunger) of the
organism at the moment of the Pavlovian cue perception
[104–110]. A famous series of studies conducted on ro-
dents demonstrated that increased mesolimbic dopamine
activity amplifies the motivational control exerted by the
Pavlovian cues [103, 107, 108]. Interestingly, manipula-
tions of stress hormones may have similar behavioural
consequences than manipulations of mesolimbic
dopamine. In an experiment, researchers injected the nu-
cleus accumbens of a rodent population with corti-
cotrophin-releasing factor (CRF) – a hormone critically in-
volved in the physiological stress response. The rodents
with an elevated CRF neurotransmission invested three
times more energy into reward-seeking behaviours after
perceiving Pavlovian cues than the rodents that did not re-

ceive the CRF injections [111]. Moreover, consistent re-
sults have been found in humans: participants who had
an elevated cortisol level after a behavioural induction of
stress mobilised more energy in reward-seeking behav-
iours upon the presentation of Pavlovian cues than par-
ticipants who were not stressed [102]. These findings are
in line with the incentive salience hypothesis: stress does
not globally increase reward-seeking behaviours but rather
makes the organisms more reactive to cues that have been
associated with a reward (i.e., Pavlovian cues). The effects
of stress are therefore contingent on the perception of
Pavlovian cues, meaning that stress is not supposed to in-
crease spontaneous reward-seeking behaviours when a cue
is not present. The amplified cue-triggered motivational
bursts decay quickly after the Pavlovian cue is removed
but re-appear quickly when the Pavlovian cue is re-en-
countered [112].

Research showing that stress increases habitual and
Pavlovian controls, but not goal-directed control, suggests
that stress-induced relapse might critically depend on the
interaction between stress and the encounter of some envi-
ronmental substance-associated cues. These cues can trig-
ger stimulus-response habits and/or Pavlovian motivation-
al bursts. Crucially, cues associated with previous
substance consumption are particularly difficult to ignore:
these cues are perceptually salient and the individual’s at-
tention is rapidly and involuntarily oriented toward them
(i.e., attentional bias) [24, 113–116]. Evidence suggests
that stress amplifies this attentional bias toward substance-
associated cues in individuals reporting problematic sub-
stance consumption [117, 118]. Such research illustrates
how a stressed person is more likely to detect environmen-
tal cues associated with the substance they are addicted to
(fig. 3).

Figure 3: Illustration of the proposed influence of stress on reward-seeking behaviours. The plus and minus signs symbolise the influ-
ence of stress. Stress increases the Pavlovian and the habitual controls (driven by environmental cues) over the goal-directed control (driven
by the representation of an individual’s current goals). The increased Pavlovian control enhances the perceptual salience of reward-associated
environmental cues and the perception of these cues triggers habits determining which action is executed. Pavlovian motivational bursts also
determine how much effort is invested in this action.
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The typical “relief” assumption proposes that stressed indi-
viduals (e.g., after a conflict with a significant other) seek
substances (e.g., consuming cannabis) in the hope that the
reward (e.g., the cannabis) will provide some relief from
the negative affective state related to the stress. Although
this might be the case, the stress amplification of cue-trig-
gered control we described in the previous section relies on
mechanisms different from the attempt to reduce a stress-
induced negative affective state. Those substance-seeking
behaviours would be driven by the goal of reducing a
state of distress, therefore relying on the representation of
some of the substance’s value properties (e.g., providing
relief). On the other hand, substance-seeking habits are
possibly completely independent of any kind of substance
value representation: cues trigger reward-seeking behav-
iours, even if there is no explicit goal to consume the re-
ward, and even if the reward is currently devalued by the
individual [3, 14, 58]. Similar to habits, the stress ampli-
fication of Pavlovian motivation appears to be indepen-
dent of the reward’s hedonic properties as such. Prelim-
inary evidence indeed suggests that stress might activate
the neuronal network underlying cue-triggered motivation
without altering the network underlying pleasure [98, 111].
Stressed participants mobilise more effort upon perception
of Pavlovian cues, but they do not appear to enjoy the re-
ward more when they finally obtain it [102]. Therefore, it
is possible that under stress the substance is sought because
the individual thinks that it would reduce negative affect
but, in fact, such a phenomenon relies on mechanisms dif-
ferent from the amplification of cue-triggered controllers;
notably, it relies on goal-directed processes. This implies
that these two phenomena (cue-triggered substance-seek-
ing behaviour versus a substance sought with the goal of
decreasing negative affect) can co-exist but also exist inde-
pendently from each other, so that it is possible that stress
increases substance-seeking behaviours independently of
the hedonic properties of the substance and the intention of
down-regulating stress.

An interesting recent account proposes that the influence
of stress on substance-seeking behaviours could be circular
[119, 120]. We reviewed evidence suggesting that the
stress-induced shift from goal-directed to habitual control
relies on the activation of the glucocorticoid system
[91–94], but strikingly, the consumption of addictive sub-
stances (e.g., nicotine, cannabis, alcohol, stimulants and
opioids) increases the level of glucocorticoids (for a review
see [119]). Although this substance-induced increase of
glucocorticoid does not correlate with a subjective feeling
of negative affect classically experienced under stress, it
has been proposed that it contributes to the consolidation
of cue-response memories supporting habitual learning
and cue-affect memories supporting Pavlovian learning.
The actual substance consumption may thereby reinforce
the strength of the Pavlovian and habitual controls through
neuronal mechanisms shared with those involved in stress-
induced relapse. This implies that relapsing and consuming
could make the individual more vulnerable to relapse un-
der stress in the future.

In sum, converging evidence from animal and human lit-
erature suggests that stress increases the control of cue-
driven controls (Pavlovian and habitual) over the goal-di-
rected control. Recent neuropharmacological studies shed

some light on the neuronal mechanisms underlying this
shift. They suggested that the combined increase of glu-
cocorticoids and noradrenaline induced by acute stress in-
creases the activity of the striatal brain region known to
be involved in cue-driven control and decreases the ac-
tivity of brain areas such as the hippocampus and the or-
bitofrontal cortex that are known to be involved in goal-
directed processes [121, 122]. This shift is thought to be
orchestrated by the amygdala: the increase of noradrena-
line and glucocorticoids acts through mineralocorticoid re-
ceptors increasing the amygdala-dorsal striatum connec-
tivity and reducing amygdala-hippocampus connectivity
[122]. The stress-induced shift of the neuronal network ac-
tivity could potentially create a situation in which individ-
uals are vulnerable to relapse in substance addiction. In-
deed, it could make individuals (1) more prone to perceive
substance associated cues, (2) more likely to react upon
their perception with substance-seeking habits invigorat-
ed by Pavlovian motivation and (3) less likely to inhib-
it these processes through voluntary and effortful goal-di-
rected control.

Individual vulnerabilities to relapse under
stress

Similar to most clinical observations, stress-induced re-
lapse is subject to a large individual variability. For in-
stance, the stress-induced shift from model-based to mod-
el-free dominant computations is modulated by the
individual’s working memory capacities. Model-based
computations seem to rely on working memory [96] and
stress depletes working memory resources. In stressful sit-
uations, individuals with large working memory resources
tend to choose model-based computations more often than
individuals with lower working memory resources [96,
123]. Given the clinical relevance and the large variability
of relapses under stress, there is a strong interest in in-
vestigating whether there are specific markers of relapse
risk. The identification of vulnerability profiles could ac-
count for the individual variability observed in clinical
practice and, even more importantly, represent a target
for new treatments to prevent relapse. Several approaches
have been taken in the quest to identify risk profiles. Tra-
ditionally, this line of research aimed at finding biological
markers, and identified two potential markers of vulnera-
bility: the role of D2 dopamine receptors’ down regulation
in the ventral striatum [124, 125] as well as the individual’s
physiological responsivity (e.g., measured by adrenocorti-
cotropic hormones) to stressors [120]. A recent approach
has proposed to identify vulnerabilities through compu-
tational phenotypes [126]. In this new approach, a cog-
nitive process (e.g., instrumental learning) is formalised
in a mathematical model that contains a set of free pa-
rameters (e.g., a learning rate that defines how quickly
an individual learns). These free parameters are estimat-
ed based on the neuronal, the peripheral physiological, or
the behavioural data collected from an individual perform-
ing a particular task (e.g., a learning task). A computational
phenotype is thus a set of parameters derived from an indi-
vidual’s performance allowing characterisation of their in-
dividual cognitive style [126]. This approach suggests that
an individual’s predisposition to a model-free rather than
model-based cognitive style may represent a computation-
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al phenotype underlying several disorders involving com-
pulsions, from substance addiction to obsessive compul-
sive disorders [44].

Moreover, individual differences in cognitive styles have
also been proposed to represent a vulnerability factor for
addiction in the literature investigating Pavlovian condi-
tioning in rodents [127, 128]. Surprisingly, despite the
ubiquity of Pavlovian conditioning in the animal kingdom,
the exact value computations underlying Pavlovian learn-
ing have not been elucidated. Traditionally, neurobiologi-
cal substrates of Pavlovian conditioning have been mod-
elled through model-free reinforcement learning [129,
130]. More recently, it has been suggested that model-
based mechanisms could also support Pavlovian learning
[62, 109, 110, 131, 132] or even other mechanisms that do
not appear to be easily classified into the model-based or
model-free taxonomy [131]. Such heterogeneity of Pavlov-
ian learning mechanisms might be the basis of individual
differences in what is one of the most basic forms of cog-
nitive processes. In animal studies, such individual differ-
ences have consistently been observed during the presen-
tation of the Pavlovian cue (e.g., a cue associated with
food delivery in a cup) [127, 128, 133]. Some animals ap-
proach and engage with the Pavlovian cue itself (e.g., ap-
proach the cue), whereas other animals approach the loca-
tion where the food will be delivered (e.g., approach the
cup). Animals that approach the Pavlovian cue are consid-
ered sign-trackers and animals that approach the location
of the reward delivery are considered goal-trackers [127,
128, 133]. These behavioural differences seem to be under-
lain by distinct neuro-computations: goal-trackers appear
to use cortical model-based mechanisms while sign-track-
ers mainly rely on model-free striatal dopaminergic signals
[133, 134] (fig. 3).

In rodents, findings suggest that these individual differ-
ences observed during Pavlovian learning can predict com-
pulsive substance-seeking behaviours [135–140]. This has
been tested by identifying sign- versus goal-tracking
propensities in Pavlovian conditioning involving food re-
wards, and subsequently exposing the sign- and goal-track-
er animals to the environment where they could self-ad-
minister the substance. Animals identified as sign-trackers
showed several compulsive substance-seeking behaviours
that animals identified as goal-trackers did not show. Com-

pared with goal-trackers, sign-trackers had a higher pref-
erence for cocaine over food [140]. Strikingly, sign-track-
ers exhibited very robust cue-triggered substance-seeking
behaviours, whereas goal-trackers appeared to be less sus-
ceptible to the influence of environmental cues. In sign-
trackers, the presentation of a substance-associated cue
triggered strong substance-seeking behaviours even after a
long period of time (e.g., several days) when the substance
was no longer available [135]. Moreover, upon the presen-
tation of a substance-associated cue, sign-trackers showed
reward-seeking behaviours that persisted despite the pres-
ence of aversive consequences [136, 138, 139]. Sign-track-
ers’ increased responsiveness to substance-associated cues
could represent an important vulnerability to relapse under
stress. As previously mentioned, stress amplifies the con-
trol of cue-triggered mechanisms such as Pavlovian mo-
tivation and habits. Individuals with sign-tracking tenden-
cies – being attracted to environmental cues – could be
particularly vulnerable to the influence of stress on their
substance-seeking behaviours (fig. 4). Therefore, individ-
ual differences in Pavlovian learning appear to represent
a promising phenotype for the vulnerability to relapse un-
der stress in addiction. Relapses under stress are typically
triggered by substance-associated cues and sign-trackers’
behaviour appears to be highly sensitive to environmental
cues. Although individual differences in Pavlovian learn-
ing have only been directly investigated on compulsive
substance-seeking behaviours, it is nonetheless likely that
they could represent a more general trans-diagnostic phe-
notype for diverse kinds of compulsive reward-seeking be-
haviours underlying symptoms in a variety of psychiatric
disorders such as gambling or binge eating.

Despite the potential contribution that sign- versus goal-
tracking propensities could have for identifying risk pro-
files for substance addiction, the development of para-
digms measuring these individual differences in humans is
just beginning [141–143]. A consistent amount of research
has shown that – similar to animals – humans can also be
attracted to the Pavlovian cue themselves and, typically,
human attention is very rapidly oriented toward Pavlov-
ian cues [24, 116]. However, to date, only a few studies
have systematically investigated the individual differences
in human sign- versus goal-tracking behaviours [142, 143].
These new translational studies are developing paradigms

Figure 4: Schematic summary of the described differential mechanisms relative to goal-directed actions versus habitual responses.
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that measure conditioned approaches toward the Pavlovian
cue or the location of the reward delivery in a human popu-
lation. This first evidence suggests that the interindividual
differences observed in animals are also present in humans.
If these differences were to be consistently replicated in fu-
ture studies, it would be important to test how human sign-
trackers react to cues under stress compared with human
goal-trackers and whether, like animals, they also rely dif-
ferently on striatal networks in decision-making process-
es. Importantly, the study of a human population would al-
so allow us to directly test whether individuals who show
sign-tracking behaviours in Pavlovian conditioning para-
digms are also the ones who report a higher rate of relapse
under stress.

In this review, we specifically focused on the role of stress
and relapse in compulsive reward-seeking behaviours.
However, a multitude of other mechanisms have been de-
scribed as being involved in addiction, such as cravings un-
derlined by goal-directed processes [49], and consumption
driven by the motivation of reducing withdrawal (e.g., the
negative emotional state that emerges when the access to
the substance is prevented) [144]. In sum, there are many
paths that can lead to substance addiction and very differ-
ent mechanisms that could be at play in different individ-
uals. If future translational research succeeds in identify-
ing sign- versus goal-tracking propensities in humans, this
could provide a promising target for personalised clinical
interventions to prevent a particular kind of relapse in sub-
stance addiction but as well as in other different disorders
characterised by compulsive reward-seeking behaviours.

Concluding remarks

Recent research in human affective neuroscience shed light
on the mechanisms that might underlie stress-induced re-
lapse in addiction. Stress appears to shift the balance be-
tween the different behavioural controllers favouring cue-
driven over goal-driven mechanisms. This shift makes it
so that substance-associated cues are more likely to trigger
habitual behaviours as well as Pavlovian motivation, there-
by eliciting rigid motivationally intense habitual behav-
iours that are very difficult to inhibit.

These mechanisms, however, do not appear to be specific
to addiction but rather underlie compulsive reward-seeking
symptoms in a variety of psychiatric disorders such as
gambling or binge eating. Models drawn from affective
neuroscience could provide a trans-diagnostic framework
for the investigation of large individual differences in
stress-induced relapses, which are observed in clinical
practice. This line of research aims at identifying individ-
ual profile risks for disorders characterised by compulsive
reward-seeking behaviours. This could help the develop-
ment of personalised evidence-based treatments targeting
specific neuro-computational mechanisms rather than di-
agnostic categories.
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