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Abstract

Alcohol use disorder (AUD) is one of the most common but still poorly treated psychiatric conditions. Developing new

treatments requires a better understanding of the aetiology of symptoms and evaluation of novel therapeutic targets in preclinical

studies. Recent developments in our understanding of the reinforcement-based cognitive biases (RBCBs) that contribute to

the development of AUD and its treatment offer new opportunities for both clinical and preclinical research. In this review,

we first briefly describe psychological and cognitive theories that implicate various aspects of reinforcement sensitivity in

the development, maintenance, and recurrence of alcohol addiction. Furthermore, in separate sections, we describe studies

investigating RBCBs and their neural, neurochemical, and pharmacological correlates, and we discuss possible interactions

between RBCBs and trajectories of AUD. Finally, we describe how recent translational studies using state-of-the-art animal

models can facilitate our understanding of the role of reinforcement sensitivity and RBCBs in various aspects of AUD.

Introduction

Alcohol addiction is one of the biggest problems of modern society through its impact on health, social
cohesion, crime, and its comorbidity with other neuropsychiatric disorders. Major advances in genetics and
molecular neurobiology have led to the identification of many of the primary targets of alcohol and revealed
neuroadaptations that develop with its chronic consumption. However, understanding pre-existing cognitive
deficits that serve as substrates compounding the initiation of alcohol use and the development of alcohol
use disorder (AUD) remains a major challenge.

All goal-directed behaviours, including alcohol use and abuse, are composed of two core components: the
decision-making process, which starts with representations of the available options that lead to the selec-
tion of the option with the highest expected value, and reinforcement learning, through which outcomes
are used to refine value expectations. The decisions based on the above-mentioned processes are often
biased by an abnormal sensitivity to positive and negative reinforcement, which results in abnormal sensitiv-
ity to performance feedback, skewed interpretations of ambiguity, inflated expectations, and asymmetrical
belief updating. We have defined this abnormal cognitive processing as reinforcement-based cognitive bi-
ases (RBCBs). While the investigation of cognitive biases has a long history in economics and psychology,
RBCBs in the context of AUD have been much less systematically investigated and, perhaps, neglected.
This is surprising, as most of the decisions regarding alcohol-related behaviours are related to their positive
and negative reinforcing effects. Although the causal role of the RBCBs in AUD has been emphasized by
various psychological theories and investigating the interrelations between biased cognition and AUD could
become a thriving area of research that capitalizes on the newest advances in cognitive neuroscience, psy-
chology, and psychiatry, studying the nature and the extent to which RBCBs play a role in the development
and maintenance of alcohol addiction still faces formidable methodological obstacles and does not provide
definite answers regarding underlying mechanisms.
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. In this review, we first briefly describe psychological and cognitive theories that implicated various aspects
of reinforcement-biased cognition in the development, maintenance, and recurrence of alcohol addiction.
Furthermore, in separate sections, we describe recent studies investigating the RBCBs, their neural, neuro-
chemical, and pharmacological correlates, and possible interactions between RBCBs and trajectories of AUD.
Finally, we describe how recent translational studies using state-of-the-art animal models could facilitate our
understanding of the role of reinforcement sensitivity and RBCBs in various aspects of AUD.

Psychological and cognitive theories and experimental evidence that implicated various aspects
of reinforcement-biased cognition in the development, maintenance, and recurrence of alcohol
addiction

Several psychological theories sought to describe reinforcement-biased processes that are implicated in the
development and progression of AUD (Skinner & Aubin, 2010). According to the allostatic model (Koob,
2003; Koob & Volkow, 2010), the early stages of alcohol addiction are primarily driven by positive reinforce-
ment, which generally refers to the pleasant feelings and social enhancement effects that alcohol provides,
while the later and more severe stages are driven by negative reinforcement, which encompasses relief from
negative affective states such as stress or anxiety. The second model, the incentive-sensitization theory
(Robinson & Berridge, 1993), highlighted increasing subjective ‘wanting’ for alcohol that is driven by hyper-
sensitization of the dopaminergic system, while a related theory postulated by Field & Cox (2008) proposed
that sensitization of the dopaminergic system drives alcohol attentional biases related to alcohol-related cues,
leading to an increased craving. Finally, according to Cox & Klinger (2011), some individuals drink alcohol
for its positive reinforcing properties to increase their positive affective experience (e.g., mood enhancement),
while others drink alcohol for its negative reinforcing properties to dampen their negative emotions and cope
with distress and anxiety (tension reduction). The former, whose drinking is maintained by the rewarding
effects of alcohol, are called ‘reward drinkers’, while the latter are called ‘relief drinkers’ (Ooteman, Koeter,
Verheul, Schippers & Van den Brink, 2006). Based on accumulating experimental evidence, it seems that
there may be distinct types of AUD in which alcohol abuse is differentially driven by various mixtures of the
above-mentioned reinforcement-based processes.

Individual differences in vulnerability to substance use disorders, including AUD, may be explained in light
of reinforcement sensitivity theory (Corr, 2004). According to this hypothesis, every behaviour is governed
by two conceptual brain systems: the behavioural approach system (BAS) and the behavioural inhibition
system (BIS). These two systems differentially respond to the rewarding and punishing effects of alcohol.
The BAS underlies approach motivation, positive affect, and reward learning processes and may contribute
to the acquisition of AUD, while the BIS inhibits behaviour in response to stimuli signalling the loss of
expected reward, uncertainty, and goal conflict and may support the maintenance of AUD (Corr, 2008). The
BIS also gives rise to emotional distress and has been associated with trait negative affect, especially anxiety
(McNaughton & Gray, 2000). Research has suggested that the BAS can be further subdivided into three
different types of reward sensitivity: (a) reward drive, relating to persistent pursuit of desired goals; (b) fun-
seeking, relating to simple biological reinforcers that do not require planning; and (c) reward responsiveness,
encompassing responses related to receiving or anticipating reward (Carver & White, 1994; Corr, 2008).
As alcohol consumption represents a high reward value (Everitt & Robbins, 2005), it is not surprising
that several studies demonstrated a relationship between positive reinforcement sensitivity, particularly in
relation to fun-seeking, and higher alcohol intake, particularly in the form of binge drinking (Feil & Hasking,
2008; Franken & Muris, 2006; Loxton & Dawe, 2001; O’Connor & Paley, 2009; Voigt et al., 2009). It was
also found that BAS sensitivity was related to both desire and negatively reinforcing aspects of alcohol
craving. Subjects with high BAS sensitivity scores experienced significantly stronger desires and intention to
drink alcohol and negative reinforcement craving during exposure to alcohol-related cues than subjects with
low BAS sensitivity scores (Franken, 2002). Furthermore, persons with high BAS sensitivity experienced
high negative reinforcement craving during this exposure (Franken, 2002). The relationship between BIS
sensitivity and alcohol consumption is less clear. Although several investigators reported null associations
between BIS and AUD (Hundt, Kimbrel, Mitchell & Nelson-Gray, 2008; Kambouropoulos & Staiger, 2001;
O’Connor & Colder, 2005), other studies suggested that the BIS, instead of inhibiting behaviour, draws
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. attention to the potential dangers of a situation and functions as a conflict resolution system (Corr, 2008)).
As a result, a more sensitive BIS leads to high anxiety, which could be reduced by indulging in drinking
(Hasking, 2006). Indeed, it has been explicitly proposed that a sensitive BIS acts anxiogenically in response
to health information, which may motivate protective health-related behaviours (Norman, Boer & Seydel,
2005). By the same token, a more sensitive BIS may act as a protective factor due to the avoidance of
potentially risky situations or aversive consequences (e.g., hangovers). This theory has been supported by
several other studies (Kimbrel, Nelson-Gray & Mitchell, 2007; O’Connor, Stewart & Watt, 2009; Pardo,
Aguilar, Molinuevo & Torrubia, 2007) who found a negative correlation between the sensitivity of the BIS
and the frequency and quantity of alcohol consumption. Similar results were reported by Knyazev and
collaborators (2004), who found that a more sensitive BIS protects against substance abuse among youths.
Taken together, it seems that the effects of BAS and BIS on the trajectories of alcohol addiction might be
interactive (Figure 1). Indeed, several experiments demonstrated that high BAS sensitivity coupled with
low BIS sensitivity was associated with significantly increased alcohol use (Kellough, Beevers, Ellis & Wells,
2008; Wardell, O’Connor, Read & Colder, 2011). Moreover, Wardell and colleagues (2011) demonstrated
high BIS sensitivity as a risk factor for subsequent problematic drinking, but only when combined with high
BAS sensitivity. When the sensitivity of BAS was low, BIS sensitivity was demonstrated to be protective
against subsequent drinking. The above-mentioned studies suggested that the relationship between BIS and
problematic drinking is moderated by BAS: in the absence of a sensitive BAS to shift attention towards the
rewarding, tension-reducing properties of alcohol, the aversive consequences of drinking are more salient,
leading to alcohol avoidance (Wardell, O’Connor, Read & Colder, 2011).

The objective investigation of BAS and BIS sensitivity in people abusing alcohol can be conducted us-
ing a framework of neurophysiological and neuropsychological measures. The neurophysiological measures
are mostly based on the peripheral assessment of cardiac and electrodermal reactivity during appetitive re-
sponding for reward and during extinction of appetitive responding (i.e., frustrative non-reward), respectively
(Beauchaine, 2001; Fowles, 1988; Iaboni, Douglas & Ditto, 1997; Tranel, 1983). In turn, the neuropsycholog-
ical evaluation is usually conducted using self-report questionnaires that assess individual differences in BAS
and BIS sensitivity by the degree to which respondents endorse prototypical approach- and avoidance-related
behaviours. This strategy is exemplified in the BIS/BAS scales of Carver and White (1994), which were
developed with the explicit purpose of assessing individual differences in state reactivity of these systems.
Recently, investigators have developed computerized neuropsychological tests to experimentally measure sen-
sitivity to reinforcement (Cools, Clark, Owen & Robbins, 2002; Evers et al., 2005; Paulus, Hozack, Frank &
Brown, 2002; Paulus, Hozack, Frank, Brown & Schuckit, 2003; Slaney, Hinchcliffe & Robinson, 2018). These
tests offer many advantages over conventional pencil-and-paper testing because they standardize aspects of
administration and automate data collection and analysis. One of these tests is the probabilistic reversal
learning (PRL) test, offering an effective way of measuring an individual’s sensitivity to reinforcement by
assessing win-stay and lose-shift behaviours (WSLS) following rewarding and punishing feedback, respec-
tively. In this paradigm, subjects are presented with two (sometimes more) stimuli on each trial and using
trial-and-error feedback after each response, learn to select the stimulus that is usually correct (rewarded on
a majority or punished on a minority of trials) and to avoid the stimulus that is usually incorrect (punished
on a majority or rewarded on a minority of trials). This rule intermittently reverses such that the stimulus
that was usually rewarded becomes usually punished/unrewarded and vice versa. Consequently, responding
must be adjusted to gain the reward and avoid punishment. Rewarded outcomes followed by a decision
to stay with the response that delivered them (win–stays) constitute a measure of sensitivity to positive
reinforcement. Conversely, lose–shift ratios, calculated by dividing punishing outcomes after which the sub-
ject changed the choice by the total number of punished trials on a given stimulus, represent a measure of
sensitivity to negative reinforcement. The use of probabilistic reinforcement increases the complexity of the
task in such a way that the information from any given choice is insufficient to guide future behaviour, and
subjects must engage cognitive functions to track the reward and punishment history for both stimuli to
determine the stimulus that is more beneficial overall. The PRL paradigm has been recently successfully
applied in a number of studies used to investigate the neuroanatomical and neurochemical correlates of re-
inforcement sensitivity in humans and non-human animals (Rygula, Noworyta-Sokolowska, Drozd & Kozub,
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. 2018). These will be discussed in subsequent sections of this paper.

Individual differences in reinforcement sensitivity may influence the acquisition and maintenance of positively
and negatively biased alcohol-drinking outcome expectancies, which can be defined as positively or negatively
inflated beliefs about the effects of alcohol on behaviour, cognition, moods, and emotions (Leigh, 1989). These
expectations, in turn, have a pivotal role in determining decisions about alcohol drinking and trajectories of its
use (Jones, Corbin & Fromme, 2001). Beginning with the seminal work of Brown and her colleagues (Brown,
Goldman, Inn & Anderson, 1980; Goldman, 1994), many studies have documented positively biased outcome
expectancies for engaging in alcohol drinking, together with minimized negative expectancies and poor self-
efficacy or beliefs about one’s ability to cope without alcohol, can maintain addictive behaviours and predict
relapse (Brown, Christiansen & Goldman, 1987; Christiansen & Goldman, 1983; Floyd & Widaman, 1995;
Fromme & D’Amico, 2000; Fromme, Stroot & Kaplan, 1993). In these experiments, alcohol-drinking outcome
expectancies were measured using structured interviews of focus groups and the self-report questionnaires in
which individuals endorse each questionnaire item as to whether or not they hold that particular expectancy.
A sum of the expectancy endorsements representing the individual’s overall alcohol outcome expectancy
is further positively associated with alcohol consumption, e.g., subjects who drank in a frequent, social
manner, expected alcohol to enhance their social behaviour (Christiansen & Goldman, 1983; Lee, Maggs,
Neighbors & Patrick, 2011). Other studies have investigated the potential associations of different categories
of alcohol outcome expectancies with subsequent drinking behaviour. A study by Leeman and collaborators
(2009) found significant associations of euphoria and social enhancement expectancies with binge alcohol
use, while the study by Pabst and colleagues (2010) found the same association concerning sexual and social
relationship enhancement expectancies. Other cross-sectional and longitudinal studies have demonstrated
that greater numbers of positive alcohol outcome expectancies are associated with greater numbers of negative
consequences independent of the level of consumption (Blume & Blume, 2014; Blume, Lostutter, Schmaling
& Marlatt, 2003).

Abnormal perceptions of risks associated with alcohol-drinking outcomes can also be considered within the
concept of unrealistic optimism bias (Sharot, Korn & Dolan, 2011), which encompasses two different phe-
nomena: unrealistic comparative optimism and unrealistic absolute optimism (Shepperd, Klein, Waters &
Weinstein, 2013). The former refers to people’s tendency to view the risks as lower for themselves than for
the others, while the latter refers to unrealistically positive risk assessment when compared to an objective
criterion, such as an actual risk assessment. The mechanism that allows individuals to maintain or arrive
at unrealistically positive beliefs in the face of disconfirming evidence was described for the first time by
Sharot, Korn and Dolan (2011). The results of this study demonstrated that when people update their
initial risk estimates, they tend to incorporate desirable information (i.e., information that risks are lower
than expected) to a greater extent than undesirable information (i.e., information that risks are higher than
expected). In those with AUD, the asymmetric reliance on information about alcohol-drinking outcomes,
dependent on their valence, may result in larger updates after desirable/positive information than after un-
desirable/negative information and in this way affect drinking trajectories. When considering expectancies
and beliefs about the effects of alcohol, it is also important to mention the interpretation of ambiguity in
drinking outcomes. Indeed, positive/appetitive alcohol-related expectations are often associated with more
negative/inhibitory information arising from memories. This conflict and the bias in its interpretation can
be assessed using various types of ambiguous-cue interpretation (ACI) paradigms. In this experimental and
fully translational approach, participants initially learn to discriminate two stimuli (e.g., tones of different
frequencies), which acquire emotional and motivational value due to subsequent feedback (monetary gain or
avoidance of monetary loss). After such an acquisition phase, the test phase introduces ambiguous stimuli
(e.g., tones of intermediate frequencies) that serve as a measure of interpretation bias since the response
to these stimuli indicates the participants’ expectation of rewarding or potentially punishing effects of their
decision (Papciak & Rygula, 2017; Schick, Wessa, Vollmayr, Kuehner & Kanske, 2013). Other ways of assess-
ing biased interpretations of ambiguity include using single ambiguous words individually presented to the
participant, which are typically either homophones (words that sound the same yet have different spellings
and meanings, e.g., meat/meet or sea/see) or homographs (words with identical spelling yet distinct mean-
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. ings, e.g., bat—animal or wooden club; change—to alter or money) (Drury, 1969; Gorfein & Weingartner,
2008). Homophones and homographs used in these studies usually have both threatening/emotional and
neutral interpretations, and an interpretation bias is established as the number or proportion of each type
of interpretation made by participants from a list of such words (Hindash & Amir, 2012; Warren, Warren,
Green & Bresnick, 1978). Ambiguity interpretation biases can also be investigated using ambiguous images,
often with emotional and neutral faces (Beevers, Wells, Ellis & Fischer, 2009; Schaefer, Baumann, Rich,
Luckenbaugh & Zarate Jr, 2010).

Another conceptual approach focuses not on expectancies regarding alcohol-drinking outcomes per se but
on the mechanisms that underlie them. These mechanisms have been defined as attributional styles, which
Alloy and colleagues (1984) described as the manner in which a person explains the causes of prior outcomes.
Indeed, following positive or negative experiences with alcohol, people often wonder why the event occurred
(DeJoy, 1989; Jessup et al., 2014). To answer this question, they make causal attributions based upon differ-
ent dimensions: internal-external (whether the event was caused by themselves (internal) or by the situation
(external)), stable-unstable (whether the cause of an experience is constant and likely to happen again (sta-
ble) or pliable and unlikely to reoccur (unstable)), and global-specific (whether the cause may affect many
areas of one’s life (global) or only one area (specific)) (Weiner, 1985). From this perspective, attributing
negative outcomes to causes that are internal to the person, stable and global can reflect pessimism, learned
helplessness, and addiction vulnerability (Scheier & Carver, 2018). Following the above-mentioned frame-
work, Weiner (1985) and Marlatt & Donovan (2005) proposed that a certain pattern of attribution promotes
relapse in substance use. They argued that a combination of internal, stable, and global attributions con-
tributes to maladaptive thought patterns concerning addiction and promotes relapse. This pattern, often
experienced by an individual after a return to substance use following a period of self-imposed abstinence
from substances, has been named the abstinence violation effect (Curry, Marlatt & Gordon, 1987). Within
this model, bleak attributions regarding future reactions to alcohol exposure lead individuals to believe that
fighting addiction is pointless and, in turn, to relapse rather than returning to abstinence (Walton, Castro
& Barrington, 1994). This conceptual orientation has given rise to assessment techniques that focus on
measuring the causes that people identify for the outcomes that they experience. Typically, respondents are
asked to imagine being in outcome scenarios and to indicate how they would explain the described outcomes
(Peterson, Semmel, Von Baeyer, Abramson, Metalsky & Seligman, 1982) or to analyse naturally occur-
ring verbatim materials (e.g., newspaper articles or speeches) for explanatory style (Schulman, Castellon &
Seligman, 1989).

Taken together, these studies consistently support the notion that various types of RBCBs, such as abnormal
sensitivity to performance feedback, biased interpretation of ambiguity, inflated expectations, and asymmet-
rical belief updating, can be differentially associated with drinking at different stages of AUD (Figure 2).
Understanding the underlying mechanisms could provide useful information for tailoring prevention and
intervention efforts. For example, medications used in the early stages of addiction should target positive
reinforcement sensitivity, while treatments that target alcohol-dependent individuals in the late stages of
addiction may need to simultaneously target positive and negative reinforcement processes. In other words,
understanding individuals’ positive and negative reinforcement profiles and resulting cognitive biases can
provide important information for personalized medicine. Indeed, there is preliminary evidence for the effec-
tiveness of tailoring pharmacotherapies to AUD patients based on their positive and negative reinforcement
tendencies (Mann et al., 2018; Roos, Mann & Witkiewitz, 2017). For example, an opioid receptor antagonist,
naltrexone, has been found to be particularly effective for reward drinkers, while acamprosate, which has
been shown to down-regulate the glutamatergic system, is particularly effective for relief drinkers (Roos,
Mann & Witkiewitz, 2017). Specific neurochemical correlates of the interactions between RBCBs and AUD,
as well as potential future treatment targets, are described in the next sections.

Neurochemical correlates of reinforcement-based cognitive biases as potential targets for phar-
macological treatment of alcohol addiction

Influential neurocomputational models emphasize dopamine (DA) as a neurochemical correlate of reinforce-
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. ment learning (Bromberg-Martin, Matsumoto & Hikosaka, 2010; Eisenegger et al., 2014; Frank, Seeberger
& O’Reilly R, 2004; Samson, Frank & Fellous, 2010). Indeed, the role of DA in the mediation of positive
reinforcement and resulting cognitive biases is hard to overestimate. In a classic study, Frank and colleagues
(2004) demonstrated that lowered availability of DA (as in Parkinson’s patients off medication) was associ-
ated with worse learning from the positive than from the negative outcomes. Importantly, this effect could
be reversed by pharmacological boosting of dopaminergic neurotransmission. As suggested by Frank (2005),
the opposite effects of low and high DA availability reflected DA-induced shifts in the balance between the
BAS/Go/direct and BIS/NoGo/indirect pathways of the basal ganglia with low DA shifting the balance
towards the NoGo pathway (impairing learning from positive feedback/reward relative to learning from
punishment) and high DA shifting the balance towards the Go pathway (improving learning from positive
feedback/reward relative to learning from punishment). Several other studies reported impairments in learn-
ing from punishment by dopaminergic therapy (Bodi et al., 2009; Cools, Barker, Sahakian & Robbins, 2001;
Cools, Frank, Gibbs, Miyakawa, Jagust & D’Esposito, 2009; Moustafa, Cohen, Sherman & Frank, 2008;
Swainson, Rogers, Sahakian, Summers, Polkey & Robbins, 2000). In the study by Pessiglione and colleagues
(2006), enhancement of DA activity by administration of L-3,4-dihydroxyphenylalanine (L-DOPA) increased
the frequency with which subjects chose high-probability gain but not the frequency with which they chose
low-probability loss. It has been proposed that pharmacological boosting of DA neurotransmission increases
tonic levels of DA within the striatum, which in turn occludes DA dips, which signal negative feedback,
differentially affecting reward versus punishment-based learning (Frank, 2005; Grace & Rosenkranz, 2002).
The role of DA in regulating feedback sensitivity has been recently confirmed in a preclinical study by Grospe
and collaborators (2018). In that study, 6-hydroxydopamine-induced dopaminergic lesions within the rat
dorsomedial striatum resulted in significantly increased negative reinforcement sensitivity. Notably, the sen-
sitivity to reinforcement and associated cognitive biases also seem to be regulated at the receptor level. The
important role of dopamine D2 receptor gene polymorphism (DRD2-TAQ-IA) in reinforcement learning has
been demonstrated by Klein and colleagues (2007) using a neuroimaging paradigm. In this study, in a proba-
bilistic learning task, A1 allele carriers with reduced dopamine D2 receptor densities learned to avoid actions
with negative consequences less efficiently than those without it. A1 subjects have also been shown to be
impaired in the ability to sustain a newly rewarded response after a reversal and demonstrated a generally
decreased tendency to stick with a rewarded response (Jocham, Klein, Neumann, von Cramon, Reuter &
Ullsperger, 2009). In 2015, Cox and collaborators (2015), using positron emission tomography (PET) with
two selective DA receptor radioligands ([11C]SCH23390 and [11C]raclopride), demonstrated that individual
differences in dopaminergic D1 and D2 receptor binding determine the effectiveness of learning from posi-
tive and negative reinforcement, respectively. Studies in humans were complemented by a series of elegant
studies using animal models. A study by Groman and collaborators (2016), using PET in rats performing a
three-choice spatial PRL task, demonstrated a role for dopamine D3receptors in reinforcement learning. In
that study, greater midbrain dopamine D3 receptor availability (indicated by [11C]-(+)-PHNO binding) was
associated with a lower sensitivity to positive reinforcement, resulting in a lower rate of learning. The role
of dopamine D3 receptors in sensitivity to reinforcement was further confirmed following administration of a
dopamine D3\sout-receptor agonist, pramipexole, which impaired the performance of rats in a very similar
way (Groman et al., 2016). These results suggest that in addition to dopamine D1/D2, dopamine D3receptor
dysregulation may also underlie abnormal reinforcement sensitivity, and they implicate that these receptors
may be a novel target for AUD treatment. In , Sharot and colleagues demonstrated that administration of L-
DOPA during the imaginative construction of positive future life events subsequently enhanced estimates of
the hedonic pleasure to be derived from these same events (Sharot, Shiner, Brown, Fan & Dolan, 2009). This
study was supported by a report in 2012 (Sharot, Guitart-Masip, Korn, Chowdhury & Dolan, 2012), which
revealed that administration of L-DOPA increased optimism bias by impairing the ability to update beliefs
in response to undesirable information about the future. The latter converged with the above-mentioned
observations from patients with Parkinson’s disease, where enhanced DA levels led to impaired learning
from unwanted outcomes (Frank, Seeberger & O’Reilly R, 2004). These findings provided evidence that DA
modulates subjective hedonic expectations and impacts belief formation by reducing negative expectations
regarding the future.
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. Along with DA, serotonin (5-HT) is the second neurotransmitter crucially implicated in reinforcement learn-
ing. Published reports (Bari et al., 2010; Chamberlain, Muller, Blackwell, Clark, Robbins & Sahakian, 2006;
Cools, Robinson & Sahakian, 2008; Fischer & Ullsperger, 2017; Rygula et al., 2015; Sachs, Rodriguiz, Tran,
Iyer, Wetsel & Caron, 2015) have suggested that increasing 5-HT neurotransmission leads to a reduced
sensitivity to aversive outcomes, whereas reducing 5-HT transmission, by way of either acute tryptophan
depletion (ATD), a procedure that has been used extensively to study the effect of low 5-HT levels in the
human brain, pre-synaptic receptor stimulation (acting to temporarily down-regulate 5-HT transmission),
or up-regulation of the serotonin transporter (SERT), leads to an increased sensitivity to aversive outcomes.
Indeed, a study by Chamberlain and colleagues (2006) demonstrated that a low, acute dose of the selective
serotonin reuptake inhibitor (SSRI) citalopram, which has been postulated to affect pre-synaptic serotonin
5-HT1A autoreceptors, increases the sensitivity to negative feedback in the PRL task. Similar effects were
reported in a study by Cools and collaborators (2008), where ATD enhanced the ability of subjects to predict
punishment without affecting reward predictions. The results of the above-mentioned studies were comple-
mented by the report by den Ouden and collaborators (2013), who studied the role of 5-HT (and DA) in
reinforcement sensitivity as a function of two polymorphisms in the genes encoding the 5-HT and DA trans-
porters (SERT: 5HTTLPR plus rs25531; DAT1 3’UTR VNTR). The results of this study revealed that allelic
variation in SERT predicted behavioural adaptation following punishment. Specifically, L’ homozygosity,
which has been linked with increased SERT binding and decreased levels of extracellular 5-HT (Willeit &
Praschak-Rieder, 2010), was associated with increased negative reinforcement learning (den Ouden et al.,
2013). The role of serotonin in RBCBs has been supported by ample evidence from research using animal
models. In 2010, Bari and collaborators (2010) demonstrated that different manipulations of 5-HT neuro-
transmission in rats resulted in altered sensitivity to positive and negative reinforcement. In this study, acute
administration of a high dose of SSRI citalopram decreased negative feedback sensitivity by lowering the
ratio of lose-shift behaviours. In contrast, acute administration of a low dose of this drug, which was postu-
lated to temporarily silence 5-HT system activity via inhibitory serotonin 5-HT1A autoreceptor activation in
the raphe nuclei, similar to the above-mentioned study by Chamberlain and collaborators (2006), increased
sensitivity to negative reinforcement. A similar effect was reported following global 5-HT depletion (Bari et
al., 2010). In 2012, Ineichen and colleagues (2012) demonstrated in an automated two-choice operant spatial
discrimination paradigm that genetic reduction in SERT function investigated in heterozygous mutant mice
from a SERT null mutant strain led to a decreased sensitivity to negative feedback, which was an effect
similar to that observed by Bari and collaborators (2010) following acute administration of the higher dose
of citalopram. Both of the mentioned manipulations also caused increased ratios of win-stay behaviours,
indicating increased sensitivity to positive reinforcement (Ineichen et al., 2012), an effect confirmed recently
by Wilkinson and colleagues (2020). The results of the study by Rygula and collaborators (2014) revealed
the important role of 5-HT in modulating cognitive judgement bias in rats. In that study, the SSRI citalo-
pram at a low dose of 1 mg/kg significantly biased animals towards positive interpretation of the ambiguous
cues, while at higher doses (5 and 10 mg/kg), the animals interpreted the ambiguous cues more negatively.
Interestingly, a study from 2017 further demonstrated that the effects of acute 5-HT manipulations on the
interpretation of ambiguity might depend on the basal valence of cognitive judgement bias (Golebiowska
& Rygula, 2017). In that study, acute administration of escitalopram caused a ’pessimistic’ shift in the
interpretation of ambiguous cues in animals classified as ‘optimistic’ and had no significant effects on those
previously classified as ’pessimistic’.

Taken together, published reports suggest that increasing 5-HT transmission leads to a reduced sensitivity
to aversive outcomes, whereas reducing 5-HT transmission, by way of either ATD, pre-synaptic receptor
stimulation, or up-regulation of SERT, leads to an increased sensitivity to aversive outcomes. These results
strongly suggest 5-HT as a potential target and serotonergic manipulations as effective treatment strategies
in modulating alcohol-drinking outcome expectations.

To summarize this section, psychopharmacologic manipulation of DA and 5-HT neurotransmitter systems
implicated in RBCBs may have the potential to provide insights into the development and maintenance of
alcohol addiction and should be considered as targets for pharmacological treatment of AUD (Figure 3). Of
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. particular interest is the potential to experimentally vary reinforcement sensitivity and outcome expectations
and to do so in a way that builds a direct paradigmatic bridge with the relevant alcohol literature. Further
challenges include identification of the specific interactions between neurochemical correlates of RBCBs and
brain processes involved in alcohol addiction.

Preclinical and translational studies using state-of-the-art animal models that are useful for
elucidating the role of RBCBs in various aspects of AUD and its treatment

Creating preclinical models is essential for elucidating the reinforcement-based cognitive mechanisms that
contribute to addiction-related behaviours. However, the main difficulty with modelling RBCBs using non-
human animals is capturing these inherently complex processes using relatively simple behavioural protocols.
One of the most promising preclinical tools that can be used for the investigation of biased sensitivity to
reinforcement in animal models is mentioned in the previous sections, the PRL paradigm (Figure 4). In the
rat version of the PRL task, the animals are trained to press levers (Rychlik, Bollen & Rygula, 2017; Rygula
& Popik, 2016) or nose-poke holes (Bari et al., 2010) in an operant conditioning chamber to receive a food
reward. Choosing one of them (the ‘correct’ lever or hole) is associated with a high probability of receiving
a reward (a drop of sucrose solution or reward pellet) and a low probability of receiving a punishment (mild
electric foot shock or lack of reward and time out). Conversely, choosing the other one (the ‘incorrect’
lever or hole) is associated with a high probability of receiving the punishment and only a small chance of
receiving the reward. The probabilities of receiving the reward and punishment upon choosing the ‘correct’
lever or hole are usually set to 80% and 20%, respectively, and vice versa for the ‘incorrect’ lever or hole.
The animals have to adjust their behaviour by responding to the appropriate levers or holes to maximize
reward and minimize punishment delivery while disregarding occasional misleading positive or negative
feedback. After several consecutive choices of the ‘correct’ lever or hole, the reversal criterion is reached,
and the probabilities reverse; that is, the previously ‘correct’ lever or hole becomes ‘incorrect’, and vice
versa. Similar to humans, to assess the sensitivity of the animals to positive and negative reinforcement,
behaviour is analysed according to the outcome of each preceding trial and based on the WSLS analysis,
where the proportion of win-stay behaviours indexes sensitivity to positive reinforcement while the proportion
of lose-shifts indicates sensitivity to negative reinforcement. In the aforementioned landmark study, using
a PRL task analogous to that used in humans, Bari and colleagues (2010) demonstrated that different
manipulations of 5-HT neurotransmission in rats resulted in significant changes in reinforcement sensitivity.
These results were further complemented by a study in a non-human primate, the marmoset, employing
a preclinical and translational version of the PRL task, which demonstrated that 5-HT depletions within
the orbitofrontal cortex and amygdala manifested impairments in overall reinforcement sensitivity rates,
including temporal learning from both rewarding and negative outcomes (Rygula et al., 2015). A study
by Rychlik and collaborators (2017) demonstrated, using a preclinical version of the PRL paradigm, that
the non-monoaminergic compound ketamine selectively down-regulates sensitivity to negative outcomes in
animals. In this study, acute treatment with ketamine significantly and persistently decreased the ratio of
lose-shift behaviours in a manner similar to that observed following the administration of higher doses of
the SSRI citalopram (Bari et al., 2010). These results were recently supported by a study by Wilkinson and
collaborators (2020), who also observed an interaction between ketamine treatment and feedback type with
a trend towards decreased negative feedback sensitivity in the preclinical PRL paradigm. Ketamine was
also reported to have robust positive effects on the interpretation of ambiguous cues (Hales, Houghton &
Robinson, 2017). Given the similarity in the effects of citalopram and ketamine, it was hypothesized that the
effects of the latter were mediated indirectly by 5-HT neurotransmission (Rychlik, Bollen & Rygula, 2017).
Indeed, recent reports have demonstrated that in addition to affecting glutamatergic neurotransmission via
N-methyl-D-aspartate receptors (NMDARs), ketamine also potentiates 5-HT release in the prefrontal cortex
via amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) in the raphe nucleus (Nishitani
et al., 2014). As demonstrated by recent studies (Drozd, Rychlik, Fijalkowska & Rygula, 2019; Noworyta
& Rygula, 2021; Rygula & Popik, 2016), the preclinical version of the PRL task may be used not only for
investigating neuroanatomical or neurochemical bases of reinforcement sensitivity but also for evaluating how
this sensitivity interacts with other cognitive processes and pharmacological treatment outcomes. In a study

8



P
os

te
d

on
A

u
th

or
ea

15
M

ar
20

21
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

57
97

97
.7

05
78

23
6/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. by Rygula and Popik (2016), the PRL task was employed to investigate how ’optimistic’ and ’pessimistic’
animals incorporated feedback (both rewarding and punishing) in their decisions in a changing and uncertain
environment. The results of this study demonstrated the interrelation and co-existence of two cognitive biases
(the rats classified as ‘pessimistic’ were significantly more sensitive to negative feedback than their ‘optimistic’
conspecifics) that may predict vulnerability to various psychiatric disorders, including AUD. A study by
Noworyta-Sokolowska and colleagues (2019) demonstrated for the first time in rodents that sensitivity to
negative and positive reinforcement could be considered a stable and enduring behavioural trait. It also
showed that these traits were independent of each other and that trait sensitivity to positive reinforcement
is associated with cognitive flexibility. These results have been supported by computational modelling
(Noworyta-Sokolowska, Kozub, Jablonska, Rodriguez Parkitna, Drozd & Rygula, 2019). Several preclinical
studies in rats have investigated the neuroanatomical background of biased sensitivity to reinforcement. In
2014, Dalton and colleagues (2014), using a preclinical version of the PRL paradigm, found that the nucleus
accumbens shell and core facilitate reward-seeking in a distinct yet complementary manner, with the shell
guiding response selection to the actions more likely to yield the reward and the core simply promoting
the approach towards reward-associated stimuli. In 2016, the same group demonstrated that inactivation of
the medial orbitofrontal cortex rendered animals less sensitive to either positive or negative feedback, while
lateral orbitofrontal cortex activity was implicated in behaviours following violations of reward expectancies
signalled by negative feedback (Dalton, Wang, Phillips & Floresco, 2016). In the same study, inactivation of
the prelimbic cortex increased sensitivity to positive feedback and reduced sensitivity to negative feedback.
Since the animals tended to select the recently rewarded choice more often, regardless of whether the previous
choice was correct or not, this surprising effect has been proposed to result from a form of ‘reward myopia’
(Dalton, Wang, Phillips & Floresco, 2016). In 2019, Drozd and colleagues (2019) reported the reinforcement
modulating effects of the antidepressant drugs mirtazapine and agomelatine in the PRL task, and these
results were supported a year later in a study by Wilkinson and collaborators (2020). Recent research using
a preclinical version of the PRL paradigm identified 4 phenotypes of sensitivity to negative and positive
reinforcement in rats and reported statistically significant differences between the investigated phenotypes in
the effects of acute treatment with SSRI escitalopram on anxiety (Noworyta & Rygula, 2021). These results
demonstrated that trait sensitivity to reinforcement could have important implications for the effectiveness
of pharmacological interventions, including in AUD. Last but not least, as mentioned above, the fear of
negative outcomes has a powerful influence on decisions regarding drinking. A study by Clarke and colleagues
(2014) in marmoset monkeys demonstrated, using an approach-avoidance conflict task, that inactivation of
anterior orbitofrontal or ventrolateral prefrontal cortices increased general negative bias in decision making
via two distinct cognitive mechanisms—elevated uncertainty and attentional disruption, respectively. The
differentiation of the component neural mechanisms underlying punishment processing revealed in that study
provided important insight into the efficacy of cognitive-behavioural therapy in AUD, which may be more
successful in a patient poor at predicting than in one deficient in attentional control.

Conclusions and future directions

RBCBs occur in many neuropsychiatric disorders and may even be helpful in defining them. Over the last
decade, the consideration of RBCBs as important factors in the development of alcohol addiction has enriched
and strengthened the field of inquiry regarding AUD and opened new avenues of research. To further define
the relationships between RBCBs and AUD, in this review, we have advocated a psychological approach
based largely on cognitive and learning theories, which combined with neural and neurochemical analyses
may facilitate our understanding of this disease. We have also highlighted the development of translational
tools, which herald a new phase of research in this field, that will more readily make contact between the
clinic and basic neuroscience. We have also described the effects of pharmacological manipulations, as a
multi-level analysis of RBCBs may identify medications that can be used for different expressions of what
may, in fact, be common disorders resulting from reinforcement biased cognition. The possible ‘re-purposing’
of agents such as SSRIs and ketamine may provide an initial impetus for this enterprise. Finally, we also
mentioned the concept of endophenotypes, as a focus on individual differences in this diverse disorder may
inform genetic approaches to understanding its aetiology. Based on available knowledge, it seems that using
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. rodent-based models, such as the preclinical PRL or ACI, can help to reveal neurobiological processes that
modulate RBCBs and their role in AUD. This in turn may help to reveal novel drug targets for improved
and personalized treatments. Although we hope this review has provided enough evidence to support the
validity of the claim that RBCBs can determine the trajectories of alcohol addiction, there are still a number
of outstanding issues that future research will need to address. First, we still do not know the degree of the
causal relationship between increased/decreased sensitivity to negative/positive reinforcement as a trait and
vulnerability to AUD. The development of translational preclinical tests of RBCBs should help to elucidate
this issue and may help to design personalized treatments based on these cognitive variables. Second,
although we know that there are distributed changes in neural activity within multiple regions of the PFC
and the striatum associated with altered activity of serotonergic and dopaminergic systems that occur over
the course of AUD and can persist into periods of abstinence, unfortunately, studies looking at neurochemical
correlates of altered reinforcement sensitivity in this context are still limited, and further investigation in this
area is needed. We also still need more detailed pharmacological studies using drugs with known profiles in
humans to understand the value of targeting RBCBs in AUD. It will be highly desirable to use voltammetry,
optogenetics, or other biosensors and electrophysiological measures to characterize neuronal pathways and
to elucidate the exact function and dynamic balance between cortical and subcortical regions involved in
RBCBs and AUD. Finally, further conceptual and empirical development is required to provide an integrated
account of the role of reinforcement sensitivity in the aetiology, development, and recurrence of AUD.

Acknowledgement

This work was supported by the Polish National Science Centre (Research grant 2018/31/B/NZ7/03690 to
RR) and by the statutory funds of the Maj Institute of Pharmacology Polish Academy of Sciences.

Figures

Figure 1. Sensitivity of the behavioural activation system (BAS) and the behavioural inhibition system
(BIS) is associated with various reward- and punishment-driven processes. Abnormal sensitivity of these
systems induces reinforcement-based cognitive biases (RBCBs) affecting the development and trajectory of
alcohol use disorder (AUD) .

Figure 2. Reinforcement-based cognitive biases associated with the pathophysiology of alcohol use disorder
(AUD) include abnormal sensitivity to positive and negative feedback, biased interpretation of ambiguity and
conflict situations, lowered negative and inflated positive outcome expectations, and unrealistic optimism.
Understanding the underlying mechanisms could provide useful information for tailoring prevention and
intervention efforts.

Figure 3. Dopamine (DA) and serotonin (5-HT) modulate reinforcement-based cognitive biases.
Several pharmacological manipulations (selective serotonin reuptake inhibitors (SSRIs) and L-3,4-
dihydroxyphenylalanine (L-DOPA)) have been demonstrated to modulate feedback sensitivity and outcome
expectations in humans and animal models. Pharmacological targeting of these biases may help to shape the
trajectories of alcohol use disorder (AUD).

Figure 4. The probabilistic reversal learning (PRL) paradigm. One of the most promising, translational
tools that can be used for the investigation of biased sensitivity to reinforcement in animal models and in
humans.
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