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Motivation, attention, and
uncertainty: insights from animal
and human research and
implications for addiction

Michelle Heck?, Etienne Quertemont!* and Patrick Anselme?

tPsychology & Neuroscience of Cognition—PsyNCog, Université de Liege, Liege, Belgium,
2Department of Biopsychology, Ruhr-University Bochum, Bochum, Germany

Motivational and attentional processes jointly determine how environmental
cues influence behavior. Reward-predictive cues can acquire incentive salience,
automatically capturing attention and eliciting approach responses even in
the absence of deliberate intention, a phenomenon central to both adaptive
behavior and certain forms of psychopathology. This review integrates animal
and human evidence to examine how cue-triggered motivation and attention
interact, and how these interactions are shaped by reward uncertainty, a
dimension that has received limited interest in human research despite its
robust effects in animals. Across species, uncertain or variably reinforced cues
reliably intensify motivated behaviors. In animals, they enhance sign-tracking and
promote persistent cue-directed responding, while in humans, paradigms such
as uncertainty-modulated attentional capture (UMAC) show that uncertain cues
exert a greater pull on attention, even when this impairs performance. We argue
that these effects reflect an evolutionarily conserved mechanism that biases
organisms toward exploration and information-seeking under unpredictable
conditions. However, the same mechanisms can become maladaptive in modern
environments, such as gambling or drug use, where artificially amplified reward
signals can mimic or exaggerate the motivational impact of uncertainty,
leading to compulsive cue attraction. By bridging motivational and attentional
perspectives across animal and human research, this review offers a unified
framework for understanding how reward cues gain motivational significance,
how uncertainty modulates these processes, and why they may contribute to
vulnerability in addiction-related behaviors.

KEYWORDS
addiction, attentional capture, incentive salience, motivation, reward, uncertainty

1 Introduction

Environmental cues exert a powerful influence on everyday behavior. In a supermarket,
for example, consumers may attend to specific products simply because a red or yellow
price tag signals a discount, even before consciously evaluating the actual price. Likewise,
the sound of a smartphone notification often elicits an almost automatic urge to check the
device, as this auditory cue has become associated with rewarding social or informational
content. Our understanding of such cue-driven behaviors originates from Pavlov’s (1927)
classical conditioning experiments, which demonstrated that a previously neutral stimulus
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can acquire the status of a conditioned stimulus (CS) when
repeatedly paired with a reinforcing unconditioned stimulus
(US), famously illustrated by dogs salivating at the sound
of a bell preceding food delivery. Pavlov interpreted this
phenomenon as a change in what the dogs learned about
the association between the two stimuli. However, subsequent
decades of animal research have revealed that conditioning also
involves a shift in the organism’s motivational state regarding
the initially neutral stimulus: the CS not only predicts the
timing of US delivery but also becomes imbued with the
motivational salience of the US (Berridge and Robinson, 1998;
Bindra, 1978; Toates, 1986). This capacity for cue-triggered
behavior is highly conserved across the animal kingdom, from
unicellular organisms (Carrasco-Pujante et al., 2021) to “higher”
vertebrates, including humans.

Under some conditions, cue-triggered responses can become
excessively automatic, rigid, and misaligned with an individual’s
broader goals. These characteristics are particularly evident in
addictive behaviors and have been extensively investigated in
laboratory animals. In the context of drug addiction, cue reactivity
plays a pivotal role in both the persistence of addictive behavior
and the heightened risk of relapse among abstinent individuals
(Everitt et al., 2001; Robinson and Berridge, 1993; Wiers and Stacy,
2006; Witteman et al.,, 2015). This incentive process is largely
unconscious and cue-driven, as it requires neither deliberate
choice nor cognitive inference (Robinson and Berridge, 2025). The
capacity of reward-associated cues to capture attention and enhance
incentive salience is not limited to drugs of abuse. Attentional
bias toward reward-paired cues has been documented across
various reward domains, including food (e.g., Deluchi et al., 2017;
Field etal,, 2016; Yokum etal., 2011) and sexual stimuli (e.g.,
Mechelmans et al., 2014; Sklenarik et al., 2020).

Addictive-like effects are also observed in gambling and
gambling-like contexts, which involve mere exposure to reward
uncertainty, i.e., when predictive cues are followed by a
reward or its omission in a random manner. For instance,
rats exhibit stronger responses to a CS that inconsistently
predicts food compared to a CS that consistently predicts food
(Anselme et al., 2013; Glueck et al., 2018; Robinson et al., 2023), an
effect documented across other species as well (Crawford et al.,
1985; Gottlieb, 2004). Notably, reward uncertainty seems to
induce long-lasting increases in cue responsiveness, persisting
even after uncertainty diminishes or disappears (Crawford et al.,
1985; Robinson M. J. F. et al., 2014). In humans, casinos exemplify
gambling environments saturated with cues, such as flashing
lights and celebratory sounds, that are repeatedly presented
both prior to and during reward delivery (Griffiths, 1993;
Noseworthy and Finlay, 2009; Parke and Griffiths, 2006). Over
time, these cues can acquire excessive attractiveness and motivate
individuals to continue gambling (Barrus and Winstanley, 2016;
Brevers et al., 2014; Dixon et al., 2014).

This review proposes an integrative view of how motivation,
attention, and uncertainty interact in a context of reward-predictive
cues influencing motivated behavior in human and nonhuman
animals. We examine how incentive motivation and attentional
priority interact to shape cue-driven behavior, with a particular
focus on the role of reward uncertainty, a dimension that has
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surprisingly been poorly investigated in the human literature
despite its robust effects in animal research. In this article,
we focus specifically on cue-related uncertainty in situations
in which uncertainty is expected and stable over time, as
is typical in most laboratory conditions. Situations in which
uncertainty is unexpected, fluctuates over time (volatility) or is
transient (such as during extinction or reversal learning) may
involve overlapping processes but will not be discussed here
(for details, see Soltaniand Izquierdo, 2019). Risk, as a form
of uncertainty typically distinguished from ambiguity, is also
excluded. In the present review, we are interested in the incentive,
often unconscious and automatic, effects that reward uncertainty
exerts on behavior, even though uncertainty-sensitive neurons
are also found in cortical regions traditionally associated with
higher-order cognitive functions, such as the anterior cingulate
cortex and the orbitofrontal cortex (e.g., Karlsson etal., 2012;
Monosov, 2020; Romero-Sosa et al.,, 2025). The incentive and
addictive effects of reward uncertainty are likely to be more directly
controlled by subcortical regions such as the ventral tegmental
area and nucleus accumbens (Singer et al., 2020). By bringing
together findings from animal models and human paradigms,
we highlight how uncertainty can amplify the impact of reward-
associated cues and fundamentally alter their processing. Table 1
summarizes converging findings from both animal and human
studies on the effects of uncertainty, alongside the key theoretical
explanations proposed in the literature and discussed throughout
this paper. Finally, we consider the functional significance of
these uncertainty-driven effects, emphasizing their adaptive role
in exploration and information-seeking, as well as their potential
to become maladaptive in modern contexts such as gambling
and addiction.

2 Animal research

2.1 From incentive motivation to addiction

Before examining how expected reward uncertainty alters
behavior, we first provide a brief overview of incentive motivational
processes (Section 2.1) and their interaction with attentional
mechanisms (Section 2.2). Indeed, these two dimensions are
consistently highlighted as key determinants of basic reactivity to
this form of uncertainty in the animal literature (Section 2.3).
In Pavlov’s (1927) seminal experiments on CS-US associations in
dogs, the animals were restrained during measurements because
Pavlov’s primary interest concerned physiological responses, such
as salivation and gastric secretion, under tightly controlled
conditions. Had the dogs been free to move, Pavlov might have
observed some individuals approaching the ringing bell prior to
food delivery. Decades later, such cue-triggered approach behavior
was termed sign-tracking (Hearst and Jenkins, 1974) and is now
understood to reflect not only associative learning but also incentive
motivation, conceptualized through the notion of incentive salience
or “wanting” (Berridge and Robinson, 1998). In other words, sign-
trackers do not merely recognize the CS as a predictor of reward;
they attribute to it a motivational value that makes the cue attractive

frontiersin.org


https://doi.org/10.3389/fpsyg.2026.1796424
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Heck et al.

10.3389/fpsyg.2026.1796424

TABLE 1 Comparative summary of uncertainty-driven modulation of cue-guided behavior in rodents and humans.

Context Population Effect

Pavlovian conditioned Non-human 4 Sign-tracking and 1

approach behavior animals DA release in

sign-trackers

Proposed explanations

Reward uncertainty continuously signals that learning is incomplete, thereby
maintaining elevated mesolimbic dopamine levels (Schultz et al., 1993).
Uncertainty-driven behavior mostly results from effort mobilization via HPA
axis and locus coeruleus to increase success rate (Anselme, 2025).

Uncertainty directly contributes to information- and novelty-seeking,
meaning the strategy may disambiguate context and reduce uncertainty

(Bromberg-Martin and Monosov, 2020; Monosov, 2024).

Early, prolonged Non-human 1 Sensitization process

uncertainty exposure in animals (related to IST)

pavlovian tasks

Early exposure to uncertainty might produce lasting behavioral sensitization,
with effects resembling drugs of abuse and gambling-like tasks (Mascia et al.,
2019; Robinsonetal,, 2015; Singeretal, 2012;
Zack et al., 2014).

Swintosky et al., 2021;

Addictive drugs may artificially trigger phasic dopamine surges mimicking

motivational amplifications observed under unpredictable reward conditions.

UMAC Humans 1 Attentional capture by

“high uncertainty” cues

Cues with high uncertainty attract greater attention because their
consequences potentially require increased monitoring (Uncertainty Principle;
Pearce and Hall, 1980).

Parallel suggested between uncertainty-driven attentional capture and
exploration (Cho and Cho, 2021; Chow et al., 2025; Ju and Cho, 2023;

Le Pelley et al., 2019; Pearson et al., 2024). Uncertainty-related attentional
capture may reflect a functional mechanism to update internal models of

reward contingencies rather than maladaptive distraction.

and desirable in itself. The experimental paradigm that revealed
sign-tracking, and remains widely used, is Pavlovian autoshaping.
In this procedure, each trial consists of presenting a CS (typically
a metal lever for rats) for a few seconds, followed immediately by
the delivery of food pellets into a dish. Training sessions include
multiple trials separated by inter-trial intervals during which no
events occur. Importantly, no instrumental action is required
for reward delivery. Apart from sign-trackers that approach and
interact with (pressing, sniffing, nibbling, biting) the lever CS
due to its acquired motivational properties (Flagel et al., 2007;
Robinson and Flagel, 2009), other individuals, called goal-trackers,
instead approach and inspect the food dish during CS presentation,
anticipating reward delivery (Boakes, 1977). A third group exhibits
an ambivalent profile, alternating between sign- and goal-tracking
behaviors. Figure 1A illustrates sign- and goal-tracking behaviors in
a typical animal PCA task (autoshaping).

exhibit distinct
neurobiological signatures in response to the CS, particularly

Interestingly, sign- and goal-trackers
regarding mesolimbic dopamine release from the ventral tegmental
area to the nucleus accumbens. Well-trained sign-trackers display
a pronounced phasic dopamine surge at CS presentation, which
drives approach toward the cue, whereas goal-trackers show
little or no dopamine release beyond baseline levels at this time
(Flagel etal., 2011b). This dissociation is especially striking
given that both phenotypes acquire the CS-US association with
comparable efficiency (Meyer etal., 2012). These observations,
among others, strongly support the incentive salience theory, which
posits that dopamine confers motivational attractiveness to reward-
predictive cues (e.g., Day et al., 2006; Robinson and Berridge, 2013;
Saunders and Robinson, 2012). Experimental manipulations of
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dopamine release further demonstrate its role in “wanting™
altering dopamine release changes the propensity to approach
a cue without affecting hedonic reactions to the reward (e.g.,
Flagel et al., 2011b; Peciiaetal., 2003). Similarly, dopamine-
deficient mice fail to attribute incentive salience to food-related
stimuli. They do not initiate approach behavior and would
starve even when surrounded by palatable food, due to a genetic
inability to synthesize dopamine. Daily L-Dopa administration is
required to restore feeding behavior (Palmiter, 2008). Remarkably,
these deficits are not due to motor impairments: dopamine-
deficient mice readily climb cage walls and traverse widely
spaced metal grids without difficulty. Moreover, when food
intake is assisted, they consume normal amounts and exhibit
intact hedonic preferences, favoring sucrose over less palatable
options  (Cannon and Bseikri, 2004; = Cannon and Palmiter,
2003).

An alternative interpretation of dopamine’s role in this
context is that it encodes reward prediction error (RPE), a
mechanism fundamental to associative learning (Schultz, 1998;
Starkweather and Uchida, 2021). Under this account, phasic
dopamine responses initially occur at reward (US) delivery
and progressively shift to the CS as learning unfolds, such that
dopamine responses to the CS reflect the predictive value of
the cue (Schultzetal, 1997; Tobler etal., 2006). Although this
shift is robustly observed in sign-trackers, it is noticeably absent
in goal-trackers, which exhibit sustained dopamine responses
to the US across training despite having learned the CS-US
contingency (Flagel etal., 2011b). This pattern challenges a
pure RPE-based interpretation, as both phenotypes should
exhibit similar dopaminergic dynamics, if dopamine is limited
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A. Non-Human Animal PCA Task

Behavior during CS presentation

US delivery
location

B. Human PCA Task (Computerized)

Behavior during CS presentation

(O]

US delivery
location

C. Value-Modulated Attention Capture Task

Behavior during CS presentation

If target identification correct and
fast enough

+0.10€
Total earned: 4.50€

Target :

High-value
distractor

0
5O

Low-value
distractor

FIGURE 1

(A) Rodent PCA task. The first panel illustrates characteristic sign- and goal-tracking behavior in a rodent PCA task. During CS presentation, ST
animals orient toward the retractable lever and may approach, touch, or gnaw it. In contrast, GT animals orient toward the location of impending
reward delivery (the food tray). (B) Human PCA task. The second panel illustrates analogous human ST and GT behaviors in a computerized PCA
paradigm. While the CS (e.g., a fractal image displayed at the top of the screen) is presented, ST individuals show increased dwell time on the CS itself,
whereas GT individuals allocate more gaze time toward the goal location where the reward will subsequently appear (e.g., a coin icon). (C) VMAC
task. The third panel illustrates sign-tracking-like behavior in a VMAC task. Here, ST tendencies manifest as prolonged reaction times when the search
display includes a high-value reward-predicting stimulus relative to a low-value CS. Although this task does not provide a direct behavioral analog of
goal-tracking, sign-tracking is generally considered a continuum; thus, reduced sign-tracking-like effects may be interpreted as more GT-like
behavior.

to encode prediction error. Pharmacological and circuit-level  of dopamine receptors, lesions of the nucleus accumbens, or
manipulations further dissociate predictive learning from  temporally precise optogenetic inhibition of ventral tegmental
incentive salience. For example, systemic or local blockade dopamine neurons during CS presentation selectively disrupt
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the acquisition of sign-tracking while sparing goal-tracking
behavior (Chow et al., 2016; Flagel et al., 2011b; Iglesias et al., 2023;
Saunders and Robinson, 2012).

These findings align more closely with the incentive salience
theory, according to which dopamine release reflects the attribution
of motivational properties to the CS rather than its predictive
value (Robinson and Flagel, 2009). Consistent with this view,
an experimentally induced increase in dopamine can instantly
transform a strongly aversive CS into an intensely “wanted”
stimulus without requiring relearning (e.g., Robinson and Berridge,
2013; Tindell et al., 2009). Integrative models were proposed to
reconcile incentive salience and RPE accounts, suggesting that
dopaminergic RPE signals mediate incentive salience attribution,
with individual differences reflecting the dominance of distinct
learning systems (Dayan and Berridge, 2014; Flagel et al., 2011b;
Huys et al., 2014; Schad et al., 2020). Within this framework, sign-
trackers rely predominantly on dopamine-dependent, model-
free learning processes, whereas goal-trackers depend more
on model-based learning centered on state prediction errors
(SPEs). Consistent with this interpretation, behavioral and
computational studies show that sign-tracking is associated
with stronger model-free reinforcement learning across both
Pavlovian and instrumental domains (Moin Afshar et al., 2023).
Furthermore, recent computational modeling suggests that, during
the transfer phase of a Pavlovian-to-instrumental transfer task,
sign-trackers exhibit slower updating of Pavlovian cue values
rather than an overweighting of Pavlovian values relative to
instrumental action values (Degni et al., 2026). Collectively, these
behavioral, neurobiological, and computational findings converge
on the conclusion that dopamine-dependent model-free learning
underlies incentive salience attribution, providing a coherent
account of individual differences between sign- and goal-trackers.

The attribution of incentive salience to a cue does not
require any conscious awareness; this process has been suggested
to originate in deep brain structures, largely independent of
cortical influences and phenomenal consciousness (Berridge, 2003;
Winkielman and Berridge, 2003). Unlike desires, which can be
pursued or inhibited based on circumstances due to their goal-
directed and cognitive properties, incentive salience may drive
the irrational pursuit of cues, even at the expense of physical
and mental health. Consistent with this view, animal research
has documented the role of incentive salience in addiction.
For instance, numerous studies report that sign-trackers, that
attribute high incentive salience to reward-predictive cues, are more
vulnerable to drugs of abuse than goal-trackers (Flagel et al., 2010;
Saunders and Robinson, 2011; Tomie et al., 2008).

Sign-trackers and goal-trackers differ markedly in their
sensitivity to key features of addiction. Sign-trackers exhibit
reduced behavioral flexibility and stronger cue-driven motivation
compared to goal-trackers. For example, they persist in
approaching the CS even when the associated reward becomes
less palatable (reward devaluation; Morrison etal, 2015) or
when the reward is no longer delivered (extinction; Ahrens et al.,
2016). In contrast, goal-trackers adjust their behavior more
readily to changing contingencies (Pellon et al., 2018; Strand et al.,
2022). Persistence despite negative outcomes is a hallmark of
addictive behavior. Accordingly, sign-trackers display a greater
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propensity to self-administer drugs and to prefer drugs over
food rewards compared to goal-trackers (Tunstall and Kearns,
2015; Versaggi et al., 2016). Furthermore, they are more prone
to relapse when exposed to cues previously associated with
drug consumption (Saundersetal., 2013; Versaggietal., 2016;
Yager etal., 2015). Beyond these behavioral outcomes, sign-
trackers differ from goal-trackers in what has been described as
a “constellation of cognitive-motivational characteristics” that
confers heightened vulnerability to continued drug use following
(Flagel etal.,, 2021; 2018).
Specifically, sign-trackers tend to be more impulsive (Lovic et al.,
2011; Tomieetal, 1998) and to exhibit weaker top-down
executive control (Enkeletal.,, 2019; Koshy Cherian et al., 2017;
Paolone et al., 2013), traits that have been systematically associated

initial exposure Robinson et al.,

with substance use and addiction in humans (Lejuez et al., 2010;
Verdejo-Garcia and Albein-Urios, 2021). Once drug use becomes
established, drugs of abuse exert their addictive potential primarily
through the dopaminergic system. They act as powerful activators
of mesolimbic dopamine pathways and, with repeated exposure,
induce enduring neurochemical changes that sensitize dopamine
neurons (Robinson and Berridge, 1993, 2025). This process, known
as incentive sensitization, represents a pathological overactivation
of the “wanting” system. Unlike normal motivational states
(e.g., hunger, sex, play), which are transient and regulated by
homeostatic mechanisms, drug-induced sensitization is persistent
and leads to exaggerated dopamine responses in mesocorticolimbic
regions, particularly the nucleus accumbens. This enduring change
explains why drug-associated cues remain highly motivational
and can trigger craving and relapse long after withdrawal
symptoms have subsided (Castner and Goldman-Rakic, 1999;
Paulson and Robinson, 1995). Taken together, these findings
suggest that sign-trackers are uniquely vulnerable to addiction
due to their heightened tendency to attribute incentive salience to
reward-predictive cues combined with a cognitive-motivational
profile characterized by impulsivity and diminished executive
control. This vulnerability increases the likelihood of drug
initiation, facilitates the maintenance of drug use, and heightens
the risk of cue-induced relapse. Moreover, with prolonged drug
exposure, incentive sensitization processes further amplify cue
reactivity (but importantly, not only in sign-trackers but also in
goal-trackers, see Kawa et al., 2016).

2.2 Interaction between incentive
motivation and attention:
dopamine—acetylcholine dynamics

Motivation and attention often operate in tandem. Greater
motivation for a stimulus typically biases attention toward that
stimulus. In Pavlovian autoshaping, sign-trackers approach
the CS while goal-trackers approach the food dish, suggesting
that each phenotype allocates more attention to its preferred
cue. But does this difference in preference translate into
differences in attentional performance? A key neurochemical
correlate of attentional performance is cortical acetylcholine,
a neurotransmitter known to interact with dopaminergic
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mechanisms underlying incentive motivation (Sarter et al., 2006;
1999). Paolone et al.
performing a sustained attention task and reported fluctuations

Sarter and Bruno, (2013) examined rats
between periods of good and poor performance, as well as
automatic attraction to salient stimuli, in sign-trackers compared
to goal-trackers (but see Kindedji and Huppé-Gourgues, 2024;
Thériault et al., 2025). The poorer performance of sign-trackers
was attributed to lower extracellular levels of cortical acetylcholine,
a finding consistent with evidence for reduced top-down (cortical,
cognitive) control over behavior in these individuals relative to
goal-trackers (Flagel etal.,, 2011a). Differences in acetylcholine
levels emerged during attentional tasks, although baseline levels
were similar across these phenotypes (Sarter and Phillips, 2018).
Experimental manipulations further support this interpretation:
cholinergic agonists improve sign-trackers’ performance, whereas
antagonists can prevent the development of goal-tracking behavior
(Koshy Cherian et al., 2017; Sarter and Phillips, 2018).
exhibit higher
dopamine activity and lower cortical acetylcholine activity

In summary, sign-trackers mesolimbic
compared to goal-trackers, indicating that these phenotypes
differ neurobiologically in how they process the “meaning” of
the CS. When a CS is detected, the weak top-down regulation
of dopamine by cortical acetylcholine in sign-trackers likely
promotes a bias toward stimulus-driven (bottom-up) attention,
facilitating progressive CS attraction through incentive salience.
For these individuals, the CS becomes a potent incentive stimulus.
In contrast, CS detection in goal-trackers increases acetylcholine
without altering dopamine levels. This top-down cholinergic
control inhibits dopamine neurons, supporting the formation
of expectations and the expression of goal-directed behavior.
Consequently, the CS functions as an informational signal
predicting imminent reward rather than as an attractive object
(Flagel et al., 2011a; Pitchers et al., 2017). Interestingly, however,
the stronger attentional control of goal-trackers in Pavlovian
tasks does not fully protect them from drug-related vulnerability.
Robinson T. E. etal. (2014)
more sensitive to contextual cues than to localized discrete

reported that goal-trackers are

cues. Similarly, Pitchersetal. (2017) found that discriminative
stimuli, signaling drug availability without direct association
with drug delivery, induce stronger relapse in goal-trackers than
in sign-trackers (see also Ndiaye et al., 2024). Finally, following
intermittent access to cocaine self-administration, behavioral
differences between sign- and goal-trackers largely disappear
(Kawa et al., 2016).

2.3 The stimulating effects of reward
uncertainty

The role of uncertainty in modulating cue-driven behavior
is both striking and theoretically puzzling. While the incentive
salience theory provides a robust account of how reward-
predictive cues become attractive, it does not explicitly address
why unpredictability should enhance this effect. Yet, uncertainty
often emerges as a powerful modulator of conditioned approach
behavior, enhancing the motivational value of cues far beyond
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what their predictive value alone would suggest (e.g., Anselme et al.,
2013; Glueck et al., 2018; Hellberg et al., 2019; Kaneko et al., 2025).

In most autoshaping studies, animals are trained under
conditions of reward certainty, where each CS reliably predicts food
delivery. However, when reward delivery becomes uncertain, for
example with only half of the trials randomly rewarded, making
each CS presentation only 50% predictive, a remarkable shift
occurs. Animals exposed to this inconsistent CS-US association
typically exhibit stronger and more persistent sign-tracking
behavior than those trained with a fully predictive CS. This
phenomenon, known as the partial reinforcement acquisition
effect, is now well documented across species (e.g., Anselme et al.,
2013; Crawford et al., 1985; Gottlieb, 2004; Pearce et al., 1985;
Robinson M. J. F. et al., 2014).

This behavioral effect is robust, yet its theoretical basis
remains poorly understood. It seems to contradict the incentive
salience theory, which does not explicitly incorporate reward
probability and would rather predict the opposite pattern, i.e.,
a decrease in sign-tracking when reward likelihood is lower.
According to the incentive salience theory, the CS acquires
motivational value proportional to the reward, which should
diminish under uncertainty (Anselme, 2025; see Zhang et al., 2009;
for a mathematical model of incentive salience). One might argue
that uncertain rewards are inherently valued more than certain
ones (Kahneman, 2011), but such claims extend beyond the original
model and require additional mechanisms not specified in its
original formulation (Anselme, 2025). Interestingly, goal-trackers
exhibit the reverse pattern: their tendency to approach the food dish
decreases under uncertainty (Gottlieb, 2005; Harris and Carpenter,
2011; Navarro etal., 2024). Notably, this reduction in goal-
tracking was observed in conditions where animals had limited
opportunities to interact with the inconsistent CS, which was
presented as a light or tone. When the CS is a lever, both
manipulable and retractable, a substantial proportion of individuals
shift toward a sign-tracking profile and increase their response rates
to the cue under reward uncertainty compared to reward certainty
(Robinson et al., 2015). Beyond probabilistic uncertainty, temporal
uncertainty can also enhance sign-tracking behaviors. Studies
manipulating the inter-trial interval (ITI) show that animals display
stronger cue-directed behavior when the ITI varies unpredictably
than when it is fixed (Kaneko etal., 2025). Also, a longer ITI
introduces unpredictability in the expected timing of both the CS
and the US, making it difficult for animals to anticipate when
reward-related events will occur (Gibbon etal., 1980; Lee et al.,
2018; Mahmoudi et al., 2023).

In addition to increasing their response rates to the CS, sign-
trackers exhibit greater dopamine release during uncertainty rather
than certainty training (Hart et al., 2015). If dopamine is considered
a marker of incentive motivation, this finding presents a conceptual
puzzle: why should uncertainty act as an enhanced appetitive
signal? Uncertainty reduces the predictive value of the CS, making
it less attractive than a certain CS due to a lower transferability
of the reward properties to the CS. Consistent with this, when
animals are given a choice, they almost never prefer uncertain
rewards over certain ones (de Jonge et al., 2008; Eisenreich et al.,
2019; Gneezy et al., 2006; Kahneman, 2011). Therefore, uncertainty
appears more aversive than appetitive, like a challenge to overcome
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rather than a reward cue to pursue (Anselme, 2025). This
interpretation suggests that the dopaminergic surge observed
under uncertainty may not reflect incentive salience. Instead, cue
inconsistency could signal a difficulty that mobilizes effort-related
systems, such as glucocorticoids via the hypothalamo-pituitary-
adrenal (HPA) axis and noradrenaline via the locus coeruleus,
two biological systems not directly involved in incentive salience
attribution (Lopez etal., 2021; Varazzani et al., 2015). However,
moderate glucocorticoid release is known to enhance dopamine
activity (Lemos etal., 2012), making the observed dopamine
increase partly an indirect effect of stress-related mechanisms.
In this view, uncertainty-driven behavior may result from the
combined influence of incentive salience and effort mobilization,
rather than from cue attractiveness alone.

Taken together, these findings suggest that uncertainty-
driven invigoration cannot be attributed to a single mechanism.
Short-term effects likely arise from the combined influence of
stress-related effort mobilization and heightened dopaminergic
activity, whereas longer-term persistence may reflect gradual
incentive sensitization. These processes also interact. When
cues are unreliable, stress-related systems energize behavior
and indirectly enhance dopamine release, such that repeated
exposure to uncertainty progressively sensitizes dopaminergic
pathways and sustains cue attraction over time. In pathological
gamblers, this compensatory stress response appears to collapse
(Biback and Zack, 2015), yet the dopaminergic sensitization
produced by chronic exposure to inconsistent cues persists
(van Holst et al., 2018) rendering these cues particularly compelling
and difficult to resist.

An alternative explanation for the link between reward
uncertainty and dopamine release can be found in RPE theory
(Schultz, 1998). We reported earlier that with repeated exposure
to a CS-US association, the predictive value of the CS increases,
and the dopamine signal gradually shifts from the US to the
CS until the US response disappears, becoming indistinguishable
from baseline activity (Mirenowicz and Schultz, 1994). However,
dopamine continues to be released even after extensive training
when the interval between CS and US is randomly variable, because
the association is impossible to learn (Schultz et al., 1993). In other
words, reward uncertainty continuously signals that learning is
incomplete, thereby maintaining elevated mesolimbic dopamine
levels. Preuschoff and Bossaerts (2007) suggested that dopamine
release does not only serve learning but also the ability to choose
a more rewarding option, compared to a poorer one, as well as
to track prediction risk, i.e., the scaling of prediction errors by
means of the covariance between predictions and prior prediction
errors. The mathematics behind this view captures how reward
uncertainty influences dopamine release, as well as some aspects of
the decision to prefer more potent rewards, which may be relevant
to addictive processes. However, interpreting dopamine release as a
predictive signal has limitations: it does not explain the direction or
intensity of behavior in the absence of a motivational component
(Anselme, 2016), whether the task requires instrumental action
or Pavlovian responses such as sign-tracking. Also, there are
situations in which motivation can be detached from prediction,
that is, where intense “wanting” occurs despite prediction of a
bad outcome (Berridge, 2023). For example, salt-deprived rats
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become instantly attracted by a lever predictive of the delivery of
salt water in their mouth, after learning the aversive effect of this
event in the absence of salt deprivation (Robinson and Berridge,
2013). Similarly, rats develop strong “wanting” about a metal rod
predictive of electric shock, if approaching the rod is associated
with optogenetic stimulation of central amygdala (Warlow et al.,

2020).
Nevertheless, the RPE framework enables a functional
perspective suggesting that behavioral invigoration under

unavoidable reward uncertainty may reflect adaptive exploration
rather than an appetitive response or a simple learning deficit.
Beyond its role as a teaching signal, RPE can redirect attention
toward the broader context when ambiguity arises (Rosas et al.,
2006), a mechanism that facilitates uncertainty resolution in
natural environments. In this perspective, uncertainty directly
contributes to information- and novelty-seeking, in the sense
that this behavioral strategy may disambiguate context and
hence reduce uncertainty (Bromberg-Martin and Monosov, 2020;
Monosov, 2024). Although originally proposed to account for
extinction learning, where the CS becomes ambiguous early in
extinction, this interpretation can be extended to autoshaping
under uncertain reward conditions. RPE signals may trigger
attentional shifts and exploratory behavior aimed at reducing
uncertainty. For example, a dog that repeatedly retrieves a thrown
object focuses exclusively on the task; but if the owner pretends
to throw and hides the object instead, the dog quickly shifts
to sniffing and searching the surroundings. This attentional
reorientation and exploration occur because the previously
rewarded CS (the throwing gesture) fails to predict the expected
outcome. Similar patterns are observed in operant settings, where
early extinction produces heightened behavioral vigor (Shahan,
2022) and increased behavioral variability (Donoso et al., 2021).
A comparable process may underlie sign-tracking amplification
when a cue fails to fully predict reward, an effect that likely reflects
adaptive search behavior rather than a mere failure of learning
or a purely appetitive reaction. This functional view of RPE is
consistent with our suggestion that behavioral invigoration under
reward uncertainty reflects an adaptive response to a challenge that
occurs in the form of CS ambiguity (see also Anselme, 2025).

Dopamine release during uncertainty-related behaviors helps
explain why gambling, and gambling-like situations in animals,
can become addictive. Evidence shows that uncertainty amplifies
or accelerates the sensitization process central to the incentive
sensitization theory of addiction. For example, Gottlieb (2006)
reported that pigeons trained under uncertain reward conditions
pecked a cue far more than those trained with predictable rewards,
and this heightened response persisted even when the cue was
replaced by a novel stimulus. Similarly, Robinson M. J. F. et al.
(2014) exposed rats to sequences of high, moderate, or low
uncertainty in autoshaping tasks. Rats that started with high
uncertainty continued to respond more vigorously to cues
later, regardless of recent conditions. Converging findings across
species suggest that early exposure to uncertainty can produce
lasting behavioral sensitization, effects resembling those seen with
drugs of abuse and in gambling-like tasks (Mascia etal., 2019;
Robinson et al., 2015; Singer etal., 2012; Swintosky etal., 2021;
Zack et al., 2014).
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Dopamine release under uncertainty might also offer clues
about addiction. It is possible that addictive drugs, by artificially
triggering phasic dopamine surges, mimic the motivational
amplification observed under unpredictable reward conditions. If
s0, these drugs could accelerate incentive sensitization and create
an exaggerated motivational state, somewhat analogous to the
invigoration produced by uncertainty, but without the natural
constraints that typically limit this effect in everyday environments.
This interpretation closely follows Redishs (2004) computational
account of addiction in which addictive drugs introduce a non-
compensable dopaminergic prediction error that prevents the value
function from converging. Because this error cannot be canceled
through learning, the value of drug-associated states increases
progressively, biasing action selection toward drug-seeking despite
stable or even superior alternative rewards. Reward uncertainty
may constitute a functional analog of this process. When CS-
US contingencies are probabilistic, the prediction error signal
cannot be fully driven to zero, allowing dopaminergic responses
to persist across trials and sustaining value updating. However, a
motivational account is necessary to explain the behavioral effects
of this process and, in an addictive context, how this process can
persist and cause relapse, even after months or years of abstinence
(Robinson and Berridge, 2025).

Recent developments in Redish’s framework provide further
support for the idea that uncertainty can produce addiction-like
motivational amplification. While the original model (Redish,
2004) attributed addictive behavior to a non-compensable
dopaminergic prediction error induced by drug pharmacology,
later work by his group has generalized this mechanism to broader
failures of internal model updating. Kalhanetal. (2021) show
that dysfunctions in Anterior Cingulate Cortex dopamine circuits
lead to misaligned internal representations in which cues with
high apparent salience—such as drug-predictive stimuli—are
overweighted during learning, while other cues and negative
feedback are underweighted. More recently, Kalhan et al. (2023)
formalized these ideas in a computational salience weighting
model, demonstrating that any condition producing elevated or
volatile prediction errors (including environmental uncertainty)
can produce asymmetric learning, reduced sensitivity to costs,
steeper delay discounting, and persistent cue-driven behavior. This
suggests that reward uncertainty, by maintaining high prediction
error signals, may drive the same kind of salience misattribution
and value distortion attributed to addictive drugs in the initial
Redish model. Interpretations in line with this account have
been recently proposed by Zacketal. (2020), who suggest that
gambling disorder might be a “sensitization-like syndrome caused
in part by chronic exposure to intermittent, unpredictable reward
and mediated by sustained hyper-reactivity of brain dopamine
pathways” (p. 5). The same computational logic extends to modern
digital environments. As recently noted (Clark and Zack, 2023;
White et al., 2024), features such as infinite scrolling, unpredictable
notifications, and swipe-to-refresh interfaces replicate variable-
ratio reward schedules, maximizing anticipation and uncertainty.
These design features might maintain elevated prediction errors,
bias learning toward positive outcomes, and reduce the impact of
negative feedback. Consistent with this view, design features of
online applications that rely on variable reinforcement schedules
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have been suggested to promote dysregulated and addictive online
behaviors (Flayelle et al., 2023).

2.4 Conclusion

Evidence from animal studies demonstrates that reward-
predictive cues can acquire strong motivational and attentional
properties through Pavlovian learning, driving approach behavior
even in the absence of instrumental contingencies. Critically, when
reward delivery is uncertain, these cue-triggered responses are
markedly amplified: sign-tracking intensifies, dopaminergic activity
surges, and attention becomes disproportionately biased toward
reward-associated cues. This pattern suggests that uncertainty acts
as a powerful enhancer of persistent and sometimes maladaptive
engagement with predictive stimuli. These processes operate largely
automatically, independent of explicit expectations or goal-directed
control. Addictive drugs might mimic these uncertainty-driven
effects by artificially inducing phasic dopamine release, thereby
accelerating incentive sensitization and promoting compulsive cue
attraction. While this hypothesis remains to be fully demonstrated,
it offers a compelling framework for understanding parallels
between uncertainty and drug-induced motivational effects. Taken
together, the evidence suggests that uncertainty functions as
a potent modulator of cue-driven motivation, providing a
mechanistic bridge between adaptive learning strategies and the
compulsive behaviors characteristic of addiction.

3 Human research

3.1 Evidence for incentive motivation and
sing-tracking behaviors

Following the same logic as in the animal research section, we
first review human research on motivation and attention (Sections
3.1 and 3.2) before discussing the relatively limited number of
studies explicitly examining reward uncertainty in humans (Section
3.3). Research on incentive motivation and sign-tracking has been
extensively conducted in laboratory animals since the late twentieth
century (Boakes, 1977; Hearst and Jenkins, 1974). However,
systematic empirical investigations of these phenomena in humans
have only begun to emerge more recently (Anselme and Robinson,
2020; Colaizzi et al., 2020; Heck et al., 2025a). In a recent scoping
review, we showed that the paradigms used to assess human sign-
tracking are considerably more diverse than those employed in
animal studies, and that no consensus yet exists regarding the most
appropriate methods to identify individual differences in sign- and
goal-tracking behaviors (Heck et al., 2025a). Among the available
procedures, Pavlovian conditioned approach (PCA) tasks remain
the closest human analog to the traditional autoshaping paradigm
used in animals, and they have been instrumental in demonstrating
the expression of incentive salience in humans. PCA tasks can be
implemented in a physical format, allowing direct interaction with
a predictive cue and a reward receptacle, as in animal research, or
in a virtual, computerized format, where eye-movement measures
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are typically used to infer sign- vs. goal-tracking tendencies. Across
formats, PCA tasks rely on an initially neutral cue (CS) acquiring
predictive value through its association with a reward (US).
Whereas food rewards are universally used in animal autoshaping,
human studies more commonly employ monetary incentives, often
represented by images of coins or banknotes (Cherkasova et al.,
2024; Duckworth etal., 2022; Garofalo and di Pellegrino, 2015;
Schad et al., 2020; Schettino et al., 2024). Figure 1B illustrates sign-
and goal-tracking behaviors in a human PCA task.

Recent findings provide preliminary support for the
existence of ST and GT phenotypes in humans, both in physical
implementations of PCA tasks (Colaizzi et al., 2023; Cope et al.,
2023) and in computerized versions (Garofalo and di Pellegrino,
2015; Hecketal., 2025b; Schadetal., 2020; Schettino et al.,
2024). However, identifying clear-cut phenotypes in humans
is considerably more challenging than in animal models, often
resulting in intermediate or ambiguous categories such as “non-ST”
or “non-GT” (e.g., Colaizzi et al., 2023; Heck et al., 2025b; Joyner,
2019). Several human PCA studies (e.g., Garofalo and di Pellegrino,
2015; Lehner etal., 2017; Schad etal., 2020) have incorporated
a non-reinforced cue (CS-) in addition to the reinforced CS+.
The two cues are perceptually identical, making the CS- a useful
control for determining whether preferential attention to the CS+
reflects genuine motivational attraction rather than a non-specific
attentional bias. Consistent with findings from animal autoshaping,
robust evidence shows that some participants attend to the CS+
more than to the US location, supporting the involvement of
incentive salience in these tasks. Paralleling animal studies,
several human investigations have also reported associations
between sign-tracking tendencies and measures of impulsivity
(Colaizzi et al., 2023; Cope et al., 2023; Garofalo and di Pellegrino,
2015; Heck et al.,, 2025b). Nonetheless, substantial heterogeneity
in experimental methods and analytic approaches, along with the
presence of non-significant findings, often found in dissertations
rather than published articles (Colom, 2023; Doran, 2016; Joyner,
2019), raises concerns about potential publication bias and limits
the strength of current conclusions, although some interesting non-
significant findings have also been published (Cherkasova etal.,
2024; Dinu et al., 2024). More broadly, research using human PCA
paradigms still lacks sufficient replication and validation, making
it premature to assert that stable ST and GT phenotypes exist
in humans (Heck etal., 2025a). Addressing this issue, a recent
study by Badioli et al. (2026) examined the test-retest reliability
of an eye-gaze-based index over a 4-month interval. Although the
measure demonstrated good reliability for detecting sign-tracking,
it showed poor consistency for identifying goal-tracking, yielding
suboptimal overall reliability. These findings underscore the need
for further methodological refinement and the development of
more robust and standardized measures before stable phenotypic
classifications can be confidently established in human populations.

In conclusion, most human PCA studies have focused primarily
on the motivational and behavioral aspects of sign- and goal-
tracking, while giving comparatively little attention to related
processes such as attentional prioritization of reward-related cues
or the influence of reward uncertainty on attentional and behavioral
performance. Yet, as recently emphasized by Le Pelley et al. (2024),
cues that acquire incentive salience are especially likely to capture
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attention, thereby increasing their impact on subsequent behavior.
These authors further argue that a comprehensive understanding of
motivated behavior requires acknowledging how selective attention
shapes the encoding and evaluation of stimuli, processes that
ultimately guide actions and decisions.

3.2 Focus on motivated attention:
value-modulated attentional capture
studies

Although incentive salience and sign-tracking behaviors have
only been modestly explored in humans using PCA paradigms,
a substantial literature has examined how reward history shapes
attentional prioritization, leading to closely related conclusions.
Attention can be defined as “the cognitive mechanisms used to
allocate mental resources to the processing of certain aspects of
sensory inputs” (Le Pelleyetal., 2015; p. 4). But why do we
preferentially attend to some stimuli rather than others? A
widely accepted framework distinguishes three processes that bias
attention toward particular stimuli (Theeuwes, 2019). The first is
stimulus-driven bottom-up attention, whereby physically salient
stimuli (e.g., those that are bright, large, or loud) automatically
capture attention. The second is goal-directed top-down attention,
which is strategically deployed toward stimuli relevant to an
individual’s current objectives. The third is “selection history,”
reflecting persistent attentional biases toward stimuli that have been
associated with reward or other significant outcomes in the past,
independent of physical salience or current goals. This last category
is especially relevant for motivated attention: for instance, one
may instantly notice a €2 coin on the ground not because it is
perceptually striking, but because it is motivationally salient due to
its learned value. Indeed, a considerable body of research shows that
rewards can act as a potent source of incentive motivation for the
control of attention (Chelazzi et al., 2013; Failing and Theeuwes,
2018), enhancing performance across a variety of tasks by
increasing the priority of reward-associated stimuli.

The value-modulated attentional capture (VMAC) paradigm
was specifically designed to examine how reward history shapes
motivated attention. Whereas PCA paradigms focus on overt
approach behavior, VMAC paradigms quantify the attentional
consequences of incentive salience by measuring how strongly
reward-predictive cues draw gaze or slow down task performance.
VMAC refers to the robust finding that stimuli previously
associated with higher rewards capture attention more effectively
than those linked to lower rewards, even when such capture is
detrimental to the task goal (Le Pelley et al., 2015, 2019). In the
standard VMAC task, each trial begins with a central fixation
cross, followed by a visual search display composed of six shapes,
five circles and one diamond, arranged symmetrically around the
cross (Figure 1C). The diamond target and four of the circles
appear in gray, whereas the remaining circle act as a distractor
and is colored according to the reward magnitude it predicts
(e.g., green for a high-value cue worth 500 points, orange for
a low-value cue worth 10 points). Participants are instructed to
identify the orientation of a line segment within the diamond
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(vertical or horizontal). Points are awarded based on response
speed and accuracy, and cumulative performance determines
the final amount of money/points obtained. A commonly used
variant replaces manual responses with eye-movements, requiring
participants to locate the diamond as quickly as possible. Even
though ignoring the distractors is the optimal strategy, participants
reliably exhibit attentional capture by the high-value distractors.
Eye-tracking studies show that gaze is disproportionately drawn
toward these colored stimuli, while reaction-time data reveal slower
detection of the target when high-value distractors are present
(Le Pelley et al., 2015; Pearson et al., 2015). Such findings indicate
that reward-associated cues acquire an elevated attentional priority,
consistent with the idea that motivationally salient stimuli can exert
automatic, bottom-up influence on attentional allocation, even
when this conflicts with top-down goals.

The VMAC effect has been proposed as a potential human
analog of the sign-tracking behavior observed in animal
autoshaping (Albertella et al., 2019; Byrom and Murphy, 2018;
Le Pelley etal., 2015, 2024; Wiersetal, 2021). This parallel
is based on their shared behavioral bases: in both cases, a
stimulus predictive of reward acquires incentive salience, thereby
biasing attention and/or approach behavior toward it. In animal
autoshaping, sign-tracking is expressed through overt approach
and physical interaction with the reward-predictive cue (e.g., a
lever). In contrast, in human VMAC paradigms, sign-tracking is
inferred indirectly from attentional capture, manifested as slower
identification of the target when a high-value distractor is present.
Although the behavioral readouts differ (approach vs. attentional
interference), the underlying mechanism is conceptually similar:
reward-associated cues acquire motivational significance that
competes with, and at times overrides, goal-directed control.
Whether in autoshaping or VMAC tasks, attention and motivation
are tightly intertwined. In both cases, cues endowed with incentive
salience exert a disproportionate influence on behavior, revealing
a common mechanism through which reward history shapes
perceptual prioritization and action. Figure 1 provides a visual
overview of sign-tracking and goal-tracking behaviors, as observed
in PCA tasks in both nonhuman and human animals, as well as in
VMAC tasks.

Yet, the VMAC paradigm does not fully reproduce the
defining characteristics of animal autoshaping procedures
(Anselme and Robinson, 2020; Colaizzi et al., 2020; Heck et al.,
2025a). Several key differences are notable. First, reward delivery
in VMAC is not response-independent; participants must respond
correctly and within a specific time window to obtain points.
Second, the paradigm does not allow a direct comparison between
cue-directed and reward-directed approach behaviors, a central
feature of autoshaping used to distinguish sign- and goal-tracking
profiles. Third, VMAC tasks typically include instrumental
contingencies, such as reward omission following incorrect
or delayed responses, that are absent from classical Pavlovian
procedures in animals. Despite these structural differences, there
is no evidence that VMAC fails to capture processes related to
incentive salience. Rather, it measures these processes indirectly,
through the degree of attentional interference produced by
reward-associated distractors. Importantly, findings from VMAC
studies converge remarkably well with decades of animal research,
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particularly in their consistent associations with addiction-related
traits and behaviors (e.g., Albertellaetal., 2017, 2019, 2021;
Liuetal., 2021; Watsonetal., 2024). Consequently, although
VMAC may be less suited than PCA paradigms for identifying
clear sign- and goal-tracking phenotypes in humans, it nevertheless
provides a powerful tool for capturing differential cue attraction
and attentional bias for reward cues. Consistent with this, a recent
study achieved the first successful back-translation of the VMAC
paradigm to mice and rats (Bradfield et al., 2026), showing that
reward-predictive distractors impair instrumental performance in
rodents in a manner closely mirroring VMAC effects in humans.
Notably, the VMAC effect persisted following outcome devaluation
via conditioned taste aversion, indicating that the attentional
disruption cannot be explained by simple sign-tracking alone or
habitual responding, but instead points to a more compulsive
process. However, these conclusions are based on relatively small
samples, and while the approach is elegant and the findings
promising, replication across laboratories and conditions will be
essential to establish rodent VMAC as a robust back-translational
model of cue-driven attentional capture.

VMAC effects were originally interpreted within the selection-
history framework, according to which prior stimulus-reward
contingencies leave a persistent trace that biases attention
toward previously rewarded cues, even when such attentional
capture is detrimental to current task performance (Le Pelley et al.,
2015). At a functional level, it has been suggested that reward
selection history changes a stimulus’ representation, rendering it
more salient to the visual system (Failing and Theeuwes, 2018;
Theeuwes, 2019). As Failing and Theeuwes (2018) noted, this
mechanism closely mirrors incentive salience: a previously neutral
cue is reshaped at the neural level so that, through its link
to a rewarding outcome, it becomes a powerful attractor of
attention. Thus, a complementary interpretation views VMAC
through a motivational lens, proposing that reward-associated
cues attract attention because they elicit a conditioned “approach-
like” response mediated by dopaminergic signaling. From this
perspective, the learned association between a stimulus and its
reward outcome enhances its incentive salience, thereby granting
it attentional priority even when this conflicts with the individual’s
explicit goals. Supporting this view, converging neurobiological
evidence shows that striatal dopaminergic mechanisms contribute
directly to VMAC. Andersonetal. (2014) demonstrated that
the striatum, a central structure of the basal ganglia involved
in motivational processing, generates an attentional priority
signal for reward-predictive stimuli. Extending these findings,
a subsequent PET study revealed that dopamine release in
the dorsal striatum predicts the magnitude of VMAC, with
higher dopaminergic activity corresponding to stronger attentional
capture by high-value distractors (Anderson et al., 2016). These
results are particularly noteworthy given the well-established role
of dopamine in attributing incentive salience to reward cues
(Berridge and Robinson, 1998) and in the broader neurobiology
of addiction (Robinson and Berridge, 1993, 2025). Together, they
suggest that the attentional biases observed in VMAC reflect
the same dopaminergic processes that underlie cue-triggered
motivation in animal models, reinforcing the translational link
between motivational attention and addiction-related behaviors.
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The role of dopamine in motivated attention has also
been examined through direct comparisons of human sign-
trackers and goal-trackers. In a study by Schad et al. (2020), sign-
tracking was operationalized using a Pavlovian-to-instrumental
transfer (PIT) task, in which a Pavlovian cue-reward association
facilitates subsequent instrumental responding. Eye-tracking,
pupillometry, fMRI and computational modeling were used.
The results indicated that human sign-tracking is primarily
driven by model-free, dopamine-dependent processes that endow
cues with motivational value and influence both attention and
physiological markers such as gaze patterns and pupil dilation. In
contrast, goal-tracking behavior appeared to rely more heavily on
model-based computations supported by higher-order cognitive
processes. This dissociation closely mirrors findings in animal
research: sign-trackers exhibit heightened mesolimbic dopamine
activity but reduced cortical acetylcholine modulation, resulting
in poorer sustained attention and stronger cue attraction,
whereas goal-trackers show enhanced cholinergic regulation
and more stable attentional performance (Flageletal.,, 2011a;
Paolone et al., 2013; Sarter and Phillips, 2018). Consistent with
this framework, Albertella et al. (2017) reported that VMAC was
associated with illicit drug use only among individuals with
low top-down control of selective attention, suggesting that
weaker top-down regulation increases vulnerability to cue-driven,
dopamine-mediated behavior. Together, these findings reinforce
the view that human individual differences in motivated attention
reflect underlying distinctions analogous to those observed in
animal models.

3.3 Effects of uncertainty on human
motivated attention

Although the impact of uncertainty on attentional and
motivational processes, especially on sign-tracking, has been well
documented in nonhuman animals, systematic investigation of
these mechanisms in humans is relatively recent. This emerging line
of research has largely relied on VMAC-based procedures in which
the reward associated with a distractor is made inconsistent, giving
rise to what has been termed uncertainty-modulated attentional
capture (UMAC). The UMAC paradigm offers a controlled
approach to examine how unpredictable reward outcomes alter the
attentional priority of cues, thereby providing a human analog to
uncertainty-driven effects observed in animal conditioning studies.

The UMAC paradigm introduced by Le Pelley etal. (2019)
closely mirrors the traditional VMAC design, with one critical
modification: one distractor is associated with either a high
reward (e.g., 500 points) or a low reward (e.g., 10 points) with
equal probability (50/50: called the “non-predictive” distractor
by the authors, since the upcoming reward magnitude cannot
be anticipated). This manipulation introduces explicit, high
reward uncertainty (50%) while keeping physical stimulus
properties constant, allowing researchers to isolate the effects of
unpredictability on attentional capture.

A growing number of studies have now shown that inconsistent
distractors, i.e., stimuli associated with unpredictable reward
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outcomes, capture attention more strongly than fully predictive
distractors (Cho and Cho, 2021; Chow etal., 2025; Juand Cho,
2023; Le Pelley et al., 2019; Massa et al., 2024; Pearson et al., 2024).
These findings align with the uncertainty principle proposed
by Pearceand Hall (1980), which posits that cues with a
high uncertainty attract attention more because their potential
consequences require increased monitoring. They also parallel
evidence from animal research showing that uncertain cues elicit
heightened motivational and attentional engagement, reflected
in enhanced sign-tracking (Anselme etal., 2013; Gluecketal,
2018; Kaneko et al., 2025). Classical learning theories have long
debated whether attentional allocation is better explained by
the uncertainty principle (Pearce and Hall, 1980) or by the
predictiveness principle (suggesting, conversely, that more reliable
cues attract greater attention, Mackintosh, 1975), for which
evidence has accumulated (e.g., Degnietal, 2025; Tricketal,
2011). Although Le Pelley etal’s (2016) review concluded that
predictiveness effects were historically more robust in human
studies, the authors noted that many earlier paradigms may
not have been suited to adequately test the role of uncertainty.
More recent work has renewed both theoretical and empirical
support for uncertainty-driven attentional prioritization in humans
(Beesley et al., 2015; Folk and Anderson, 2010; Frings et al., 2019;
Morriss et al., 2024). Together, these findings indicate that, under
appropriate task conditions, uncertainty can serve as a powerful
driver of attentional priority, mirroring mechanisms documented
in nonhuman species and reinforcing the translational relevance of
uncertainty-modulated motivated attention.

Additional evidence suggests that the influence of uncertainty
on attention is both rapid and largely automatic. For instance,
UMAC persists even when participants are explicitly informed that
the inconsistent distractor is non-predictive, showing that the effect
cannot be reduced to conscious expectations (Chow et al., 2025).
In line with this, Le Pelley et al. (2019) reported that attentional
capture by inconsistent distractors is maximal on the first eye
saccade, demonstrating an immediate, stimulus-driven bias (see
also Ju and Cho, 2023). Cho and Cho (2021) further observed that
this effect is transient under some conditions, emerging during the
initial block of trials but diminishing thereafter.

These results suggest that UMAC may be short-lived depending
on the experimental context. However, several studies have
documented sustained uncertainty effects across multiple blocks
(Le Pelley et al., 2019; Massa etal,, 2024), indicating that the
persistence of UMAC varies as a function of task parameters or of
the strength of the learned reward associations. Animal research
reveals a contrasting pattern. Once uncertainty invigorates sign-
tracking, the effect tends to be robust and enduring across repeated
trials and sessions (e.g., Robinson M.].F.etal, 2014). These
species differences are not necessarily incompatible. In humans,
rapid habituation of the automatic orienting response may reflect
a diminishing need to monitor an inconsistent cue. In contrast,
in animals, the motivational arousal triggered by uncertainty
remains elevated as long as unpredictability persists. This disparity
may be especially evident in physical PCA procedures, such as
autoshaping, where behavior provides a more direct expression
of incentive motivation than eye-movement-based measures do.
It may also reflect the fact that sign-tracking in animals is
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less constrained by top-down attentional control. Moreover,
human studies indicate that multiple forms of uncertainty
contribute to UMAC (Cho and Cho, 2021; Juand Cho, 2023;
Pearson et al., 2024), paralleling the effects of probabilistic and
temporal uncertainty observed in rodent autoshaping paradigms
(Anselme et al., 2013; Kaneko et al., 2025).

Taken together, these findings suggest that uncertainty
modulates motivated attention through mechanisms that are
broadly conserved across species. Preliminary evidence also
supports a translational account in which reward uncertainty
drives dopamine release, an effect well established in animal
studies but not yet directly examined in the context of UMAC.
Although no human study has empirically tested the link between
dopaminergic activity and uncertainty-modulated attentional
capture, the animal literature showing that uncertainty enhances
dopaminergic signaling (Fiorillo etal.,, 2003; Hartetal., 2015;
Schultz, 1998) provides a strong rationale for anticipating a similar
relationship in humans.

3.4 Conclusion

Human research converges with animal findings in showing
that reward-associated cues exert a powerful influence on attention
and motivation, often overriding goal-directed intentions. Under
conditions of reward uncertainty, these effects are further amplified:
cues associated with variable or unpredictable rewards attract
disproportionate attention and elicit stronger approach-related
tendencies. This uncertainty-modulated attentional capture reflects
rapid and largely automatic processes, likely supported by
dopaminergic mechanisms, that bias behavior toward reward-
predictive stimuli regardless of explicit knowledge or conscious
strategies. Such cue reactivity reveals an implicit motivational
pull that persists even when individuals attempt to ignore
or suppress it. Overall, the human literature suggests that
uncertainty enhances both the attentional and motivational
effects of reward cues, possibly reinforcing the translational link
between uncertainty-driven cue engagement and the mechanisms
underlying addictive behaviors.

4 The adaptive function of
cue-triggered behavior

The association between sign-tracking and vulnerability to
addiction should not obscure the adaptive origins of cue-
triggered behavior. In natural environments, predictive cues
and rewards are rarely separable: the perceptual features of
prey, food odors, or mate-related signals typically provide
reliable, proximal access to biologically significant outcomes.
In many contexts, particularly when rewards are distal or
partially hidden, using the cue itself as a motivational signal
is advantageous. This functional role helps explain why sign-
tracking is evolutionarily conserved across diverse species. As noted
by Krause and Domjan (2017), Pavlovian conditioning evolved
because biologically important events are systematically preceded
by early, predictive cues embedded within natural environments.
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A parallel perspective was suggested in the human attentional
selection literature, where the tendency for reward-related stimuli
to capture attention has likewise been framed as an adaptive
(evolutionary shaped) process (Della Libera and Chelazzi, 2006,
2009; Pitchford and Arnell, 2025).

Uncertainty often enhances the adaptive value of cue
responding. Inconsistent or ambiguous cues draw attention
(Esber and Haselgrove, 2011; Pearce and Hall, 1980) because they
signal that a greater engagement in the task is required (but see
Mackintosh, 1975; O’Reilly etal.,, 2013; Wittmann etal., 2016)
Under such conditions, sign-tracking not only intensifies but
also becomes more prevalent across individuals (Robinson et al.,
2015). Amplification effects observed in animals, such as
prolonged engagement with cues, greater response vigor, and
variability (e.g., Blaisdell etal,, 2016;
Fuentes-Verdugo et al., 2020), can be understood functionally as

increased behavioral

strategies that increase reward discovery in sparse or unpredictable
environments (Anselme and Giintiirkiin, 2018). Computational
foraging simulations support this view. Organisms exposed to
fewer, less predictable cues show greater exploratory variability and
improved survival (Anselme et al., 2017, 2018).

In humans, parallels between UMAC and uncertainty-
driven attentional exploration have been discussed (Cho and Cho,
2021; Chow etal., 2025; Juand Cho, 2023; Le Pelley et al., 2019;
Pearson etal., 2024). These findings align with exploration-
exploitation accounts of decision making, which posit that
uncertainty promotes exploratory attention to reduce future
uncertainty (Beesley et al.,, 2015; Gottlieb et al., 2013). From this
perspective, uncertainty-related attentional capture reflects a
functional mechanism designed to update internal models of
reward contingencies rather than maladaptive distraction.

However, human studies have not yet demonstrated the
full range of “amplification” effects observed in animals,
such as increased cue-directed vigor or behavioral variability.
These phenomena extend beyond attentional capture and
require a motivational framework capable of explaining how
uncertainty energizes behavior and why repeated exposure to
inconsistent cues can foster addiction-like patterns, particularly
in gambling contexts (Anselme, 2025; Anselme and Giintiirkiin,
2019). A comprehensive theory should therefore integrate
both the functional, evolutionarily conserved aspects of sign-
tracking and its maladaptive potential in modern environments
where reward cues are artificially intensified and uncertainty is
systematically engineered.

5 General discussion

Across this review, we examined how reward-predictive cues
shape motivated behavior and attentional allocation in both
humans and nonhuman animals, and how these processes are
strongly modulated by reward uncertainty. Animal evidence
shows that uncertain or partially reinforced cues elicit heightened
sign-tracking behaviors, increased dopaminergic responses,
and persistent approach tendencies (Anselmeetal, 2013;
Hellberg et al., 2019; Mascia et al., 2019; Robinson M. J. F. etal,,

2014). Parallel findings in humans, particularly from UMAC
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paradigms, demonstrate that inconsistent reward cues attract
greater attention than fully predictive ones, even when this
impairs task performance (Choand Cho, 2021; Chow etal,
2025; Juand Cho, 2023; Pearsonetal, 2024). Together, these
observations indicate that uncertainty amplifies cue-triggered
motivation and attentional capture through rapid, automatic
mechanisms operating largely outside conscious control.

The convergence of human and animal data suggests that
sign-tracking under uncertainty and UMAC rely on shared
mechanisms, likely involving dopaminergic systems that attribute
incentive salience to ambiguous cues (Hart et al., 2015; Ju and Cho,
2023; Masciaetal.,, 2019; Massaetal., 2024; Robinson et al.,,
2015; 2019). these
mechanisms may reflect evolutionarily conserved strategies that

Robinson and Anselme, Functionally,
promote exploration and information-seeking in unpredictable
environments (Anselme, 2025; Bromberg-Martin and Monosov,
2020; Frings et al., 2019; Pearson et al., 2024). Heightened attention
to uncertain cues is therefore not inherently maladaptive;
rather, it can support the updating of internal models of
reward contingencies.

A longstanding debate in associative learning concerns whether
organisms allocate attention to cues because they reliably predict
important outcomes or because they remain uncertain and
therefore informative. According to the predictiveness principle
(Mackintosh, 1975), attention is preferentially directed toward
cues that most accurately signal outcomes, facilitating exploitation
of stable contingencies. Conversely, the uncertainty principle
(Pearce and Hall, 1980) proposes that attention is allocated to
ambiguous cues to promote exploratory learning. Contemporary
accounts converge on the idea that both mechanisms operate in
parallel, with their influence varying according to task demands and
learning history.

Human studies support this dual-process view. For example,
Easdale et al. (2019) showed that cues with high predictive validity
receive greater attention, whereas unexpected uncertainty enhances
associability and accelerates learning of new contingencies.
This reciprocal relationship highlights how learned predictive
value guides attention, while attention modulates the rate of
associative learning.

However, greater attention to uncertain cues does not imply
that all cue-triggered behaviors follow an uncertainty-driven
pattern. Studies using Pavlovian-to-instrumental transfer (PIT)
tasks point to a dissociation between attentional orienting and
motivational influence. Trick et al. (2011) found that dwell time
peaked for cues of intermediate predictiveness, whereas PIT effects
increased with cue predictiveness. Therefore, uncertainty promotes
attentional exploration, whereas motivational invigoration of
instrumental responding follows a predictiveness gradient. Recent
findings further support this distinction. Degnietal. (2025)
demonstrated that weakening cue-outcome contingencies during
Pavlovian training reduces the subsequent bias exerted by Pavlovian
cues on instrumental decisions, suggesting that cue predictiveness,
not uncertainty, drives maladaptive Pavlovian interference in value-
based choice.

These observations carry important implications for addiction
and gambling-related behaviors. From a Mackintosh perspective,
drug-associated cues that consistently predict pharmacological
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reward acquire strong motivational control, consistent with
cue-triggered craving and relapse. In contrast, the Pearce-Hall
framework explains why uncertain or intermittently reinforced
cues, common in gambling environments, remain highly attention-
capturing despite limited predictive value. Addiction may reflect a
pathological decoupling of these systems: uncertain cues dominate
attentional orienting and learning, whereas highly predictive
cues exert disproportionate motivational control over action.
Addictive substances may further exacerbate this imbalance by
generating persistent prediction-error-like signals (Redish, 2004),
thereby maintaining both heightened cue salience and strong
motivational impact.

From a neurobiological perspective, addictive drugs may
artificially mimic and amplify the motivational effects normally
produced by uncertainty. Pharmacologically induced dopaminergic
surges can endow drug-associated cues with exaggerated incentive
salience, bypassing natural constraints on uncertainty-driven
learning. In this sense, addiction may hijack an evolutionarily
adaptive system by generating an artificial form of uncertainty-
like stimulation, rendering drug cues irresistibly attractive and
persistently attention-capturing.

Despite these conceptual parallels, important translational
challenges remain. Although the neural bases of uncertainty-
driven cue attraction have been characterized in animals
(Fiorillo et al., 2003; Hartetal., 2015), the relevant biological
mechanisms in humans are only beginning to be investigated.
Dopaminergic involvement has been demonstrated in value-
modulated attentional capture (Andersonetal, 2014, 2016),
but direct evidence linking dopamine release to UMAC is still
lacking, and the role of stress-related systems such as the HPA axis
has yet to be systematically assessed. Moreover, key behavioral
amplifications observed in animals under uncertainty, such as
heightened vigor, persistence, or increased variability, have not yet
been systematically explored in humans.

Strengthening the translational bridge between species will
require several methodological advances. Future research should
(1) develop standardized paradigms for assessing cue-driven
behaviors in humans, including analogs of sign-tracking; (2)
systematically manipulate distinct dimensions of uncertainty
(probability, magnitude, timing) to more closely match animal
studies; and (3) investigate the neurobiological substrates of
UMAC, with particular attention to dopaminergic and HPA-
axis mechanisms. Additionally, identifying individual differences
in susceptibility to uncertainty-modulated attention will be
essential for determining who is most vulnerable to maladaptive
cue reactivity.

Clarifying how uncertainty shapes motivated attention across
species has significant implications for both basic neuroscience and
psychopathology. Mechanisms that evolved to support adaptive
exploration in uncertain environments can, in modern contexts
such as gambling or drug use, be co-opted or exaggerated
by artificial dopaminergic stimulation. A deeper understanding
of these processes will refine theoretical models of incentive
salience and attentional prioritization, while informing prevention
and intervention strategies targeting maladaptive cue reactivity,
whether driven by uncertainty, by addictive substances, or by
their interaction.
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