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Abstract

The last three decades in psychological research have been marked by in-
terdisciplinary science. Addiction represents a prime example of a disorder
marked by a complex interaction among psychosocial and biological fac-
tors. This review highlights critical findings in the basic neuroscience of ad-
diction and translates them into clinical language that can inform clinical
psychologists in their research, teaching, and practice. From mechanisms of
reward processing, learning and memory, allostasis, incentive-sensitization,
withdrawal, tolerance, goal-directed decision making, habit learning, genet-
ics, inflammation, and the microbiome, the common theme of this review is
to illustrate the clinical utility of basic neuroscience research and to identify
opportunities for clinical science. The thoughtful integration of basic and
clinical science provides a powerful tool to fulfill the scientific mission of
improving health care. Clinical psychologists have a crucial role to play in
the translational science of addiction.
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INTRODUCTION

The last three decades in psychological research have been marked by interdisciplinary sci-
ence, a shift driven in part by the increased accessibility of novel tools for quantifying biomark-
ers, including neuroimaging, genetics, epigenetics, inflammation, and the gut microbiome, to
name a few. The accessibility of biologically based assays has been matched by a general ex-
citement for biologically based research of clinical phenomena. In 1989, then President George
H.W. Bush declared the 1990s the Decade of the Brain. In 2005, Thomas R. Insel, then direc-
tor of the National Institute of Mental Health (NIMH), declared psychiatry and psychology to
be neuroscience disciplines (Insel & Quirion 2005). NIMH continues to emphasize as a chief
goal “advancing basic science of brain, genomics, and behavior to understand mental illnesses”
(https://www.nimh.nih.gov/about/strategic- planning-reports/index.shtml) while maintain-
ing a focus on interdisciplinary science (Gordon 2019, van Dorn 2017). The role of psychological
research in achieving NIMH’s goal of reducing the burden of mental illness has been nicely ar-
ticulated with an eye toward balancing institute investments in both psychosocial and biomedical
approaches (Teachman et al. 2019). Clearly, the role of psychological science, and of clinical psy-
chological science in particular, in interdisciplinary research continues to evolve and is a source of
frequent debate.

While the increasing focus on biologically based research can be seen across psychological
disorders, addiction represents a prime example of a disorder marked by a complex interaction
among psychosocial and biological factors, including genetic predisposition and brain adaption
to the pharmacological effects of substances of abuse. Increasingly, the field of addiction science
conceptualizes addiction as a chronic and relapsing disorder of the brain. This conceptualization
stands in stark contrast to that found in earlier versions of the Diagnostic and Statistical Manual of
Mental Disorders (DSM), in which alcoholism was classified as a character disorder. The chronic
nature of addiction has been recognized, and a compelling argument for treating addiction within
the framework of chronic disorders, such as high blood pressure, diabetes, and asthma, has been

Ray « Grodin


https://www.nimh.nih.gov/about/strategic-planning-reports/index.shtml

Annu. Rev. Clin. Psychol. 2021.17:465-493. Downloaded from www.annualreviews.org
Access provided by Bryn Mawr College Library on 02/04/22. For personal use only.

articulated (McLellan 2002). The definition of addiction as a brain disease places significant em-
phasis on the biological component of the biopsychosocial model. As originally articulated, the
biopsychosocial model highlights the complex interplay among the biological (e.g., genetic, phar-
macological, neural), psychological (e.g., feeling loss of control and intense craving for the sub-
stance), and social (e.g., peer influences, access to substances of abuse) components of addiction
and other forms of psychopathology.

The argument for addiction as a brain disease is not without disagreement and debate (Bedi
et al. 2017, Grifell & Hart 2018). Nevertheless, the notion of addiction as a brain disease helps
explain why so many patients sincerely wish to stop using a substance but simply cannot. Relatedly,
the attribution of neural causes to addiction etiology and maintenance is not cause for therapeutic
nihilism (Meehl 1972). To the contrary, personal responsibility for treatment compliance and ac-
tive engagement with recovery activities involving biological (e.g., pharmacotherapy), psycholog-
ical (e.g., psychotherapy), and social (e.g., lifestyle changes) components remain key ingredients to
managing this chronic condition, akin to the treatment for diabetes or hypertension. Within this
framework, it becomes increasingly important for clinical psychologists to recognize the relative
contribution of biological factors to addiction and to look to preclinical and clinical neuroscience
findings to elucidate the neurobiological mechanisms of this disorder. It is equally important for
clinical psychologists to articulate the crucial role of clinical science and patient-oriented research
in addressing the burden of addiction on individuals and on society as a whole.

This framework has informed our research program for the past 15 years and has been articu-
lated in an earlier article aimed at clinical psychologists (Ray 2012). Since the publication of that
review nearly 10 years ago, much has changed regarding the interplay of basic and clinical sci-
ence of addiction in translational science models (Ray et al. 2021). Arguably, neuroscientists have
become increasingly focused on the translational impact of their work (Heilig & Leggio 2016).
Clinical scientists have emphasized the role of patient-oriented research as crucial to the endgame
of promoting mental health and recovery from addiction (Ray et al. 2019a). There is also an argu-
ment against the push to speed scientific translation in addiction science (Ostergren et al. 2014).
All of this has happened in the context of increased attention to addiction science through ma-
jor developments such as the rise of nicotine vaping products, legalization of marijuana, and the
opioid epidemic.

Given these developments and debates over the past decade, this review seeks to highlight
important findings in the clinical neuroscience of addiction and to translate them into clinical
language that may be useful to clinical psychologists in their research, teaching, and, importantly,
clinical practice with patients suffering from addictive disorders. We also discuss how clinical sci-
ence is needed to reverse-translate key findings in addiction science. To that end, we review key
concepts in addiction neuroscience and discuss how these concepts may be integrated into clinical
research and practice (and vice versa). Recent progress in the fields of neuroscience, psychology,
and psychiatry suggests that knowledge of clinical neuroscience will become increasingly impor-
tant in clinical psychology science and practice. Likewise, such knowledge will empower clinical
scientists to engage in cross-disciplinary dialogue and highlight the ways in which clinical science is
needed to inform the interpretation of and reverse-translate clinically meaningful findings. This
review covers key findings in addiction neurobiology that can be followed with more in-depth
analyses of specific theories and mechanisms. It largely updates some early theorizing (Ray 2012),
which was prescient about the integration of basic and clinical science in a translational framework.
The broad scope is intentional and seeks to lay out a framework for integrating neuroscience and
clinical psychology in a more harmonious, clinically relevant fashion.
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ALCOHOL AND DRUG REWARD: FROM NEUROBIOLOGICAL
MODELS TO CRAVING AND ADDICTION

Extensive preclinical research has shown that alcohol and drugs of abuse activate the same neural
circuitry involved in responses to natural rewards, such as food and sex. These brain structures
serve an important evolutionary task, which is to reinforce behaviors that preserve the species,
such as eating and reproducing. These brain structures are therefore highly preserved by evolu-
tion, a fact that has facilitated basic research in addiction as the neural circuitry of reward can be
found in several animal models, including rats and mice. Specifically, the reward pathway in the
brain consists of dopaminergic projections from the ventral tegmental area (VTA) to the nucleus
accumbens and the prefrontal cortex (Koob 1992). As dopamine is released in the striatum, indi-
viduals experience subjective reinforcement—in the case of alcohol and drugs, as a powerful high.
A key distinction between drugs of abuse and natural rewards is that the former activate the reward
pathway much more potently, thereby leading to neuroadaptation and contributing to the disease
process in addiction. The impact of one’s first high from alcohol and/or drugs is so powerful that,
from anecdotal evidence to studies of the neurobiology of learning and memory (Bornstein &
Pickard 2020), scientists have sought to understand the implications of drug experience mem-
ories on subsequent use. For instance, a recent review of the literature emphasized that instead
of breaking learned associations between drug cues and drug rewards, treatment may be better
suited to strengthening existing and/or creating new associations between drug cues and rewards
that are drug-inconsistent (Bornstein & Pickard 2020). As one of our patients recently said: “It is
like watching your own life in a movie and knowing how that movie is going to end. I will sit on
the couch after the kids go to bed, I will feel bored, and I will open a beer” (L.A. Ray, unpublished
observation). While discussing problem-solving around this high-risk scenario, we talked about
creating “new endings to his movie,” such as getting up from the couch and inviting his wife for
a walk instead. For such a patient, once enough “new movies” have been played, the story is not
quite as predictable, and therefore, outside of his control. A possible translational application of
the memory and learning paradigms in the context of clinical practice may be to behaviorally and
pharmacologically enhance (Hofmann et al. 2014) the development and consolidation of these
new and therapeutic memories, in which drug cues and rewards are drug-inconsistent. From a
clinical perspective, too much work has focused on decoupling drug cues and responses and even
on trying to literally “erase memories” (Han et al. 2009), whereas the current neuroscientific un-
derstanding of learning and memory processes suggests that building new, therapeutic memories
may be more fruitful.

Neuroadaptation in the reward pathway is thought to be central to the development and main-
tenance of addiction as it renders the patient more vulnerable to the (positive and negative) re-
inforcing effects of substances of abuse (Kalivas & Volkow 2005). Repeated alcohol and drug use
conditions the brain to seek these reinforcers at the expense of natural rewards, which are less
potent and, over time, become less salient to the patient (Volkow et al. 2016). In other words, over
time, patients experience the urge to use drugs of abuse as a very potent biological drive, akin to
extreme hunger or thirst. This is consistent with the effects of alcohol and drugs on the same brain
structures responsible for driving the organism toward basic survival needs. While studying the
role of alcohol and drug rewards and how animals begin to direct their behavior toward the goal of
obtaining and consuming alcohol and drugs, a critical piece of reverse translation has been notable
in influential animal models. Specifically, the human phenomenology of addiction recognizes that
humans begin to prefer alcohol and drugs over natural rewards while traditional animal models
failed to present their “subjects” with alternative rewards. Interestingly, a recent study by Venniro
etal. (2018) showed that when presented with an alternative social reward (e.g., social interaction
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with another rat) or access to a drug (heroin or methamphetamine), animals consistently chose
social interaction. Similarly, another recent study of alcohol self-administration in rats found that
when presented with an alternative high-value reward (i.e., sugar), only 10-15% of the animals
showed a preference for alcohol and developed “alcohol-related problems” (Augier et al. 2018).
In other words, when the human condition fully informed animal models and alternative rewards
were presented to animals, the threshold for alcohol and drug preference changed dramatically,
comparable to that seen in behavioral assays without competing rewards. In essence, the results
of these high-profile preclinical studies only confirm what clinicians have known for years: that
social reinforcement is key to recovery (Archer et al. 2020) and that it takes time to transition
from a preference for natural rewards to alcohol and other drugs, something that only a subset of
individuals do (Wagner & Anthony 2002). These studies highlight (more than ever) the need for
reverse translation and for clinical science to inform translational research.

In clinical terms, while the decision to use alcohol and/or drugs is voluntary at first, over time,
patients become vulnerable to addiction as drugs of abuse hijack the reward circuitry and the drive
to obtain and use a drug becomes central to the patient. At that point, when addiction has ensued,
drug use is no longer simply a voluntary choice but rather a maladaptive response to brain-based
urges that are as potent as the drive for food or water. The process of neuroadaptation can help
explain patients’ struggles with addiction and their reports that despite their sincere desire to quit
using substances, they feel as though they cannot. This framework may also be useful for psy-
choeducation because a considerable amount of blame is often placed on the patient by himself
or herself as well as by the patient’s loved ones. This model effectively distinguishes the initia-
tion of substance use from its continuation despite serious health and psychosocial consequences.
Specifically, the neuropharmacological effects of drugs of abuse after extensive and repeated use
are thought to explain the later process—namely, the maintenance of the disorder and its chronic
and relapsing nature (Kalivas & Volkow 2005, Volkow & Li 2005). Likewise, it is useful for patients
to understand that these neuroadaptive processes are present and may render them vulnerable to
the effects of drugs of abuse, as well as associated drug cues, long into the recovery process. The
model does not suggest that individuals should give up their sense of agency or self-efficacy (Snoek
2017) because chronic substance use alters the brain’s neurocircuitry. Instead, it recognizes that
what makes addiction chronic and relapsing is the inherent loss of control and that certain steps
are necessary to remediate these neuroadaptive processes.

Perhaps one reason why it is hard to recognize that chronic substance use may lead to such a
loss of control over voluntary behavior is that preclinical and clinical models of addiction are often
not well aligned. While animal models of addiction typically produce very high alcohol and drug
exposure and are often accompanied by significant withdrawal and alcohol and/or drug seeking,
the current DSM-5 criteria for substance use disorder (SUD) are broad and include mild-to-severe
presentation. In simple terms, addiction in a translational sense is not equivalent to alcohol use
disorder (AUD)/SUD, especially mild-to-moderate AUD/SUD. If a patient presents with mild
AUD/SUD, the case conceptualization will not include such severe dysregulation in volitional
decision making and self-control and will largely consist of outpatient models of care. For AUD,
we may go even further to suggest that controlled drinking may be a suitable goal in mild-to-
moderate cases (Mann et al. 2017). The field of addiction does itself a disservice by using terms
like AUD/SUD and addiction interchangeably, which contributes to the disconnect between a
brain-based conceptualization of addiction (Volkow & Morales 2015, Volkow et al. 2016) and one
that frames addiction as a pathology of choice (Bickel et al. 2014). For example, it has been argued
that the brain disease model is “neurocentric” and ignores the fact that people use drugs and sustain
their addiction because substances temporarily relieve their pain (Satel & Lilienfeld 2017). This
is a valid argument but is not incompatible with the brain disease model if one considers that

www.annualreviews.org o Clinical Neuroscience of Addiction

469



Annu. Rev. Clin. Psychol. 2021.17:465-493. Downloaded from www.annualreviews.org
Access provided by Bryn Mawr College Library on 02/04/22. For personal use only.

470

addiction is represented by the end stage of the disease progression. In other words, both can be
true. Substance use can be driven by the relief of pain atits early stages and lead to a stage of neural
dysregulation that is so severe as to cause major impairments in inhibitory control. It is important
to emphasize that this review is not about espousing a neurocentric view of addiction as a brain
disease. Instead, we recognize that progress in addiction science occurs with both neuroscience
and behavioral science methods and theories. However, for these discoveries to become clinically
useful, an integration of both basic and clinical science is sorely needed. To that end, we are less
concerned with being right in terms of what addiction really is and are more focused on effective
ways of thinking about how scientific discoveries, both basic and applied in nature, can be leveraged
to improve patient care.

Toward understanding how the brain changes in response to chronic substance use, recent the-
orizing has argued for a dissociation of mechanisms of reward based on the incentive-sensitization
theory of addiction. In particular, the basic neuroscience of addiction suggests that reward may be
parsed into the “liking” of a drug and the “wanting” of it (Robinson & Berridge 1993). The opioi-
dergic system in the brain is thought to underlie mechanisms of drug liking, while the dopaminer-
gic pathway is primarily responsible for the wanting of the drug—that is, drug craving (Berridge
& Robinson 2003). This is a clinically meaningful distinction as patients report drug urges long
after the drug high becomes a secondary process in their substance use. As patients often describe,
their addiction is less about wanting to feel good or high given that, as the disease progresses,
patients report experiencing much less subjective reward from drug use while the very powerful
drug urges, or wanting, are maintained and often exacerbated. While there are many gaps in the
understanding of how drugs of abuse act on the brain’s reward system, the current literature on
incentive-sensitization and neuroadaptation of these systems has been influential in medication
development and may be useful in the psychotherapeutic treatment of addiction as well. Patients
and families are likely to benefit from a disorder conceptualization that more effectively incorpo-
rates the “bio” component into the biopsychosocial model by effectively applying clinical neuro-
science findings to the understanding of the disorder. This should not be at the expense of the
psychosocial aspects of addiction. To the contrary, understanding of the psychosocial components
of addiction has been most fruitful in informing treatments to date, while the translation of neu-
roscientific knowledge to addiction therapeutics has been slow to materialize (Egli 2018, Heilig
etal. 2016). The key tenet of this review is that integrating clinical and neuroscientific knowledge
of addiction is a worthwhile endeavor that can elevate both disciplines and, ultimately, patient
care.

PHENOMENOLOGY AND NEURAL BASES FOR WITHDRAWAL,
TOLERANCE, AND POSITIVE AND NEGATIVE REINFORCEMENT

Tolerance and withdrawal are two important symptoms of substance dependence and are recog-
nized in DSM-5 as indices of physiological dependence. These symptoms represent physical con-
sequences of repeated substance use on acute intoxication (i.e., tolerance) and on an organism’s
response to the substance being taken away (i.e., withdrawal) after chronic use. Through repeated
alcohol or drug use, the brain becomes desensitized to the same amount of the substance, such
that higher amounts are required to produce the same neurobehavioral effects. This phenomenon
is called tolerance. The reverse process, in turn, occurs when drugs of abuse are no longer present
in the system, resulting in a sudden shift in the homeostatic set point and the onset of physio-
logical symptoms that are the opposite of intoxication. In other words, withdrawal is a counter-
adaptive process to the removal of the drug after heavy chronic use. Once neuroadaptation in the
brain occurs, causing behavioral tolerance, the system’s new homeostatic (i.e., tolerant) set point is
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disrupted by the removal of the drug. Although withdrawal is an aversive state, it makes adaptive
sense because the organism is trying to reestablish homeostasis.

The allostatic model of addiction seeks to explain the intricate balance between positive and
negative reinforcement in addiction (Koob & Le Moal 1997, Koob & Schulkin 2019). This neuro-
biological model of addiction is informed by the Opponent Process Theory, which was developed
by Solomon & Corbit (1974) to explain how two opposing processes may occur simultaneously
and jointly affect motivation (Solomon & Corbit 1974). In basic terms, it contends that over time,
addiction becomes less about positive reinforcement (the activational process, i.e., the a-process)
and more about negative reinforcement (the counteradaptive opponent process, i.e., the /-process)
(Ahmed & Koob 2005). This theory seeks to capture the dynamic nature of addiction neurobiol-
ogy as the brain continuously adapts to large amounts of a given substance over extended periods
of time, thereby causing a shift in the allostatic set point. In addiction, allostasis is defined as the
process of maintaining reward function stability through changes in brain reward mechanisms
(Koob & Schulkin 2019). During the reinforcing effects of alcohol intoxication (z-process), there
are increases in GABAergic activity, opioid peptides, and dopamine output in the ventral striatum,
which represent the neural substrates of alcohol reward. During the counteradaptive opponent
process marked by negative affect and withdrawal, there is an increase in corticotropin-releasing
factor (CRF) activity and a decrease in neuropeptide Y, both of which are key neuromodulators
of stress reactivity (Koob & Kreek 2007, Koob & Schulkin 2019).

Together, these processes provide the neural basis of reward and negative reinforcement asso-
ciated with alcohol intoxication and withdrawal, respectively. Over time, the shift in the balance
from positive to negative reinforcement is thought to explain what many patients describe in their
experiences with alcohol and other drugs—namely, that their reason for using these substances is
no longer to feel good but, instead, to avoid feeling sick. In other words, patients often describe us-
ing drugs and/or alcohol to feel normal—a description that is consistent with the allostatic model
hypothesis that neuroadaptation in the brain reward circuitry leads to chronic deviation in the
brain’s reward set point (Koob & Le Moal 1997). In this context, it may be useful for clinicians
and patients alike to recognize that from a biological standpoint, chronic and heavy alcohol use
causes individuals to drink primarily to alleviate withdrawal and its associated unpleasant affective
and physical symptoms.

The neurobiological underpinnings of alcohol withdrawal include changes in the neurochem-
ical systems within the extended amygdala including decreases in neurotransmitter functions
subserving the acute reinforcing effects of alcohol (e.g., opioidergic, dopaminergic, GABAergic)
(Koob 2003). An increase in alcohol self-administration can be reliably induced in animal mod-
els using a withdrawal state, and such models have demonstrated that dopaminergic function is
compromised during acute withdrawal (Weiss et al. 1996). Animal models have also emphasized
the role of dysregulation in the brain stress system, including CRF-mediated processes, resulting
in changes to reward function leading to negative reinforcement (Koob & Kreek 2007, Koob &
Schulkin 2019). Ethanol is a powerful modulator of stress systems, and when it is removed from
the brain, through abstinence, powerful anxiogenic-like effects ensue. Such effects are critical to
drug seeking and relapse, and while patients manifest affective symptoms of agitation and anxi-
ety during withdrawal, the neural bases of those symptoms can be traced to the neurobiology of
neuroadaptations to chronic and heavy substance use.

Clinical research, including ours, has sought to characterize reward and relief processes in clin-
ical samples. In a host of laboratory studies in which individuals received standard doses of alco-
hol, we found that the positive reinforcing effects of alcohol (i.e., stimulation and positive mood)
were associated with alcohol craving in heavy drinkers without AUD but not in individuals with
AUD (Bujarski & Ray 2014). These findings were extended in an independent sample, and it was
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demonstrated that the reinforcing effects of alcohol were salient determinants of subjective crav-
ing in lagged models of subjective response to alcohol and subsequent subjective craving across a
range of light drinkers, heavy drinkers, and drinkers with AUD (Bujarski et al. 2017). In a study
combining an intravenous alcohol challenge with alcohol self-administration using a progressive
ratio model, we did not observe a relationship between AUD severity and subjective response
(Bujarski et al. 2018). AUD severity was associated with greater baseline negative mood, sedation,
and craving but did not moderate the relationship between subjective response and subsequent
self-administration. This finding did not support our prediction based on the allostatic model
that higher-severity individuals would show self-administration of alcohol driven by negative re-
inforcement while lower-severity individuals would self-administer for positive reinforcement. A
longitudinal study including alcohol administration in the laboratory found support for the early-
stage phase of the allostatic model, such that heavy drinkers who exhibited heightened reward
sensitivity and stimulation in response to alcohol were more likely to progress to AUD (King
et al. 2016). In brief, experimental psychopathology studies of the subjective rewarding effects of
alcohol and negative affect relief have generally provided support for predictions from the allo-
static model but only for the early stage of the model. The “dark side of addiction” proposed by
the model has not been reliably supported, in large part because experimental studies rely heavily
on healthier and younger individuals with more mild AUD presentations (Ray et al. 2017b, Rohn
et al. 2017). The disconnect between AUD severity in experimental psychopathology research
samples and treatment research samples has been identified as a crucial opportunity for more ef-
ficient translation, whereby clinical samples ought to express the pathology severity necessary to
fully access the target constructs described in neurobiological models (Ray et al. 2021).

Translation of the allostatic model to clinical samples with AUD has received increased atten-
tion. In the treatment domain, it has been argued that clinical response to naltrexone, an opioid
antagonist, may be stronger among individuals who report more positive reinforcement for alco-
hol (Roche & Ray 2015). This line of inquiry overlapped with efforts to identify genetic markers
of susceptibility for alcohol reward and for naltrexone responsivity in the lab (Ray & Hutchison
2004, 2007) and in the clinic (Anton et al. 2008, Oslin et al. 2015). While this research did not
produce the reliable effects required to predict naltrexone response based on the reward drinking
genotype, recent studies using self-report measures of drinking motives have shown that the effect
size for treatment with naltrexone is significantly higher among individuals who report drinking
for positive reinforcement compared with individuals who drink to alleviate negative feelings or
for normalization (Mann et al. 2018). Collectively, these findings suggest a potential convergence
of neurobiologically informed phenotypes and clinical phenotypes that can effectively improve
treatment for AUD in a meaningful fashion.

In short, the neural mechanisms subserving tolerance and withdrawal provide compelling ev-
idence for the neurobiology of addiction and suggest that neuroadaptation in the brain’s reward
circuitry leads to a shift in the reward set point. Such changes are critical to the maintenance
of the disorder and provide important targets for pharmacological and behavioral interventions.
Integrating these concepts in behavioral treatments entails a conceptualization of clinical phe-
nomena (such as tolerance and withdrawal) that considers the biological bases of these symptoms.
For example, in clinical practice, a careful evaluation of withdrawal symptoms is critical to deter-
mining whether a patient is suited to receive treatment on an outpatient versus inpatient basis.
Even patients with very high levels of motivation will likely require detoxification prior to outpa-
tient services if their clinical profile is marked by significant withdrawal symptoms. Conversely,
patients who show an ability to safely abstain from alcohol or drugs for a period of time are much
better candidates for outpatient services. The recognition of the clinical presentation in light of
both psychological and neurological factors is critical to effectively targeting addictive disorders.
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Likewise, from the perspective of clinical science, much work remains to be done to refine hu-
man models that can effectively translate insights from basic neuroscience. Reverse translation is
equally important, as highlighted throughout this review. A combination of novel experimental
methods with clinical populations, such as progressive ratio models of alcohol self-administration
in humans, along with novel data analytic methods (e.g., machine learning), may ultimately prove
useful, as was recently demonstrated (Grodin et al. 2020). Nevertheless, a key feature of any model,
data-driven or otherwise, is the opportunity to investigate clinically meaningful phenomena with
high potential for discoveries that can affect patient care.

HABIT, COMPULSION, OR GOAL-DIRECTED CHOICE

Drugs of abuse are by definition unconditioned reinforcers and, as such, are capable of producing
instrumental learning. It is no surprise that patients report their initial experiences with alco-
hol and/or drugs to be highly reinforcing and even memorable (Bornstein & Pickard 2020). But
while alcohol and drug use is goal-directed during the initiation and escalation of substance use,
it is thought to become habitual as addiction ensues and progresses. The transition from goal-
directed to habitual behavior is critical, and evidence suggests that even when the reward is no
longer valued, it will be sought out and consumed (Everitt & Robbins 2016). This transition has
been documented in preclinical models (Everitt & Robbins 2016) that provide a potential parallel
to the phenomenology of addiction in humans, which is marked by continued use despite conse-
quences and recognition that although the drug reward is no longer valued at the psychological
level, its consumption has become habitual and through neuroadaptive processes has produced
physiological dependence (i.e., tolerance and/or withdrawal).

Habit-driven behaviors are executed automatically without careful consideration of their con-
sequences (Graybiel 2008) and are marked by an absence of goal-directed behavior (Vandaele &
Janak 2018). Thus, habits are typically defined as insensitive to manipulations of the outcome or
action—outcome contingency. There has been much interest in understanding the brain’s habit
networks and its implications for a host of behavioral disorders, including addiction (Dolan &
Dayan 2013, Malvaez & Wassum 2018, Smith & Graybiel 2016). An overreliance on habit learn-
ing strategies may be phenotypically expressed in individuals with addiction (Sjoerds et al. 2013).
In the context of addiction, overreliance on habit may account for the continued substance use
despite a host of negative consequences.

Basic neuroscience has implicated homologous brain regions across species in neural circuits
that subserve goal-directed and habitual actions (Balleine & O’Doherty 2010), with the puta-
men and dorsolateral striatum playing a large role in the habitual control of behavior (Malvaez &
Wassum 2018). Further, the difficulty of breaking habits in addiction may be due in part to mal-
adaptive alterations in goal-directed brain systems (i.e., higher-order prefrontal regions) (Morris
et al. 2018), such that the individual can no longer revert to goal-directed strategies in the face
of adverse consequences. While habits may play a critical role in addiction, this role may not be
uniformly salient across stages of the addiction cycle. In other words, while habits represent a
possible strategy for acting, such a strategy may become more prominent at higher levels of ad-
diction severity. For instance, it has been postulated that compulsive alcohol use is characterized
by a shift of cue processing from the ventral to the dorsal striatum (Vollstidt-Klein et al. 2010).
In our own work, we have sought to dissociate ventral-to-dorsal striatal functional connectivity
by focusing on a genetic marker associated with reward drinking (Ray et al. 2014). This notion of
a shift in the processing of alcohol/drug cues from the ventral to the dorsal striatum is consistent
with the incentive-sensitization model of addiction, whereby compulsive alcohol use is under the
control of the dorsal striatum (Everitt & Robbins 2005). The transition to habit-driven behavior
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may be seen as compatible with the allostatic model of addiction, whereby later stages of addiction
are characterized by compulsivity (Koob & Volkow 2010). Compulsive use is thought to reflect
the use of a substance despite the negative consequences associated with such use, which can be
considered habitual use or the result of poor goal-directed decision making.

As the neuroscientific understanding of goals and habits in the brain has expanded signifi-
cantly, the translation of these findings to clinical populations remains a high-priority area. Habit
learning, and its underlying neurocircuitry, has been recently investigated in clinical samples us-
ing neuroimaging tools (Grodin et al. 2018, Sebold et al. 2017, Sjoerds et al. 2013). Neuroimag-
ing is well suited to provide a mechanistic understanding of habit circuits in clinical populations.
Additional work has examined the behavioral correlates of habit in substance-using populations
(Luijten et al. 2020, Voon et al. 2015), indicating that this phenomenon can be studied using
task-based behavioral assessments. The neuroscientific literature published thus far suggests that
insights into habitual actions from clinical and behavioral observations may help uncover translat-
able assessments that are cost-effective and clinically useful. To that end, our group has examined
habit through patterns of daily drinking and cigarette smoking across a 30-day period (Ray et al.
2020). Self-report measures of habit were robustly positively associated with clinical severity of
drinking and smoking. However, interclass correlation and autocorrelation AR(7) coefficients, the
behavioral measures of “patterness” and putative habit, were not associated with scores on the
self-report habit index. In a related effort, we sought to characterize individuals as reward, re-
lief, or habit drinkers according to clinically derived scales, and our validation efforts showed that
habit drinking was not distinguishable from relief drinking in our sample (Grodin et al. 2019). In
sum, these studies suggest that habit-driven substance use remains a difficult phenotype to reliably
access in clinical samples, and this challenge thus hinders the potential for a meaningful transla-
tion. Empirical support for habit-based addiction models is limited in the preclinical literature
(Hogarth 2020), and instead addiction may be better characterized as a poor goal-directed choice
than as a habit-driven response.

A key element of habitual behavior is that it can be elicited and even controlled by cues.
Through Pavlovian learning mechanisms, stimuli associated with a given drug acquire incentive
salience. Those conditioned stimuli can then evoke craving and drug-seeking behavior, as demon-
strated by preclinical (Weiss et al. 2001) as well as clinical (Mont et al. 2004) models. A series of
animal studies quantifying dopaminergic output in the striatum have shown that in the absence
of conditioned stimuli (or cues), the spike in dopamine firing associated with the neural bases of
reward is observed after drug intake (Schultz et al. 1997). However, in models where cues pre-
cede the availability of the drug, the dopamine spike shifts to the presentation of the cues rather
than the delivery of the drug itself. Interestingly, when cues are not followed by the reward [i.e.,
prediction error (PE)], there is a dip in dopamine firing as though the system were responding to
the absence of the reinforcer with below-normal levels of dopaminergic activity. These fascinating
animal findings are closely tied to clinical presentation of addiction in humans, which is marked by
intense cue-induced craving and drug seeking—cues that patients often describe as beyond their
conscious awareness. In our studies, we have used functional neuroimaging to approximate a clin-
ically relevant reward PE task in humans. We trained participants to expect that they would see
a cue for water and receive a taste of water and that they would see a cue for alcohol and receive
a taste of alcohol. We then violated those assumptions to evoke positive (expect water and re-
ceive alcohol) and negative (expect alcohol and receive water) PEs (Cservenka et al. 2017). Across
the entire sample of participants, positive PE-related brain activation was found in a large cluster
comprising frontal lobe regions, the insular cortex, and motor and sensory cortices. Compared
with social drinking subjects, alcohol-dependent subjects had greater positive PE-related brain
activity in the left superior parietal lobule, lateral occipital cortex, and postcentral gyrus. Beyond
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the patterns of activation, this study found that the PE signal was sparse and temporally distinct,
such that it was detectable only in a few “early” trials. Once individuals began to expect violations
of their predictions, the signal faded. This finding highlights the complexity of capturing neuro-
scientific phenomena in a clinically meaningful fashion. The challenges underscore the need for
clinical science to inform the translation of neuroscientific findings.

In a recent paper, Hogarth (2020) reviewed the evidence for three neurobiological theories
of addiction: addiction as an overlearned habit (not sensitive to the consequences), addiction as a
compulsion that is not sensitive to punishment, and addiction as a goal-directed (but poor) choice.
He concluded that goal-directed theory encompasses situations in which the goal of substance use
is driven by expectations that it will relieve unpleasant feelings, and he suggested that there is more
support for addiction as a goal-directed choice than for addiction as a habit or compulsion. In a
thoughtful response to Hogarth’s (2020) paper, Epstein suggested that these theories are not so
competing (Epstein 2020). In an argument akin to what is laid out in this review, Epstein suggested
that rather than a winner-take-all approach to competing theories, cross-level explanations should
be considered in which many theories of addiction can be true, and the goal should instead be to
determine when, for whom, and to what extent these theories apply. These considerations align
with the overarching goal of this review to consider heterogeneous clinical phenomena, such as ad-
diction, from multiple perspectives and with an emphasis on their clinical application (the “when,”
“for whom,” and “to what extent” questions).

INCENTIVE-SENSITIZATION: THE WANTING AND THE LIKING

One prominent theory of addiction is the incentive-sensitization model. The basic tenets of this
theory are that drugs of abuse share the ability to alter brain organization (i.e., produce neu-
roadaptation) in the brain reward systems and thus render the systems sensitized to drugs and
associated stimuli (Robinson & Berridge 2001). A key contribution of this theory is the dissoci-
ation between two aspects of incentive-sensitization—namely, liking and wanting. Specifically, it
has been demonstrated that sensitization operates primarily at the reward subcomponent termed
incentive salience, which is marked by drug craving (i.e., wanting). While the neural basis of liking
is primarily subserved by the endogenous opioid system, the process of wanting has been associ-
ated with dopaminergic activity in the brain’s reward circuitry (Berridge et al. 2009). Importantly,
Berridge et al. (2009) have argued that sensitization is not simply an inevitable pharmacological
consequence of repeated drug use but instead is modulated by environmental factors associated
with alcohol and drug intake. The notion of environmental modulation of neuropharmacological
experiences has important implications not only for understanding addiction and relapse but also
for developing and implementing intervention strategies.

The treatment implications of incentive salience are multiple. From a neurobiological stand-
point, teaching patients to cope with triggers is akin to training one’s brain to unlearn associations
or, at a behavioral level, to inhibit a prepotent (learned) response, such as alcohol use in the pres-
ence of a drinking buddy. While learning theory has been influential in the development of highly
effective treatments for anxiety disorders, such as exposure-based interventions, similar success
has not been seen in the case of addiction. Cue exposure treatments for alcoholism have produced
mixed results (Conklin & Tiffany 2002). The lack of strong empirical support for exposure-based
treatments for addiction is largely explained by the overgeneralizability of the conditioned re-
sponse. It is plausible that alcohol and drug use is accompanied by a wide variety of cues, both
internal (e.g., affective states such as negative mood) and external (e.g., places, people, things). To
that end, it is simply not feasible to devise exposure exercises that effectively target all such trig-
gers. Nevertheless, functional analysis of behavior is often effective in identifying patients’ most
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salient drug use triggers. Likewise, behavioral techniques for coping with triggers, such as avoid-
ing, taking time-outs, and learning refusal skills, represent important components of cognitive
behavioral therapy for addiction. What is often lacking from these effective interventions is the
conceptualization of triggers as learned processes that are biologically based and that may evoke
the unwanted, yet learned, behavioral response of alcohol or drug use leading to relapse.

Learning theory is particularly useful for understanding the neural underpinnings of incentive
salience in addiction. It contends that adaptive responses to various types of functional alteration
are displayed not only at the level of single neurons but also at the synapses between neurons—
hence the term synaptic plasticity. This phenomenon has been most often studied in the form of
long-term potentiation, which is a process of long-lasting facilitation of neurotransmission across
neurons when the synapses between them are used repeatedly under certain conditions. These
processes are critical to all learning, both adaptive and maladaptive. Just as the rewarding prop-
erties of alcohol and drugs operate within the same neurocircuits responsible for normal reward
functions in the brain, Pavlovian (or associative) learning during addiction operates through the
same signaling pathways that subserve nonpathological forms of learning (Robinson & Berridge
2008). In basic terms, individuals with AUD/SUD have learned to form associations between
triggers and alcohol/drugs through the same biological mechanisms that allow people to associate
their favorite restaurants with food.

Neuroimaging studies have shown that the presentation of alcohol or drug cues, compared
with control cues, reliably produces increases in blood flow in brain areas associated with reward
(nucleus accumbens, VTA, insula) (Filbey et al. 2008) and affect regulation (amygdala) (Childress
etal. 1999). A meta-analysis by Schacht et al. (2013) summarized the neural circuitry known to be
involved in cue reactivity. Specifically, it has been shown that alcohol cues elicit robust activation
of limbic and prefrontal regions, including the ventral striatum, anterior cingulate cortex, and ven-
tromedial prefrontal cortex, in individuals with AUD. Compared with controls, individuals with
AUD showed greater activation of parietal and temporal regions, including the posterior cingulate
cortex, precuneus, and superior temporal gyrus. Cue-elicited activation of the ventral striatum was
most frequently correlated with behavioral measures and reduced by treatment (Courtney et al.
2016). Importantly, while brain activation has been correlated with the subjective experience of
craving, captured via self-reports, the correlation is far from perfect and, in some cases, is not
present at all (Filbey et al. 2009). This finding suggests that while craving is under conscious
awareness, some of it may be subcortical in nature and perhaps inaccessible to patients. That sug-
gestion is consistent with patient reports of being on “autopilot” and having little awareness of
their craving levels during a lapse. The use of functional magnetic resonance imaging—based cue
reactivity holds promise for screening AUD/SUD treatments and provides a proof-of-mechanism
for treatments thought to reduce the incentive salience of alcohol and drugs (Grodin & Ray 2019).

In addition to the learning mechanisms discussed above, protracted withdrawal represents
another biologically based response to the removal of a given drug from the system, which in
turn threatens recovery, particularly during its early stages. While acute withdrawal is marked by
intense feelings of physical discomfort associated with a rebound effect from chronic drug use, pro-
tracted withdrawal is marked by less severe yet longer-lasting physical and psychological symp-
toms (Heilig et al. 2010). For example, protracted alcohol withdrawal is marked by feelings of
nervousness, agitation, anhedonia, dysphoria, and sleep difficulties. These symptoms are thought
to persist for approximately 3 months during early remission. Not surprisingly, these physical and
psychological symptoms can be traced to the longer-lasting disruption in excitatory and inhibitory
neurotransmission resulting from chronic alcohol and/or drug use. The hyperactive glutamatergic
projections from the nucleus accumbens to the prefrontal cortex have been implicated in the pro-
cess of relapse through mechanisms of protracted withdrawal, such as nervousness and agitation
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(Kalivas & Volkow 2005). Likewise, longer-term disruptions in the dopamine-mediated reward
pathway can be associated with effects such as anhedonia, the inability to experience pleasure
from natural rewards (Wise 2008). Patients in early recovery are often confronted with the fact
that despite not using alcohol or drugs, they feel unable to experience reward from activities that
used to be reinforcing, such as spending time with loved ones. It is important to recognize that the
neural systems of reward have been subjected to alterations in their organization and that these
alterations will not be immediately resolved through short-term abstinence (Volkow et al. 2001).

The process of brain recovery from addiction is gradual. And while clinical neuroscience can-
not effectively estimate how much one’s brain will recover and over what period of time, studies
have documented the neural changes associated with recovery. A study by Wilson et al. (1996) was
the first to document that dopamine synaptic terminals, which are the primary targets of metham-
phetamine (the use of which can lead to “dopamine leakages”), were damaged (relative to controls)
in the brains of patients who died of methamphetamine overdose. Seminal work using positron
emission tomography to visualize dopamine nerve terminals in the human brain found that these
terminals were damaged in methamphetamine abusers relative to controls (Volkow et al. 2001).
Perhaps most encouraging, when patients were reevaluated after periods of prolonged abstinence,
there was clear evidence of recovery of dopamine nerve cells in the brain. These human studies
suggest that brain damage occurs as a result of chronic drug use and that recovery can also occur
after periods of abstinence.

From a clinical perspective, increasing recognition of recovery as a brain-based process can
have important implications for patients and clinicians alike. One major implication is the notion
that sustained recovery is required to fully experience the benefits of abstinence. Patients and their
families should adopt a long-term perspective with regard to the behavioral aspects of the recov-
ery process (e.g., building a life worth living, repairing relationships) but also with regard to the
neurocognitive and affective benefits of sustained abstinence. The debate about what constitutes
recovery and the need to include functional outcomes in addition to alcohol/drug use outcomes
has become increasingly salient in the field (Kiluk et al. 2019, Ray et al. 2019b), and there is clearly
a need for heavy involvement from clinical psychologists. For example, evidence suggests that an-
hedonia commonly associated with initial abstinence may subside over time as the brain’s reward
system recovers and is better able to process natural rewards, which are relatively low in potency
compared with drug rewards. From a clinical science perspective, human studies that can more
accurately capture the neural aspects of recovery with regard to affective and cognitive processes
would be valuable in elucidating the nature and time course of recovery of such functions as he-
donic capacity and cognitive abilities. Clinical neuroimaging studies would also be enhanced by
phenotypic classifications that can effectively account for remission stages.

As reviewed in this section, the neuroscience of addiction has elucidated several neural circuits
that underlie the behavioral expression of tolerance, craving, and withdrawal, which are critical to
understanding patients’ vulnerability to relapse as well as their prognosis for long-term recovery.
Continued integration of basic and clinical science through translational studies will further the
impact of these contributions to clinical care. In addition, well-informed clinicians who can effec-
tively discuss the neural bases of addiction with patients and their families will be well positioned
to facilitate the dissemination and optimization of science-based approaches to clinical care. This
also requires a significant involvement of clinical psychologists in the field of addiction. As recently
articulated by Dimoff et al. (2017), the field of clinical psychology has not kept up with the rising
substance use epidemic, and the workforce of clinical psychologists receives only modest training
in the AUD/SUD domains. Thus, building a workforce of clinical psychologists who are prepared
to address addiction issues in science and practice is a critical first step, followed by scientific and
clinical training that is as interdisciplinary as addiction itself.
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THE ROLE OF GENETIC FACTORS IN ADDICTION ETIOLOGY
AND TREATMENT

Behavioral genetic research has convincingly demonstrated that a sizable proportion of the risk
for developing an addictive disorder is attributable to genetics. Twin and adoption studies have es-
timated the heritability of alcohol dependence to be approximately 50-60% (Prescott & Kendler
1999), while the estimate for cocaine dependence may be higher at approximately 70% (Kendler
etal. 2000). Research studies have also demonstrated that the genetic loading for SUDs is largely
shared across disorders, as opposed to being substance specific. For example, a twin study found
that the genetic liability for SUDs was best accounted for by a two-factor model in which licit and
illicit substances formed different latent constructs explained mostly by common genetic and en-
vironmental factors (Kendler et al. 2003). Studies of adolescent samples have found strong shared
genetic loading across SUDs and conduct disorder (Button et al. 2007). More broadly, studies
have found that multiple SUDs and conduct disorder/antisocial personality disorder may clus-
ter into externalizing disorders, which share a large proportion of genetic risk factors (Amstadter
et al. 2016). In short, genetic research has supported the heritability of SUDs and has suggested
that most of the genetic risk is shared across substances of abuse and even across other forms of
externalizing psychopathology.

Despite rapid advances in genetic sequencing technologies, important questions remain about
how genetic research may inform prevention and intervention for addiction. While concepts such
as heritability and environmentality represent population statistics that are not informative on an
individual basis (i.e., cannot be used to inform the treatment of a particular patient), molecular
genetic studies can help identify specific genes associated with the liability for the development of
addiction. To date, numerous studies have examined candidate genes for AUD and SUD (Bierut
2011, Gelernter & Kranzler 2009). While some reliable candidate genes have emerged (e.g., alco-
hol dehydrogenase polymorphisms) (Kranzler et al. 2019), the vast majority of the candidate genes
studied to date have produced mixed and inconclusive results (Ducci & Goldman 2008), and the
same is true for gene x environment interactions (Duncan & Keller 2011). There is increasing
recognition in the field that common psychiatric disorders, such as addiction, may result from the
interplay among multiple genes of relatively small effect.

The field of genetics has moved from a hypothesis-driven candidate-gene approach to a
data-driven hypothesis-generating method—namely, genomewide association studies (GWASs)
(Cichon et al. 2009). In fact, the transition to GWASs has been so sharp that it has been argued
that GWASs have made candidate-gene studies obsolete (Duncan et al. 2019). GWASs represent
a discovery-based approach that analyzes an array of common single-nucleotide polymorphisms
(SNPs) across the entire genome without an a priori hypothesis about a specific gene or pathway.
Theoretically, GWASs can identify all the common genetic variants associated with a state or dis-
ease. Over the last several years, GWASs have found that variations in the genes encoding the
alcohol-metabolizing enzymes are among the common variants with the largest effect on AUD
risk (Reilly et al. 2017). GWAS sample sizes tend to increase with recency of publication, and
yet the alcohol-metabolizing enzyme genes account for the most consistent overall findings for
GWASs of AUD to date (Edenberg etal. 2019), replicating findings from candidate-gene and link-
age studies. However, these recent results were somewhat discouraging because it was expected
that GWASs would identify novel and unexpected variants that would enhance our understand-
ing of the genetics of complex traits including AUD. In reality, large sample sizes are required to
achieve statistical power to detect small effects, especially for complex diseases such as psychiatric
disorders and addiction. In addition, very conservative statistical corrections are required to con-
trol for multiple testing of the more than one million SNPs that are typically investigated in a
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single GWAS. A Bonferroni-corrected genomewide significance threshold set at p < 1078 is typ-
ically required. Furthermore, the heritability explained by SNP associations is less than estimates
of heritability derived from family studies. The variants that reach statistical significance typically
explain only a small fraction of the heritability, a phenomenon commonly referred to as “missing
heritability” (Manolio et al. 2009). Several hypotheses have been put forward to explain missing
heritability, such as undetected rare variants of large effect, epistatic interactions, and the notion
that heritability estimates from family studies may be overinflated (Golan et al. 2014, Zuk et al.
2012).

It is well established that AUD risk is the result of multiple genes, environmental factors, and
interactions across genes and gene x environment. To account for multiple genetic markers si-
multaneously, polygenic risk scores can be estimated from GWAS data to provide a quantitative
measure of the cumulative effects of common genetic variance across the entire genome on risk
for a disorder. Risk scores are calculated as a weighted sum of the number of risk alleles at the
selected SNPs carried by a person. The weight is obtained from the effect size associated with
the SNPs. These scores can be compared between persons and phenotypes. Polygenic risk scores
have had some success in predicting AUD risk in individuals (Kos et al. 2013); however, a re-
cent genomewide meta-analysis of AUD showed that these scores explained only 0.3-1.7% of the
variance in alcohol use and misuse phenotypes (Walters et al. 2018).

In sum, the GWAS approach is beginning to uncover novel biology that subserves AUD/SUD
but will require further testing and confirmation, especially functional validation. To some ex-
tent, the field of psychiatric genetics has moved toward even larger sample sizes leading to
meta-analyses of GWASs in hopes of detecting reliable markers of risk for complex phenotypes
(Gershon et al. 2011). A comprehensive understanding of the genetic aspect of AUD may reveal
potential targets for new pharmacotherapies and may also open avenues for personalized medicine.
To that end, an area in which genetic research is helping refine treatments is that of pharmaco-
genetics, which consists of identifying which treatments will be most effective for certain patients
on the basis of their genetic makeup (Jones et al. 2015). While there is enthusiasm for predict-
ing treatment response based on genetic factors, as well as pitfalls (Tate & Goldstein 2004), the
consensus is that precision medicine approaches based on genetic markers are not yet ready for
clinical implementation for AUD (Hartwell & Kranzler 2019, Nieto et al. 2020).

NOVEL BIOLOGICAL MECHANISMS
Inflammation and Neuroinflammation

Over the past decade, evidence has accumulated implicating the interplay of the brain, behavior,
and the immune system in the development and maintenance of addiction. Alcohol is theorized to
increase neuroinflammation through two pathways: (#) a peripheral pathway through which gut
microbes activate innate immune cells, resulting in the production of proinflammatory cytokines
that cross the blood-brain barrier; and (b) actions directly in the brain, where proinflammatory
immune molecules are released through cross talk between neurons and glia (Mayfield & Harris
2017).

The first evidence for the involvement of the immune system in AUD came from the
identification of changes in expression of neuroimmune genes and microglial transcripts in
postmortem brains of individuals with AUD (He & Crews 2008, Liu et al. 2006). These findings
were reverse-translated to rodent models, in which chronic ethanol exposure altered glial and
immune gene expression (McBride et al. 2013, Qin et al. 2008). Moreover, mice lacking immune
genes demonstrated reduced alcohol intake across ethanol intake paradigms (Blednov et al.
2012), whereas activation of the immune system through lipopolysaccharide promoted ethanol
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consumption and preference (Blednov et al. 2011). Support for the role of neuroinflammation
in AUD in humans has been largely correlational. Individuals with AUD have elevated serum
levels of proinflammatory cytokines (Heberlein et al. 2014, Leclercq et al. 2014a), and levels of
the proinflammatory cytokine interleukin-6 were correlated with breath alcohol concentration.

The immune system is also thought to play a role in the withdrawal and negative reinforce-
ment stages of addiction. There is a substantial literature implicating inflammatory factors in
depression (Roman & Irwin 2020). In animal models, alcohol withdrawal results in the rapid
induction of proinflammatory cytokines in the central nucleus of the amygdala (Freeman et al.
2012) and in the striatum (Pascual et al. 2015), the latter of which has been associated with an
increase in anxiogenic-like behavior (Pascual et al. 2015). These data suggest that neuroinflamma-
tion is involved in withdrawal and may contribute to the anxiogenic processes that drive negative
reinforcement.

Given the accumulating evidence for alcohol-neuroimmune signaling, significant efforts have
been made to develop and refine pharmacotherapies with neuroimmune targets. Many preclinical
studies have investigated the modulation of the neuroimmune system through various mecha-
nisms including inhibition of toll-like receptors (TLRs), disruption of the TLR signaling cascade,
inhibition of phosphodiesterases (PDEs), and activation of peroxisome proliferator-activated re-
ceptors (for a recent review, see Erickson et al. 2019). The translation of this work to clinical
samples has begun, but the obstacles of moving preclinical findings to human testing—a transi-
tion known as the “valley of death” in medications development—still remain (Ray et al. 2018).
Despite the substantial obstacles, there are several pharmacotherapies with neuroimmune targets
that have shown promising early-stage clinical results. Ibudilast, a nonselective PDE inhibitor, de-
creased tonic craving and improved mood following stress and alcohol cue exposure in a human
laboratory study of individuals with AUD (Ray et al. 2017a). Ibudilast has also shown promise
in the treatment of opioid use disorder (Cooper et al. 2016) and methamphetamine use disorder
(Worley et al. 2016). Minocycline, a tetracycline antibiotic with independent immune actions, de-
creased the positive subjective effects of a stimulant in a small study of healthy volunteers (Sofuoglu
et al. 2011). Many clinical trials are underway investigating neuroimmune-related compounds
(Erickson et al. 2019), further demonstrating the field’s enthusiasm for the potential therapeutic
benefit of neuroimmune modulation.

The Microbiome and the Gut-Brain Axis

Another emerging area of considerable interest is the impact of the gut microbiome and the gut—
brain axis on AUD and SUD. The gut microbiome consists of approximately 10 million genes—
about 150 times the number of genes found in the human genome (Gilbert et al. 2018). Within
an individual’s gut, an estimated 500-1,000 species of bacteria exist at any one time. The gut
microbiome supports intestinal homeostasis, producing beneficial metabolites while protecting
the host from colonization by pathogenic bacteria (Belkaid & Hand 2014). Similar to allostasis,
dysbiosis arises when the normal gut microbiota are imbalanced, and this condition can lead to
the development of disease (Rogers et al. 2016). Critically, alterations to the microbiome can have
significant effects on the brain and behavior (Heijtz et al. 2011, Kiraly et al. 2016).

Although clinical research will be crucial for the understanding of the gut-brain axis, preclinical
animal models provide invaluable tools to develop a mechanistic understanding of gut-brain sig-
naling. There are two prominent animal model paradigms for this purpose: germ-free animals and
antibiotic-induced microbiome depletion. Germ-free animals lack an internal microbiome and are
raised in a sterile environment; these animals can then be colonized with microbial communities
to investigate whether the donor microbiome contributes to a behavior of interest (Luczynski et al.
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2016). The antibiotic—depletion paradigm uses broad-spectrum antibiotics to reduce gut bacteria
(Zarrinpar et al. 2018). Both paradigms have been used to demonstrate the role of the micro-
biome in depression- and anxiety-like behavior (Wong et al. 2016), which can be altered through
fecal microbial transplants (Heijtz et al. 2011). Mechanistic studies interrogating the role of the
microbiome in AUD and SUD have been more limited; however, emerging evidence implicates
dysbiosis in AUD/SUD (Meckel & Kiraly 2019). Dysbiosis has been found in response to alco-
hol, opioids, and psychostimulants in animal models (Kiraly et al. 2016, Lee et al. 2018, Peterson
et al. 2017). Jadhav et al. (2018), using a mouse model, attempted to replicate the clinical diag-
nostic criteria for AUD and found associations between the composition of the gut microbiome
and vulnerability to AUD. This type of reverse-translational research is critical to understanding
developmental risk factors for AUD and SUD.

Gut dysbiosis has been found in clinical samples with AUD and SUD, although the pattern
of changes does not appear to be consistent within and across drug classes. Studies of AUD have
shown that the type of alcohol consumed influences the effect of the microbiome (Engen et al.
2015), and there are known interactions between the gut microbiome and liver disease (Tripathi
et al. 2018), indicating that the presence or absence of alcoholic liver disease will also affect mi-
crobiome profiles. Despite these caveats, there is growing preclinical and clinical evidence that
alcohol increases intestinal permeability (Leclercq et al. 2014a,b), thereby allowing gut bacteria
to translocate into the circulatory system and sometimes cross the blood—brain barrier to induce
neuroinflammation. As preclinical and clinical studies have found gut dysbiosis in individuals with
AUD and SUD, there is increased interest in the development and refinement of therapeutics tar-
geting microbial signaling. Psychobiotics, which are defined as both probiotics (beneficial bacteria)
and prebiotics (support for these beneficial bacteria) that influence bacteria-brain behavior, have
been proposed as a treatment for AUD (de Timary et al. 2017). However, clinical trials need to be
conducted to evaluate whether psychobiotics are beneficial to the treatment of AUD and SUD.

MULTIFINALITY OF COMPLEX PHENOTYPES
AND TRANSDIAGNOSTIC RISK FACTORS

Inherent in the concept of a complex phenotype is the recognition that there is not a single path
into this disorder, nor is there is a single way out through a common intervention that will work
well for all patients. In contrast, the developmental psychology constructs of equifinality and mul-
tifinality are more applicable to addiction etiology. Equifinality refers to the notion that a common
phenomenon—in this case, disorder—may result from different mechanisms. This notion is con-
sistent with the recognition that addiction is rather heterogeneous and that multiple efforts are
needed to further parse out this clinical phenotype using typologies, age of onset, family history,
and other variables of high etiological (Leggio et al. 2009) and clinical (Grodin et al. 2019) sig-
nificance. Multifinality, in turn, refers to the notion that a common etiological factor may result
in multiple psychopathological outcomes. A classic example is childhood abuse and maltreatment
leading to a host of possible forms of psychopathology, both internalizing and externalizing in
nature. More recently, we have compelling evidence that delayed reward discounting may not be
a risk factor unique to addiction (Amlung et al. 2019). The bifurcation in a multifinality model is
provided by environmental factors and unique genetic vulnerabilities. The multifinality concept
is highly consistent with the genetic and environmental risk factors shared by multiple psycholog-
ical disorders. In psychopathology research, such sharing is often seen in the context of a common
liability model operating across a host of psychological disorders (e.g., Roysamb et al. 2011). In
short, patients may arrive at an addictive disorder through different pathways (i.e., equifinality),
and multiple genetic and environmental risk factors may confer risk for these disorders as well as
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for other forms of psychopathology (i.e., multifinality). Transdiagnostic models of psychopathol-
ogy cannot easily account for multifinality, an issue that can be overcome through sound clinical
psychological science and careful theoretical consideration (Nolen-Hoeksema & Watkins 2011).

So how does the neurobiology of addiction account for these multiple pathways leading to
considerable phenotypic heterogeneity? To allow for different paths in and out of a psychopatho-
logical outcome, there has been an emphasis on intermediate phenotypes (i.e., endophenotypes)
for addiction as well as for other neuropsychiatric disorders (Gottesman & Gould 2003). These
phenotypes represent more narrow and discrete pathways into the disorder of interest. Another
important contribution of these narrow phenotypes is that they are purportedly closer to the neu-
robiology of the disorder. Examples of addiction intermediate phenotypes include subjective in-
toxication (alcohol or drug high) (Ray et al. 2016), delayed reward discounting (MacKillop et al.
2011), craving, stress reactivity, and neural response to alcohol or drug cues (Ray et al. 2010). This
conceptualization resonates with the Research Domain Criteria (RDoC) approach (Insel et al.
2010) and has been described as a heuristic for the integration of behavioral neuroscience with
the study of psychopathology (Sanislow et al. 2010).

The Addictions Neuroclinical Assessment (ANA) was recently proposed as a novel framework
for neuroscience-informed assessment that captures three functional domains: incentive salience,
negative emotionality, and executive (dys)function (Kwako et al. 2017). This framework aims to
understand the heterogeneity in AUD by leveraging deep phenotyping profiles coupled with fac-
tor analytic methods (Kwako et al. 2019). While these domains have received initial empirical
support (Kwako et al. 2019), validation of the ANA framework in independent clinical samples is
needed. The heuristic framework offered in ANA presents new opportunities whereby dysfunc-
tions in these domains may serve as treatment targets. For instance, the ANA can be used to iden-
tify novel addiction biomarkers and to refine existing ones (Kwako et al. 2018). To do so would
entail filling the translational gaps between behavioral and biological phenotypes, an ongoing
challenge in neuroscience and psychology. While there is considerable enthusiasm and potential
for an ANA framework, the empirical research on the core constructs of incentive salience, neg-
ative emotionality, and executive dysfunction has been limited. It is likely unsurprising to clinical
psychologists that despite the sophisticated clinical neuroscience research conducted to date, in-
dividual differences in the expression of psychopathological behavior, including addiction, remain
elusive, yet so central to optimizing patient care.

SUMMARY AND CONCLUSIONS

The field of clinical psychology, much like the field of psychiatry, has seen a marked increase in
biologically oriented research. This is both a result of technological advances and a pendulum
swing favoring biologically based explanations to psychopathology, addiction included. By cov-
ering a host of prominent theories and models of addiction from neurobiological viewpoints,
this review has sought to identify opportunities for translation and, in particular, to argue for
the role of clinical psychological science in informing those efforts. From mechanisms of reward
processing, learning and memory, allostasis, incentive-sensitization, reward PE, withdrawal, toler-
ance, goal-directed decision making, habit learning, genetics, inflammation, and the microbiome,
the common theme has been to highlight the potential clinical utility of basic neuroscience
research and to identify opportunities for clinical science. These efforts are not isolated but
rather comprise a set of experiments in which insights from addiction neuroscience are translated
to clinical populations through scientific hypotheses and methods that support such inquiry. By
systematically testing hypotheses informed by the basic neuroscience of addiction and program-
matically translating and reverse-translating their findings, clinical scientists stand to make critical
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contributions to the translational science of addiction. While one may rightfully argue that the
current state of the field is neurocentric, it is up to clinical scientists to demonstrate the unique
utility of a scientific approach that puts clinical translation first and that is grounded in real-world
addiction phenomenology in humans. While rats and mice are often the preferred “addiction
patients” in the neuroscientific literature, there is renewed effort from our basic science colleagues
to make their findings more translatable. One of the chief arguments for clinical neuroscience
is that by meeting these efforts halfway with clinically relevant insights and methods, clinical
scientists can make unique and transformative contributions to the field of addiction science.

Informed by a previous article (Ray 2012) that outlined a program of research on the clinical
neuroscience of addiction and its significance, this review expands considerably on earlier work
by providing a host of insights from clinical neuroscience studies undertaken in our laboratory
over the past decade. While we continue to move our research forward with a keen interest in
translatable neurobiological insights, we clearly recognize the limitations of the neuroscience ap-
proaches. The first, most obvious one is that preclinical models have not been fully translated to
human samples, and therefore ongoing research is needed to support or refute the applicability
of these basic findings to clinical samples. To that end, reverse translation is key and is already
underway to a significant degree (Augier et al. 2018, Venniro et al. 2018). It is also critical to rec-
ognize that a mechanism is not the same as a cause and that, while the neuroscience of addiction
has elucidated a number of important mechanisms related to the expression and maintenance of
the addiction phenotype, the cause of addiction that calls the mechanism(s) into action remains
elusive (Kalant 2010).

The distinction between the why and how of addiction calls into question the extent to which
reductionist approaches can effectively elucidate the primary causes of addictive behavior rather
than the mechanisms underlying its expression. The concept of multifinality comes to mind when
aligning multiple risk pathways for complex behaviors. Rather than a winner-take-all approach
to comparing theories, a more integrative approach that allows for multiple theoretical insights
to coexist provides a refreshing and sobering framework (Epstein 2020). In many cases, patients
of recovery than in the “whys” of addiction. Clearly, one

”

are more interested in the “how-to’s
can inform the other. Recognizing the relative importance and the limitations of all scientific ap-
proaches and keeping in mind the common goal of ameliorating the suffering caused by addiction
can keep us focused on the end point of scientific inquiry. That is not necessarily to be “right” but,
rather, to be helpful and clinically effective. To that end, the thoughtful integration of basic and
clinical science provides a powerful tool to fulfill the scientific mission of improving health care.
Clinical psychologists have an important role to play in fulfilling this tall order. Training the next
generation of clinical scientists and practitioners to integrate their expertise in psychopathology
with the underlying neural mechanisms of addiction represents both a challenge and a tremendous
opportunity.

1. The last three decades in psychological research have been marked by interdisciplinary
science, a shift driven in part by the increased accessibility of novel tools for quantifying
biomarkers.

2. Addiction represents a prime example of a disorder marked by a complex interaction
among psychosocial and biological factors, including genetic predisposition and brain
adaption to the pharmacological effects of alcohol and drugs.
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10.

11.

. The field of addiction science often conceptualizes addiction as a chronic and relapsing

disorder of the brain, but the notion of addiction as a brain disease is debated.

. Addiction neuroscientists have become increasingly focused on the translational impact

of their work, and this is a unique opportunity for clinical scientists to inform transla-
tional efforts.

. Research has focused on decoupling drug cues and responses, whereas new insights into

learning and memory processes suggest that building new and therapeutic memories
may be more fruitful.

. In studies informed by reverse translation, when alternative rewards were presented to

animals, the threshold for alcohol and drug preference changed dramatically compared
with the outcomes of behavioral assays without competing rewards.

. The field of addiction science does itself a disservice by using terms like alcohol use dis-

order (AUD)/substance use disorder (SUD) and addiction interchangeably, which un-
dermines a brain-based conceptualization of addiction.

. This review does not espouse a neurocentric view of addiction. We recognize that

progress in addiction science occurs with both neuroscience and behavioral science and
that for these discoveries to become clinically useful, an integration of both is sorely
needed.

. Addiction may be better characterized as a poor goal-directed choice than as a habit-

driven choice, as clinical support for the transition to habit-based models of addiction is
lacking.

Multifinality explains how a common transdiagnostic risk factor may bifurcate into mul-
tiple outcomes based on unique genetic and environmental factors.

We have reviewed prominent neurobiological models of addiction, identified opportu-
nities for clinical translation, and argued for the key role of clinical psychologists in
translational science of addiction.

. Which constructs in addiction neuroscience are translatable to clinical populations? And

which are not, thus calling for reverse translation?

. How can addiction neuroscience constructs be reliably translated to clinical populations?
. What is the clinical significance of neuroscience-informed assessment and treatment?

. How can the clinical neuroscience of addiction help close the knowledge gap and allow

more evidence-based practices for addiction treatment?

. How does a brain disease conceptualization of addiction affect the delivery of clinical

services and their efficacy?

. How can clinicians best support self-efficacy in the context of a brain disease conceptu-

alization of addiction?

. Why have advances in the basic neuroscience of addiction failed to materialize into better

treatments for addictive disorders?
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8. How can we reliably identify a subset of individuals displaying addiction within the
broader range of AUD/SUD diagnoses?
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