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A B S T R A C T

Gambling disorder (GD) frequently co-occurs with alcohol use and anxiety disorders, suggesting possible shared
mechanisms. Recent research suggests reward uncertainty may powerfully enhance attraction towards reward
cues. Here, we examined the effects of adolescent ethanol exposure, anxiety, and reward uncertainty on cue-
triggered motivation. Male and female adolescent rats were given free access to ethanol or control jello for
20 days. Following withdrawal, rats underwent autoshaping on a certain (100%-1) or uncertain (50%-1-2-3)
reward contingency, followed by single-session conditioned reinforcement and progressive ratio tasks, and
7 days of omission training, during which lever pressing resulted in omission of reward. Finally, anxiety levels
were quantified on the elevated plus maze. Here, we found that uncertainty narrowed cue attraction by sig-
nificantly increasing the ratio of sign-tracking to goal-tracking, particularly amongst control jello and high
anxiety animals, but not in animals exposed to ethanol during adolescence. In addition, attentional bias towards
the lever cue was more persistent under uncertain conditions following omission training. We also found that
females consumed more ethanol, and that uncertainty mitigated the anxiolytic effects of ethanol exposure ob-
served in high ethanol intake animals under certainty conditions. Our results further support that reward un-
certainty biases attraction towards reward cues, suggesting also that heightened anxiety may enhance vulner-
ability to the effects of reward uncertainty. Chronic, elevated alcohol consumption may contribute to heightened
anxiety levels, while high anxiety may promote the over-attribution of incentive value to reward cues, high-
lighting possible mechanisms that may drive concurrent anxiety, heavy drinking, and problematic gambling.

1. Introduction

Gambling disorder (GD) is characterized by a preoccupation with,
intense desire to engage in, and loss of control over gambling behaviors
[1]. Rates of problem gambling have been steadily increasing over the
past few decades [2–4]. However, some studies report that although a
majority of the population (up to 78.4%) has engaged in some form of
gambling activity, only about 1–5% of individuals report gambling
behaviors and symptoms that resemble addictive disorders [5–8]. This
suggests that there are large individual differences in the susceptibility
to problematic gambling behaviors. For example, the prevalence of GD
appears to vary by age, with adolescents and young adults at a heigh-
tened risk [5,9,10].

GD also frequently co-occurs with other psychiatric disorders, par-
ticularly substance use (SUD) and anxiety disorders [7,11–13], which
have been highlighted as conferring risk for the onset of GD, particu-
larly in adolescence [14,15]. Alcohol for example, is consistently re-
ported as one of the most commonly misused substances by individuals

with GD, with rates of alcohol use disorder two to nine times greater
amongst individuals with GD than in the general population [16,17]. Of
note, anxiety disorders often precede the onset of both GD and SUDs
[7,18]. Individuals with anxiety disorders often report gambling to cope
with anxiety, with several studies supporting anxiety as a significant
correlate or predictor of problematic gambling behavior [19,20], sug-
gesting that individual differences in anxiety may predict gambling
propensity. Gender also appears to play a major role in risk for com-
pulsive gambling, with males consistently reported at higher risk for
problem and pathological gambling [7,21–23]. Additionally, risk fac-
tors for GD vary by gender, with GD in females associated with emo-
tional distress and anxiety disorders while substance use and im-
pulsivity align more closely with clinical presentations in males
[24–26].

Overall, evidence suggests that GD shares many characteristics with
SUDs [8], particularly the ability of Pavlovian conditioned reward cues
to become motivational magnets capable of eliciting powerful cue-
triggered motivation [27–29]. The incentive sensitization theory
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proposes that the excessive attribution of incentive value to reward-
related cues may be a core diathesis in addiction and addictive beha-
viors [30,31]. According to the theory, excessive attraction to rewards
and their cues results from sensitization of mesolimbic dopaminergic
pathways involved in objective craving or ‘wanting’, following repeated
drug use, stress or addictive behaviors, such as gambling [28,32,33].
Individual differences in attentional bias or sensitivity to reward cues
may thus underlie individual vulnerability to addictive spectrum dis-
orders [34,35]. In at-risk individuals, neural reward circuits may be-
come hypersensitized and promote intense craving or ‘wanting’ in re-
sponse to reward-paired cues. Research in humans suggests that
gambling cues, such as the lights and sounds characteristic of slot
machines, can powerfully elicit craving, the urge to gamble, and nar-
rowed attention towards gambling-related cues [36–40].

Reward uncertainty is believed to contribute to the attractiveness
and motivational capacity of gambling [41]. Utilizing Pavlovian Con-
ditioned Approach, or autoshaping, we have shown in rodent models
that reward uncertainty, particularly in the probability and magnitude
of the reward, may enhance attentional bias and the incentive value
attributed to reward cues, measured as sign-tracking, over that of the
impending reward, known as goal-tracking [42–45]. This enhancement
of incentive salience and attraction to reward cues occurs despite the
reduced predictive value of the Pavlovian cue under conditions of re-
ward uncertainty [28,46,47]. Many others have shown in both humans
and rodents that sensitivity to the behavioral influence of reward-paired
cues may mediate the transition from recreational gambling to problem
gambling [48–50]. For example, Winstanley and colleagues demon-
strated that the addition of win-related cues to the rodent gambling task
(rGT) exacerbates risky decision-making [51]. Similarly, studies in
humans have shown that exposure to gambling-related stimuli causes
gamblers to overestimate their wins, promotes further gambling, and
triggers craving, suggesting the ability of such cues to induce relapse
[38–40]. We have also shown that once established, this enhanced cue
attraction generated by reward uncertainty persists even when animals
are transitioned from conditions of reward uncertainty to certainty, in
which the predictive value of the cue is increased [44]. More recently,
Chang and Smith demonstrated that under conditions of reward cer-
tainty, despite changes in the topography of the sign-tracking response,
the attraction and incentive value afforded to predictive cues is re-
sistant to changes in contingencies, such as exposure to an omission
schedule during which lever deflections cancel reward delivery [52].
This suggests that cue attraction remains strong even when it is paired
with negative consequences, such as omission of reward. Uncertain
gambling-like cues may possess even greater resistance to changes in
reward contingencies, retaining their attractive qualities even when
reward contingencies are degraded.

Alcohol and stress, similar to reward uncertainty, have also been
associated with excessive attribution of incentive value to reward-as-
sociated cues [45,53–55]. Sensitivity to stress and alcohol-related cues
is strongly associated with a high risk for relapse, implying that stress
and drug-related cues may similarly promote and maintain addictive
behaviors [56], while in some cases simultaneously increasing anxiety
[57]. In recent studies, alcohol exposure has also been shown to in-
crease risky choices in the rat gambling task [58]. Adolescent alcohol
exposure appears to potentiate dopamine release, increasing attraction
towards Pavlovian reward cues as expressed by decreased goal-tracking
and increased sign-tracking behavior [54]. These results are observed to
an even greater extent for individuals engaging in high alcohol con-
sumption [59]. Together, these findings underscore the potential for
mechanisms and interactions between reward uncertainty, anxiety, and
alcohol use that may sensitize attraction towards reward cues in gam-
bling, subsequently conferring risk for and maintaining problematic
gambling behavior.

Here, we aimed to study how individual differences in adolescent
alcohol use and anxiety may contribute to problematic gambling be-
havior by enhancing the incentive salience of reward-related cues under

conditions of reward uncertainty. In line with the literature to date on
uncertainty, anxiety, alcohol, and reward cues, we hypothesized that
(1) reward uncertainty would enhance attraction to associated cues, (2)
adolescent intake of alcohol would further this attraction towards re-
ward cues, particularly for those with high voluntary intake, and (3)
heightened anxiety would be associated with both increased ethanol
intake and increased fixation on uncertain reward cues.

2. Materials and methods

2.1. Animals and housing conditions

Male and female Sprague-Dawley rats (N = 65; female = 28,
male = 37) were bred in-house and weaned at 21-days of age (PND
21). Animals were housed in groups of 2–3 animals in a temperature
regulated room (68–72 °F) under a 12:12 h reverse light/dark cycle,
and handled for a minimum of three days. Animals were singly housed
from PND 28–48 for the 20-day ethanol exposure. After ethanol ex-
posure, animals were rehoused in groups of 2–3 for the remainder of the
experiment. Rats were initially given ad lib. access to water and chow
(Teklad), and were food-restricted to approximately 90% body weight
prior to the first autoshaping session (PND 60). Animals were weighed
daily during ethanol exposure and weekly for the remainder of the
experiment. Animals were tested in red light conditions for all tasks. All
procedures were approved by the Wesleyan University Institutional
Animal Care and Use Committee.

2.2. Groups and conditions

Rats were first randomly assigned to control and ethanol groups at
28 days of age, controlling for litter and sex. After the ethanol exposure
period, control and ethanol groups were randomly assigned to certain
and uncertain reward contingencies (counterbalanced) for the auto-
shaping task (see Fig. 1A for timeline of experimental procedures). In
the certain reward condition (100%-1), lever presentations (CS) were
always immediately followed by the delivery of 1 sucrose pellet (UCS)
to the magazine dish on every trial. In the uncertain reward condition
(50%-1-2-3), 1, 2, or 3 sucrose pellets were delivered following 50% of
CS presentations to the magazine entry dish. On the other 50% of trials,
no sucrose reward was delivered. Reward was therefore uncertain for
these animals in both probability and magnitude, yet the number of CS
presentations and reward deliveries was identical across all groups. This
yielded four conditions:

– Control Certain: control jello + certain reward (n = 16; fe-
male = 7, male = 9).

– Control Uncertain: control jello + uncertain reward (n = 16; fe-
male = 7, male = 9).

– Ethanol Certain: ethanol jello + certain reward (n = 16; fe-
male = 7, male = 9).

– Ethanol Uncertain: ethanol jello + uncertain reward (n = 17; fe-
male = 7, male = 10).

2.3. Ethanol exposure

2.3.1. Apparatus
A glass jar of gelatin was suspended from the cage top in each an-

imal’s home cage (34.5 × 43.7 × 18.5 cm) by a metal clamp. Each
gelatin jar contained approximately 50 g of control or ethanol jello,
depending on the condition (see Fig. 1B).

2.3.2. Ethanol exposure procedure
Individual differences in ethanol intake were assessed using volun-

tary intake of ethanol gelatin (jello), rather than forced methods of
intake, such as injection procedures [60,61]. Male and female adoles-
cent rats were given free access to ethanol or control jello over a
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