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Abstract

Addiction, a mental health condition, suffers from a significant treatment gap, with less than
10% of affected individuals receiving help. Over the past four decades, research has focused
on understanding addiction's neurobiological mechanisms, primarily centering on the role of
dopamine as a key player in reward processing. Advanced neuroimaging techniques such as
functional magnetic resonance imaging (fMRI) and positron emission tomography (PET)
have unveiled functional and molecular dysfunctions in addiction.

This thesis aimed to utilise and advance neuroimaging methods to understand reward system
dysfunction in both substance and behavioral addictions. Additionally, it sought to explore
the potential of these methods in translational neuropsychopharmacology research for
developing innovative addiction therapeutics.

The three thesis chapters delved into the use of neuroimaging in both basic neuroscience and
translational neuropsychopharmacology experiments. The first chapter conducted a
systematic review and meta-analysis on dopamine receptor function in addiction, revealing
the complexity of this role. The second chapter investigated a novel dopaminergic drug's
effects in alcohol addiction, demonstrating its dual impact on the brain through fMRI and
PET scans. The final chapter identified gambling disorder-specific brain biomarkers, valuable
for future translational research.

These findings suggest that simple molecular biomarkers are insufficient for addiction
translational research. However, multimodal neuroimaging investigations, as seen in the
second chapter, hold promise for clinical drug development in addiction.

In conclusion, the thesis lays the foundation for future research, highlighting the potential of
multimodal translational neuropsychopharmacology studies to yield effective interventions
for addiction. These methods could revolutionise not only addiction treatment but also have
broader implications in psychiatric research and emerging fields like psychedelic drug
development.
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Chapter 1: Thesis Introduction

Introduction

Addiction

Addiction, characterised as a persistent and recurrent medical condition, presents a
substantial global burden, marked by a scarcity of effective treatment options.
Estimates indicate that approximately 164 million individuals worldwide are currently
grappling with addiction according to the Global burden of disease study (James et
al., 2018). Within the Western hemisphere, a notable 5-6% of individuals contend with
substance-related issues, while growing concerns surround the prevalence of
behavioural addictions (Bowden-Jones et al., 2022). The global prevalence of all
substance use disorders (SUDs) has shown a significant uptick between 1990-2016,
with alcohol dependence emerging as the most prevalent (Degenhardt et al., 2018a).
Moreover, there has been a consistent rise in drug-related fatalities since the turn of
the millennium, with 2017 recording a 35% increase in deaths compared to 2000,
particularly concerning trends linked to opiate and synthetic drug overdoses, most
prominently observed in the United States, Scotland, and England (Degenhardt et al.,
2018a) . This disconcerting trend transcends borders, with the WHO documenting
increases in drug-related deaths across all continents (WHO, 2017). Furthermore,
addiction exacts a staggering economic toll, exceeding $442 billion annually with far-
reaching adverse implications impacting employment, productivity, public health and
the legal system (Office of the Surgeon General, 2019).

Despite the substantial morbidity associated with SUDs and behavioural addictions,
less than 10% of the 22 million Americans identified as needing treatment can access
specialized services (Substance Abuse and Mental Health Services Administration,
2016; Blevins, Rawat and Stein, 2018). In the United Kingdom, a mere 9000
individuals sought assistance from specialized gambling treatment clinics in 2019-
2020, despite a recent YouGov poll estimating that up to 1.4 million individuals in the
UK meet the criteria for problematic gambling (Public Health England, 2023). These

statistics lay bare the inadequacies in support provision and treatment accessibility.
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The reasons behind this lack of access to appropriate services are multifaceted and
extensively detailed in the UK government-commissioned independent drug review by
Dame Carol Black (2021). Her report echoes the urgent socio-economic need
underscored in NIDA's 2019 medication development priorities paper, emphasizing
the imperative for the development of more effective treatments through innovative
and mechanistic scientific programs to enhance translation to clinical practice
(Rasmussen, White and Acri, 2019).

The prevailing clinical approach to addiction encompasses psychosocial interventions
supplemented by pharmacotherapy. However, these existing treatments exhibit
limited success, with 20% of individuals experiencing relapse within one month and
an additional 40% relapsing within six months (Hayes et al., 2020). Notably, the
efficacy of treatments for alcohol addiction ranks among the lowest for all mental
health disorders, with only three licensed pharmacotherapies available and only 9%
of individuals with this disorder receiving such treatments (Carpenter et al., 2018). The
situation is arguably more dire for individuals dealing with other substance or
behavioural addictions, as these often lack clinically efficacious medications (Hayes
et al., 2020).

Addiction represents a substantial global health challenge characterised by limited
effective treatment options. The widespread prevalence, economic burden, and
inadequate treatment accessibility underscore the urgency of addressing this issue
through innovative approaches. Indeed, a comprehensive response demands
interdisciplinary collaboration, encompassing scientific innovation, policy reform, and
improved healthcare delivery systems, in order to alleviate the profound suffering
associated with addiction on both individual and societal levels. In this PhD | will
describe how | aim to contribute to this endeavour, namely through biomedical
investigations of the brain and how these can serve to develop novel and effective
therapeutics.
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History of addiction

Addiction is a biopsychosocial disorder defined behaviourally as an acquired, chronic,
relapsing condition that is characterised by powerfully motivating engagement with an
activity, despite its adverse psychological and social consequences (American
Psychiatric Association and Association, 2013). The word addiction has its roots in
ancient Rome, from the Latin word ‘Addictus’ which means to betray, sell-out or
abandon. The word was conceived in a roman mythological story which describes a
slave, who, once set free from his master, decided to keep his chains fastened to him
as he became overtly familiarised to his pain and suffering.

Since the inception of sentient mammalian civilisation, humans and our close
ancestors have used mind-altering substances and had a proximal relationship with
psychotropic drugs. Archaeological evidence suggests psilocybin has been used by
humans for over 10,000 years, (Pettigrew, 2011) and historical records documents
many accounts of negative effects of excessive drug use, for example the Old
Testament accounts in ‘Genesis’ of Noah’s drunkenness and the death of Alexander
the great in 323 BC which was associated with years of heavy drinking. In more recent
centuries and in the roots of the modern medical era, human curiosity to understand
the mechanisms surrounding disease have been documented and most explicitly in
the 1641, Rembrandt painting ‘The anatomy lesson’ depicts a Dutch physician
attempting to explain the biological loci of loss of control of behaviours, such as
excessive alcohol use (Crocq, 2007).

One of the pioneers of developing western medical treatment for addiction was Bill
Wilson, the founder of alcoholics anonymous (AA). In 1934, Bill Wilson undertook an
experimental treatment, an admixture containing henbane and belladonna; plants that
contain tropane alkaloids that have psychedelic-like effects, on his 4" attempt to quit
alcohol. During this experience he reported seeing a ‘bright white light” and ‘feeling
great peace’ which he interpreted as a self-transcendent and spiritual awakening. After
this treatment, he went on to take lysergic acid diethylamide (LSD) with
psychotherapy, when it was legally being used and researched for addictions and after
this he never drank alcohol again and went on to develop the international mutual aid
fellowship Alcoholics Anonymous. On accounting his experience with LSD he said, “If,
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therefore, under LSD we can have a temporary reduction, so that we can better see
what we are and where we are going — well, that might be of some help. The goal
might become clearer. So, | consider LSD to be of some value to some people, and
practically no damage to anyone” (Hartigan, 2000). Bill Wilson'’s creation of the AA set
in motion the formalised recognition of addiction as a medical condition which went on
to catalyse the development of the first formalised addiction support and treatment

groups.

Throughout civilisation, the intimate and primitive relationship humans have had with
drugs has been mired in moral debate, stigma, and has been historically politicised
which has detracted significantly from our scientific understanding and treatment of
the condition (Buchanan and Young, 2000). In more recent times, a more pragmatic
medico-scientific approach has emerged which has begun to systematically assess
the relative harms of drugs (Nutt et al., 2010) and to investigate some of the science
behind the condition in order to develop novel therapies. In very recent developments,
novel therapeutics based around psychedelic therapy have shown efficacy in treating
addiction and have provided addiction researchers with a novel avenue to explore
which will be discussed later in the PhD (Zafar et al., 2023b).

In modern society the term ‘addiction’ is casually referenced and overused. In the field
of western medicine, the current clinical equivalent of ‘addiction’ according to the
diagnostic and statistical manual 5" edition (DSM-5) is the diagnosis of SUD, a term
brought into medicine in 2013 by the American Psychiatric Association (APA)
(American Psychiatric Association and Association, 2013). This term served to provide
a continuum to denote severity of SUD across 11 diagnostic criteria and as mentioned
is now annexed with gambling disorder (GD), the only medically recognised
behavioural addiction. For the purpose of my PhD, | will be investigating individuals
with a clinical diagnosis of addiction as per the DSM-5 or the earlier clinical category
of substance dependence as per DSM-IV criteria which are analogous clinical

measures.

In the following sections | will introduce a background to our modern understanding of
the neurobiological processes related to addiction which centre around reward system

dysfunction. In later sections | will outline how an emerging field of experimental
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medicine and translational neuropsychopharmacology has developed from insights
from basic addiction neuroscience research and how these research techniques can
be employed to inform the development of novel treatments. | will finish the
introduction by explaining the specific aims of my PhD and how such translational
neuropsychopharmacology methods have been applied in my research.

Neurobiology of the reward system

The last sixty years have witnessed the development of a neurobiological
understanding of addiction. Through advances in modern biomedical techniques
including neuroimaging, DNA and genomic analysis, and preclinical animal models,
scientists have been able to develop a better understanding of disease mechanisms
underlying addiction. Evidence from early pre-clinical animal models have implicated
the central role of the neuromodulator dopamine and its associated circuits in reward,
motivation, and addiction. Specifically, one of the first studies found that rats would
repeatedly stimulate regions of their brain that were rich in dopaminergic neurons with
electrical activity which gave evidence for the reinforcing effects of dopamine and
specific neural pathways involved in these effects (Olds and Milner, 1954). Follow-up
studies revealed that blocking dopamine receptors with antagonists in the brains of
rats and non-human primates arrested the reinforcing effects of psychostimulants
(such as cocaine and methamphetamine) that seemed to have an effect on stimulating
dopamine activity in this pathway (Wise and Bozarth, 1987). Microdialysis, a way of
measuring dopamine concentrations in extracellular brain tissue, later confirmed that
a range of drugs, but not all, lead to an increase in dopamine release from the nucleus
accumbens (NAc) which is located in the ventral striatum (VS) and is a key brain
dopamine locus (Di Chiara and Imperato, 1988). Dopamine was subsequently
platformed as the pivotal neuromodulator and neurotransmitter in addiction due to its
key roles in reward, motivation and goal directed behaviours (Robinson and Berridge,
1993).

Subsequent research has found dopamine to be a key neurotransmitter in the brain
with a role in modulating executive function in the cortex (Vijayraghavan et al., 2007),
motivational salience and reward in the basal ganglia, movement and motor function,

and a regulator of prolactin release (Vijayraghavan et al., 2007). Unsurprisingly,
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dysregulation of dopamine has been implicated in several neuropsychiatric disorders
including schizophrenia (Howes et al., 2012) and Parkinson’s disease amongst others
(Damier et al., 1999). Neurochemically, dopamine signals act throughout the brain
through interaction with its endogenous receptors. Dopamine receptors (DR) are a
class of G protein-coupled receptors with the existence of at least 5 subtypes; DRD1,
DRD2, DRD3, DRD4 and DRDS5. The functionality of the downstream messenger
signalling cascades of these receptors split the family into two distinct categories
based on their ability to either activate or inhibit the enzyme adenylyl cyclase. The
DRD1-like family, including DRD1 and DRDS are shown to activate adenylyl cyclase
whereas the DRD2-like family, consisting of DRD2, DRD3, and DRD4 inhibit the
respective enzyme leading to variable levels of cyclic AMP (cAMP) (Cools and Van
Rossum, 1976).
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The mesocorticolimbic system

With dopamine being the historical candidate and molecule involved in addiction,
many neurobiological models for this condition have centred on the role and function
of dopamine’s key neurocircuitry network which is the mesocorticolimbic system — or

the reward pathway of the brain (figure 1).
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Figure 1: Mesocorticolimbic pathway

Figure 1: Figure demonstrating the neuroanatomical pathways of the
mesocorticolimbic system. Figure adapted from (Patrick J. Lynch; CC BY-SA 4.0

https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia Commons)

This pathway is evolutionarily preserved across many species and functions to
facilitate survival and reproduction by assessing environmental rewards and
punishments (amongst other functions) and driving behaviours to seek these out
(Blum et al., 2018). This network harnesses two opposing forces of the human
condition: inhibition and consumption. Anatomically, these processes are localised
throughout the brain covering the prefrontal cortex, ; the basal ganglia — , and the

limbic system
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The advent of sophisticated neuroimaging techniques in the 1990’s aimed to establish
the molecular and functional neuroadaptations occurring in the brains of addicted
individuals. Particularly, efforts have been focussed on identifying objective
biomarkers of addiction.

In ‘healthy’ brains, we see a marked increase in firing of dopaminergic cells in the
ventral-tegmental area (VTA) in response to naturally rewarding stimuli including food
and sex (Kelley and Berridge, 2002). The stimulation of the VTA is mediated by inputs
from the body’s endogenous pharmacopeia including acetylcholine, glutamate,
gamma-aminobutyric acid, noradrenaline, anandamide, serotonin, and dopamine itself
(Nestler, 2005). This in turn signals to the Nucleus Accumbens (NAc) located in the
Ventral Striatum (VS) to release dopamine. This is one of the neural mechanisms
involved in hedonic pleasure (Drevets et al., 2001). Parallel signalling events occur as
a result of this process within the amygdala, hippocampus and other cortical networks,
where the salience and memory of the stimulus is encoded. The amygdala
communicates to the hippocampus to learn and store the reward memory and the
stimulus motor experience for the next time (Baler and Volkow, 2006). This is (briefly)

how reward learning is integrated into the brain and serves to guide future behaviour.

Individuals addicted to drugs, or addictive behaviours (such as gambling), are
hypothesised to lead to develop a chronic overstimulation of this circuit leading to
excessive dopamine release in this pathway. In this process the hippocampus begins
to learn about non-rewarding cues associated with drug consumption. Early work by
Shultz et al characterised how during the development of addiction, dopaminergic
neurons began to fire in response to the prediction of, rather than the receipt of a
reward (Schultz, 1998). This pre-emptive signalling is what is theorised to drive
motivation to engage in reward, colloquially analogous to craving or wanting. This work
repurposed the role of dopamine. It no longer represented the often ill-interpreted
hedonic neurochemical; it became the mythological chains of Addictus.

In unison with the hijacking of the brain’s reward system through repetitive exposure
to substances of abuse, in addiction there is evidence for drug-induced neurotoxicity
represented by brain atrophy in the grey and white matter. Structural imaging studies
have consistently found reduced prefrontal cortex (PFC) grey matter density across
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addicted populations, particularly in areas such as the dorsolateral prefrontal cortex
(DLPFC). Reductions in frontal metabolic activity using positron emission tomography
(PET) are also a hallmark neuroimaging finding in addiction (Volkow, 2007). Further,
white matter tracts, responsible for connecting and facilitating communication between
anatomically divergent regions of the brains have also been found to be impaired. It is
thought that these mechanisms lead to a disruption in the reciprocal connectivity and
signalling between the frontal executive regions and the deeper limbic regions which

are facilitated by the mesocorticolimbic system (Goldstein and Volkow, 2011a).

The result is a dysregulation between regulatory executive ‘top-down’ control and
‘bottom-up’ reward and emotional drives. This imbalance, mediated by adaptations to
this neural network, gradually leads to a loss of control over impulsive and then
compulsive drug seeking behaviours and eventually individuals lose full autonomy
over their actions (Droutman et al., 2015a). At this point the person can be said to be

addicted - a term that many “addicts” use about themselves.

Models have since developed that have been able to provide overviews of the
interaction of these neurocircuits and their role in different parts of the addiction life
cycle (Koob and Volkow, 2016). These studies have begun to understand the
mechanisms underlying addiction by identifying various neural circuits involved in the
transition through the three stages of its progression (Koob and Volkow, 2016). The
(VTA and VS) seem to be key mediators of the first stage of the addictive process: the
binge/intoxication stage, but they have also been implicated in the decision-making
impairments associated with reduced sociality and risk taking (Poisson et al., 2021)
observed in the other stages. The extended amygdala, which is involved in the stress
systems (corticotropin-releasing factor and norepinephrine) activated by the negative
emotional state associated with dependence (Koob, 2021) seems to mediate the
second stage of the addictive process: withdrawal/negative affect. The last stage,
preoccupation/anticipation, seems to conjure a network involving the orbitofrontal
cortex (involved in craving), cingulate gyrus, dorsolateral prefrontal, medial frontal and
inferior frontal cortices (involved in disrupted inhibitory control) (see review by (Koob
and Volkow, 2016, Volkow and Morales, 2015). The identification of these circuits and
their association with the different stages of the addictive process have begun to lead

to successful interventions, including the strengthening of executive function via
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repeated transcranial magnetic stimulation (rTMS) to the dorsolateral prefrontal cortex
in nicotine, alcohol, cocaine and methamphetamine-dependant individuals (Gorelick
et al., 2014) as well as identifying novel drug targets that may aim to blunt maladaptive
processing. Whilst neuroimaging has been integral to understand the processes and
some of the underlying neurobiology of addiction there has been less research
understanding how such basic neuroscience can be applied to develop clinically

effective interventions for patients.
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Figure 2: Neurocircuitry model of addiction

Figure 2: adapted from Koob et al 2016: Model of interacting circuits in which
disruptions contribute to compulsive-like behaviours underlying drug
addiction. Permission granted from authors. CC BY-SA 4.0

The overall neurocircuitry domains correspond to three functional domains:
binge/intoxication (reward and incentive salience: basal ganglia [blue]),
withdrawal/negative affect (negative emotional states and stress: extended amygdala
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and habenula (red)), and preoccupation/anticipation (craving, impulsivity, and
executive function: PFC, insula, and allocortex (green)). Arrows depict major circuit
connections between domains, and numbers refer to neurochemical and neurocircuit-
specific pathways known to support brain changes that contribute to the allostatic state
of addiction. PFC=prefrontal cortex. ACC=anterior cingulate cortex. OF C=orbitofrontal
cortex. NAc-VTA=nucleus accumbens-ventral tegmental area.

Theoretical frameworks of addiction

Based on neuroimaging data as well as preclinical and clinical findings — several
theoretical frameworks have been developed that aim to capture how neurobiological
deficits fit into models of addiction. In the following sections we will review some of
these theories and describe how studies conducted in this PhD have been developed

to provide evidence to support these.

Reward deficiency theory

Several theoretical frameworks have been developed to describe neurochemical,
molecular and functional deficits that can sustain addiction which centre primarily
around the role of the striatum. Patients with addictive disorders have been found to
have disrupted striatal processing in response to reward (Gorelick et al., 2014, Volkow
and Morales, 2015, Blum et al., 2000a, Bjork et al., 2011). The reward deficiency
theory proposed by (Blum et al., 2000a) states that addicted individuals have a
hypoactive reward system (Bjork et al., 2011). It is postulated that this is due to
affected individuals having an innately lower responsivity to reward due to inherent
biologically driven genetic deficits related to their reward system. This in turn may drive
an individual to seek out hedonic pleasures which could lead to chronic drug use which
in turn could lead to dopaminergic receptor downregulation which further exacerbates
the reward deficiency. The overarching theory is that either independently or in
synchrony, these processes drive reward- or drug seeking behaviours. Aside from
genetic and receptor focussed investigations, a more translational approach of
investigating such theories can also be conducted using fMRI tasks such as the
monetary incentive delay task (MIDT), which | investigate in chapter 3, or other reward
processing tasks such as the novel reward-enriched roulette (RER) which | validate in
gambling addiction in chapter 4. This theory can be further investigated using
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molecular PET imaging exploring receptor availability which is explored in Chapter 2
and neurotransmission studies which are addressed in chapter 4 briefly.

Incentive salience theory

Conversely, a hyperactive reward system is also described, wherein individuals
develop an increased sensitivity to rewards, which in turn drive impulsive behaviours
or as a result of the incentive salience from conditioning of drug-associated
environmental cues (Robinson and Berridge, 2008). This theory can be addressed
using cue-reactivity fMRI which | investigate in chapter 4.

Neuroimaging methods in translational addiction research

Several neuroimaging methods that have been touched upon in the previous sections
have been used in translational addiction research, stepping beyond basic
neuroscience, with the aim of using neuroimaging to identify novel targets and
treatments for addiction. In the following sections | will give an overview of two key

neuroimaging modalities namely fMRI and PET that | have used in my PhD

Overview of PET methodology

In-vivo molecular neuroimaging in the living human brain has been made possible by
the advent of PET and Single Photon Emission Computed Tomography (SPECT). It
is the only direct way to quantify some of the 100 plus different neurotransmitters in
the living human brain, and the probe compounds used are known interchangeably as
radioligands or radiotracers (Cuevas, 2019). As described, for the last 50 years
human neurobiological research in addiction has tried to establish the
neurochemical/molecular basis of addiction using neuroimaging tools such as PET.
Analytical approaches have included investigation of changes in brain metabolism,
neuroreceptor availability and neurotransmitter release capacity (Wiers et al., 2016). .

The radiotracers used in PET contain a short half-life which is dictated by positron
emitting radioisotopes. The most commonly used decay with a relatively short half-life
(e.g. about 20 min for "'C and 110 min for '8F), allowing administration of doses high
enough to provide a strong imaging signal without increasing the health risks of
exposure to ionising radiation. PET radioligands have characteristics to enable the
quantification of a specific binding signal, such as a suitably high ratio of specific to
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non-specific binding and favourable tissue kinetics. These radioligands are very
sensitive and are administered in small quantities of less than 5% target occupancy
meaning they have no relevant pharmacological activity. Decay of the radionuclide
leads to a proton being released which interacts with an electron. This annihilation

event leads to the release of two gamma ray photons travelling in opposite directions

at 1800 to each other. The pair of photons that are emitted travel in opposite directions
and are picked up by a ring of detectors on the PET camera. From this, the emission
source can be detected and when the scan is complete, the output is a 3D image
representing the combination of all these events. To generate the image an
attenuation correction is used, this is done using attenuation data from a rotating
Germanium-68 source, or a computerised tomography (CT) scan. After reconstructing
the data, specific modelling (discussed in the following section) is required to estimate
the signal of interest in the brain. PET data is then often co-registered with structural
data from CT or MRI to help localise the signal as the spatial resolution of PET, is
lower (approximately 3-4 mm) than that achieved by CT or MRI (Pike, 2016)

PET kinetic modelling

Positron Emission Tomography (PET) kinetic modelling is a quantitative method used
to analyse dynamic PET imaging data obtained from the administration of radiotracers
in living tissues such as the brain. While static PET images provide information about
tracer accumulation at specific time points, dynamic PET imaging involves capturing
a series of images over time, known as frames. This dynamic data allows researchers
to study the kinetics of the radiotracer in various tissues and organs, providing insights
into underlying biological processes. PET kinetic modelling involves fitting
mathematical models, which are described below, to time-activity curves derived from
dynamic PET data. The time-activity curve represents the concentration of the
radiotracer in a specific region of interest over time in the brain. These models can
then estimate physiological processes, such as cerebral blood flow, metabolism,

receptor binding, and transport of proteins.

There are different types of kinetic models, these can be categorised into two main

branches including compartmental models and non-compartmental models.
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Compartmental models divide the tissue or organ into interconnected compartments,
each representing a specific aspect of the kinetics of the tracer. The data collected
from the PET scan are then fitted to these compartmental models and the parameters
are estimated using various mathematical techniques which will not be discussed in

detail here as this goes beyond the aims of this PhD.
The most used compartmental models in PET include the:

1. One-Tissue Compartment Model (1TC): The 1TC model assumes a single
compartment representing reversible binding of the radiotracer to a specific
target, such as receptors or enzymes. The radiotracer enters the compartment
and can bind reversibly to the target or leave it through a process called
backflux. The model is characterized by two parameters: the rate constant for
the association of the radiotracer with the target (k1) and the rate constant for
the dissociation (k2). The ratio of k1/k2 is often referred to as the binding
potential (BP), which quantifies the density of the target receptors (Morris et al.,
2004)

2. Two-Tissue Compartment Model (2TC): The 2TC model extends the 1TC
model by introducing an additional compartment that represents irreversible
binding. In this model, the radiotracer can enter the first compartment and bind
reversibly to the target (k1, k2) or move into the second compartment and bind
irreversibly to the target (k3). The rate constant k3 is associated with the
trapping or accumulation of the radiotracer in the target tissue. The 2TC model
provides a more accurate estimate of receptor availability or target density
(Morris et al., 2004)

Non-compartmental models do not rely on predefined compartments and instead
analyse the time-activity data directly. These models often involve data-driven
approaches and can be useful when the underlying physiological processes are

complex or not well understood.

The Simplified Reference Tissue Model (SRTM) is a popular non-compartmental
approach to PET kinetic modelling. It was developed to overcome the limitations of

compartmental models that require arterial input function data, which can be
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challenging and invasive to obtain in some individuals (Lammertsma and Hume, 1996)
such as in individuals with addiction who inject drugs.

The SRTM is particularly useful when studying reversible binding of radiotracers to
receptors in the brain or other tissues. It is widely applied in neuroreceptor imaging to
estimate receptor availability, such as the density of specific receptors and some of

the data described in this thesis describes data using this analysis method.

The main principle behind the SRTM is to use a reference region in the brain that has
negligible specific binding for the radiotracer; this is often the cerebellum. This region
serves as a baseline or reference for the unbound radiotracer in the brain. By
comparing the time-activity curves of the target region and the reference region, the
SRTM can estimate the non-displaceable binding potential (BPnp) or the receptor
availability (Lammertsma and Hume, 1996, Innis et al., 2007), without the need for

direct arterial input function measurements.

The SRTM has become an invaluable tool in neuroreceptor imaging studies especially
in addiction neuroimaging. It is also widely used in both preclinical and clinical
research across other neuropsychiatric and neurological conditions, providing critical

insights into the molecular mechanisms underlying brain function and dysfunction.

PET kinetic modelling has a wide range of applications in addiction biomedical
research though this has not entered clinical practice so far. It aims to better
understand biomarkers of addiction, quantify disease mechanisms, monitor treatment
responses and evaluate drug interactions. Furthermore, it can play a crucial role in
drug development, as it provides valuable information about drug pharmacokinetics
and target engagement which will be discussed in later sections and in recent times
has been adopted in addiction translational neuropsychopharmacology research.
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Overview of fMRI methodology

Advances in fMRI have allowed for the interrogation of different behavioural facets
related to addiction such as reward, stress, memory, emotion, and salience
processing. Of particular relevance to my PhD, the development of neurocognitive
assays measuring reward system reactivity such as cue-reactivity and the monetary-
incentive delay task (MIDT) (Knutson et al., 2000) which measure the brains response
to salient stimuli and reward processing. Importantly these tools have more recently
been used to develop translational theragnostic biomarkers of addiction which may
better predict response to treatment, risk of relapse, and uncover the mechanism of
action of new treatments. In the following sections | will describe an overview of fMRI
methodology and how it has been used in addiction neuroscience research and

introduce how | have used fMRI methods in my PhD

fMRI is a non-invasive neuroimaging technique used to measure brain activity by
detecting changes in blood flow and oxygenation levels. It allows researchers to
observe which areas of the brain are active during specific tasks or under certain

conditions. Below is an overview of the fMRI methodology.

fMRI Scanning

fMRI utilises MRI scanners of different strengths denoted by the tesla or (T), which
generate high-resolution images of the brain's structure. These images are important
for precisely localising the areas of brain activity in subsequent analyses. fMRI relies
on the fact that active brain regions require more oxygenated blood to meet their
metabolic demands than regions of the brain that are less active. When neurons are
active, blood flow to those regions increases to supply the extra oxygen and this
increase in blood flow leads to changes in the magnetic properties of blood, which can
be detected by MRI scanner. This change is called the Blood Oxygenation Level
Dependent (BOLD) signal and is the key measure in fMRI. It reflects the relative
amount of oxygenated and deoxygenated blood in the brain, which varies as brain
activity changes. The BOLD signal is an indirect measure of neural activity and the
relationship between neural activity and the observed BOLD response represents the
sum of many neural and molecular signalling events. fMRI cannot directly measure

neural activity at the cellular level, which is what PET allows for and therefore When
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neurons in the brain become active during a cognitive task or sensory stimulation, they
require more oxygen to support their increased metabolic activity. In response to this
increased demand, cerebral blood flow to the activated brain regions also increases
and it is this rise in blood flow which is known as the hemodynamic response which
underlies the BOLD response (Buxton, 2013). By tracking these changes over time,
inferences related to brain function can be made based the activation patterns of

various brain regions.

Experimental Design

In an fMRI study, tasks or paradigms are designed in order to elicit specific brain
activity. Tasks are designed in such a way to ensure that they are reliable in inducing
brain activation (Wall, 2019). In this PhD we will explore the use of tasks that probe
reward processing in the brain These tasks were designed to elicit changes in brain
function through organising the presentation of the stimulus in a specific way that
allows the MRI to capture changes in the BOLD signal.

Baseline and Task-Based Contrasts

During an fMRI task, a block design or event-related design is usually employed. In
block designs, participants perform specific tasks during designated "on" periods,
while in event-related design, individual events are presented randomly. The contrast
is then made between the baseline (resting state or neutral condition) and the task or
event periods, highlighting the brain regions associated with the given reward related
process or stimulation. During task-based fMRI the BOLD signal during the stimulus
of interest must be contrasted with the BOLD signal during a neutral stimulus as the
BOLD signal is not a quantifiable measure of neural function (Burock et al., 1998). This
is due to the complex underlying physiology of the BOLD signal including changes in
cerebral blood flow, regional metabolic requirements and oxygenation of haemoglobin
all of which may have conflicting effects on the BOLD signal (Buxton, 2013)

BOLD data is analysed using either using a subtraction or activation calculation. This
is used to assess relationships between BOLD signal amplitude and experimental
conditions. Differences in the BOLD signal amplitude between differing conditions
such as the presence vs. absence of a certain stimulus are imputed and. the
assessment of these relationships is performed separately at each spatial location or

30



voxel in the brain, this is referred to as mass univariate analysis and attempts are

made post-hoc to aggregate findings across locations.

Preprocessing

To acquire the data to conduct statistical analysis a series of pre-processing steps are
required to improve the data quality and remove any non-signal related noise. Pre-
processing of fMRI BOLD data usually consist of the following steps which are outlined
in (Manjon, 2017). Typically, it involves, filtering for noise, motion correction, spatial
smoothing and registration to standard spaces.

Statistical Analysis of MR/

The General Linear Model (GLM) (Friston et al., 1995) is an analytical method used to
identify brain regions showing significant changes in the BOLD signal that is related to
the experimental conditions. The GLM assumes that each voxel is independent and
its BOLD signal across the volumes of the task can be separated into components
representing separate signal sources. Explanatory variables (EVs) are then used as
regressors of interest in the analysis and are modelled to reflect the time course of
task-related stimuli (based upon the design of the task) and other noise-related
variables that may influence the BOLD signal, such as motion (Manjén, 2017). The
output from the GLM model in task-based fMRI will typically be a number of single-
subject whole brain voxel-wise BOLD contrasts of interest compared between stimuli
(e.g., salient cue BOLD > neutral cue BOLD).

Statistical analyses are then carried out using these whole brain BOLD contrasts. In
the studies described in this PhD t-tests are conducted either between patients and
controls, or correlations with pharmacological, clinical, behavioural, or psychological
variables of interest. Covariates can also be added to the model to account for
variables such as demographic differences between subjects or groups of subjects .
Due to the large numbers of voxels within the GLM and other fMRI statistical analyses,
multiple comparison correction is required to reduce the chance of type | errors (false

positives).
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Neuroimaging in addiction

Dopamine PET receptor density in addiction

In the following sections | will summarise some of the literature that has used PET
imaging to understand neuroreceptor availability in addiction. In my thesis, chapter 2
and 3 employ analyses of PET data to determine the relationship between
neuroreceptor availability and its subsequent relationship to both addiction and
response to novel pharmacological interventions. In Chapter 3, one of my experiments
aims to validate a future tool to measure neuroreceptor release capacity combined
with fMRI.

Dopamine receptors in addiction

Extensive research has been conducted on the use of dopamine as a biomarker for
addiction, particularly concerning dopamine D2/3 receptors (DRD2s3) in the striatum,
assessed using the ["'C] raclopride radiotracer. The results from these studies have
yielded mixed findings. For instance, individuals with alcohol and stimulant use
disorders have shown reduced availability of DRD2/3 receptors compared to control
subjects. However, no significant differences between groups were observed in
individuals with opiate, cannabis, tobacco, or gambling addictions (Nutt et al., 2015).
Nevertheless, in the case of gambling disorder, there was a negative correlation
between mood-related impulsivity (referred to as 'Urgency') and [''C]raclopride
binding potential (Clark et al., 2012). These studies will be more extensively

investigated in chapter two of my thesis.

More novel radiotracers such as ['"C]JPHNO have been developed to quantify the
relative differences in binding of DRD3 compared with dopamine D2 receptor (DRD2)
in brain regions in order to improve the precision of neuroreceptor identification and
gain a deeper understanding of addiction-related biomarkers in alcohol-dependent
patients (Erritzoe et al., 2014) and in stimulant use disorder (Ashok et al., 2017). These
findings highlight increased hypothalamus and substantia nigra DRD3 in alcohol
dependence and stimulant use disorder respectively and have led to the development
of novel interventions such as the DRD3 antagonist. This specific intervention will be

explored in chapter three of my thesis.
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PET neurotransmitter release studies in addiction

As referred to previously, addiction has been proposed as a ‘reward deficient’ state,
which can be compensated for with substance use (Blum et al., 2000a) . Radioligands
have been developed to assess theories of deficits in neurotransmission and in
particular assessment of blunted dopamine, endorphins and serotonin can help to
establish the extent of molecular neurotransmitter deficits in addiction to see whether
these pathological hallmarks are therapeutically modulated by novel interventions
including psychedelics. The methods to assess neurotransmission in the human brain
is through conducting neurotransmitter release studies. These rely on the principle that
psychostimulants, such as methylphenidate or amphetamines, can reliably increase
levels of endogenous dopamine (Volkow et al., 1997), opioids (Colasanti et al., 2012)
and more recently serotonin (Erritzoe et al., 2020). Non-pharmacological
manipulations to release neurotransmitters include stress, motor tasks, video games,
and cue-induced craving. In chapter three we will discuss the development of a
specific fMRI behavioural task that aims to measure dopamine neurotransmitter
release in future studies (Egerton et al., 2009).

Dopamine release

There is evidence for blunted dopamine release in cocaine, opiate, and alcohol
dependence but not in cannabis dependence as assessed with the antagonist
radioligand [11C]raclopride (Nutt et al., 2015). A recent review demonstrated that,
behaviourally, blunted striatal dopamine transmission could reflect increased
impulsivity and altered cost/benefit computations that are associated with addiction.
The data suggest that blunted dopamine neurotransmission is a biomarker for
increased risk of developing addiction and treatment-resistance, is associated with
impulsive behaviour and reduced motivation and is linked to increased drug
consumption (Trifilieff et al., 2017). The translational application of such
methodologies is to assess whether such observations are sensitive to novel

interventions.
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fMRI studies in addiction

In the context of addiction, several well-validated fMRI paradigms have been
developed that assess the neural responses to reward, punishment, salience
attribution, emotions, memory, cognitive, and executive functions and their association
with clinical outcomes and relapse vulnerability. In particular, our group have
previously successfully developed an fMRI platform that assessed novel candidate
drugs on the aforementioned key relapse pathways known to be dysfunctional in
individuals with addiction using task-based fMRI (Paterson et al., 2015)

fMRI MIDT in addiction

Reward processing

Substantial evidence points to dysfunction in reward processing in the context of
addiction. Research has revealed increased activity in the ventral striatum (VS) in
response to observed or actual drug reinforcement, as well as in reaction to monetary
rewards, both in individuals with addiction and those without (Sescousse et al., 2013b).
This heightened activity is associated with corresponding changes in the activity of
more frontal brain regions such as PFC and the OFC, both of which play crucial roles
in assessing the balance between rewards and costs, as well as motivation for seeking
rewards (Elliott and Deakin, 2005).

To investigate neural responses to monetary reward processing in addiction
populations, one of the most used fMRI tasks is the MIDT (Knutson et al., 2000). This
task has been instrumental in uncovering pathophysiological aspects of reward
processing among individuals with addiction. Meta-analyses of studies employing the
MIDT paradigm have consistently revealed reduced activity in the ventral striatum
during the anticipation of rewards in individuals with various forms of addiction
compared to well-matched healthy controls though in behavioural addictions the
responses have been more variable (Luijten et al., 2017).

Furthermore, the activation of the ventral striatum during this task has been employed
to evaluate the impact of drugs under development as potential treatments for
addiction. This includes substances like DRD3 antagonists (Murphy et al., 2017a), as
well as already-approved medications like naltrexone (Nestor et al.,, 2017) and
nalmefene (Quelch et al., 2017). These studies were designed to determine whether
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these novel drugs modulate reward processing in individuals with addiction in a
manner similar to approved medications, thereby establishing their suitability for

clinical development.
Cue-reactivity

fMRI studies have identified disrupted neural responses to video and photo cues in
individuals with addiction when compared to well-matched, healthy control subjects.
Specifically, these studies have revealed both heightened and diminished activity
within the brain's salience, attentional, executive, and memory networks when
confronted with addiction-related cues as opposed to naturally rewarding or non-
salient visual stimuli (Zilverstand et al., 2018).

Patients with addiction exhibit more robust responses to addiction-related cues and
experience increased craving. This phenomenon is indicative of abnormal incentive
sensitisation, which is believed to contribute to maladaptive drug-seeking behaviours
(Berridge and Robinson, 2016). Moreover, research has also shown atypical fMRI cue-
reactivity in individuals with GDs when compared to their matched counterparts.
Individuals with GD exhibit heightened reactivity to gambling-related cues in specific
brain regions, such as the left insula and the ACC. Furthermore, one study found a
positive correlation between the intensity of craving to gamble and the activity in the
bilateral insula and ventral striatum in response to gambling cues (Limbrick-Oldfield et
al., 2017). As GD is categorized as a behavioural addiction, it offers an opportunity to
investigate addictive processes without the potentially complicating factors associated
with chronic and excessive drug and alcohol exposure. Consequently, these patterns
of dysregulated brain activity may serve as essential and dynamic biomarkers of
addiction and could potentially be targeted for the development of innovative

interventions.

The use of cue-reactivity fMRI has proven valuable in predicting addiction severity, the
risk of relapse, and treatment outcomes (Jasinska et al., 2014). It has also been
instrumental in the development of novel therapeutic approaches in the field of
addiction (Courtney et al., 2016). Given these findings, cue-reactivity has
demonstrated to be a key translational neuroscience tool to utilise in addiction

research.
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Addictions Neuroclinical Assessment (ANA)

In the last decade, conceptual frameworks for understanding psychiatric diseases
have slowly moved from a categorical approach towards a more dimensional one. The
Research Domain Criteria (RDoC) initiative was proposed as a dimensional alternative
to the DSM, moving away from a symptom-based to a more mechanistic-based
understanding of psychiatric disease (Insel et al., 2010). In 2016, a similar dimensional
framework was proposed for addictive diseases, a neuroscience-based framework
called the Addictions Neuroclinical Assessment (ANA), focused on mechanistically
relevant domains based on the current neurobiological understanding of addiction.
The ANA domains include incentive salience, negative emotionality, the bias for
negative affective stimuli and executive function, specifically attention, response
inhibition, planning, working memory, behavioural flexibility and valuation of future
events (Kwako et al., 2016). This new framework aims to support the discovery and
integration of biomarkers into these domains in the hope that it might lead to a more
accurate assessment of addictive disorders and might even uncover new biomarkers
which pave the way for the development of novel interventions (Kwako et al., 2018).
Hence, an objective of this PhD is not only to characterise the addictive state but to
explore how neuroimaging can aim to identify novel targets and optimise drug

development efforts for addiction medicine.

The following sections briefly review how this approach has been previously
implemented in addiction research in the context of drug development and will lay the
foundations for the translational neuropsychopharmacology research approach of my
PhD.
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Neuroimaging in drug development

Translational neuropsychopharmacology harnesses human neuroimaging techniques
to advance novel psychopharmacological interventions for psychiatric conditions.
Neuroimaging offers unparalleled insights into the pathobiology of disorders such as
addiction, enabling the identification of potential functional and molecular biomarkers.
These tools also evaluate the impact of innovative interventions, like psychedelics, on
addiction biomarkers and their correlation with clinical and behavioural outcomes.
Such an approach facilitates a comprehensive exploration of addiction neuropathology
and its implications for utilizing psychedelic therapy, encompassing functional,
molecular, and structural aspects. Moreover, this approach allows for biomarker-
informed prognosis, ultimately paving the way for precision-based patient stratification
to tailored treatments, thereby advancing personalised medicine strategies for
enhanced patient outcomes.

Drug development

The process of drug development typically commences with the identification of a
biological target believed to play a pivotal role in a specific disease. Following this, a
comprehensive screening of numerous molecules takes place to assess their chemical
properties and their potential to bind with the target in laboratory experiments. From
this extensive pool of molecules, a smaller subset undergoes testing in preclinical
animal models of the disease. This evaluation includes an assessment of toxicity,
pharmacokinetics (PK), pharmacodynamics, bioavailability at the target organ, in vivo
target engagement and overall efficacy. This process leads to the selection of lead
molecules that will progress to further development stages (Wong et al., 2010).

Subsequently, human clinical trials are conducted. Phase 1 clinical trials encompass
a limited number of participants to ensure the drug's safety and tolerability across a
range of doses, including those potentially effective in treating the condition. PK and
PD responses are closely monitored to inform dose selection for Phase 2 trials. Phase
2 trials involve enrolling anywhere from approximately 50 to several hundred
participants, comparing their therapeutic responses with those in placebo or control
groups, all while meticulously tracking safety and efficacy. In Phase 3, a larger
participant pool, distributed across multiple global sites, is chosen to confirm earlier
safety and efficacy findings (Wong et al., 2010).
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Throughout this multi-stage process, imaging assays such as fMRI/PET can play a
pivotal role in the mechanistic evaluation of drugs and in distinguishing treatment

responders from non-responders.

fMRI in translational addiction research

Functional Magnetic Resonance Imaging (fMRI) has been used in numerous studies
related to addiction drug development.

Early phase clinical trials

In the context of early-phase clinical investigations, fMRI is commonly employed as a
pharmacodynamic or response biomarker. Its purpose lies in the identification of
functional central nervous system (CNS) effects resulting from pharmacological
interventions, particularly in brain regions pertinent to the compound's mechanism of
action and/or the intended target population (Borsook et al., 2013). Although not
inherently indicative of direct target engagement, an fMRI signal can indirectly imply
such engagement if a biologically plausible correlation can be established between
the observed fMRI response and the molecular target being pursued (Nathan et al.,
2014). The absence of detectable fMRI signals during early-phase investigations can
also contribute to the collective knowledge about the compound, which could inform
decisions regarding progression to later-phase studies or the need for a change in
research direction.

In a similar vein, the NIMH FAST-FAIL paradigm, originating from neuropsychiatric
studies, presents a stringent and transparent strategy. Within this framework, early-
phase experimental agents are mandated to induce predetermined biomarker
modifications (including fMRI markers), as outlined in preregistered trial protocols.
Failure of the compounds to to elicit the specified alterations results in the exclusion

of these agents from advancing to subsequent trial phases (Krystal et al., 2019)

This has been used previously in a trial of AUD where positive fMRI results observed
during the early phases of one agent (varenicline) influenced the decision to pursue
further development, subsequently demonstrating clinical efficacy in mitigating alcohol
cravings (Gandhi et al.,, 2020). Conversely, null early-phase fMRI findings for a
different AUD agent (pexacerfont) prompted a redirection of attention toward a
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competitor agent (verucerfont (Cannella et al., 2019)). This exemplifies how early-
phase fMRI outcomes can significantly shape decisions regarding the progression of
agents within therapeutic development pathways.

Later phase

In later phase clinical research, these studies might include fMRI to provide more
objective demonstrations of disease modification, thereby increasing the evidence
base for a regulatory submission. In 2021, a systematic review (Sadraee et al., 2021)
found that that over 109 phase 3 or phase 4 drug interventions with fMRI readouts

were registered on ClinicalTrials.gov, or 21.6% of all registered drug interventions with

fMRI readouts showing the increasing integration of such tools in drug development.
Despite this at present, there is only one such biomarker, under consideration with the
European medical agency that utilises fMRI: this a battery of brain MRl measurements
that includes two task fMRI paradigms and a resting state acquisition, with a goal of
enriching trials in autism spectrum disorder (Loth et al., 2017). Using such an approach
in addiction clinical research will enable the design of novel, effective treatments by
identifying new brain targets. Precision-medicine algorithms can then be developed to
predict individual patient relapse risk and likelihood of treatment response. This
translational neuroimaging approach to addiction clinical trials is recommended by a
white paper co-authored by over 30 global leading addiction scientists and doctors
from the International Society of Addiction Medicine (Verdejo-Garcia et al., 2019).
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PET in translational addiction research

PET imaging has played a key role in addiction drug development by providing in-vivo
measures of neurobiological dysfunction related to neuroreceptor or neurotransmitter
release dysfunction and such insights have helped identify relevant brain targets for

drug development.

Monitoring Drug Distribution: PET imaging allows the evaluation of drug distribution in
the brain after administration. This information is crucial for understanding how drugs
interact with the brain's target areas and for optimising dosing regimens, it is also
critical for establishing target engagement by determining the relationship between
(functional) target engagement and clinical response in the patient group. Recent
research has demonstrated that over 50% of drug programs were not able to conclude
if drug mechanism of action had been tested adequately which may be behind many
Phase Il drug failures (Morgan et al., 2012). Indeed, testing the three pillars of survival
has been put forward to ensure (i) proof of distribution; (ii) proof of occupancy, and (iii)
proof of function.

Predicting Treatment Outcomes: PET imaging has been explored to develop potential
biomarkers of addiction and these findings could be used to predict individual
responses to addiction medications. By measuring specific brain biomarkers before
treatment, researchers can identify individuals more likely to benefit from a particular
drug and personalize treatment approaches. Some studies have been able to
demonstrate the validity of this approach with one in cocaine addicted individuals
finding those with higher DRD2/3 and higher dopamine release responding to
treatment whilst those with lower levels did not (Martinez et al., 2011).
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Assessing treatment Efficacy: Clinical assessment scales commonly used in addiction
typically require clinicians to assign a patient’s condition a score based on an ordinal
scale featuring various severity categories. These scales are structured with anchor
points, which may not fully capture the intricacies of the clinical presentation.
Consequently, the reliability of clinical scores is always said to be somewhat
subjective. In this context, PET imaging holds the promise of serving as a more
delicate indicator of drug effects compared to alterations in clinical rating scales. While
this can be particularly valuable in the initial stages of development, the most effective
imaging markers also exhibit a clear correlation with clinical outcomes, thereby offering
a clinically meaningful endpoint (Wiers et al., 2016a).

Personalised Medicine: PET has the potential to contribute to personalised medicine
in addiction treatment. Variability in clinical manifestations is frequently observed in
addiction and this diversity extends even within the same sub-class of addiction across
different phases of the disorder. While the way individuals manifest the functional
consequences of addiction pathophysiology may play a role in this variation, it's highly
probable that differences in the underlying biological dysfunction are a significant
factor contributing to the diversity in clinical presentations. This underscores the
importance of employing imaging techniques to pinpoint patients with a consistent
underlying pathophysiological profile. Such an approach can serve as a stratification
method for assessing the efficacy of a novel potential drug treatment. Further, in the
future it may be possible that through identifying individual differences in clinical
presentation, brain function and neurochemistry related to addiction alongside other
factors such as pharmacogenomics, clinicians may be able to tailor treatment plans to
target specific neural pathways for better outcomes based on an individual's disease
phenotype (Ragia and Manolopoulos, 2017).

Simultaneous/combined PET/fMRI

Integration of data from PET target occupancy studies and fMRI methods provides a
novel strategy for directly relating information on drug—target interactions directly with
a measure of functional effects in the brain. Some studies have adopted this approach
with one assessing the extent of binding of an antagonist to its p-opioid target with
modulation of fMRI reward responses to the administration of a palatable food stimulus
in healthy volunteers (Rabiner et al., 2011). The study validating the target as a
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modulator of satiety responses in humans and the PET data indicated appropriate
pharmacological doses range based both on the measures of target interaction and
the pharmacodynamic effect. The advent of novel simultaneous PET-fMRI
technologies will greatly advance such research and if used in addiction research will
represent a profitable technological advance for therapeutic development (Pichler et
al., 2010). These systems will undoubtedly pave the way for the most precise
molecular-functional-clinical translational bridge that has the capacity to redefine drug
development and treatment outcome in patients. Indeed, the tasks and techniques
explored throughout this PhD, especially in chapter three and four all aim to provide
the basis for exploring multimodal neuroimaging in addiction translational

neuropsychopharmacology research in the future.

Aims of thesis

The aims of this thesis are to explore reward system function using fMRI and PET in
individuals with addiction. There are both basic neuroscience investigations to explore
biomarkers of addiction and translational clinical neuroscience experiments that
explore the integration of multimodal imaging methods to investigate the mechanism

of action of novel pharmacological interventions.

The three chapters of my thesis will explore the following:

1) Investigating DRD2/3 in addiction: a systematic review and meta-analysis

2) To explore the effects of DRD3 antagonism using fMRI and PET in individuals with
alcohol dependence (ADls)

a) The effect of DRD3 blockade on striatal BOLD activation to monetary
rewards/expectation of rewards, using fMRI monetary incentive delay task (MIDT) pre-
and post-blockade of the DRD3 among ADIs vs age-gender-matched HC.

b) The relationship between such activation and regional DRD2/3 binding as
assessed with PHNO-PET.

3) To validate novel fMRI paradigms in patient with gambling disorder (GD)

a) A novel reward-enriched roulette (RER) fMRI paradigm

b) A novel 5-armed cue-reactivity (5-ACR) fMRI paradigm
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Chapter 2: 50 years of highs and
lows, imaging dopamine receptor
D2 and D3 in addiction: a
comprehensive review and meta-
analysis

Introduction

Although addictive drugs produce their effects through actions at various
targets in the brain’s neurotransmitter systems, it is commonly believed that their
effects on the activity of dopaminergic mesocorticolimbic pathways are critical for their
addictive properties.

The identification of brain correlates associated with mediating rewarding and
motivational states were first observed in rodent studies of electrical stimulation in the
septal regions of the brains (Olds and Milner, 1954). Subsequently Crow and
colleagues demonstrated that this effect was mediated through stimulation of the
dopaminergic pathway suggesting this neurotransmitter was critical in operant
reinforcement of behaviours (Crow, 1973), a finding later confirmed by self-stimulation
paradigms and pharmacological blockade (Wise et al., 1978). The advent of brain
dialysis techniques led to the finding that administration of some addictive drugs
increased dopamine in the nucleus accumbens (NAc) (Di Chiara and Imperato, 1988)
(Pidoplichko et al., 1997) and that blockade of dopamine transmission lead to the
diminished rewarding effects of psychostimulants (Koob, 1992). It was soon claimed
that all drugs of abuse, either directly or indirectly, increase dopamine release in the
NAc (Di Chiara et al., 2004).

Neurochemically, dopamine acts throughout the brain by interaction with
dopamine receptors (DR). These are a class of G protein-coupled receptors with five
subtypes from two gene families; DRD1 and DRDS5 that are stimulatory to G proteins
and DRD2, DRD3, DRD4 that are inhibitory. DRD2 and DRDs3 receptors in the living
human brain can be measured using positron emission tomography (PET) (Wagner et
al., 1983) and single photon emission computerised tomography (SPECT). For more
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than thirty years studies using dopamine PET and SPECT radioligands have
investigated the role for the DRD2s3 in the neurobiology underlying addiction
processes, though in recent years the role of DRD2;3 in addiction has witnessed
growing critique (Nutt et al., 2015). Early work in psychostimulant (cocaine and
methamphetamine) and alcohol dependence supported the notion of reduced DRD2/3
binding in cocaine, methamphetamine and alcohol dependent individuals versus
matched healthy (non-addicted) controls. More recent studies at the turn of the millenni
did not find similar patterns of reduced binding availability in other sub-classes of
addiction with a series of negative findings in case-control studies in cannabis-, opiate-
and nicotine-dependent subjects (Nutt et al., 2015). Further, molecular neuroimaging
in behavioural addictions such as gambling disorder have further questioned the
dopaminergic basis of addiction finding no differences in DRD>3 availability between
cases and controls. Neuro-biomarker research into gambling disorder in recent years
has further propagated our understanding of the brain mechanisms of addiction due
to it providing a ‘substance-naive’ prototype of an addicted brain (Clark et al., 2019).

Early research with the first available DRD23 PET radioligands such as [''C]
raclopride, [''"C]N-methylspiperone, and SPECT ligands such as ['?®|Jiodobenzamide
only allowed for receptor quantification in the striatum due to their moderate DRD2/3
affinity (yielding a poor signal to noise ratio in extra-striatal regions with a relatively low
density of DRD2s3). Thus, most imaging studies in addiction have mainly reported
receptor binding from this region exclusively which whilst an important region of the
reward system does not cover the extent of all regions involved in reward processing
which underlie addiction. Recently, the development of a new generation of DRD2s3
radioligands with higher receptor affinity has enabled visualisation and quantification
of DRDzs3 in regions outside the striatum. These include ['®F]fallypride (Mukherjee et
al., 2002), ["'C]JFLB-457 (Vilkkman et al., 2000), ['""C]PHNO (Ginovart et al., 2007,
Searle et al.,, 2013) and [""C]NPA (Narendran et al., 2010). As such, these
technological developments in radioligands have provided a more global brain account
to investigate putative dopaminergic addiction biomarkers.

Quantification of PET

Data acquired from PET undergoes kinetic modelling to develop numerical readouts
of biological targets of interest, in this case receptor availability. Kinetic modelling is a
quantitative method used to analyse dynamic PET imaging data obtained from the
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administration of radiotracers in living organisms, such as humans or animals. In brief,
PET kinetic modelling involves fitting mathematical models to the time-activity curves
derived from the dynamic PET data. The time-activity curve represents the
concentration of the radiotracer in a specific region of interest over time. Mathematical
models are then used to estimate physiological processes, such as blood flow,
metabolism, receptor binding, and transport. There are different types of kinetic
models, including compartmental models and non-compartmental models.
Compartmental models divide the tissue or organ into interconnected compartments,
with each representing a specific aspect of tracer kinetics. The fundamental principle
behind compartmental modelling is that the movement of the radiotracer in and out of
the compartments can be described using a set of differential equations, which can be
solved to estimate the kinetic parameters characterising the biological processes of
interest. A complete overview of PET kinetic modelling is beyond the scope of this
chapter however it is discussed in more detail in the introduction chapter; however,
several types of kinetic modelling are described in this paper including the non-

displaceable binding potential (BPnp) and the volume of distribution (VT).
Low DRD2/3 binding levels; a biomarker for addiction or a

consequence of long-term substance use?

A key question to consider is whether detection of low DRDz2s3 binding in individuals
with addiction represents a (pre-existing) biomarker for addiction or rather is a
consequence of long-term substance use. Several theoretical frameworks have been
developed to describe how neurochemical and molecular signalling are involved in the
development and maintenance of addiction. The reward deficiency theory (Blum et al.,
2000b) states that addicted individuals have a hypoactive dopaminergic reward
system, translating to a lower responsivity to reward. To support this theory there is
evidence that those with severe forms of addiction display reduced amphetamine-
induced dopamine release (Wang et al., 2012, Trifilieff and Martinez, 2014). This
reduced dopaminergic neurotransmission is also witnessed in individuals with an ultra-
high risk of addiction which is defined by having a dense family history of drug and
alcohol addiction alongside psycho-social factors known to increase risk of addiction
which are discussed as ‘confounders’ in this chapter (Casey et al., 2014, Conway et
al., 2006). Thus, the conclusion as to whether this hypodominergic is heritable or
epigenetic is up for debate. Nonetheless these endophenotypes may drive an
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individual to seek out more hedonic pleasures to fill their apparent void. This theory
also extends to the possibility of chronic drug use leading to dopamine receptor
downregulation. Early primate work has established an inverse relationship between
rates of cocaine self-administration and DRD23 availability (Nader et al., 2008). This
has been proposed as a mechanism leading to a cycle of drug-induced neurotoxicity,
mediating addictive behavioural cycles (Koob and Volkow, 2016). These lines of
evidence and some human research has begun to support the idea that
downregulation of these receptors could be related to drug use. Indeed, assessment
of DRD23 in gambling disorder can also help to establish the proposed causal links
between DRD2s3 availability and addiction and whether dopamine receptor
downregulation could be drug induced or heritable. There are some obvious
limitations in the available human PET/SPECT data addressing the question of
causality due to the cross-sectional design of such studies, however we will explore
the existing data for signs of substance-induced receptor effects.

In this paper we will systematically review PET and SPECT imaging studies
examining human brain DRD2;3 binding in individuals with addiction to alcohol,
cocaine, methamphetamine, opiates, smoking, cannabis, or gambling and compare
them to matched control healthy (non-addicted) subjects. For the sake of clarity, we
refer to all categories of substance abuse/dependence and gambling disorder as
"addictions". DRD23 availability from both the full striatum and extra-striatal regions
will be presented and meta-analysis of both the striatum and substantia nigra (SN) are
conducted using data from studies using both antagonist and agonist radioligands
wherever possible. Agonist radioligands quantifying SN DRD2/3 reflect 100% DRD3
binding and so are analysed to assess the relative contribution of DRD2 vs DRD3 to
addiction pathobiology. We will also present and discuss studies that have separated
DRD:; and DRDs3 binding. Furthermore, in order to dissect the possible confounding
impacts of impulsivity, socioeconomic status and co-morbid substance use- we will
specifically examine studies to assess the degree to which such factors have been
controlled for in such studies. Lastly, to address the question of the causal influence
of DRDz2s3 alterations in addictions (when such are detected), we will revisit studies to
look for: 1) evidence of a dose-response relationship between DRD23 binding and the
duration/severity of substance abuse, and 2) signs of recovery of DRD2;3 binding with
prolonged abstinence.
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Confounding variables in the DRD2;3 and addiction literature

When interpreting results from PET/SPECT studies investigating dopamine
receptors in addiction it is important to consider the role of potential confounding
factors that may also interact with their distribution and availability. Research into both
dopamine and addiction has highlighted the dynamic modulation of the dopaminergic
system by factors different from addiction status/severity, including behavioural traits,
socioeconomic status, ageing and gender as well as substance use. In particular, the
behavioural trait of impulsivity which has been found to be associated with addiction
with higher impulsivity scores predicting a greater risk of developing an addiction
(Quinn and Harden, 2013). Equally, impulsivity has also been independently
associated with DRD2/3 availability (Trifilieff and Martinez, 2014) and preclinical work
has demonstrated that rats with lower DRD2/3 availability are more impulsive (Dalley
et al., 2007).

In a seminal experiment for the field of the brain-reward behavioural effects of
dopamine, Morgan et al reported that non-human primates occupying higher social
ranks exhibited higher levels of DRD2;3 binding than those occupying lower social
ranks, which was shown to be protective against cocaine self-administration (Morgan
et al.,, 2002). In humans, studies have suggested that social deprivation and low
education levels are frequently associated with addiction (Singer, 2012). PET imaging
has further qualified an association between striatal DRD2s3 levels in healthy non-
addicted humans and socioeconomic status (Wiers et al., 2016b).

Another potential confounding variable in investigating the role of dopamine
receptors in the pathobiology of a specific sub-class of addiction is the lack of
ecological validity in assessing addiction to isolated substances or behaviours. It is
well-established that up to 12% of individuals with substance addiction have
concurrent alcohol and drug use disorders (Crummy et al., 2020) and in one study
addicted individuals reported an average concurrent use of 3.5 substances (Onyeka
et al., 2012) with alcohol being the most common (Malcolm et al., 2006). Focusing
biomarker investigations solely on a single drug addiction sub-category may therefore
result in overlooking possible interactions between different substances on the
dopamine system, thereby limiting generalisability to the actual population of
individuals with addiction. As such this research could be the reason why drug

47



development efforts have been limited in outcome due to inaccurate estimations of

disease relevant mechanisms.

Methods

Systematic review method

A literature search was carried out using the PubMed/Embase and
PSYCHinfo/Medline databases entering the search terms “(DA OR dopamine) AND
(receptor OR d2 OR d3 OR drd2 OR drd3 OR d2/3) AND (PET OR SPECT) AND
(alcohol OR ethanol OR methamphetamine OR cocaine OR amphetamine OR
methylphenidate OR nicotine OR smoking OR heroin OR opiate OR cannabis OR
marijuana OR MDMA OR ecstasy OR ketamine OR gambling) from inception date to
December 14, 2022. Further papers were identified by searching reference sections
in papers returned by the original search. Data demonstrating between group
differences as expressed by effect sizes of DRD2/3 availability were selected for meta-
analysis (method described below) whereas studies that did not explore this directly
but had relevant data were included in the qualitative synthesis. The PRISMA flow

chart identifies the flow of studies from the search (see fig 3).
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Flowchart showing the inclusion of studies for the meta-analysis on
dopamine D2/3 receptor availability across addiction.
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Figure 3: PRISMA flowchart

Fig 3: PRSIMA flow chart to map flow of studies through systematic review and meta-

analysis.

Diagnostic criteria

Cases from all the alcohol and heroin studies fulfilled DSM or ICD criteria for
dependence. Out of the studies assessing cocaine, in one study only DSM-IV criteria
for abuse were required for eligibility in (Volkow et al., 1990) and in one of the
methamphetamine studies (eligibility criteria were not clearly described in (lyo et al.,
1993). Cases in two of the six cannabis studies were regular users where requirement
for dependence/abuse criteria was not listed. For smoking addiction, most studies
refer to cases as “smokers” without reporting criteria for dependence/abuse, and

49



among smoking studies where the Fagerstrom Test for Nicotine Dependence (FTND)
scores were listed, the average group scores for cases were above the ‘dependence
threshold’ of 4 in all apart from one study (Brown et al., 2012). For the gambling
studies, all cases fulfilled DSM-IV criteria for pathological gambling or DSM-5 for
gambling disorder.

Meta-analysis method

For the meta-analysis, studies were initially separated by radioligands used to
assess DRD2s3. Those with antagonist radioligands ["'C] raclopride,
['?%lliodobenzamide and ['8F]-N-Methylspiroperidol had enough studies for
metanalysis. Of the agonist radioligands only [''C] PHNO for the SN had enough data
for inclusion in a meta-analysis. The agonist, ["'"C]NPA, and high-affinity radioligands
including ['8F]Fallypride and [''C]FLB 457 were not included in a meta-analysis due
to either quantification issues in striatum (i.e. their high affinities results in almost
irreversible binding profile (Halldin et al., 1995) with these radioligands or a relative
lack of studies using such ligands.

Inclusion and exclusion criteria

All the identified peer-reviewed studies are listed in Table 1-3. Studies that
provided information on the average and standard deviation of regional DRD2;3 binding
in individuals with substance use disorders or behavioural addictions, as compared to
age- and gender-matched healthy controls, were included in the meta-analysis if they
met the following criteria: a minimum of three separate studies were available for a
given addiction, reporting either full or subsets of striatal values, and/or studies using
agonist radioligands for the SN. To adhere to standard meta-analysis practices, we
excluded studies with sample overlap with another study that had already been
included. When studies reported data from overlapping samples, we selected the most
recent publication, or the one with the largest sample size.

Data extraction
The primary outcome measure was the difference in the striatal DRD2/3 binding
between individuals with addiction and matched healthy controls across the several
subtypes of addiction described. The following variables were extracted from all the
studies: authors, year of publication, subject characteristics of the individuals with

addiction and controls (group size, age, sex, diagnosis), imaging characteristics
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(method, radioligand), and modelling method. When a value for the total striatum was
not presented and only subregional data were reported, data from subregions of the
striatum were pooled and weighted according to their relative contribution to the full
striatum. A proxy value for the total striatum was calculated using extracted weighted
volumes from FSL Harvard-Oxford subcortical atlas (Mazziotta et al., 2001). The
relative contributions of the putamen (57.66%), caudate (36.08%) and ventral striatum
(6.25%) were combined to create a total pooled striatal value. For studies where only
two of the subregions were reported we used this same weighting to produce a proxy
measure of total striatal binding by multiplying the sub-regions by its relative weight to
provide a total pooled binding availability. Moreover, some of the included studies did
not directly report on the average and standard deviation of regional DRD23, in this
case authors were contacted to obtain these values. In three studies baseline DRD2/3
data were only reported graphically, from these studies, the mean and standard
deviation of the regions of interested were directly extracted from the figures. When
only data from the right and left striatum was reported, data were pooled into an
averaged striatum as there is no evidence to suggest interhemispheric differences in
dopamine receptor availability. In both alcohol (Guardia et al., 2000) (Volkow et al.,
2002b), cocaine (Volkow et al., 1990, Volkow et al., 1993) and methamphetamine
(Volkow et al., 2001) addictions, data for some studies were presented for both short
and long-term abstinent subjects in which case data were split and inserted in the

analysis separately.

Data analysis

Meta-analyses of group differences in mean striatal or SN DRD2/3 binding were
completed in RevMan (v5.3, Cochrane Collaboration), using study-level differences in
(sub)regional binding calculated in Microsoft Excel. The main outcome measure was
Hedges’ g, calculated using a random effects model, where p <0.05 (two-tailed) was
considered significant. These analyses also estimated statistical heterogeneity using
the 1% value, where 12 <50% indicates low-to-moderate heterogeneity and 1> >50%
indicates moderate-to-high heterogeneity.

Additional analyses were performed to compare within-group variability of
whole striatal or substantia nigral DRD2;3 binding. Although meta-analyses of mean
difference reveal between-group differences in average outcomes, meta-analyses of
variance may identify greater interindividual differences between the subjects of one
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group than another. Discussed in more detail elsewhere (Howes & Chapman, in
review), meta-analysis of variance has already been used to identify patient—control
differences in neuroanatomy (Brugger and Howes, 2017) neurobiology (Brugger et al.,
2020) and psychotropic treatment response (McCutcheon et al., 2022). We therefore
calculated the variability ratio (VR) and coefficient of variability ratio (CVR) — that is,
VR adjusted for mean binding — of whole striatal and substantia nigral DRD23
availability in individuals with addiction versus matched healthy controls, using the
Metafor package (Viechtbauer, 2010) within RStudio (v4.2.1, cran.r-project.org).
When CVR or VR > 1, outcome variability is greater in the patient (i.e., individual with
addiction) than control group, and vice versa. We also used RStudio to complete
Egger’s tests for small study effects, to comment on potential publication bias.

Confounders

To provide an overview of how different studies have attempted to correct for
potential confounding factors, we estimated the evidence level for corrections for each
study on the following potential confounders: impulsivity, socioeconomic status and/or
IQ/education, alcohol use, and smoking. We assessed each study to determine if a
specific confounder was mentioned and partly addressed, or if the case and control
groups were matched or statistically corrected for a specific confounding effect. For
each potential confounding variable, we attributed a score of O if it was not considered,
1 if it was mentioned or partly addressed, and 2 if the groups were matched or
statistically corrected for it. We considered 1Q and years of education as proxy
measures of socioeconomic status for the current review, given the established links
between socioeconomic status, education, and cognitive performance reported in
previous studies (Piccolo et al., 2016) (von Stumm and Plomin, 2015).

We subsequently calculated a total percentage score of confounding correction
for each study and correlated the effect size representing differences in DRD2/3 striatal
binding between addicted individuals and matched controls with the total percentage
score of confounding correction across all addictions and within addiction subtypes.
This to enable us to assess how confounders interacted with both effect sizes
generally and for between group differences in DRD2s3 availability. We performed the
analyses using SPSS statistical software (Version 29).

The percentage reporting of confounders as well as of correction for a specific
confounder for each addiction subtype were pooled together. Additionally, we divided
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all the studies across all addictions into chronological groups of year subgroups (5-9
studies in each) to explore possible developments over time in
consideration/correction for confounders. Note: studies using high affinity and agonist
radioligands which were excluded from the meta-analysis of the striatum are included

in the overview of confounding effects.

Reversibility

Each study was inspected for evidence of signs of reversibility of addiction-
induced alterations of the DRD2;3. This was defined as the presence of signs of
recovery of DRD2s3 binding with prolonged abstinence and indicated by a significant
inverse association between each study’s average abstinence time prior to scanning
and total DRD2s3 binding availability in the individuals with addiction group.

Individual studies received a score of O if the issue of reversibility was not
considered, a score of 1 if reversibility was assessed but no signs of reversibility were
found and a score of 2 if signs of reversibility were found. Subsequently, a total
percentage score of studies from each of these categories were computed for each
addiction subtype. These percentages are illustrated in pie graphs below and pie sizes
reflect the total number of studies in each addiction subtype.

Reversibility analysis was not included for gambling and smoking addictions
since the time of abstinence was not clearly addressed. In addition, we also explored
if there was evidence of between-study sign of reversibility. To do this, we correlated
the effect size of differences in DRD2/3 between addicted individuals and controls with
the average number of days since last use of the substance (also tested as logarithm
to the number of days or abstinence due to an abnormal distribution for some of the
addictions) for each individual addiction.

Dose-Response

Studies were reviewed for evidence of dose-response. Each study received a
score of 0 if dose-response was not investigated, of 1 if it was investigated but no
significant signs of dose response were found and 2 if significant signs were found
giving a total percentage score of studies for each addiction subtype. These
percentages were then pooled together and illustrated in pie graphs. Pie sizes reflect

the total number of studies for each addiction.
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Results

Sixty-three peer-reviewed studies of PET or SPECT assessment of baseline

DRD2;3 availability in alcohol (n=13), cocaine (n=15), methamphetamine (n=9),

cannabis (n=6), heroin (n=5), nicotine (n=11), gambling (n=4) addiction were
identified, with a total of 1918 (1566 males and 352 females) cases and 1959 (1527

males and 432 females) controls (Tables 1-3).

Table 1: Striatum Meta-analysis

abstinents)

Striatal baseline
Addictio Mean abs. | Cases Controls %diff (user-ctrl),
Publication Dep. status Ligand
n days (sex, age) (sex, age) sign
Hietala, West ) n=9 (9m/Of, | n=8 (8m/0f, | -18.5%
Alc. DSM-III-R [11C]Raclopride-PET
1994 140 4016) 39+7)
n=17 -22.2%
n=10 (9m/1f,
Volkow 1996 Alc. DSM-IV [11C]Raclopride-PET 52 44210) (15m/2f,
+
47+16)
n=12 +2.8%
Guardia 2000 n=9 (4m/5f,
Alc. DSM-IV [1231]IBZM-SPECT 8 (18m/3f,
(relapsers) 3918)
43+10)
Guardia 2000 -5.1% ~
Alc. DSM-IV [1231]IBZM-SPECT n=9 /
(non relapsers) 8
n=14 n=11 -14.9%
Volkow 2002 ﬂ
Alc. DSM-IV [11C]Raclopride-PET 17 (13m/1f, 39 | (10m/1f,
(early detox)
to 421-) 40+10)
n=14 -9.7%
Volkow 2002 ﬂ
Alc. DSM-IV [11C]Raclopride-PET 68 (same /
(late detox)
rescanned)
n=15 n=15 -18.4%
Martinez 2005 Alc. DSM-IV [11C]Raclopride-PET 14 (13m/2f, (12m/3f, ﬂ
34+6) 35+6)
n=20 n=20 2.3%
Volkow 2007 Alc. DSM-IV [11C]Raclopride-PET 79 (20m/0f, (20m/0f, <:>
4116) 4116)
n=10 (7m/3f, | n=13 (7m/éf, | -0-8%
Oberlin 2016 Alc. DSM-IV 11C]Raclopride-PET <:>
[11C] P / 33+7) 3417)
Volkow 1990 n=10 38%,
DSM-III-R (for | [[18F]IN- n=7 (10m/0f,
(short Coc. . . 2 (10m/0f,
. abuse) Methylspiroperidol 2714)
abstinents) 28+3)
Volkow 1990 +17.9%
It c DSM-III-R (for | [[18F]IN- 28 3 /
on oc. n= <:>
9 abuse) Methylspiroperidol
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Volkow 1993 [18FIN n=20 n=20 -15.6%
(short Coc. DSM-III-R 0 (20m/0f, (20m/0f, ﬂ
Methylspiroperidol
abstinents) 3418) 34+10)
Volkow 1993 -14.0%.
[[18FIN-
(long Coc. DSM-III-R 90 n=7 /
. Methylspiroperidol
abstinents)
n=21 n=15 -10.7%
Volkow 2005 Coc. DSM-IV [11C]Raclopride-PET 14 (21m/0f, (15m/0f, ﬂ
36+5) 35+7)
n=24 n=24 -12.0%.
Martinez 2007 Coc. DSM-IV [11C]Raclopride-PET 14 (19m/5f, (19m/5f, ﬂ
39+3) 38+5)
n=15 n=15 -9.6% ﬂ
Martinez 2009 Coc. DSM-IV [11C]Raclopride-PET 14 (13m/2f, (13m/2f,
39+6) 39+5)
) n=10 (7m/3f, | n=10 (7m/3f, | -7-4%
Narendran 2011 | Coc. DSM-IV [11C]Raclopride-PET 14
44+8) 4218)
n=25 n=24 -6.6%
Martinez 2011 Coc. DSM-IV [11C]Raclopride-PET 14 (22m/3f, (21m/3f, ﬂ
37+7) 36+6)
n=15 n=15 -11.3%
Payer 2013 Coc. DSM-IV [11C]Raclopride-PET 50 (13m/2f, (13m/2f, ﬂ
4219) 42+11)
n=19 n=19 -5.8%,
Volkow 2014 Coc. DSM-IV [11C]Raclopride-PET 3 (19m/0f, (19m/0f, ﬂ
45+3) 4214)
G W n=23 n=23 +2.4%.
ene an
2019 9 Coc. DSM-IV [11C]Raclopride-PET / (19m/4f, (19m/4f, <:>
44+4) 4214)
History of MA 11C-N-Methvisoi 6 (6miof n=10 -10.6%
-N-Methylspiperone- n= m/Of,
lyo 1993 Meth. induced yispip 45 (10m/0f, ~
. PET 28+3)
psychosis 29+7)
Volkow 2001 n=10 -12.2%
. n=15 (6m/9f,
(short Meth. DSM-IV [11C]Raclopride-PET 60 3247) (14m/6f,
+
abstinents) 3117)
Volkow 2001 -11.9%
(long Meth. DSM-IV [11C]Raclopride-PET 671 n=3 n=10 <:>
abstinents)
n=16 n=15 -9.2%,
Wang 2012 Meth. DSM-IV [11C]Raclopride-PET 14 (13m/3f, (13m/2f, ﬂ
39+5) 37+4)
6 (6m/Of, | n=6 (6m/Of 0.4%
n= m/0f, | n= m/Of,
Sevy 2008 Cann. DSM-1V 11C]Raclopride-PET 105 <:>
y [11C] P 20+1) 20+2)
Recreational -3.1%
use. 543 ~
. n=10 (6m/4f, | n=10 (9m/1f,
Stokes 2012 Cann. Dependence | [11C]Raclopride-PET
33+8) 37+5)
not
mentioned
n=16 n=16 +3.28%
Urban 2012 Cann. DSM-IV [11C]Raclopride-PET 28 (15m/1f, (14m/2f, <:>
27+6) 28+7)
Chronic use. 10 -2.74%
n=
Dependence ) 1 n=8 (8m/0f, <:>
Albrecht 2013 Cann. [11C]Raclopride-PET (10m/0f,
not 2616)
25+5)
mentioned
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n=24 n=24 -0.42%
Volkow 2014 Cann. DSM-IV [11C]Raclopride-PET 4 (12m/12f, (12m/12f, ~
27+7) 2816)
T i 2015 c DSM-IV [11C]Raclopride-PET n=18 (om/ef, | n=14(9misf, | *1.31% =
omasi ann. -| aclopriae-
P / 2718) 2615)
n=11 n=11 -17.85%
Wang 1997 Her. DSM-IV [11C]Raclopride-PET / (11m/of, (11m/0f, ﬁ
40,7+4) 39,6+4)
n=12 n=18 -5.97%
Zijlstra 2008 Her. DSM-IV [123]IBZM (SPECT) 57 (12m/0f, (18m/Of, ~
60+10) 40+6)
Daglish 2008 ) n=6 (6m/0f, | n=5 (5m/Of, | *1.96%
Her. ICD-10 [11C]Raclopride-PET <:>
(study1) 1 33+7) 3047)
Daglish 2008 ) n=8 (8m/0f, | n=5 (5m/Of, | +1.96%
Her. ICD-10 [11C]Raclopride-PET <:>
(study2) 1 35:3) 3715)
n=16 n=16 -9.84%
Martinez 2012 | Her. DSM-IV [11C]Raclopride-PET 14 (14m/2f, (14m/2f, ﬂ
3915) 3816)
"Smokers" n=15 n=15 +3.33%
Yuang 2006 Nic. Fagestrom [123]IBZM (SPECT) / (15m/0f, (15m/0f, =
5.8+0.9 33+11) 33+12)
"Smokers". Non diff.
Scott 2007 Ni F t [11C]Raclopride-PET / n=6 (Bmfof, | n=6 (6m/0f, =
CO! IC. agerstrom aclopriae-
9 P 2515) 2745)
5.0+2.0
"Smokers". n=6 (6m/0f, | n=6 (6m/Of, | *6.49%
Takahashi 2008 | Nic. [11C]Raclopride-PET / <:>
Fagerstrom ? 26+3) 2413)
"Smokers". n=11 n=11 +10.11%
Yuang 2008 Nic. Fagerstrom [123]IBZM (SPECT) / (11m/0f, (11m/0f, <:>
5.6+1.0 29+9) 2716)
"Smokers". 9 (Bmit 11 (3misf -4.78%
n= m/1f, | n= m/8f,
Busto 2009 Nic. Fagerstom | [11C]Raclopride-PET |/ ~
37+13) 28+4)
49412
n=18 n=16 -3.51%
DSM-IV  for —
Linnet 2012 Gamb. e [11C]Raclopride-PET / (18m/0f, (16m/0f,
3419) 3218)
Clark 2012 Gamb DSM-IV  for (11CIRaclopride-PET n=9 (9m/0f, | n=9 (9m/Of, | *2.07%
arl ambp. aclopriae-
PG P / 35+9) 3716) ~
n=12 n=12 -4.53%
DSM-IV  for
Joutsa 2012 Gamb. PG [11C]Raclopride-PET / (12m/0f, (12m/0f, <:>
27+2) 30+3)
n=13 n=12 -5.12%
DSM-IV  for
Boileau 2013 Gamb. PG [11C]Raclopride-PET / (13m/0f, (12m/0f, <:>
33+9) 34+11)

Table 1. Studies included in the meta-analysis of total Striatum. An empty horizontal
arrow indicates the lack of significant differences between cases and controls, vertical
arrows indicate the presence of significant differences, with the direction of those
differences (increase/decrease) being indicated by the direction of the arrow.
Percentage differences have either been retrieved from original papers or calculated

from striatal subregions with the formula presented in the study methods.
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Meta-analysis of total striatal and SN DRD2/3 binding with

antagonist and agonist radioligands

Mean striatal DRD2/3 binding was significantly lower in cocaine (p < 0.0001,
Hedges’ g =-0.69 [-0.90, —0.47], number of studies (n) = 12, heterogeneity (I?) = 0%),
alcohol (p = 0.0004, g = -0.78 [-1.21, -0.34], n = 9, 17> = 57%) and methamphetamine
(p =0.0001, g =-0.91 [-1.38, -0.45], n = 4, |2 = 0%) addictions than in controls. There
were no significant differences in striatal DRD2/3 binding in opiate (p = 0.09, g = -0.43
[-0.93, 0.07], n = 5, |12 = 36%), smoking (p = 0.84, g = -0.05 [-0.52, 0.42], n =6, I° =
49%), gambling (p = 0.29, g = -0.21 [-0.61, 0.18], n = 4, |12 = 0%) or cannabis (p =
0.93, g =0.01[-0.29, 0.32], n = 6, |2 = 0%) addictions compared with controls. (Fig 4:

DRD2/3 antagonist radioligand Meta-analyses).
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Addicted Non-addicted

.
Cocaine
Volkow 1990 (LTA) 493 1.25 3 418 1.19 5
Volkow 1990 (5TA) 2.59 0.86 7 418 L19 5
Velkow 1993 ILTA) 2.65 046 20 3.08 045 10

WVolkow 1993 (STA) 26 03 7 308 045 10
Volkow 2005 2.59 0.34 21 2.9 034 15
Martinez 2007 0.88 0.11 24 1 021 25
Martinez 2009 2.08 0.28 15 2.3 018 15
Narendran 2011 2.39 0.26 w0 258 021 10
Martinez 2013 3.06 047 15 345 048 15
Payer 2013 2.45 0.46 19 2.6 027 19
Volkow 2014a 2.11 0.28 23 2.26 0.24 25
Gene 2019 2.38 0.18 25 245 011 23

Total {(95% CN 189

Study or Subgroup _Mean  SD Total Mean 5D Total Weight

Std. Mean Difference
IV, Random, 95% Cl_ Year

Std. Mean Difference
IV, Random, 95% CI

2.1% 0.54 [-0.94, 2.02] 1990
2,5% -146[-2.81,-0.11] 1990
7.2% -0.92[-1.71,-0.12] 1993
41% -1.15[-2.21,-0.09] 1993
9.5% -0.89[-1.59,-0.19] 2005
13.8% -0.70[-1.28. -0.12] 2007
8.1% =0.91[-1.67, =0.15] 2009
3.5% =0.77 [-1.69, 0.15] 2011
8.3% -0.80[-1.55.-0.05] 2013

11.2%  -0.39 [-1.03, 0.25] 2013
13.8% =0.57 [«1.15, 0.01] 2014
14,00 ~0.46 [-1.03, 0.12] 2019

177 100.0% -0.69 [-0.90, -0.47]

Heterogeneity: Tau® = 0.00; Chi" = 7.32, df = 11 (P = 0.77); I = 0%

Test for overall effect: 2 = 6.27 (P < 0.00001)

Alcohol Addicted Non-addicted

Study or Subgroup  Mean 5D Total Mean

SD Total Weight

5td. Mean Difference
IV, Random, 95% C1_ Year

il il

A a— i 2
Lower in addicted  Higher in addicted

Std. Mean Difference
W, Random, 35% CI

Hietala 1994 2.73 0.32 9 3.35 045 8 85% -1.52[-2.64, -0.41] 1994
Volkow 1996 21 05 10 27 06 17 114% -1.03[-186, -0.19] 1995
Guardia 2000a 183 09 12 178 012 9 11.1%  0.07[-0.79,0.93] 2000
Guardia 2000b 1.69 011 9 L7 012 9 10.0%  -0.74[-1.71,0.22] 2000
volkow 2002 (LTA)  2.61 034 14 2.89 035 11 1L5% -0.79[-1.61, 0.04] 2002
volkow 2002 (STA) 246 0.29 14 2.89 035 11 109% -1.31[-2.19, -0.43] 2002
Martinez 2005 3.38 0.42 15 404 041 15  111% -1.76[-2.65,-0.92] 2005
volkow 2007 3.02 037 20 3.09 034 20 14.1% -0.19([-0.81, 0.43] 2007
Oberlin 2016 177 0.21 10 178 0.224 13 11.5%  -0.04 [-0.87, 0.78] 2016
Total (95% CI) 113 113 100.0% -0.78 [-1.21, -0.34]

Heterogeneity: Tau® = 0.25; Chi® = 18.60, df = & (P = 0.02); ¥ = 57%
Test for overall effect: Z = 3.52 (P = 0.0004)

Methamphetamine

Study or Subgroup

Addicted Non-addicted
Mean 5D Total Mean

SD Total Weight

Std. Mean Difference
IV, Random, 95% CI

2l

-2 -1
Lower in addicted

i 2
Higher in addicted

Std. Mean Difference
IV, Random, 95% CI

lle 1993 3.56 0.55 6 4.12 0.6 10 18.8% -0.91 [-1.98, 0.17] L
Volkaw 2001 (LTA) 2.51 0.42 3 286 037 10 11.9% -0.86 [-2.21, 0.49] —
Valkow 2001 (5TA) 2,52 0.31 15 2.86 037 10 29.8% -0.98(-1.84,-0.13] —
Wang 2012 2.85 0.22 16 3.14 0.4 15 39.4% -0.88 [-1.63, -0.14] —
Total (95% CI) 40 45 100.0% -0.91 [-1.38, -0.45] -
Heterogeneity: Tau® = 0.00; Chi* = 0.04, df = 3 (P = 1.00); I* = 0% 5 ) 5 1 !
Test for overall effect: Z = 3.84 (P = 0.0001) Lower in addicted Higher in addicted
Oplate Addicted Non-addicted Sud. Mean Difference std. Mean Difference
Study or Subgroup  Mean 5D Tetal Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Wwang 1997 244 04 11 2,97 045 11 159.5% =-1.20[-2.12, -0.28] 1997
Daglish 20080 2.345 0.32 § 2,305 0.18 5 14.9% 0.13 [-0.98, 1.25] 2008 E—
Zijlstra 2008 0.63 0.3 12 067 03 18 25.8%  -0.13 [-0.86, 0.60] 2008 ——
Daglish 20082 2.35 0.27 6 2.305 0.18 5 13.6% 0.18 [-1.01, 1.37] 2008 —
Martinez 2012 1.74 0.18 16 1.93 0.28 16 26.2% -0.79[-1.51, -0.06] 2012 —
Total (95% CI) 53 55 100.0%  -0.43 [-0.93, 0.07] -
Heterogeneity: Tau® = 0.12; Chi* = 6.20, df = 4 (P = 0.18); I = 36% _52 —=1 51 2’
Test for overall effect: Z = 1.67 (P = 0.09) Lower in addicted Higher in addicted
Tobacco Addicted Non-addicted std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean 5D Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Randem, 95% CI
Yuang 2006 1.86 0.15 15 1.8 0.27 15 19.2% 0.27 [-0.45, 0.99] 2006 —
Takahashi 2008 3.28 0.32 6 3.08 032 6 11.0% 0.58[-0.59, 1.74] 2008 —
Yuang 2008 0.98 0.33 11 0.8 0.09 11 15.9% 0.72 [-0.15, 1.58] 2008 T —
Busto 2009 299 0.2 9 314 03 11 15.2%  -0.55(-1.45,6 0.35] 2009 —_—
Albrecht 2013a 2.17 0.31 21 225 031 26 22.8%  -0.25(-0.83,0.32] 2013 —
Wiers 2017 2.77 0.33 & 3.03 028 18 15.8% -0.85([-1.72,0.02] 2017 e —
Total (95% CI) 70 &7 100.0%  -0.05 [-0.52, 0.42] '*

Heterageneity: Tau® = 0.16; Chi® = 9.77, df = 5 (P = 0.08); I° = 49%
Test for overall effect: Z = 0.20 (P = 0.84)

Gambling

Addicted

Non-addicted

Std. Mean Difference

-2

-1 o 1 2

Lower in addicted Higher in addicted

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% €1 Year IV, Random, 95% CI
Clark 2012 2.46 0.26 9 241 0.21 9 16.0% 0.20[-0.73, 1.13] 2012

Joutsa 2012 2.32 0.27 12 243 0.29 12 23.6% -0.38 [-1.19, 0.43] 2012 —_—
Linmet 2012 2.2 0.28 18 2.28 033 16 33.7% -0.26 [-0.93, 0.42] 2012 .
Boleaw 2013 3.39 0.68 13 3.57 0.44 12 247%  -0.30[-1.09, 0.45] 2013 I
Total (95% Cly 52 49 100.0% -0.21 [-0.61, 0.18]

Heterogeneity: Taw” = 0.00; Chi* = 0.99, df = 3 (P = 0.B0): I = 0%
Test for overall effect: Z = 107 (P = 0.29)

-2

Lower in addicted Higher in addicted

2

Caﬂnabls Addicted Non-addicted Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% €l Year IV, Random, 95% CI
Sewy 2008 3.41 026 6 3.42 0.22 & 7.2% -0.04 [-1.17, 1.09] 2008 ——
Stokes 2012 252 0.28 10 2.6 027 10 11.8% -0.28 [-1.16, 0.60] 2012 =
Urban 2012 2.83 0.3 16 2.74 0.4 16 19.0% 0.25 [-0.45, 0.94] 2012 —_—t—
Albrecht 2013b 2.52 0.29 10 2.59 0.28 10 11.9% -0.24 [-1.12, 0.65] 2013 I E—
Volkow 2014b 3.1 046 24 312 0.38 24 28.7% =0.05 [-0.61, 0.52] 2014 —
Temasl 2015 2.64 017 18 2.6 0.21 18 21.4% 0.20 [-0.45, 0.86] 2015 e
Total {95% CI} 84 84 100.0% 0.01 [-0.29, 0.32]

Heterogeneity: Tau® = 0.00; Chi* = 1.54, df = 5 (P = 0.91); I* = 0%

Test for overall effect: Z = 0.09 (P = 0.93)

Figure 4: Meta-analysis striatum

-2

-1 [} 1 2

Lower in addicted Higher in addicted
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Mean SN DRD2s3 binding, as assessed with agonist radioligands, was
significantly higher in cocaine addiction compared with controls (p < 0.00001, g = 0.92
[0.56, 1.27], n = 4, I> = 0%). (Fig 5. Cocaine DRD2;3 SN agonist radioligand meta-

analysis)

Addicted Non-addicted Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
Payer 2013 2.2 0.4 15 1.71 0.6 15 22.3% 0.93 [0.18, 1.69] 2013 . E—
Matuskey 2014 2.05 0.5 10 1.59 0.34 10 14.4% 1.03 [0.08, 1.98] 2014
Worhunskey 2017 1.83 0.4 26 1.5 0.25 26 38.5% 0.97 [0.40, 1.55] 2017 —a
Worhunskey 2020 1.97 0.5 16 1.67 0.25 16 24.8% 0.74 [0.02, 1.46] 2020 —
Total (95% CI) 67 67 100.0% 0.92 [0.56, 1.27] -
Heterogeneity: Tau? = 0.00; Chi? = 0.33, df = 3 (P = 0.95); I’ = 0%

-2 -1 0 1 2

Test for overall effect: Z = 5.01 (P < 0.00001) Lower in addicted Higher in addicted

Figure 5: SN Meta-analysis

Meta-analyses of variance revealed no significant difference in the variability of
DRD2;3 BPND between addicted individuals and controls, for any of the 7 conditions
studied.

Publication bias

Egger’s tests indicated that there was no significant effect of publication bias in
studies of cocaine (z = 1.32, p = 0.19 for striatum; z = 0.033, p = 0.97 for substantia
nigra), alcohol (z = -1.60, p = 0.11), methamphetamine (z = 0.039, p = 0.97), opiate
(z=0.86, p = 0.39), smoking (z = 0.50, p = 0.62), cannabis (z = —-0.52, p = 0.61) or
gambling (z = 0.63, p = 0.53) addiction.

Review of striatal and extra-striatal PET imaging studies using

agonist radioligands

Table 2 summarises the results of ten addiction studies conducted using
agonist radioligands. Most of these studies did not detect statistically significant
differences in striatal binding between groups, hereunder the single study using the
agonist [""CINPA (Narendran, 2011). However, a single study of heavy
methamphetamine users found an 11% lower ["'C]PHNO dorsal striatal binding, likely
reflecting mostly DRD:2 binding (Boileau et al., 2012). Similarly, in gambling addiction,
a downward trend was reported in the dorsal striatum, with a 10% lower ["'"C]JPHNO,
although not in other regions of the striatum (Boileau et al., 2013). In a recent study of
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tobacco smokers, [''C]PHNO binding was found to have no significant differences in
binding in observed in the ventral striatum (Calakos et al., 2021).

No significant ["'"C]JPHNO binding differences were detected in the thalamus or
pallidum between either alcohol (Erritzoe et al., 2014b) or cocaine (Boileau et al.,
2012, Matuskey et al., 2014) dependent individuals and controls, although trends were
seen for higher binding in the ventral pallidum in methamphetamine users (Boileau et
al., 2012), and in the internal pallidum among alcohol-dependent patients.

Interestingly, significantly higher [""CJPHNO binding was reported in the
midbrain (ventral tegmental area and/or SN) in five separate populations dependent
on stimulants (Matuskey et al., 2014, Boileau et al., 2012, Payer et al., 2014a,
Worhunsky et al., 2017, Worhunsky et al., 2021). Additionally, both cocaine- and
alcohol-dependent patients (Erritzoe et al., 2014b, Matuskey et al., 2014, Worhunsky
et al., 2021) showed significantly elevated ['"C]PHNO binding compared to matched
controls in the hypothalamus. Importantly, the midbrain and hypothalamus are regions
where binding of the DRD3-preferred ligand, ["'C]PHNO, reflects DRD3 rather than
DRD: binding.

In contrast, no significant ['"CJPHNO binding differences were observed in the
striatum, pallidum, or midbrain of individuals with gambling disorder and controls
(Boileau et al., 2013). Similarly, there were no significant differences in [""CJPHNO
binding in the globus pallidus, putamen or caudate of smoking smokers (Calakos et

al., 2021).
Table 2: Agonist studies

Depend. Cases Controls ROI
Publication Addiction Ligand . Sign diff in ROI (user-ctrl)
status (sex, age) (sex, age) Identified
n=16 n=13
Erritzoe 2014 Alc. DSM-IV [11C]-(+)-PHNO | (16m/Of, (13m/0f, S.N.- VTA —
42+10) 4219)
V. Pall. =3
Hypothal. t
Str. =
Gl. Pal.
. ~
internal
Gl. Pal.
~
external
Thal. =
Chukwueke 2020
Alc. DSM-V [11C]-(+)-PHNO | n=10 n=18 Gl. Pal. =
(Conf. draft)
D. Str. =
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V. Str. [——3
n=15 n=15
Narendran 2011 | Coc. DSM-IV [11CINPA (13m/2f, (13m/2f, Str. —
39+6) 39+5)
n=15 n=15
Payer 2013 Coc. DSM-IV [11C]-(+)-PHNO | (13m/2f, (13m/2f, S.N. t
4219) 42+11)
V. Pall. =
Gl. Pal. =
Str. [——3
n=10 (8m/2f, | n=10 (8m/2f,
Matuskey 2014 Coc. DSM-IV [11C]-(+)-PHNO S.N. t
4118) 4116)
HypoThal. t
Amy. t
Str. —
Gl. Pall. —
n=26(21m/5 | n=26(21m/5
Worhunsky 2017 | Coc. DSM-IV [11C]-(+)-PHNO S.N. t
f, 46+6) f, 4147)
D. Put. 1
D. Caud. =
Gl. Pal. =
HypoThal. =
V. Pall. =
V. Str.
n=16(14m/2 | n=16(12m/4
Worhunsky 2020 | Coc. DSM-IV [11C]-(+)-PHNO D. Put. 1
f, 43 +-5) f, 42 +-6)
S.N. t
Gl. Pall. =
HypoThal. =
V. Str. [——3
D. Caud. =
n=16 n=16
Boileau 2012 Meth DSM-IV [11C]-(+)-PHNO | (14m/2f, (12m/4f, S.N. t
28+6) 28+5)
Gl. Pal. t
V. Pall. t
D. Str. 1
Calakos 2021 Ni DSM-V [11C]-(+)-PHNO n=22 n=20 V. St
alakos ic. - -(+)- . Str.
(15m/7f) (13m/7f) -
Put.
Caud. —
Gl. Pal. =
n=13 n=12
Boileau 2013 Gamb. DSM-IV [11C]-(+)-PHNO | (13m/Of, (12m/0f, S.N. t
33+9) 34+11)
D. Str. 1
V. Str. ~
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AntD. Caud. 1
Post. D.

Caud. =
Ant. D. Put. =
Post. D. Put. t
Gl. Pal. —

Table 2. Agonist radiotracer studies included in the review grouped per addiction
subtype. An empty horizontal arrow indicates the lack of significant differences
between cases and controls, vertical arrows indicate the presence of significant
differences, with the direction of those differences (increase/decrease) being indicated
by the direction of the arrow.

Review of extra-striatal PET studies using high affinity radioligands

As illustrated in Table 3, in alcohol addiction one study using ['8F]fallypride
found lower DRD2/3 binding amongst cases in brain regions outside the striatum
including the thalamus (p = 0.04), insular cortex (p = 0.02), hippocampus (p = 0.02)
and temporal cortex (p = 0.01) (Rominger, Xiong et al., 2011). However, in a separate
study, no significant differences in any of 8 examined cortical regions (Medial
Temporal lobe, dorsolateral prefrontal cortex (DLPFC), orbitofrontal cortex (OFC),
medial prefrontal cortex (mPFC), anterior cingulate cortex (ACC), temporal cortex
(TEMP), parietal cortex(PAR) and occipital cortex (OCC)) were detected with another
high affinity radioligand, [''C]FLB-457 (Narendran et al., 2014).

In cocaine addiction, a recent [''C]FLB-457 study by (Narendran et al., 2020)
reported lower DRD23 binding in the medial temporal lobe, DLPFC, OFC, mPFC, ACC,
and the TEMP, suggesting an extra striatal down-regulation of DRD2/3.

The existing studies using high affinity antagonists to investigate DRD2/3 in
methamphetamine addiction reported no significant between-group differences in
binding in brain regions outside the striatum, including the thalamus, the hippocampus,
the insular cortex, the amygdala, the ACC, and the OFC (Moeller et al., 2018, Okita et
al., 2015). These non-significant differences were in the direction of lower binding
among cases versus controls.

A recent study in nicotine addiction using the high affinity antagonist radioligand
[11C]FLB-457 reported lower DRD2/3 binding in the DLPFC (p = 0.016). Moreover, the

reported effect was found to be sex-dependent with male smokers having a lower
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DLPFC DRD23 availability than gender matched controls (Zakiniaeiz et al., 2019).
Another follow up study from the same cohort demonstrated that lower DLPFC DRD2s3
availability in people who smoke is associated with disruptions in cognitive function
that may underlie difficulty with resisting smoking (Zakiniaeiz et al., 2023). Another
PET study with smokers identified lower striatal binding in the DLPFC in males but not
females (Brown et al., 2012).

Depend. Cases Controls ROI Si diff in ROI
Publication Addiction P Ligand e el
status (sex, age) (sex, age) Identified (user-ctrl)

[18F]Desmetho n=11 n=13
Heinz 2004 Alc. DSM-IV xyfallypride- 14 (11m/0f, (13m/0f,
PET 4547) 43+10)

n=17
Rominger i n=14 (14m/0f,
Alc. DSM IV [18F]fallypride (17m/0f 42+ Str.
2011(baseline) 13) 44+12)

Caud.
nucelus
Ant. Put.
Post. Put.
Thal.

Insular C.

Hipp.
Amy.
V. Str.
S.N.

Lat. Temp.
C

Roeminger 2011
(first follow up Vs [ Alc. DSM IV [18F]fallypride / / Str.
Scan1 7-14 days)

Caud. N.

Ant. Put.

Post. Put.
Thal.

Insular
Cortex

Hipp.

Amy.

V. Str.
S.N.

Lat. Temp.
C.

Roeminger 2011
(second follow up Vs | Alc. DSM IV [18F]fallypride / / Str.

Scan 1 -1 year)

Caud. N

Ant. Put.

Post. Put.
Thal.

Insular C.

Hipp.
Amy.

ULl = |2 (et | 8 {0laft] 1] =0t Yet g =] = |
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V. Str. =
S.N. =
L. Temp.
Cort. t
MTL,
dIPFC,
OFC,
=21 (16m/5f =21 (16m/5f,
Narendran 2014 Alc. DSM IV [11C]FLB-457 " (16m " (16m MPFC, —
28+5) 28+4)
ACC,
TEMP,
PAR, OCC
n= 20
n= 19 (10m/10f
Gleich 2020 Alc. DSM IV [18F]fallypride (10m/10f 45 Caud. 1
4518)
+8)
Put. 1
Nacc —
n=24 =36 (22m/14f,
Narendran 2020 Coc. DSM IV [11CIFLB-457 (14m/10f, n=36 (22m/14f, MTL l,
2615)
28+6)
dIPFC 1
OFC J
MTC 1
ACC 1
TC l
PC —
oC =
n=27
. n=27 (12m/15f,
Ballard 2015 Meth. DSM IV [18F]fallypride (16m/11f, Str. l
35:9)
33:9)
n=19
Okita 2016 (1) Meth DSM IV [18F]fallypride (10m/9f, =26 (12m/14f, Am
’ P ' 2918) v: —
3118)
Str. l
Hipp. =
Gl. Pal. =
Thal. =
ACC —
Ins. C. —
OFC =
n=23 17
n=
Okita 2016 (2 Meth. DSM IV 18F]fallyprid 18m/8f, ACC P——3
e @ © [18Ffallypride (18m (9m/8f, 32+8)
3218)
Ant. Ins. C =
Amy. =
Hipp. =
Gl. Pal.
Thal. —
Str. 1
n=15
n=15  (7m/8f, .
Moeller 2018 Meth. DSM IV [18F]fallypride (10m/5f, - Limbic Str. —
37£10) B
Ass. Str. =
Sensorim.
Str.
Amy. =
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Hipp. =
Pall. =
Thal. =
L. OFC =
M. OFC
—
ACC
Insula
—
n=17 =21 (21m/Of,
Fher 2008 Nic. DSM IV [18F fallypride (A7miof, n=21 @M By put. [
3115)
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Table 3: High Affinity studies

Table 3. High affinity radiotracer studies included in the review grouped per addiction
subtype. An empty horizontal arrow indicates the lack of significant differences
between cases and controls, vertical arrows indicate the presence of significant
differences, with the direction of those differences (increase/decrease) being indicated
by the direction of the arrow.

Reversibility of DRD2;3 binding

Figure 6 shows the proportion of studies per addiction subgroup that report and
detect on reversibility of the DRD2;3 with abstinence (studies using antagonist, agonist
and high affinity radioligands were included in this analysis).
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Figure 6: Reversibility analysis

Figure 6. Percentage of studies reporting signs of reversibility across addiction
subtypes. Reversibility indicates the presence of signs of recovery of the DRD2/3
binding with prolonged abstinence and indicated by a significant correlation between
abstinence time and DRDZ2/3 binding in the addict group. N indicates the number of
total subjects included in the analyses while studies indicate the total number of
studies (studies using antagonist radiotracers included in the meta-analysis and
studies using high affinity and agonist radiotracers were included). Reversibility
analysis was not included for gambling and smoking addictions since abstinence time
was not clearly addressed in study reports.

It can be seen from figure 6 that for all addictions only a minority of studies
reported on reversibility. In sum, 36% of cocaine studies looked at reversibility with
less than half of these detecting signs of reversibility. Similarly, only 45% of alcohol
studies looked for signs of reversibility and of these only a few detected a relationship.
In cannabis addiction, the two studies that did look for signs of reversibility reported
no relation, whereas in heroin addiction the only study that looked for it found signs of
reversibility (in the left and right caudate (Zijlstra, Booij et al. 2008)).

Our reversibility analysis across studies where each study represented one
data point, was not suggestive of reversibility of the DRD23 binding. Specifically, the
average between group difference (in %) in striatal binding for each study did not
significantly correlate with the study abstinence times (also tested as logarithm to
abstinence time), neither for the individual addictions separately nor when all
addictions were pooled.
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Dose-response of the DRD2;3 binding

Figure 7 shows the proportion of studies that reported on dose-response and
relationships as well as the proportion of studies that detected such relationships
(studies using antagonist, agonist and high affinity radioligands were included in this
analysis). Approximately half of the alcohol and cocaine addiction studies examined
dose-response relationships, and half of the studies which looked at dose-response
found evidence for it. In nicotine addiction, 64% (7/11) of studies looked for a dose-
response relationship but only one (Okita et al., 2015) found a significant association.
Amongst the methamphetamine studies, approximately half of the studies looked at
dose-response but only a quarter of these studies found a relationship — thus a majority
(three quarters) of studies assessing the data for this did not detect a relation. In
cannabis addiction most studies examined the dataset for a dose-response relation
but only two of the studies detected it (Albrecht et al., 2013, Tomasi et al., 2015). In
opiate addiction, only 40% (2/5) of the studies looked at the possible presence of dose-
response relationships but only one of these (Zijlstra et al., 2008) reported significant
results. In gambling addiction, 75% (3/4) of studies reported on dose-response
relationships, and 50% (2/4) of them found significant signs of such a relationship
(Boileau et al., 2013, Joutsa et al., 2012).

Dose-response

Dose-response

Cocaine (n=239) Alcohol (n=179) Tobacco (n=149) Meth(n=153) Cannabis (n=84) Opiates(n=53) Gambling (n=52) Non reported

Reported, no signs of dose-response
20% 60% =
32.3% 25%,

M Reported, sign. dose-response
Studies= 13 Studies= 12 Studies=11 Studies= 9 Studies= 6 Studies=5 Studies= 4

Figure 7: Dose response analysis

Figure 7. Percentage of studies reporting signs of dose-response across addiction
subtypes. Dose-response is defined as a detection of significant correlations between
DRD2/3 binding and addiction severity or amounts of accumulated substance use. N
indicates the number of total subjects included in the analyses while studies indicate
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the total number of studies (studies using antagonist radiotracers included in the meta-
analysis and studies using high affinity and agonist radiotracers were included).

Confounding factors

Impulsivity

Across all addictions, 18 studies reported on impulsivity. Thirteen of these 18
studies statistically controlled for impulsivity whereas the remaining 5 made no attempt
to control or statistically match the groups based on this trait (Figure 8a/b).

These studies indicated negative associations between different
neuropsychological measures of impulsivity and striatal ["'C]fallypride binding in
methamphetamine dependent patients (Lee et al., 2009, Ballard et al., 2015). In
gambling disorder associations have been found between mood related impulsivity
(‘Urgency’) and striatal [''C]raclopride binding (Clark et al., 2012).

In contrast, positive associations between midbrain binding of the DRD3-
preferring agonist ligand, ['"C]JPHNO, and impulsivity measures were detected in
studies of both gamblers (Boileau et al., 2013) and cocaine dependent patients (Payer
etal., 2014b). Interestingly, greater impulsive choice was correlated with lower ventral
striatum DRD2s3 binding across both alcohol dependent subjects and social drinkers
as assessed with [''C]raclopride (Oberlin et al., 2015)

There were no associations found with [''CJPHNO binding and impulsivity
(Worhunsky et al, 2020) in alcohol dependent patients (Erritzoe et al., 2014b). Equally
no such relationships were observed between tobacco smokers and BIS scores with
baseline striatal and cortical DRD23 values as assessed with [''C]raclopride and
[""CIFLB-47 respectively (Wiers, 2020; Zakiniaeiz et al, 2020).

Socio-economic status (education/1Q)

Across all addictions, 36 studies reported on socioeconomic status (SES) or on
some proxy measures related to SES like education and 1Q levels. Twenty-four of
these 36 studies statistically controlled or matched the groups for SES/education/IQ
levels whereas the remaining 12 made some attempt to control or statistically match
the groups. SES/education/IQ levels were predominantly assessed in cannabis,
gambling and smoking addictions with fewer studies reporting on it in

methamphetamine, cocaine, and alcohol addictions (figure 3b). Twelve out of 28
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studies in alcohol and cocaine addiction mentioned SES/education/IQ, and in 5 of
these, the individuals with addiction had lower |IQ and/or less education than the
controls. These group differences were not statistically analysed in the reports
(Volkow, Wang et al. 2002, (Volkow et al., 2005, Volkow et al., 2007, Payer et al.,
2014b, Volkow et al., 2014a).

In methamphetamine dependence, seven out of nine studies mentioned
SES/education/IQ. In four studies the numbers of education years were lower in the
patient groups than among healthy controls (Boileau et al., 2012, Wang et al., 2012,
Ballard et al., 2015, Okita et al., 2015). Ballard and colleagues in their study concluded
that when controlling for participant group, striatal binding was not independently
predicted by years of education (Ballard et al., 2015). For the remaining three studies
cases and controls were well matched for education (Okita et al., 2016, 2018, London
et al., 2020, Moeller et al., 2018).

In opiate addiction, none of the included five studies reported on
SES/education/IQ. Nevertheless, in the two groups of patients included in their
studies, Daglish and colleagues (Daglish et al., 2008) reported non-significant
differences in measures assessing social functioning, vitality, and criminality so these
measures were considered as a proxy indicator of education in the present analysis.

In cannabis addiction, five of the six studies reported on SES/education/IQ. All
five cannabis studies that reported data on these factors were well matched (although
Sevy and colleagues’ study only partially) for number of education years (Albrecht et
al., 2013, Volkow et al., 2014b, Tomasi et al., 2015), socioeconomic status (Urban et
al., 2012) and cognitive ability (but not education years; cannabis users < controls)
(Sevy et al., 2008).

In smoking addiction, seven of the 11 studies reported on SES/education/IQ.
Six studies that reported data on these variables (Yang et al., 2006, Yang et al., 2008,
Brown et al., 2012, Albrecht et al., 2013, Wiers et al., 2017) reported no differences
either in education time or 1Q between cases and controls. Fehr and colleagues (Fehr
et al., 2008), although not reporting significant differences in education, reported a
higher verbal IQ in never-smokers compared to smokers so the two groups were not
considered as adequetely matched in the current review.

In gambling addiction, three of the four studies reported on SES/education/IQ.
All the three studies that reported data on these factors (Clark et al., 2012, Joutsa et
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9 confounders averaged

al., 2012, Boileau et al., 2013) found no differences neither in education time nor IQ

between cases and controls.

Matching of comorbid alcohol use

All the studies in cannabis and gambling addictions and around half of the
studies of cocaine, methamphetamine and smoking addiction accounted for comorbid
alcohol use. There was a limited mention of alcohol as a confounding variable for
opiate addiction. As can be seen from figure 8b, there is inadequate group correction
for alcohol use across cocaine, gambling, methamphetamine and smoking addictions
however it is more frequently controlled for in cannabis addiction.
Matching of comorbid smoking use

Across all addictions, 40 studies reported on smoking use, making it the most
reported confounder overall. All the studies in cannabis addiction and most studies in
stimulant, alcohol, methamphetamine and gambling addictions accounted for
comorbid smoking use (figure 8b). Only in opiate addiction this was reported less, with

only two out of the five studies taking smoking into account. Most studies statistically
Figure 8a/b: Confounder analysis

a) Average inclusion of confounders per addiction subtype b) Inclusion of single confounders per addiction subtype
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controlled or matched the groups for smoking use whereas the remaining ones

mentioned and/or partly addressed smoking use without statistically controlling for it.
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Figure 8a/b. Figure 8a presents an overview of how the different studies in different
addictions have attempted to consider/correct for confounding effects of factors known
to be related to DRD2s3 binding, Figure 8b zooms in in each addiction subtype, showing
how different confounders have been considered/corrected across addictions.
“Considered” indicates that a specific confounder was mentioned and/or partly
addressed, “Corrected” indicates that case and control groups were matched or
statistically corrected for a specific confounding effect, higher % indicates higher

consideration/correction for confounders.

Correlational analysis of confounders and effect sizes

Each study included in our meta-analysis with antagonist radioligands was
assigned a total score out of eight (/8) to assign the extent to which a study had
controlled and statistically accounted for the confounding variables of co-morbid
alcohol use, co-morbid smoking, impulsivity and IQ/SES. If studies statistically
corrected for any one of these variables, they would get a score of 2, if they were
considered but not corrected for a score of 1 was assigned and if there was no
correction/consideration of these variables then 0 was assigned. The total sum from
the 4 categories (with 8/8 being the highest level of correction indicating all 4
subcategories were sufficiently corrected) was calculated and this was subsequently
converted to a percentage confounder correction score with 100% being perfectly
controlled for (see methods). The between group difference in striatal DRD23 binding
as assessed through the effect sizes described in the striatal antagonist meta-analysis
(figure 4) and percentage confounder correction score were correlated to assess for
an association between the strength of confounder correction in studies and
differences in striatal dopamine receptor binding. Our analysis indicated a significant
moderate inverse correlation between differences in case vs control DRD2s3 binding
availability across all addiction subtypes and percentage confound score (Spearman’s
Rho 0.375, p < 0.01; figure 9) To extend this we split the group by addiction subtype.
Our results similarly showed a significant positive correlation between confounder

correction in cocaine addiction (Spearmans Rho 0.547, p < 0.05).
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Figure 9: Striatal confounder correlation

Figure 9. Correlation between striatal effect sizes and average correction for confounders. The significant correlation

indicates that greater confounder correction is associated with lower effect sizes across addictions, in other words the more you
take confounders into account the lower the differences in DRD2/3 levels between cases and controls. Note that effect sizes
higher than zero indicate no significant differences between cases and controls, while negative effect sizes indicate significant

differences between groups.
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% of reported confunders

Finally, we wanted to assess the extent to which studies controlled or
considered aforementioned confounders over time. Overall, it appears that since the
inception of PET neuroimaging of the DRD2/3 to present day, studies have generally
become better at considering and correcting for confounding variables — though there
is some variability between addiction subcategories this trend appears throughout
showing demonstrable improvements (Fig 10a/b).
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Figure 10a/b: Confounders over time

Figure 10a/b. Figure 10a presents an overview of how the different addiction studies
considered different confounders over time. Figure 10b presents an overview of how
the different studies controlled for different confounders over time. Studies across all
addictions were divided into chronological groups of year subgroups (5-9 studies in
each). “Considered” indicates that a specific confounder was mentioned and/or partly
addressed, “Corrected” indicates that case and control groups were matched or
statistically corrected for a specific confounding effect, higher % indicates higher

consideration/correction for confounders.
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Discussion

This review and meta-analysis provide a comprehensive overview and critique
of the existing literature concerning the purported roles of DRD23 receptors in
addiction as well as the influence of external confounding variables on results from
this receptor subtype that has been investigated for over 50 years for its role in reward,
motivation and addiction.

Firstly, PET and SPECT baseline striatal DRD2/3 binding availability were found
to be significantly reduced in individuals with alcohol, cocaine, and methamphetamine
addictions when compared to control groups. However, no significant differences were
observed between control groups and those with gambling, smoking, opiate, or
cannabis addictions.

Secondly, data obtained from recently developed high affinity antagonist and
agonist radioligands suggest that extra-striatal DRD2;3 downregulation occurs primarily
in the prefrontal cortex, insula, and temporal cortex, specifically in those with stimulant,
alcohol, and smoking dependence. The advent of agonist radioligands have been able
to determine differences in the expression of DRD2 and DRD3 receptors in individuals
with addiction. Meta-analysis of studies using such tools found significant increases in
DRD3 receptor availability in the SN in individuals with cocaine addiction compared
with healthy controls.

Thirdly, this review examined the potential dose-response relationship
(between DRD23 availability and substance use/addiction severity) and the possibility
of recovery of DRD2;3 binding with abstinence. Our findings suggest the evidence for
signs of dose-response and reversibility in different subcategories of addiction remains
inconclusive with varying degrees of reporting and heterogenous results.

Fourthly, early studies lacked sufficient statistical controlling for clinical
confounders, such as socioeconomic status, impulsivity, and comorbid alcohol and
smoking use. However, these issues have been increasingly addressed over time with
greater matching between cases and controls. We found significant variability in the
reporting of confounders per addiction subtype and an inadequate reporting is
presented throughout the literature limiting any strong conclusions. However, we
detected a significant inverse correlation in striatal between-group DRD23 binding

differences between individuals with addiction versus controls and average
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confounder correction scores across all subcategories of addiction. The association
was such that studies with higher confounding correction scores showed smaller
differences in DRD2s3 availability between cases and controls which calls into dispute
the dopamine theory of addiction, or at least to what extent human DRD23 PET/SPECT
data support this hypothesis. Our findings have significant implications for our
understanding of the role of dopamine in addiction. This review and meta-analysis set
out to explore, critique and comprehensively assess the molecular evidence for the
dopamine hypothesis of addiction. In the following sections we systematically lay out
our evidence and pose the question; to what extent has the last half century of
dopamine receptor research advanced our understanding of addiction and supported
the development of novel and effective therapeutics?

Striatal DRD2;; availability in addiction: case vs control comparisons

To summarise, the present meta-analysis reveals that baseline striatal DRD2/3
binding, as assessed using antagonist PET/SPECT radioligands, is consistently lower
in individuals with alcohol, cocaine, and methamphetamine dependence when
compared to matched non-addicted control subjects, whereas this is not the case
among individuals with opiate, cannabis, smoking, and gambling addiction.
Although the meta-analysis did not show significant results across the latter addiction
subtypes, it is noteworthy that in the four studies investigating baseline DRD2y3 striatal
binding in opiate addiction, the first (Wang et al., 1997) and the most recent (Martinez
et al., 2012) both detected significant differences between cases and control. On the
contrary, Zijlstra and colleagues (Zijlstra et al., 2008) and separate studies by Daglish
and colleagues (Daglish et al., 2008) reported no differences in baseline DRD23 total
striatal binding between heroin users and matched database controls. None of the
studies in cannabis, gambling and smoking addictions found significant differences in
baseline striatal DRD2;3 binding between cases and controls. Thus, from the
antagonist radioligand studies, it cannot be concluded that DRD2/3 striatal binding is
lowered in opiate, smoking, cannabis and gambling dependence in the striatum.

For the sake of completeness, it must be noted that in the present meta-
analysis striatal subregions from several studies were pooled together to create a total
baseline DRD23 striatal binding value. Some studies (e.g., (Zijlstra et al., 2008,

Albrecht et al., 2013)) reported significant differences in DRD2;3 binding in some striatal
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subregions (e.g., putamen, caudate). These differences, after computing a total striatal
value were non-significant, however, as there is evidence to suggest that addictive
behaviours such as compulsion are driven by the dorsal striatum (Lipton et al., 2019)
a more forensic assessment of striatal subregion-specific dopaminergic alterations is
recommended for future studies.

In sum, it does not seem that all addictions are associated with lowered DRD2/3
binding. In particular, the absence of low DRD2;3 binding in tobacco smoking, opiate
and cannabis plus gambling addiction puts the notion of low DRD2/3 binding being a
general vulnerability marker for addiction into question. There could be several
reasons for this including; 1) the participants in these negative studies being only
moderately addicted compared with individuals recruited to studies of alcohol and
stimulant addiction, 2) having differences in impulsivity, 3) that other neurotransmitter
systems other than dopamine are playing a more fundamental role in the maintenance
and pathology of these sub-classes of addiction eg. endorphins and serotonin, 4)
evidence for the alternative view of DRD2;3 binding rather being a consequence of
long-term substance use and neurotoxicity rather than pathological biomarkers which
is discussed further in the sections below, 5) the addiction categories without detection
of altered DRD2/3 binding (i.e. cannabis, smoking, gambling) appearing to have been
better matched for socio-economic factors. Thus, a poorer socio-economic matching
in the “positive finding” addictions - with cases generally scoring lower on socio-
economic measures compared to controls - could at least partially have driven the
results of reduced DRD2s3 binding among these addictions.

These suggestions are supported by the results of our meta-analyses of
variance. In none of the seven addictions studied did interindividual variability in
DRD2/3 availability differ significantly between addicted and control subjects. If CVR (or
VR) was significantly <1 for any of the addictions for which a significant case—control
difference in DRD2/3 binding availability was found, this would reflect lower variability
in binding in the addicted group, suggesting that altered DRD23 availability is a core
feature of those addictions. Conversely, a CVR (or VR) significantly >1 would suggest
increased biological heterogeneity of DRD2/3 availability in addicted versus control
subjects. Therefore, the observation that CVR (and VR) were not significantly <1 or
>1 for any addiction studied suggests that altered DRD23 availability is shared by many
but not all addicted individuals, where it may be a person-specific signature — but not

an integral mechanism — of addiction. However, we must be mindful of important
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circumstances in which a true group difference in interindividual variability might go
undetected by meta-analysis (Howes & Chapman, in review). First, a CVR (or VR) >1
might result from homogeneity in the control group, perhaps due to healthy user bias.
Conversely, exclusion of certain patients — such as those currently using or those who
are polydrug users— may erroneously reduce CVR (or VR). Most notably though, a
non-significant reduction in CVR (or VR) might be driven by co-existent subgroups of
patients: one subgroup may differ significantly from the control group in terms of the
mean, with narrow outcome variability, whilst the other (perhaps larger) subgroup does
not differ significantly from the control group mean and has much wider outcome
variability. It is probable that this condition applies, to some extent, to the studies of
methamphetamine addiction where, despite a convincing reduction in DRD2s
availability in addicted versus control subjects (p = 0.0001, g = —0.91), within-group
variability in DRD2s3 availability was only non-significantly lower in addicts (CVR = 0.85,
p = 0.45).

The chicken or the egg: Does the degree of decreased DRD23 binding
detected in several addictions reflect a pre-existing vulnerability/risk

or rather a consequence of the behaviour/substance use?

In order to properly address this question, ideally a large-scale longitudinal
molecular imaging study that includes children at risk for addiction would be necessary
to resolve this. Due to ethical concerns surrounding radiation exposure in healthy
children and financial and practical limitations, such a study is not currently feasible.
Instead, we rely on the study of associations between receptor binding and different
sets of behavioural/symptom data, such as addiction severity or time of abstinence.

In the few cases where the relationship between DRD23 availability and either
severity of substance use/dependence or degree of craving has been investigated,
studies have been inconclusive and have reported both significant and non-significant
associations. Often cited evidence from human research in support of low DRD23
availability as being a vulnerability factor for addiction comes from the observation that
low DRD2s3 levels are related to greater pleasurable feelings after the administration of
intravenous methylphenidate in healthy controls (Volkow, Wang et al. 1999, Volkow,
Wang et al. 2002). However, this effect was not replicated with intravenous
amphetamine as challenge (Laruelle et al., 1995, Abi-Dargham et al., 2003, Martinez
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et al., 2003). Discrepancies also exist among other lines of work looking at the role of
DRD2/3 availability in the risk of developing addiction (Volkow et al., 2006, Alvanzo et
al., 2017)

In support of the notion that DRD2 binding levels are related to the risk of
addiction, genetic manipulations that increase the expression of DRD: levels have
been shown to reduce alcohol and cocaine consumption in rats previously trained to
self-administer these substances (Thanos et al., 2004, Thanos et al., 2008), further,
low DRDg2;3 availability in the striatum of non-human primates predicts self-
administration of cocaine (Morgan et al., 2002). The latter observation, however, was
not confirmed when tested in cocaine dependent human subjects (Martinez et al.,
2004). Nevertheless, further research showed that lower DRD2s3 binding was
associated with higher chances of relapse in cocaine and methamphetamine addiction
(Martinez et al., 2011, Wang et al., 2012). The failure of dopamine-depleted stimulant
users to stay sober could be a consequence of a deficit in their ability to shift their
reward directed behaviour to natural reinforcers due to hypo-functional dopamine
neurotransmission. Accordingly, flexible updating of behaviour in set-shifting tasks as
well as task switching is associated with increased dopamine neurotransmission
through DRD2;3 (Klanker et al., 2013).

It should be noted that these results on DRD2;3 availability and relapse
vulnerability obtained in stimulant addiction might not apply to other sub-categories of
addiction (opiate, gambling, cannabis, smoking) where there is no difference in DRD2/3
availability between cases and controls. In gambling addiction, there has been fewer
PET imaging studies of the dopamine receptor system compared with other addiction
subtypes, however some dose response relationships have been observed with lower
DRD2/3 binding correlating with higher mood-related impulsivity (Clark et al., 2012) and
higher SN DRD3 correlating with increased gambling severity scores (Boileau et al.,
2012). Concurrently, a hypo-dopaminergic state may only be predictive of risk of
development or relapse in some addictions, with stimulant-use disorder providing the
most evidence. This is pharmacologically plausible given that these drugs directly
release dopamine. In sum, our analysis and review do not support the notion that a
hypo-dopaminergic state is a hallmark state of opiate, smoking or cannabis addiction
and other evidence suggests there is a nuanced role for dopamine dysfunction in
gambling disorder.
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Another important approach when considering the DRD2;3 causality matter is to
undertake follow-up re-scanning after sustained abstinence or investigate
associations between DRD23 binding and severity of substance use/dependence or
time of abstinence. Our analysis of relevant imaging studies reveals that most studies
have not reported such data, and when investigated, only a minority of studies have
found significant associations. Additionally, a limiting factor for such investigations is
a relatively narrow range of abstinence times in most studies.

Rather than relying on correlations with abstinence time between subjects,
some studies in alcohol, cocaine and methamphetamine addiction looked at DRD2/3
availability both during early and late detoxification. In alcohol addiction, an early study
by Volkow, Wang and colleagues (Volkow et al., 2002d) found no signs of significant
recovery of DRD2/3 receptors during alcohol detoxification. Contrarily, a German study
that re-scanned a small number of alcohol dependent individuals after a sustained
period of abstinence (Rominger et al., 2012) found that the striatal DRD2/3 binding in
the 4 cases with sustained abstinence (n=2) or reduced alcohol consumption (n=2)
increased by an average of 29% from the first day of abstinence to the re-scan after
one year follow-up. This was most pronounced in the two individuals with complete
abstinence. It could be speculated that this difference was influenced by the unusually
short period of abstinence (max 24 hours) by the time of the initial scan. This
explanation, however, seems unlikely since an additional re-scan in 14 out of the 17
included cases after 2 weeks revealed no difference in receptor binding from the initial
scan.

In cocaine addiction, an early study using the radioligand ['8F]-N-
methylpropanediol, tested some subjects less than 1 week after last cocaine use and
some subjects more than 1 month after last use and found that, while short abstinent
cocaine abusers showed lower striatal DRD2/3 binding, individuals who have been
detoxified for more than 1 month presented no significant differences compared to
controls (Volkow et al., 1990). Nevertheless, a successive study (Volkow, Fowler et
al., 1992) which retested 7 subjects after completing detoxification found no significant
recovery of striatal DRD2s3 receptors with prolonged abstinence. In methamphetamine
addiction, a study by Volkow and colleagues (Volkow et al., 2001) compared subjects
who had last used methamphetamine within 5 months to subjects who had not used
methamphetamine for more than 11 months. No significant difference between the two

groups was found, suggesting a lack of recovery after prolonged abstinence. Taken
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together, attempts to address whether low DRDa2s3 receptor binding might be a
biomarker for increased risk of becoming addicted to cocaine and alcohol are mixed.

In a more direct attempt to address the reversibility question, we employed an
across study approach to explore signs of recovery (e.g. normalisation of the DRD2/3
binding during the period of abstinence). However, the average between-group
difference (in %) in striatal binding for each study did not significantly correlate with
the study abstinence times, neither for the individual addictions separately nor when
data from all addictions were pooled. As an example, there was no significant
correlation between the average case-control DRD2;3 binding difference and the range
of abstinence times from cannabis (18 months (Stokes et al., 2012), 15 weeks (Sevy
et al., 2008), 4 weeks (Urban et al., 2012), 1-7 days (Volkow et al., 2014b) or 20 hours
(Albrecht et al., 2013)). In cocaine addiction, the correlation between group differences
in striatal binding and study abstinence times was positively correlated although this
did not reach significance.

If low DRDg2;3 binding predates the development of addiction and thereby
constitutes a vulnerability marker, one would assume that this would be seen not only
in dependence to substances but also to behavioural addictions such as gambling
addiction. An advantage of studying the dopamine system in gamblers is the
presumably negligible neurotoxicity due to the lack of drug-induced brain effects. This
makes gambling addiction well suited as a ‘vulnerability model’ for addiction in humans
presenting an alternative way of examining cause versus consequence. In contrast to
stimulant and alcohol addiction, gambling addiction participants baseline DRD23
binding levels did not differ from those of non-addicted controls. Thus, the gambling
model of addiction does not point to DRD2/3 binding being a general vulnerability factor
for addiction, though there was some evidence of dysregulated DRD23 and DRD3
relating to some aspects of the disorder which require further investigation. Based on
this data it is therefore difficult to conclusively determine the nature vs nurture effects
of drugs, behaviours on this neurobiological marker of interest in addiction.

Alternatively, low DRD2;3 binding may reflect a consequence of long-term
and/or ongoing substance use. Differences in DRD2/3 binding status between addiction
subtypes may be explained by the duration and magnitude of the impact on the
dopamine system. Thus, it could be speculated that the more brief and transient
impact on the dopamine system elicited by tobacco smoking (Morris et al., 2013)

compared to stimulant use where long term down regulation is seen (Laruelle et al.,
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1997), is a possible explanation of the much less consistent results seen in this
addiction subtype. Stimulant—-induced down-regulation of DRD23 binding as assessed
with PET imaging is sustained for much longer than the increase in synaptic dopamine
levels (Laruelle, 2000) further supporting this as an explanation. Notably, stimulants
and alcohol are the only drugs of abuse that reliably release dopamine in the human
brain (Nutt et al., 2015).

Considering the two converging lines of evidence, it appears that individuals
might be predisposed to addiction by both genetic and environmental factors and
chronic substance use can further cause neurotoxic adaptations on neurotransmitter
systems that already appear, at least in some cases, dysregulated. The results of the
present meta-analysis show that only stimulant and alcohol addiction are associated
with reliable differences in striatal DRD2/3 binding, and that not all substances of abuse
lead to adaptations in this biomarker as suggested by early theories of addiction. The
lack of studies in non-addicted individuals with a family history of addiction in addiction
subtypes other than cocaine and alcohol also precludes a definitive answer to the

causality question in addiction as a whole.

Influence of selected confounders on striatal DRD2/3 availability in

addiction

Correlational analysis of effect size with confounder scores

Correlational analysis was performed to assess the association between study
confounder correction scores, displayed as percentage out of 100 (with 100% being
perfectly corrected for) and the effect sizes of differences in DRD2/3 striatal binding
between cases and matched controls. Across studies there was a moderate and
significant negative correlation (Spearman’s Rho 0.375, p < 0.01) between higher
confounder correction scores (studies better controlled for confounders) with lower
differences in striatal DRD2;3 binding availability between cases and controls as
measured by effect size. These results indicate that studies designed to match for the
confounding variables showed on average lower differences in DRD2s levels when
comparing addicted populations versus controls.

To our knowledge, this finding is the first systematic and objective assessment
across DRD2s3 PET imaging studies in addiction to demonstrate evidence that

dopaminergic dysregulation in addiction is unlikely to be as a direct consequence of
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‘addiction pathobiology’ but may represent a wider biopsychosocial marker relevant to
addiction plus other factors including behavioural traits and socioeconomic status.
Despite individuals with stimulant and alcohol addiction presenting a significant
downregulation of DRD23 binding versus controls, they also present an overall modest
correction of confounders across studies. It is thus plausible that these significant
results are, at least in part, carried by the effects of confounding factors not fully
considered in the studies.

Impulsivity

Studies in addiction show that impulsivity is increased in addicted individuals
(for review see (Trifilieff and Martinez, 2014)), and even serves as a predictor of future
substance use (Quinn and Harden, 2013) and gambling addiction (Slutske et al.,
2005). Among methamphetamine users, a negative relationship has been established
between impulsiveness and striatal DRD2/3 binding as measured with [''C]fallypride
(Lee et al., 2009) and mood related impulsivity (‘Urgency’) is negatively correlated with
[''Clraclopride binding in the striatum among gambling addiction (Clark et al., 2012).
Interestingly, siblings of individuals with gambling addiction were found to have
elevated impulsivity and an increase in risk taking in the Cambridge Gambling task
(Clark et al, 2012). In sum, lower striatal DRD2s3 levels have been found to be
associated with higher impulsivity in methamphetamine and gambling addiction.

Cannabis users are reported to be less impulsive than people using a range of
other substances including alcohol, opiates, cocaine, and ecstasy (Quednow et al.,
2007, Bernstein et al., 2015). If impulsiveness not only serves as a vulnerability marker
for developing substance dependence but also is related to low DRD23 levels, then
this could in theory explain why cannabis seems different from some other substances
regarding the absence of dysregulation of these receptors in cannabis addiction.

To better understand this relationship, it would be beneficial for future studies
to routinely incorporate quantitative assessments of impulsivity, in order to disentangle
any potential confounding factors. By controlling for impulsivity, any observable
between-group differences could potentially be eliminated. Additionally, research has
shown that impulsivity is strongly influenced by genetic heritability, so further
investigation into family members of individuals with addiction may also be a fruitful

avenue to explore.
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1Q/education/socioeconomic status

A landmark experiment in non-human primates by Morgan and colleagues
(Morgan et al., 2002) showed how DRDy3 binding was not only predictive of self-
administration of cocaine but also shown to be modulated by the environment. Once
a social hierarchy had been established among the animals, the ones who had
obtained the highest status had also developed higher DRD2;3 availability and this was
found to be protective against cocaine use. A similar relationship has been shown to
exist in healthy non-addicted persons where the score of social status was found to
be positively correlated to DRD2;3 binding in the striatum in two separate studies
(Martinez et al., 2010, Wiers et al., 2016b). Similar results have been seen for 1Q (Guo
et al., 2006) although not consistently (Volkow et al., 1998). However, when the
hypothesis was tested among cocaine dependent patients, no significant relationship
was found between socioeconomic status (SES) and [''C]raclopride binding (Wiers et
al., 2016b). In alcohol addiction, a negative association has been reported between
years of education and striatal binding of [''C]raclopride in a very small sample of 6
individuals with alcohol addiction (Volkow et al., 2002c). More recently, Matuskey and
colleagues also detected a negative association between social status and DRD2s3
availability measured with [""CJPHNO in the ventral striatum and in the midbrain
(reflecting DRD3 binding), not only in healthy controls but also among both cocaine
dependent patients (Matuskey et al., 2014). The reason for these discrepancies in
results obtained from different populations (alcohol versus cocaine versus healthy)
with different radioligands (antagonists vs agonists) is not entirely clear and could be
linked to the different radioligands. Having these detectable relationships between
SES/IQ/education and DRD23 binding in mind, it should be considered whether the
inconsistences in the DRD2s3 findings detected between different addictions could
reflect pre-existing differences in those parameters.

Studies on cannabis and gambling addiction have shown better reporting and
group matching for SES, 1Q, and education compared to studies on stimulant or
alcohol addiction, where cases often have lower SES, |Q, and education than controls
when reported. However, studies on smoking addiction also appear to be well-
matched in studies where SES, IQ, and education were reported, though not as

extensively as in cannabis and gambling addiction studies. Matching cases and
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controls on these parameters have proven to be more challenging for some addiction
populations than for others.

It is interesting to note that the addictions with the most successful matching
happen to be the ones where there is no difference in DRD23 binding between cases
and controls, and vice versa. Most of the agonist studies in stimulant and alcohol
addiction have not reported data on SES, 1Q, or education. Moreover, studies that
have managed to match cases and controls well on these parameters (e.g., (Wang et
al., 2019)for cocaine) have presented no significant differences in baseline striatal
DRD2s3 binding. It is worth considering the important and overlooked role of
environmental factors such as social deprivation on dopaminergic status, given the
apparent relationship between SES, 1Q, education and DRD23 binding in well-matched
studies of alcohol and stimulant disorders. Notably, in recent years, the National
Institute for Drugs of Abuse (NIDA) has begun to reconsider addiction neuroscience
through the lens of social deprivation with evidence now emerging that social factors
such as academic attainment and living in populous areas being directly related to
DRD2s3 receptor availability (Calakos et al., 2022). Indeed, from these studies
convergent lines of evidence suggest that there is a direct association between
socioeconomic status and dopaminergic function in the brain which may moderate or
mediate the proposed dysfunction observed in individuals with addiction. Therefore it
could be an oversight to control for such variables and instead incorporating the
relevance of these factors into the pathoetiology of addiction could provide a more
precise and heuristic framework of mechanisms and risk factors underlying addiction
vulnerability (Heilig et al., 2021). Future work should aim to assess these factors
directly through imaging studies of individuals with varying socioeconomic status to
understand its role on dopamine receptor availability and addiction status.

Comorbid smoking and alcohol use

Poly-substance use is common among people who consume illicit drugs and
high levels of polydrug dependence have been reported among addicted individuals
in diverse treatment and community settings across the globe (Crummy et al., 2020).
If it is true that alcohol addiction, as also suggested from our meta-analysis, is
associated with low DRD23 binding levels, then a history of co-morbid alcohol
addiction in a group of patients with cocaine or methamphetamine addiction could
potentially drive the results. While subjects presenting comorbid alcohol addiction are
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usually excluded from the studies, information about alcohol use (e.g., drinks per
week) is usually not reported. One study conducted by (Gleich et al., 2021) found a
linear decrease in striatal DRD2/3 availability from healthy participants, to participants
at high risk of developing addiction (not diagnosed with alcohol use disorder)), and to
AUD patients although there is other evidence to suggest that binge-drinking is not
associated with alterations in striatal dopamine receptor availability (Wai et al., 2019).

Despite the relatively weak evidence - as evidenced by the present meta-
analysis - for smoking being related to differences in striatal DRD2/3 radioligand
binding, smoking status could potentially also be a confounder in these studies. In
several studies in alcohol addiction, smoking history is either lacking (Hietala et al.,
1994, Volkow et al., 1996, Repo et al., 1999) or not controlled for (Guardia et al., 2000,
Heinz et al., 2004, Volkow et al., 2002c, Volkow et al., 2007). However, in one of the
antagonist studies (Martinez et al., 2005) where groups were matched for smoking,
the between group difference in DRD2s3 binding was still robust and similar with what
is seen in other studies in alcohol addiction. In contrast, after matching for smoking
status, no between group difference was found in in baseline DRD2/3 binding in cortical
regions (striatum not reported) as assessed with the high affinity antagonist
['8F]fallypride (Narendran et al., 2014) or for striatal DRD3 as measured with the
agonist ['"C]JPHNO (Erritzoe et al., 2014b) and DRD3 blocker to quantify the relative
contribution of DRD2 and DRD3 in individuals with alcohol addiction. While cocaine
addiction studies usually control for smoking, it is not the case in methamphetamine
addiction (Wang et al., 2012, Ballard et al., 2015). However, despite matching for
smoking status, one study still showed a baseline 18.8% difference in striatal
dopamine D2-type receptor availability as measured with [11C]DAA1106 between
methamphetamine addicted individuals and controls (London et al., 2020). Thus,
studies with matched smoking groups that show changes in DRD2s3 binding can be
considered to be more robust than those that do not.

As was the case for SES/IQ/education, it also appears to be easier to conduct
well-matched studies with regard to co-morbid substance use for some addictions than
for others. Compared to methamphetamine and opiate studies, gambling and
cannabis addiction studies more efficiently controlled for tobacco smoking (and to a
certain extent for alcohol use), thereby minimising their potential confounding effects.
Time also seems to play a role; more recent studies have more carefully taken these
potential confounders into account when compared to the earlier studies. Since
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cannabis and gambling addiction studies have been conducted more recently than
most alcohol and cocaine ones, the more careful correction of confounders for these
addictions reflects the accumulated knowledge about receptor imaging in addiction
and its potential confounders over time leading to better study designs that are well-
matched.

Data on use of recreational drugs other than the ones included in the present
review are not generally reported in detail but polydrug use is very common in clinical
practice. Nevertheless, history of current dependence and/or abuse of substances
other than caffeine and nicotine is mentioned as exclusion criteria in most of the
reports, allowing the exclusion of extreme cases of poly-substance use. Moreover,
most of the included studies also looked at recreational polydrug use through urine
toxicology tests. However, this can only provide details for recent substance use (aside
from THC) without providing relevant information for drug addiction. The use of clinical
batteries for assessing the presence of polydrug use is thus encouraged in future
studies. Further, and perhaps consequentially, studies with polydrug users should also
be encouraged as to provide an ecologically valid sample of patients. The lack of
ecological validity in such addiction biomarker research may be, in part, contributing
to the lack of translation of addiction medicines (Nutt et al., 2015)

Agonist radioligands and the role of DRD3

In our meta-analysis of [""C]PHNO of the SN we found an increase in DRD2s3
binding in this midbrain region in stimulant addiction participants when compared with
healthy controls. Due to the DRD3 preferring properties of [''C]JPHNO and DRD2 vs
DRD3 distribution, binding with [''C]PHNO in this region reflects purely DRD3 receptor
availability (Tziortzi et al., 2011).

However, in contrast to the diminished DRD2;3 binding in the striatum in alcohol
and stimulant dependence when measured with antagonist radioligands
(predominantly ["'C]raclopride), recent studies using agonist radioligands like
['"CIPHNO have not confirmed DRD2s binding differences in this region in
cocaine/methamphetamine/alcohol addiction. This discrepancy raises technical
questions; could a difference in the fraction of striatal DRDZ2 in high affinity state (DRD2-
HigH) explain this? Although there is controversy whether DRD2-Hich and DRDa2.Low are
detectable in vivo (Seeman, 2012, Skinbjerg et al., 2012), a larger fraction of receptors

in the high affinity state among addiction subjects compared with controls could in
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theory explain the lack of difference in binding between these two groups when
assessed with an agonist in contrast to the lower total DRD23 binding in (alcohol and
stimulant) addiction found with antagonists. However, a study using both the
antagonist [11C]raclopride and the agonist [11C]NPA to measure DRD2.nich and
DRD2.Low reported no differences in DRD2.nicH between cocaine addicts and controls
(Narendran, 2011), and therefore does not provide support for this explanation.

Alternatively, decreased DRD: levels combined with increased DRD3 levels
among addicted individuals could also possibly explain why the group differences
could be cancelled out when measuring striatal DRD2;3 with a DRD3 preferring
radioligand like ['"C]JPHNO (Narendran et al., 2011, Boileau et al., 2012). Animal and
human studies support this possibility as alcohol and drug addiction may involve
increased levels of DRD3 gene expression in the brain. Several studies have shown
that blocking DRD3 can reduce relapse-like drinking and alcohol-seeking behaviours
in rats and mice (Vengeliene, Leonardi-Essmann et al. 2006; Thanos, Katana et al.
2005). Furthermore, increased expression of DRD3 has been observed in the brains
of human cocaine overdose fatalities (Staley and Mash 1996, Segal, Moraes et al.
1997) which further supports the idea of increased DRD3 in addiction and is in line
with PET studies which have found increased binding of ['"C]JPHNO in the SN, which
as mentioned previously reflects DRD3 rather than DRD2, which has been observed
in certain regions of the brains of individuals with stimulant, alcohol and gambling
addiction (Table 2). In contrast, no significant differences were found in the midbrain
of alcohol-dependent patients, although higher [""CJPHNO binding was found in the
hypothalamus, another region where predominantly DRD3 binding is represented
(Erritzoe, 2014) and in cocaine addiction there was mixed findings of DRD3 binding in
this region (Table 2).

In the striatum - the main target region for the older antagonist PET studies -
where the [""C]JPHNO signal reflects both DRD, and DRDs3 receptors a single
[""C]PHNO PET scan does not allow for the separation of the DRD2 and the DRDs3 part
of the ['"C]JPHNO signal. However, separating the receptor subtypes is possible using
['"CIPHNO before and after a selective DRD3 blockade (Erritzoe et al., 2014b). This
approach was used in patients with alcohol dependence and did not suggest a
difference in striatal DRD3 binding between patients and controls but there are no such
studies in other addiction subtypes.

In summary, there is now evidence, as reflected in our meta-analysis for
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increased DRD3 binding in the SN midbrain in cocaine, methamphetamine, gambling
but not in alcohol addiction or smoking use, as well as in the hypothalamus in alcohol
dependence. It should be noted there is no data indicating that DRDs is increased in
nicotine addiction in humans. Indeed, the one study that looked at this only observed
a downward trend in ['"C]JPHNO binding in the ventral striatum in smoking addiction
(Calakos et al., 2021). Thus, neither among alcohol dependent individuals nor with
matched controls was smoking status found to relate to DRD3 levels (Erritzoe et al.,
2014b).

In support of a role of DRD3 in addiction, DRD3 antagonism in clinical
populations has been shown to reduce attentional bias to food cues (Nathan et al.,
2012a), reduce appetitive responsiveness to food cues in obesity (Mogg et al., 2012b),
reduce craving in nicotine dependence (Mugnaini et al 2013), and acutely ameliorate
blunted functional magnetic resonance imaging (fMRI) striatal response in the
monetary incentive delay task (MIDT) (Murphy et al., 2017b) and modulate emotional
responsivity in polydrug users (Vamvakopoulou et al., 2022b).

Based on these observations — hereunder the evidence from the described PET
and fMRI studies - the DRD3 has been proposed as one of the top 10 highest priority
pharmacological targets for addiction drug development (Rasmussen et al., 2019).

High affinity radioligands

Investigations into cortical regions using high-affinity radioligands suggests to
some degree there may be a role for dopaminergic receptors in cortical regions in
addiction. Clinical studies have consistently found evidence of deficits in PFC
functions such as executive function, inhibitory control, attention and goal-directed
behaviours in addictions (Goldstein and Volkow, 2011b). Alterations in the fronto-
cortical neurocircuitry have been proposed to modulate these clinical characteristics
and impairment of executive function and inhibitory control through alterations in
dopamine circuits may contribute to subcortically mediated responses (Everitt and
Robbins, 2016). The development of high affinity dopamine receptor radioligands
(Halldin et al., 1995) has allowed for such quantification of cortical alterations in
addiction.

In cocaine addiction, Narendran and colleagues (2020) employed the high-
affinity radioligand, [''"C]FLB 457, to detect lower baseline DRD2/3 receptor availability
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in several prefrontal regions, though the same group using the same radioligand had
previously found no difference in alcohol addiction (Narendran et al., 2014). In
methamphetamine addiction, none of the studies which looked at cortical regions
found alterations in DRD23 binding when compared with matched controls (Table 3).
Nevertheless, the non-significant differences were in the expected direction of lower
binding among individuals with addiction. Further, a recent study in nicotine addiction
found a lower DRD23 binding in the DLPFC (Zakiniaeiz et al., 2023)

Alterations in the DLPFC, ACC and near prefrontal regions have been
demonstrated to be crucial for goal-directed behaviour (Everitt and Robbins, 2016).
Accordingly, ["®F]fluorodeoxyglucose PET studies showed hypo-activations in the
frontal cortex in cocaine addiction (Volkow et al., 1993, Volkow et al., 2002a) which
was also confirmed by later fMRI studies (Kaufman et al., 2003, Terraneo et al., 2016).
These hypo-activations could lead to limitations of willed control on actions that
optimise benefits and reduce harm, together with a tendency to instant gratification
and susceptibility to environmental drug cues and contingencies (Peoples, 2002). The
generalisability of such findings is questioned due to the findings being reported in
only cocaine addiction. Concomitantly, it is not clear whether these cortical changes
are a) pathophysiological substrates of such impairments in frontal networks b)
irreversible and liable to recovery with abstinence or c) related to a pre-existing
vulnerability.

Despite these limitations, more PET research looking at possible dopaminergic
alterations in extra-striatal regions is to be encouraged as it might provide a route for
new more effective interventions that have cortical targets, including TMS (Ekhtiari et
al., 2019) and psychedelic therapy (Zafar et al., 2023a). For example, enhancing
dopamine DRD23 transmission in the PFC might be a successful route for diminishing
impulsive and habitual behaviour in addictions. Accordingly, medications increasing
PFC dopamine such as methylphenidate, (Moeller et al., 2014) catechol-O-
methyltransferase inhibitors, NMDA antagonists (Wedzony et al., 1993, Tunbridge et
al., 2004), and DRD3 antagonists (Zafar et al, in prep) have been shown to modulate
regions of the brain involved in reward, inhibitory control and relapse in human and
animal models of cocaine and alcohol addiction. Further research is needed to
ascertain the efficacy of these compounds, and novel ones such as psychedelic
therapy in other subtypes of addiction and the neural targets necessitating the clinical
effects.
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Conclusions

This paper presents a meta-analysis and review of existing literature
investigating the roles of DRD2s3 receptors in addiction and the influence of
confounding factors on receptor availability. The meta-analysis found that baseline
striatal DRD2/3 binding availability is significantly lower in individuals with alcohol,
cocaine and methamphetamine addiction compared to control groups, whereas no
significant differences were observed among those with gambling, smoking, opiate, or
cannabis addictions. Meta-analysis was also conducted in the SN using agonist
radiotracers which reflect purely DRD3 binding, this found significantly higher DRD3
in cocaine addiction. In addition, a review of the existing literature suggests that extra-
striatal DRD2/3 downregulation primarily occurs in the prefrontal cortex, insula, and
temporal cortex, specifically in those with cocaine and smoking dependence though
trends for other sub-addictions were observed.

Our results also suggest that certain circumstances, such as a lack of control
for potential confounder variables such as comorbid substance use (alcohol and
smoking), impulsivity and IQ or socioeconomic status, could have significantly
impacted — and in part driven — positive results in studies designed to assess the role
of DRD23 as a causative addiction biomarker. There was significant heterogeneity in
the ability of studies to control for such additional variables. Specifically, studies which
better controlled for these variables showed smaller or null differences in DRD23
availability between controls and individuals with addiction and many of these studies
are more recent studies, potentially designed on the increase in knowledge of these
factors, which call into question the methodology and conclusions of the earlier
studies. Our review, meta-analysis and critique concludes that lowered DRD2/3 binding
may not be a universal marker for addiction as not all addiction subtypes are
associated with these phenomena. Additionally, altered DRD2;3 availability is shared
by many but not all addicted individuals, and thus this alteration may be an individual-
specific signature, rather than an integral mechanism of addiction. Future research
should address the abovementioned pitfalls and produce more well-controlled studies
including 1; correcting for confounding variables that have demonstrable independent

effects on this receptor subclass and 2; studies that focus on quantifying extra-striatal
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regions and those interrogating the relative contributions of DRD2 v DRD3 to foster a
more comprehensive understanding of the neurobiology of addiction.

Overall, we believe these findings have substantial implications for our
understanding the role of dopamine in addiction and after 50 years of research, it could
be fair to assert that specific molecular-level neuroadaptations may not be the putative
pathological biomarkers driving conditions such as addiction and the focus of such
work has been too narrowly focussed. Back-translational research, that incorporate
utilising compounds which have begun to show efficacy, above and beyond current
pharmacological interventions, such as psychedelic therapy adjunctive to PET
imaging of such receptor systems are encouraged to demonstrate the effects of such
interventions on  addiction relevant mechanisms. This translational
neuropsychopharmacology approach, a step removed from much of the basic
neuroscience research described herein, will provide clearer and more important
insights into disease and therapeutically relevant biomarkers which will ultimately pave
the way for both a better understanding of dopamine in addiction and more importantly
the development of efficacious therapeutics.

In sum, despite an abundance of neurobiology research into the dopamine
receptor system we have made limited progress in the development of effective
treatments in addiction, we encourage future research to describe the mechanistic
effects of novel and investigative treatments using PET imaging (alongside other
modalities such as fMRI and EEG) to advance the field beyond its current groundhog
five decades.
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Chapter 3: Dopamine D3 receptor antagonism in
alcohol dependence: a multimodal combined
fMRI-PET case-control neuroimaging study

Introduction

The global prevalence of all substance use disorders (SUDs) has increased
substantially between 1990-2016 with alcohol dependence being the most prevalent
(Degenhardt et al., 2018b). The current clinical treatment paradigm for alcohol use
disorder (AUD) within the UK is a psychosocial intervention with adjunctive
pharmacotherapy but it has limited success with 20% of individuals relapsing within
one month and a further 40% within 6 months (Hayes et al., 2020). The effectiveness
of treatments for AUD is amongst the lowest of all mental health disorders (Kohn et
al., 2004) with only three licensed pharmacotherapies available and only 9% of
individuals with AUD receiving any of these treatments (Fairbanks et al., 2020).

The last 40 years have seen the development of a neurobiological understanding of
addiction through advances in neuroimaging techniques, providing insight into some
of the mechanisms underlying conditions such as AUD (Nutt et al.,, 2021).
Neurochemical neuroimaging investigations using positron emission tomography
(PET) have implicated dysregulation in the dopamine neurotransmitter system to be
involved in the pathobiology of individuals with AUD with results showing changes in
dopamine receptor availability and dopamine release capacity when compared with
matched healthy controls. These findings, have also been supported by evidence of
impairments in brain function in relation to reward processing (Nutt et al., 2021). These
results indicate dopamine dysregulation to be a putative biomarker for AUD and a
plausible target for the development of novel pharmacological interventions.

Dopamine is a neurotransmitter that plays a critical role in various aspects of
neurobiology, psychopathology and behavior. It is involved in multiple brain functions,
including reward processing, motivation, motor control, and cognitive processes
(Kienast and Heinz, 2006). Dysregulation of dopamine signaling has been implicated

in numerous neurological and psychiatric disorders, such as parkinson's disease,
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addiction, and schizophrenia (Foley, 2019). In the brain, dopamine is synthesised in
several regions, most notably the substantia nigra (SN) and ventral tegmental area
(VTA). These regions project dopaminergic neurons to different target areas, forming
distinct dopamine systems. Dopamine exerts its effects by binding to specific
dopamine receptors, categorised into D1-like (D1 and D5) and D2-like (D2, D3, and
D4) receptor families (Girault and Greengard, 2004). The activation of dopamine
receptors initiates intracellular signaling cascades that modulate neuronal excitability,
synaptic plasticity, and gene expression. Dopamine is released in response to
rewarding stimuli, some drugs of abuse and reinforces behaviour. It is known as the
‘motivation’ neurotransmitter but is also essential for regulating motor functions,
including voluntary movement, coordination, and fine motor control, through its

nigrostriatal pathway (Bromberg-Martin et al., 2010).

Recent evidence has highlighted the dopamine D3 receptor (DRD3) as a novel
therapeutic target for addiction (Rasmussen et al., 2019). The DRD3 is distributed
across the brain, predominantly in reward specific midbrain and limbic regions such
as the hypothalamus, SN and the VST; unlike the dopamine D2 receptors (DRD2)
which are found primarily in the caudate (CA), putamen (PU) and dorsal striatum (DS)
(Rasmussen et al., 2019, Le Foll et al., 2005). These findings support that the DRD3
could be involved in the motivational, cognitive and emotional aspects of reward

processing (Le Foll et al., 2005).

In animal models, DRD3 antagonism has demonstrated potential to modify substance
use behaviours. For example, DRD3 upregulation has been found following chronic
exposure to alcohol (Vengeliene et al., 2006). When given a DRD3 antagonist, rodents
show reduced motivation to self-administer drugs (including alcohol) and disrupted
cue-induced craving (Vengeliene et al., 2006, Heidbreder and Newman, 2010).

DRD3 has also shown effectiveness in other clinical addicted populations. In obesity,
DRD3 antagonism reduced attentional bias to food cues (Nathan et al., 2012b),
reduced appetitive responsiveness to food cues (Mogg et al., 2012a) and in nicotine
dependent individuals DRD3 antagonsim was seen to reduce cravings (Mugnaini et
al., 2013). In another study DRD3 antagonism acutely ameliorated blunted ventral
striatal response to the monetary incentive delay task (MIDT) in polydrug users,
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although this effect was not seen in users who were dependent on just alcohol (Murphy
et al., 2017a). Despite some promising early clinical results regarding the utility of
DRD3 antagonism as a pharmacotherapy in addictions, the neurobiological
mechanisms supporting these findings have not been conclusively demonstrated in
alcohol dependence in humans. A recent human imaging study found increased DRD3
in the hypothalamus in alcohol dependence when assessed using the selective DRD3
radioligand [''"C] PHNO-PET (Erritzoe et al., 2014a). Conversely, another study found
reduced DRD23 and no differences in DRD3 availability in early abstinence in
individuals with AUD in the SN and sensorimotor striatum (SMST) when compared
with matched healthy controls. Though the authors did identify a relationship
suggesting that individuals with lower DRD3 levels in the SN exhibited increased
demand for alcohol (Chukwueke et al., 2021). This finding highlights the involvement
of the DRD3 receptor in the neurobiological mechanisms underlying alcohol-seeking
behavior. Further, my meta-analysis findings (chapter 2) found an upregulation of the
DRD3 in the SN in cocaine addiction when compared with healthy controls (Zafar et
al, in prep, Ch 2). These data suggest the DRD3 is a plausible pharmacological target
for individuals with AUD.

PET imaging allows for the quantification of dopamine receptors to understand the
molecular basis on which functional brain changes occur. Previous research has
demonstrated links between dopamine receptor availability and brain function (Sander
et al., 2020) although to date there has been no study to investigate the molecular
effects of DRD3 antagonism and its relationship to reward processing in AUD patients.

Individuals with addictive disorders, including AUD, have also shown alterations in
brain function as demonstrated by disruptions in striatal and frontal activation as
assessed with fMRI during reward processing tasks such as the monetary incentive
delay task (MIDT) (Balodis and Potenza, 2015). Findings across studies comparing
AUD to HCs have demonstrated functional and structural abnormalities in specific
brain regions involved in assigning excessive salience to drug over non-drug-related
processes, with concomitant lapses in inhibitory-control, deficits in reward-related
decision-making, and a lack of insight into illness (Nutt et al., 2021). fMRI paradigms
such as the MIDT (Knutson et al., 2000) can be leveraged to assess the acute effects
of pharmacological interventions (Knutson et al., 2004) such as DRD3 antagonism on
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reward processing to determine if the intervention can modulate AUD specific
dysregulation in reward-processing. This has been evidenced in previous studies
which have found that the reward anticipation phase of the MIDT is dysregulated in
alcohol dependence (Hagele et al., 2015, Romanczuk-Seiferth et al., 2015, Wrase et
al., 2007b, Bjork et al., 2011)

Using multimodal imaging techniques, such as PET and fMRI, offers valuable
advantages when investigating the impact of the D3 receptor on addiction behaviors
in human subjects. Through the integration of PET and fMRI, complementary sources
of information pertaining to the molecular and functional aspects of the role of DRD3
in alcohol addiction can be assessed. PET imaging facilitates the precise assessment
of receptor distribution and localisation, providing insights into specific brain regions
wherein the DRD3 is most abundant. This information can be further supplemented by
fMRI, which enables the identification of brain regions activating to tasks and its
corresponding association with D3 receptor-rich areas. Furthermore, the use of task-
based fMRI, such as the MIDT, can tap into neuronal processes such as anticipatory
reward processing which have been consistently been demonstrated to play a role in
addiction neuropathophysiology (Luijten et al., 2017). By combining these imaging
modalities, interactions between addiction relevant functional and molecular neural
circuits can be comprehensively examined, unraveling the intricate relationships
between DRD3 activity and associated brain regions. In addition, the effect of a novel
intervention on molecular-functional brain activity can also be assessed to better
understand its respective mechanism(s) of action and to examine its usefulness as a

therapeutic agent.

Herein, we sought to investigate the effect of DRD3 antagonism on Blood-Oxygen
Level Dependent (BOLD) activation to anticipation of monetary rewards using fMRI in
the MIDT (pre- vs. post- antagonism of the DRD3) among patients with AUD vs age-
and gender-matched HCs and the association with DRD3 availability, as assessed
with [11C]JPHNO PET. We hypothesised that AUD patients would demonstrate
dysregulated frontal and striatal BOLD responsivity to reward anticipation in the MIDT
at baseline compared with matched HC subjects. Following DRD3 antagonist
administration we hypothesised that AUD patients would show an amelioration in the
dysregulated BOLD response to anticipation in the MIDT. Further, we predict that there
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will be significant differences in basline DRD3 availability in D3 rich areas of the the
reward system with individuals with AUD having higher receptor availability compared
to HC. We also hypothesised there will be a correlation between DRD3 availability and
BOLD activation to the fMRI MIDT in both the HC and AUD group. Additionally, we
investigated the association of individual differences in fMRI BOLD activation to
reward processing with several addiction, psychiatric, cognitive and personality

questionaires.
Methods

Participants

Participants were recruited from outpatient programmes in Central Northwest London
(CNWL) NHS foundation trust and associated addiction services. Patients met DSM-
IV criteria for alcohol dependence and had been abstinent from alcohol after
undergoing benzodiazepine detoxification for a minimum of four weeks before
scanning. For the purpose of clarity, we refer to addiction as ‘AUD’ across the
manuscript to reflect the current DSM 5 diagnosis category, but we state that patients
in this study had a DSM-IV diagnosis of which alcohol dependence is the diagnostic
label. HCs were recruited from newspaper advertisements and had no history of
alcohol abuse or dependence and drank a maximum of 25 units of alcohol per week.

Additional inclusion criteria for all participants were: (1) male; (2) age 24—60 years; (3)
no previous or current Axis | disorders, although a history of major depression was
allowed for AUD patients; (4) no current or past history of abuse or dependence on
drugs other than nicotine, with a negative urine toxicology (a history of use but not
dependence on cannabis was allowed but not within the four weeks before scanning);
and (5) no significant medical condition or current use of medications. Participants
were instructed to refrain from consuming caffeine- or xanthine-containing products
on the day of the scans and underwent urine and breathalyser tests to rule out recent
drug and alcohol use. Participants were not allowed to smoke for one hour before the

MRI scan.

The study was sponsored by Imperial College London, UK, approved by local ethics
committees, and all participants provided informed and written consent. Brain scans
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were carried out at the GSK Clinical Imaging Centre (now Invicro), Hammersmith
Hospital, London, UK.

Sixteen male AUD patients and 13 (age-gender-BMI matched) HC’s were included in
the study which represents the full sample of participants recruited to the study. The
demographic details of participants in the study are described in detail in Table 4 in
the results.

Procedures and tasks

This case-control study consisted of two parallel imaging sessions in which all
participants received 60mg of DRD3 antagonist GSK598809, produced and
manufactured by GlasxoSmithKline. Participants underwent two separate MRI scans:
before and 1.5 hours after administration of the study drug. Within each MRI scan,
participants undertook two scans of a modified MIDT (described below). Participants
also undertook a series of psychiatric, addiction, and personality questionnaires prior
to the scan. A schematic of the study timeline can be viewed below.

Pre-study screening and questionnaires
Quantification of lifetime alcohol + substance use
SAD-Q, Alcohol Urge, FTND, BDI, BIS, NART-R, STAI, SSAl, OCDS, AUQ

v

Baseline Scans

\ 4

fMRI-MIDT1
fMRI-MIDT2
v
| [*CIPHNO PET Scan
Y
‘ 60mg GSK598809

1.5-hour postdose scan

v
Pre-scan questionnaires
0OCDS, SSAl, BDI, AUQ

y

fMRI-MIDT3
fMRI-MIDT4

Y

[**CIPHNO PET Scan

v

Post-scan questionnaires
AUQ
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PET

All participants underwent two [11C]JPHNO PET scans before and 3h after
administration of 60mg of GSK598809. For details regarding preparation of
[11C]PHNO, see (32) and for acquisition of PET images, collection of arterial blood
samples, derivation of input function, and motion correction, see (33). Full details
regarding delineation of ROls and derivation of PET outcome measures and statistical
analysis methods were conducted in previous research (Erritzoe et al., 2014b).
Administration of GSK598809 resulted in a significant decrease in cerebellar volume
of distribution (VT) (8.3+7.4 and 11.4+£9.7%, p=0.002 and p<0.001 for HC and AUD,
respectively). The presence of a specific binding component in the [11C]PHNO signal
in the cerebellum led us to use the VT as the primary outcome measure. Regional VT
pre- and post-blockade [11C]PHNO were used for analysis and therefore analysed for
this for this cohort.

MRI

Monetary incentive delay task

A modified version of the widely used MIDT was used to probe reward anticipation
related brain function. At the start of each trial, a visual cue indicated whether the trial
was a potential win (“Win£5”), neutral (“Win£0” or “Lose£0”), or a potential loss
(“Lose£5”) trial. A variable delay (between 2.0 — 2.5s) followed the cue and then a
target stimulus (a blue star) was briefly presented. Participants were instructed to
respond by button press prior to the target offset to win, or avoid losing the cued
amount. The outcome was presented 0.5s after target offset to inform participants of
monetary gains or losses. For example, on “Win£5” trials the outcome was either gain
£5 (“Hit! +£5”) or gain £0 ("“Miss! +£0”), depending on whether the participant
successfully responded prior to target offset.

There were 30 trials of each type (i.e., Win£5, Win£0, Lose£0, or Lose£5) presented
in two consecutive, fully counterbalanced sessions of 60 trials each. On WiIn£5 trials,
a successful response increased a subject’s winnings by £5 and there was no penalty
for slower responses. On Lose£5 trials, responding after target offset reduced a
subject’s winnings by £5. There was no gain or loss in any circumstance for Win£0
and Lose£O0 trials. Target durations were adapted on a trial-by-trial basis so that
participants successfully “Hit” the target on approximately two-thirds of trials to allow
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subjects to win a total of approximately £50 at each of their two fMRI scans. Subjects
were not informed of their total winnings until after the second MIDT session. The
behavioural endpoints were the average response time for “Hit” trials and accuracy
rate over trials for each subject and visit. Trials were marked as “Hit” if the subject
responded prior to the target offset, or “Miss” for not responding or responding after
target offset. The fMRI endpoint modelled was the BOLD response during the delay
between cue and target (referred to as ‘Anticipation’) due to its relevance as a

biomarker for reward processing.

fMRI Acquisition

T2*-weighted, echo-planar images sensitive to BOLD contrast were acquired
continuously on a 3T Siemens Trio scanner with a 32-channel head coil. Images were
acquired in two fully counterbalanced runs of 274 volumes each, with 46-slices in each
volume (TR =2100 ms, TE = 31 ms, flip angle = 78°, 3.5 x 3.5 x 3.0 mm voxels). To
minimize signal dropout in medial temporal, orbitofrontal and ventral striatal regions
we used a slice acquisition angled ~30° coronally to the anterior-posterior commissural
plane and an in-plane voxel resolution minimised to 3.5 mm. High-resolution T1-
weighted anatomical scans (MPRAGE) were acquired with whole-brain coverage for
each subject to aid fMRI and PET image co-registration and PET ROI definition (TR =

3000 ms, TE = 3.66 ms, flip angle = 9°, voxel size = 1 mm?, 208 slices).

fMRI analysis

fMRI data were processed with FSL software (www.fmrib.ox.ac.uk/fsl/). Image

analyses were performed using FSL 5.0.4. The functional data were pre-processed
using spatial smoothing with a 6mm FWHM (full-width, half-maximum) Gaussian
kernel, high-pass temporal filtering (100 s), head-motion correction using MCFLIRT,
and non-linear registration to a standard template (MNI152). The anatomical data were
skull-stripped using FSL'’s brain extraction tool (BET) and segmented using FMRIB'’s
automated segmentation tool (FAST), into grey/white matter and cerebro-spinal fluid
(CSF).

Severe head motion induces artefacts, and even modest head movement can induce

artefacts if the pattern of motion is correlated with the stimulus paradigm. Hence,
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individual runs with mean absolute head motion exceeding the in-plane size of a voxel
(3.5mm) were excluded. As a result, three subjects had one of their two MIDT runs

excluded from the baseline session but they were still included in the overall analysis.

Whole brain voxel-wise data were analysed with FSL’s Feat program. There were 3
explanatory variables (EVs): anticipation of win outcomes (Win5-anticipation; EV1),
anticipation of loss outcomes (Loseb5-anticipation; EV2) and anticipation of neutral
outcomes (Neutral-anticipation; EV3). These were modelled as beginning at the onset
of the cue and ending at the onset of the target stimulus. Because our primary
hypotheses were related to anticipation-related reward processing, the contrast of
primary interest was ‘Win£5’-anticipation > ‘Win£0 and Lose£0 (neutral)’-anticipation.
For completeness, we also explored the other anticipation-related contrast Lose£5 >
neutral and Win£5 > loss.

Subject level analyses

These were implemented in a general linear model by convolving the onset times of
the task conditions with a gamma function model of the hemodynamic response.
Motion parameters (standard +temporal derivatives + squared + quadratic) and
temporal derivatives were included as regressors-of-no-interest. The FILM pre-
whitening procedure was used to account for temporal autocorrelation, and a high-
pass filter (100s cut-off) was used to remove low-frequency noise. Reward
anticipation was examined with the Win-anticipation > Neutral-anticipation contrast [-
1 1 0], Loss anticipation was examined with the Loss-anticipation > Neutral-
anticipation contrast [-1 0 1 ] and Win > Loss anticipation contrast was examined with
[0 -1 1]. Additional contrasts compared the individual task conditions with baseline
sections of the time-series: ‘win-anticipation, lose-anticipation, neutral-anticipation.’
Mid-level analyses were performed in order to generate individual subject level effects.
These models compared the pre vs post-dose MIDT scans and gave a measure of the
effect of GSK598809 for each subject using FMRIB’s local analysis of fixed effects
model.
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Group level analysis

Group analysis was performed combining both groups and using the mid-level models
as inputs to assess the effect of patient group on whole-brain activation related to the
drug and task effects. A between-subjects group level model compared AUD patients
to HCs, using the individual mid-level drug effects models as inputs. The results of
these analyses therefore represent an interaction effect between patient group
(contrast conducted at the group-level) and drug condition (contrast conducted at the
mid-level), for each of the task conditions/contrasts modelled at the first-level. Group
level models used FSL’s FLAME-1 algorithm. Cluster-level statistics were used, with
a cluster-defining threshold of Z=2.3 and a multiple test corrected cluster-extent
threshold of a =0.05.

Additional group-level analysis models were conducted as a validation step in order to
visualise the mean task effects across both patient groups, and both drug conditions.
These used a simple group-mean model to derive an average of all the first-level
analysis models, and used the same threshold.

Region of interest (ROI) analysis

A meta-analytic region of interest approach using data from https://neurosynth.org/

using the term ‘monetary-incentive’ (uniformity test) was used to determine five
common ROls activated in the MIDT: medial prefrontal cortex (mPFC), midbrain,
striatum, amygdala/hippocampus (Amyhipp) and the anterior cingulate cortex (ACC)
(Figure 11). Mean win and lose anticipation versus neutral contrasts were extracted
from the ROls in each participant and entered in a mixed-model ANOVA. Additionally,
appropriate post-hoc testing was employed using Tukey corrections.
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mPFC Amygdala/Hippocampus ACC

Figure 11: MIDT ROlIs

Figure 11. lllustration of ROI's created from functional activation MIDT maps from
Neurosynth meta-analytic data in axial and sagittal view. Dark Blue: Amygdala-
hippocampus complex (Amyhipp); light blue: Medial Prefrontal Cortex (MPFC); Green:
Anterior Cingulate Cortex (ACC); red: Midbrain; maroon: Striatum

Multimodal combined PET-fMRI analysis

Data was collected on VT of DRD3 using ['"C]JPHNO-PET for three ROls of interest;
the substantia nigra (SN), hypothalamus (Hypo) and the ventral striatum (VST)
(Erritzoe et al., 2014b). These were entered into a correlation matrix with the BOLD
contrast values for the win-anticipation>neutral-anticipation contrast for the five fMRI
ROIs (mPFC, midbrain striatum, amygdala/hippocampus, ACC).

Baseline and postdose values were correlated for both AUD and HC individuals in a

5x3 correlation matrix and r values were calculated. R values were converted to Z

scores using Fisher's Z-tranformation to normalise the distribution of the data. The
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resulting Z scores were then compared using a method outlined in (Meng et al., 1992),
with any results greater than the critical values of Z=1.97 (equivalent to p = 0.05)
counted as significant. These tests were used to determine any significant differences
in the relationship between baseline DRD3 availability and brain BOLD activation to
the MIDT.

Correlational analyses were additionally carried out to investigate the relationships

between ROI brain response and psychometric and clinical questionnaires.

Results

Participants and demographics

No group differences were observed for the following: age (p=0.82), body weight
(p=0.91), ethnicity, premorbid 1Q (NART) score (p=0.70), or composition of
current/former/non-smokers. However, AUD patients smoked more cigarettes per day
than HCs (p=0.03) and had higher Fagerstrom Nicotine Dependence Scale scores
(p<0.01). AUD patients scored higher than HC on all measures of alcohol consumption
and dependence (p<0.01) and had been abstinent for 4151254 (range: 39-893) days
before scanning. Although participants with current clinical depression or anxiety were
excluded, AUD patients reported higher scores on depressive mood and anxiety
(all: p<0.01; Table 4).
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Demographics, Alcohol-dependent patients | Healthy controls (n=13) ADPs vs HCs
personality, and | (n=16)
symptoms
Mean SD Range Mean SD Range p-value (two-
Table 4: Demogrdptsdigndetails| comparing HC anh#li#b) patients on dlinical andtdégdbgraphic
Age 42.4 (45.5) 9.4 24-55 41.5 (39.0) 10.3 27-60 0.822
Hay A |
NART Valdbles. 18.6 106 | 7-37 17.2 (18) 7.3 3-30 0.679
Body weight (kg) 78.5 (75.4) 13.2 56.6— 78.0 (81.6) 8.9 60.5— 0.91
109.0 90.5
Ethnicity 13 Caucasians | NA NA 11 Caucasians | NA NA NA
2 Indian 1 1 Indian 1
Black Black
Beck' Depression Inventory | 11.6 (10) 7.7 2-26 1.1(1) 1.3 04 <0.001
score
Spielberger State Anxiety | 38.6 (38) 6.8 28-53 28.8 (30) 5 20-36 <0.001
score
Barret's Impulsivity Scale | 72.3 (71.5) 10.8 57-98 61.9 (62) 111 45-81 0.025
score
Smoking status 11 smokers 3 | NA NA 10 smokers 2 | NA NA NA
ex-smokers 2 ex-smokers 1
non-smokers non-smoker
Cigarettes per day among | 17 (20) 7 4-25 10.9 (12.5) 4.5 1.5-15 0.027
smokers
Cigarette package years 28.1(22.7) 29 7.8— 15.0 (15.1) 11.7 1.4— 0.139
123.0 38.3
Smoking dependence | 5.9 (6.0) 1.6 3-9 3.3(3.0) 1.5 1-5 0.001
(Fagerstrom score)
Alcohol dependence severity | 45.7 (50) 14.7 14-60 22(1) 2.6 0-7 <0.001
(SADQ score)
Alcohol units per week (up to | 348 (338) 131 112- 9.8 (10.4) 7.6 0-23 <0.001
last detox for ADPs) 560
Years of alcohol abuse 26.4 (30.5) 9.5 9-38 NA NA NA NA
Accumulated lifetime alcohol | 181 (185) 92 35-351 NA NA NA NA
intake (1000 units)
Days since last alcohol 414 (355) 254 39-893 Min 24 h NA NA NA

MIDT fMRI

Effect of task: whole brain analysis
To assess the main whole-brain effects of the MIDT, a total group mean was
calculated, i.e., both baseline and GSK598809 conditions in HCs and AUD patients
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combined to examine main effects of the task. Analysis of whole-brain activation for
win-anticipation > neutral, lose-anticipation > neutral, win-anticipation > lose revealed
a mesocorticolimbic activation pattern is presented . This serves to validate this task

approach and the acquisition and analysis procedures (figure 12).

Frontal
pole

Striatum

Anterior
Cingulate

Figure 12: Whole brain MIDT

Fig 12. Whole-brain activation to the MIDT in the win-anticipation > neutral-anticipation
in both groups averaged across placebo and drug condition demonstrating the effect
of the task with significant activation in the striatum, the anterior cingulate and the

frontal pole. Thresholded Z= 2.3 p<0.05, cluster-corrected. The colour bar in the
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montage shows the t-value. Significant clusters on 3D cortical surface renders as

viewed in saggital and axial slices.

Effects of participant group and drug: whole brain analysis

There were no significant whole-brain differences between participant group (HC v
AUD) on the effect of GSK598809 (baseline vs. post-dose), in any active task contrast
(win-anticipation > neutral, lose-anticipation > neutral and win-anticipation > lose).
Comparing the active task contrasts to baseline (i.e., at rest), we observed a significant
participant group * drug interaction in the striatum and the insula during the ‘win-
anticipation’ condition compared to baseline.

In order to further interrogate this complex interaction effect, data were extracted from
the set of functional clusters for the win-anticipation > baseline contrast for all subjects,
all sessions. The data were then plotted in order to assess the directionality of effects
(figure 13). A 2x2 mixed model ANOVA was performed on these data to assess the
main effect of paitent group (HC v AUD), drug (baseline v post dose) and interaction
effects. The ANOVA indicated no main effect of patient group (F[1,27]=0.60, P=0.45)
or drug (F[1,27]=1.75, P=0.96), however, a significant interaction effect was found
(F[1,27]=20.66, P<0.001). Post-hoc t-tests confirmed the source of the interaction
effect was a relative decrease in activation post-dose in the win-anticipation versus
baseline contrast in the HC group ({[27]=3.02, P=0.026, Tukey corrected), but a
relative increase in the AUD group, (1[27]=-3.43, P=0.01, Tukey corrected).
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For completeness, similar analyses were performed using the same functional clusters

with data from the win-anticipation > neutral and lose-anticipation > neutral contrasts.

There were no significant main effects of drug or group or any significant interactions

found.
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Figure 13: Whole brain HC v AUD

Figure 13. (a) Axial slices and 3D rendered brains showing mean ‘win-
anticipation’ whole-brain  activation in  AUD vs Control under
GSK598809>baseline. Thresholded Z= 2.3 P<0.05 corrected. The colour bar
next to the montage shows the Z-values. (b) Bar charts showing data from a
whole-brain mask demonstrating main effect of drug, GSK598809 in AUD
patients and HCs in the MIDT task in the ‘win-anticipation’ contrast with

baseline.
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MID Whole Brain MNI co-ordinates
Contrast Region Cluster MNI F-value p-Value Direction
size coordinates
(voxels)
Main effect | Striatum- 2941 -16 2-14 20.66 0.001 GSK>Baseline
of the drug insula AD>HC
ROI analysis

Five a priori ROls were defined based on their involvement in reward processing,
these were the mPFC, striatum, midbrain, amygdala/hippocampus and ACC (anterior
cingulate cortex). Data were extracted from each of these regions from the three
contrasts (win-anticipation > neutral, lose-anticipation > neutral, win-anticipation >
lose-anticipation). A 2x2x3x5 ANOVA was conducted to test the main effect of group
(HC v AUD), treatment (baseline v post dose), contrast (win-anticipation > neutral,
lose-anticipation > neutral, win-anticipation > lose-anticipation) and ROl (mPFC,
striatum, midbrain, amy/hipp and ACC).

A significant main effect of treatment (F[1,27]=4.29, P=0.048), contrast (F[2,54]=5.87,
P=0.005) and ROl (F[4,108]=15.541, P<0.001) were found. A four-way
treatment*group*contrast*ROI interaction effect (F[8,216]=3.84, P<0.001) was also
identified.

Post hoc tests exploring the treatment, contrast, and ROl main effects revealed a
general reduction in BOLD activation post treatment (t[27]=2.07, P=0.048, mean
difference (MD): 7.67, standard error (SE): 3.70). The BOLD activation to the win-
anticipation>neutral contrast was greater than in the lose-anticipation>neutral contrast
(t[27]=2.07, P=0.004, MD: 10.88, SE: 2.90). The mPFC had significantly less activation
than the other four regions (midbrain: t[27]=-5.68, P<0.001, MD: -15.77, SE: 2.80,
striatum: 1[27]=-5.13, P<0.001 MD: -19.23, SE: 3.75, amyhipp: t{[27]=-3.82, P=0.006,
MD:-14.56, SE: 3.81, ACC: t[27]=-4.10, P=0.003, MD: -16.60, SE: 4.04). The striatum
had significantly greater activation than the amyhipp complex (t[27]=3.43, P=0.015,
MD: 4.67, SE: 1.36). All p values are Tukey corrected.
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To further explore the the treatment*group*contrast*ROl interaction, 15 2x2 ANOVA
post hoc tests were run to investigate the effect of treatment (baseline v post dose)
and group (AUD v HC) in each contrast (win-anticipation > neutral, lose-anticipation >
neutral, win-anticipation > lose-anticipation) and each ROI (mPFC, striatum, midbrain,
amyhipp and ACC). These tests revealed that the interaction effect was driven by the
lose-anticipation > neutral contrast in the mPFC, where a significant group*treatment
interaction was identified (F[1,27]=9.64, P=0.004) AUD patients had a significant
reduction in BOLD activation in the mPFC to lose-anticipation > neutral trials post dose
(t[27]=3.82, P=0.004, MD:38.53, SE:10.08, P Tukey corrected), this effect is outlined
in figure 14.
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Figure 14: MIDT ROI HC v GD

Figure 14. mPFC ROI response during MID task: Mean win-anticipation >
neutral-anticipation, lose anticipation > neutral anticipation, win anticipation >
lose anticipation BOLD contrast estimate for baseline and GSK598809
sessions. Dark blue bars represent the baseline session and orange bars
represent the GSK598809 section. **p = 0.004
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Further, an overall effect of treatment (baseline v post dose) was identified in the ACC
(F[1,27]=5.52, P=0.026). Post hoc tests revealed this was driven by the win-
anticipation > neutral contrast where there was a significant reduction in activation
post dose (t{[27]=2.35, P=0.026, MD:14.0, SE:5.97, Tukey corrected). There was no
significant difference between the groups (AUD and HC) F[1,27]=3.28, P=0.081, but
there tended to be patterns of more deactivation in the AUD group (t[27=-1.81,
P=0.081, MD: -16.8, SE: 9.29) but no interaction effect. No other significant effects

were identified.

Combined MIDT win-anticipation>neutral fMRI BOLD contrast and

[11C]PHNO PET DRD3 VT - ROI analysis

Correlational analyses were performed using data extracted from five ROIs from the
fMRI win-anticipation>neutral contrasts and three ROls using VT DRD3 data as
assessed with PET for both AUD and HC subjects pre and post blockade. These
values were entered into a correlation matrix to assess associations between brain
DRD3 availability and reward processing at baseline in both AUD and HC and to
assess the impact of DRD3 antagonism on such associations. These figures were Z
transformed to assess for significance as described in the methods. There were no
significant associations at baseline for either the HC and AUD groups between DRD3
availability and brain activation to the task, or following DRD3 antagonism (significance
indicated by Z critical value >1.97) . The values from this correlation matrix are
provided in table 5.

Z Comparison (AUD) | mPFC Midbrain Striatum Amygdala | ACC

(fMRI) (fMRI) (fMRI) (fMRI) (fMRI)
SN (PET) 0.81405121 | 0.34855458 | -0.0465213 | 0.21397812 | 0.29756144
Hypothalamus (PET) | -0.1177125 | 0.32800477 | 0.29010499 | 0.303298 0.07912507
VST (PET) -1.0038719 | 0.17433406 | -0.0097893 | -0.0780331 | 0.03132494

Table 5: fMRI x PET AUD matrix

Table 5: Z comparison scores assessing association between change in PET binding

and fMRI activation pre vs post DRD3 antagonism in AUD.

Z Comparison (HC)

mPFC
(fMRI)

Midbrain
(FMRI)

Striatum
(FMRI)

Amygdala
(FMRI)

ACC
(FMRI)
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SN (PET) -

1.3470305 |-0.1313497 | -0.7006228 | -0.6711762 | -1.4272514

Hypothalamus (PET) | -1.485779 | 1.11499471 | 0.47384008 | 0.32476613 | -0.0564626

VST (PET) -

1.2464497 | -1.1404434 | -1.4030289 | -1.3186506 | -1.2341083

Table 6: fMRI x PET HC matrix

Table 6: Z comparison scores assessing association between change in PET binding

and fMRI activation pre vs post DRD3 antagonism in HC.

Exploratory correlation analysis in AUD patients at baseline with
MIDT win-anticpation>neutral fMRI BOLD contrast

To test for putative brain-biomarkers of AUD, correlation analyses were performed
correlating brain activation in the five ROls from the AUD group in the win-anticipation
> neutral contrast with: impulsivity, substance related scales, anxiety, and personality
scales at baseline. There were no significant associations between any of the ROIs
and the Barrett Impulsivity Scale (BIS) total score, Severity of Alcohol Dependence
Questionnaire (SADQ), and lifetime alcohol use at baseline in the AUD group.
Associations between the Spielberger State Anxiety Inventory (SSAI) with win-
anticipation > neutral in the all ROls at baseline was non-significant but demonstrated
a trend to show increased anxiety with greater BOLD activation. All results from the
correlation can be viewed in table 7. All correlations were strictly exploratory and so

no corrections for multiple comparisons were performed.
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Table 7: Correlation analysis between fMRI results in the AUD group to the win>neutral

contrast at baseline and clinical scores.

Scale Statistics | mPFC Midbrain Striatum Amyhipp ACC
BIS Pearson'sr | -0.14 -0.192 -0.073 0.011 -0.052
p-value 0.604 0.476 0.787 0.968 0.847
BDI Pearson'sr | 0.044 0.28 0.173 0.139 0.277
p-value 0.871 0.294 0.521 0.609 0.3
SSAI Pearson'sr | -0.02 0.341 0.35 0.358 0.436
p-value 0.942 0.196 0.183 0.173 0.092
STAI Pearson'sr | 0.059 0.086 0.216 0.209 0.166
p-value 0.834 0.761 0.44 0.456 0.554
EPQ-P Pearson'sr | 0.139 -0.072 -0.207 -0.133 -0.333
p-value 0.608 0.79 0.441 0.624 0.208
EPQ-N Pearson'sr | -0.176 -0.29 -0.203 -0.18 -0.097
p-value 0.515 0.275 0.451 0.504 0.721
EPQ-L Pearson'sr | 0.433 0.416 0.414 0.553 0.523
p-value 0.094 0.109 0.111 0.026 0.038
EPQ-addiction | Pearson'sr | -0.033 -0.336 -0.308 -0.263 -0.329
p-value 0.903 0.203 0.246 0.325 0.214
EPQ- Pearson'sr | -0.155 -0.502 -0.443 -0.452 -0.417
criminality
p-value 0.567 0.047 0.086 0.079 0.108
PADUA Pearson'sr | -0.216 -0.049 -0.109 -0.06 0.038
p-value 0.458 0.868 0.711 0.84 0.898

Table 7: Clinical correlations AUD
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Discussion

This study aimed to investigate the effects of the selective DRD3 antagonist
GSK598809 on brain reward networks involved in reward processing in the MIDT in
individuals with AUD and HC as assessed with fMRI and PET.

Whole-brain analysis

Whole-brain analysis identified a significant relative increased activation in the ‘win-
anticipation’ condition in the AUD group during the GSK598809 session in regions
including the ventral striatum and the insula. These results indicate that GSK598809
increases BOLD responsivity to reward anticipation in reward related regions of the
brain in AUD. Conversely, GSK598809 signficantly deactivated the striatal and insula
brain regions in the win-anticipation condition in the HCs. This suggests a complex
interaction, wherein the HC, who have supposedly ‘normal’ DRD3 levels, have a
reduced striatal response to monetary reward when their DRD3 are blocked with the
antagonist. In contrast, the AUD patients, who may have dysregulated DRD3, have an
increased or normalised brain response to anticipation of money following

administration of the DRD3 antagonist.

The ventral striatum is a key reward-related hub in the basal ganglia and functional
dysregulation in this region has been linked to risks for developing addiction and
relapse (Leyton and Vezina, 2013a). Our results indicate that GSK598809 increased
the brain response to ‘win-anticipation’ of reward in the ventral striatum and insula in
the AUD group compared to baseline, whereas the HC group showed deactivation.
Our finding of GSK598809 leading to increased activation in the ventral striatum and
insula in AUD during reward processing adds to previous findings of a general
restorative or enhancing effect of GSK598809 on reward anticipatory BOLD response
in this region in individuals with addiction (Murphy et al., 2017c). The reward
enhancing effects of DRD3 blockade have been theoretically linked to the role of the
DRD3 as an auto-receptor (Diaz et al., 2000). Some evidence also suggests
antagonism of the DRD3 autoreceptor may enhance phasic dopamine signalling
(Sokoloff et al., 2006) which leads to increased anticipatory reward responses. While

these results were not found in the win-anticipation versus neutral contrast but just in
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the ‘win-anticipation versus baseline’, they offer support to previous research and
show a restorative effect of DRD3 antagonism in two key regions of the brain known
to play a fundamental role in addiction and relapse. Our findings of reduced brain
activation to reward anticipation in the control group following DRD3 antagonism
further supports the role for DRD3 as a critical pharmacological target involved in
reward processing and lends support to its role as an autoreceptor, as antagonism of
‘normalised’ DRD3 levels may lead to deactivation of brain reward responsivity as

observed in our data.

ROI analysis

The ROI analysis revealed an overall significant effect of treatment (baseline v post
dose) across groups, contrasts, and ROls, indicating GSK598809 reduced overall
BOLD responsivity to reward anticipation generally. Post-hoc exploratory analysis
revealed this effect was most pronounced in the ACC of both groups.

A significant group*treatment*contrast*ROI four way interaction was also identified in
the ROI analysis. Post-hoc tests revealed this was driven by the mPFC, where
GSK598809 decreased BOLD responses to lose anticipation > neutral anticipation in
the MIDT of the AUD group specifically.

There were no other differences between groups at baseline or post dose in our ROI
analysis. Our findings that are specific to the ACC and the mPFC in the AUD group
are unique and to our knowledge have not been described elsewhere previously.
These findings offer several intriguing possibilities relevant to the plausible mechanism

of action of this compound.

The ACC has previously been identified as a region of the brain sensitive to modulation
by DRD3 antagonists in preclinical models, showing changes in dopaminergic and
cholinergic neurotransmission (Lacroix et al., 2003). The ACC has been found to be
implicated in addiction, being a key hub in addiction related brain networks relevant to
decision making, cognition, inhibition, emotion, and motivation and is also a target for

neuromodulation (Zhao et al.,, 2020). Further investigation into the underlying
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neurochemical effects of DRD3 antagonism on brain function in this network and its

relation to cognition and reward processing in addiction is warranted.

The finding of a significant decrease in mPFC activity following administration of a
DRD3 antagonist specifically in AUD patients is intriguing. The mPFC is involved in
reward processing, attention, and conflict decision making (Goldstein and Volkow,
2011a). Indeed in the MIDT the mPFC is recruited in receipt of a reward and the
subjective valuation of the reward. Our results demonstrate a drug-induced
deactivation to anticaptory loss processing which could underlie to neural substrate
determining the subjective value of a reward though it is still unclear the extent to which
the mPFC is involved in both reward anticipation, outcome as well as win and loss
processing (Oldham et al., 2018). A number of studies indicate that mPFC dysfunction
from chronic alcohol use leading to impairments in executive domains, episodic
memory, and visuospatial capacities (Bernardin et al., 2014). Further, cognitive
dysfunction can influence the efficacy of management of treatment and compromise
abstinence in this population (Bernardin et al., 2014). Thus, cognitive function is crucial
to provide optimal treatment for drug addiction and relieve patients’ difficulties in social
functioning. Dysfunction in the mPFC would therefore be expected to impair decision
making aimed at maximising positive outcome and consequently a relative insensitivity
to judging the value of drug and non-drug natural reward alternatives. Our findings
could support the notion that DRD3 antagonism is modulating frontal activity involved
in maintaining the cognitive dissonance related to reward processing in AUD. In order
to corroborate this hypothesis, follow up studies would be required assessing the use
of GSK598809 over a longer therapeutic window and follow up MRI scans would be
required to assess whether the intervention leads to sustained changes in these
domains and the effects these have on brain function. However, there is preclinical
evidence to support this theory; DRD3 blockade has been shown to stimulate
cholinergic transmission in the frontal cortex, an effect that has pro-cognitive effects
which could therefore aid in combatting cognitive dysfunction and impulsivity in
addiction (Lacroix et al., 2003, Loiseau and Millan, 2009). Further research should aim
to substantiate these findings using molecular imaging techniques to determine the
underlying changes in neurochemical signalling mediating changes in BOLD

response.
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There are two brain mechanisms that we have described in this study. Firstly there
appears to be an drug-induced increase in ventral striatal and insula activation to win-
anticipation which is interpreted as an amelioration of brain reward processing.
Secondly there is a decrease in mPFC activation to lose-anticipation under the drug
in AUD. These separate mehcnaisms could both be contributing to the potential anti-
addictive effects of DRD3 antagonism and could be related to regional changes in
dopamine neurotransmission. According to a proposed model of the role of dopamine
in reward processing (Keeler et al., 2014), high levels of synaptic dopamine (e.g. as a
result of phasic bursting of dopamine neuron firing) support reward-based learning by
modulating plasticity in the direct pathway of the basal ganglia via action at D1
receptors. Conversely, decreases of synaptic dopamine levels (e.g., as a result of
phasic inhibition of dopamine neuron firing) support punishment-based learning, by
modulating plasticity in the indirect pathway of the basal ganglia via action at D2
receptors. An increase in BOLD signal in the ventral striatum and insula and a
reduction in BOLD signal in the mPFC by GSK598809 via DRD3 antagonism could be
underlined by differential inhibitory and excitatory dopamine function. Reward based
learning facilitated by increased synaptic dopamine levels may describe our findings
in the ventral striatum and insula whereas an inhibition of dopaminergic activity in the
mPFC in the lose- anticipation > neutral contrast in the AUD group could support the
role of DRD3 antagonism facilitating punishment-based learning required in loss
anticipatory trials. Further, the results in the mPFC could also be interpreted as DRD3
antagonism reducing brain arousal associated with stress responsivity, a key risk
factor in relapse (Koob et al., 2020), although this remains purely hypothetical and was

not empirically tested, but could be a useful avenue for further research.

This makes it plausible that DRD3 antagonism could induce region specific activations
and deactivations that modulate brain responses differentially based on the valence
of reward-related processing. Hence the DRD3 could be a dynamic and non-
unidirectional molecular switch to support both reward and punishment-based
processing. Consequently, pharmacological modulation of this receptor could restore
pathological dopaminergic signalling that plays a role in the maintenance of addiction.

We also found no significant difference in the baseline response to anticipating
monetary reward between AUD patients and HCs. This finding is consistent with
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findings by other work in AUD using a similar MIDT (Murphy et al., 2017a), who
conducted a similar study. The incentive-sensitisation theory of addiction can
somewhat explain this result. The incentive-sensitisation theory of addiction posits a
hyperactivation of the ventral-striatal reward system in response to drug-predictive
cues with no requirement for altered nondrug incentive processing. There is
considerable evidence to suggest that the reward circuitry is highly responsive to
substance associated cues (Zilverstand et al., 2018) but it is less clear how this system
responds to nondrug reward cues such as money. Indeed two studies have found no
differences in win>neutral processing at baseline comparing individuals with alcohol
dependence with healthy controls (Bjork et al., 2008, Bjork et al., 2011). These studies
did have a high degree of comorbid substance users such as the study conducted by
our group (Murphy et al., 2017a) which could have reduced the generalisability of the
findings to this specific sub-population.

Multimodal fMRI-PET analysis

Our findings of no association between DRD3 availability and reward processing in
AUD and HC is curious given the modulation of brain function by DRD3 antagonism
as observed here and in other fMRI studies (Murphy et al., 2017¢c, Vamvakopoulou et
al., 2022a). It is plausible that the three PET ROIs chosen for the correlation analysis
were not relevant to reward processing in AUD, although our a priori assumptions were
based on findings of a) the SN having the highest expression of DRD3 b) increased
hypothalamus DRD3 availaibility in AUD, and c) the VST being the primary brain
region associated with reward processing. It is possible that instead of regional DRD3
availability and consequent antagonism being associated with modulations in brain
reward processing that whole-brain DRD3 network architecture as assesed by graph
theory may better interrogate the molecular-functional explanatory gap. Due to the
small sample size in this study it was not sufficiently powered to conduct such analyses
although recent analytical developments using covariance statistics on smaller PET
data samples have demonstrated this approach to be useful (Veronese et al., 2019).
Further, combined molecular and functional neuroimaging of the salience and reward
neworks and mesocorticolimbic circuitry have demonstrated close relationships which
may provide greater insight into addiction pathophysiology and the mechanism of

novel interventions such as the one being investigated here (McCutcheon et al., 2019).
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Advances in multimodal neuroimaging have the potential to pave the way for the
development of more effective therapeutics in addiction and future clinical trials should
endeavour to incorporate such experimental medicine techniques to optimise drug
development efforts (Zafar et al., 2023b).

In summary, the above findings suggest that DRD3 antagonism may play a dual
influence on both enhancing reward processing in striatal and limbic reward regions
modulating mPFC/ACC function and thereby cognitive processes and punishment-
based learning. Further research is required to determine the molecular basis for the
functional effects of DRD3 antagonism on BOLD activation in clinical studies.

Strenths and limitations

This study used multi-model imaging to uncover the effects of DRD3 antagonism on
reward processing in AUD. A strength of the study was the use of a control group
which has generated data to add to our understanding of the neural correlates of
reward processing in AUD. Through using whole-brain and a priori ROl analysis, we
have identified a possible mechanism of reward and punishment based processing
and learning mediated via the DRD3 receptor which may hold clinical potential in AUD
and other addictions. Another advantage is this is, to the best of our knowledge, the
first multimodal (fMRI-PET) neuroimaging and clinical study in patients with AUD
exploring the effects of a novel drug. This approach to drug development has scope
beyond the field of addiction and in other areas of psychiatry and should be adopted
more broadly to profitably enhance neuropsychiatric drug development and reduce the
treatment gap in mental health.

There are also several limitations of this study which may have impacted our findings.
Firstly, our whole brain analysis was conducted versus baseline as opposed to the
anticipation neutral condition and this was a post-hoc exploratory finding. This contrast
is inherently noisy as baseline brain activation data is not inherently comparable to
task-based condition. The lack of findings versus an anticipation-neutral contrast could
be due to the small sample size which is discussed later. Reduced win-anticipation
MIDT response in some alcohol dependent patients in other studies when compared
with HC (Wrase et al., 2007a, Beck et al., 2009, Romanczuk-Seiferth et al., 2015,
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Hagele et al., 2015). In contrast to these studies, we did not find significant blunting in
any ROls in the AUD cohort at baseline compared to HC. This could suggest recovery
with long-term abstinence in our cohort, with our cohort having a longer length of
abstinence than other studies. However, we did not find a significant association
between the length of abstinence and BOLD response in any of the ROIs. Our study
also used 60mg of GSKS598809. Previous studies have found that 75mg of
GSK598809 provide submaximal (72-89%) occupancy of DRD3 and so with a 60 mg
dose we may not have achieved full receptor occupancy in order to elicit a complete
clinical/therapeutic effect (GSK data primer, ECNP). Further, 75mg (which represents
a 25% increased dose to this study) led to a transient reduction in craving in smokers,
but there were no differences in effects versus placebo on addiction-salient behavioral
tasks which could imply the dosing regimen for this trial may have been too low
(Mugnaini et al., 2013). Indeed, studies have demonstrated 175mg (GSK data primer,
ECNP) to be well tolerated in individuals and it is plausible that higher doses could
have more pronounced and clearer effects on reward function and its association with

receptor availabilty as assessed with combined fMRI-PET.

A significant limitation of this study was that it was not placebo-controlled and
participants underwent a baseline scan followed by an active drug scan. This means
our results may be influenced by order effects and expectancy bias. However, our ROI
analysis demonstrated a strong group*treatment*contrast*ROI interaction and post
hoc tests revealed this was specifically in the lose-anticipation contrast in the AUD
group in the active drug condition. Although not conclusive, this suggests the drug
effect is genuine and not simply as the consequence of boredom or fatigue, since the
effect was only present in the lose-anticipation>neutral contrast, whereas confounding
effects would have been evident across all contrasts. Finally, our sample size of N=29
(16 AUD and 13 HC) was small and the study was not specifically powered for the
fMRI outcomes, moreover it was powered for the PET data for which it was adequately
powered. As this analysis contained a combination of both fMRI and PET imaging
analysis it would be appropriate to interpret these results as a signal of interest to
explore further in future larger studies. Further, such signals though not adequately
powered form the bedrock of translational neuropsychopharmacology research and
are the foundation on which to make decisions concerning future developments of

compounds and therefore should not be disregarded.
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Conclusion

The overall finding of this study is that DRD3 antagonism can adaptively modulate
neural responses to anticipatory reward processing in patients with AUD. Previous
work has demonstrated a role of the DRD3 in motivational and cognitive elements of
reward processing and antagonism of this receptor has been shown to reduce
motivation for drugs of abuse, cue induced craving, and modulate reward and
emotional processing in addiction. Our research goes further to find a potential dual
mechanism of action of DRD3 antagonism on reward processing in AUD. Further work
is required to extend our investigation of the molecular underpinnings of such
observations using multimodal neuroimaging techniques including simultaneous PET-
fMRI and longitundinal clinical trials to assess for concomittent safety and efficacy.
Such techniques will be able to provide the most detailed account of addiction
neuropathophysiology and the mechanism of action of novel interventions with the aim

of optimising drug development to enable better therapeutics.
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Chapter 4: Validation of novel fMRI paradigms
in Gambling Disorder

Introduction

Since the mid 1990s, research investigating behavioural addictions has found
consistent clinical similarities with SUDs. Due to this, the American Psychiatric
Association (APA) redefined the “Substance related disorders” category from the
fourth version of the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV)
(American Psychiatric Association and Association, 1994), as “Substance-related and
addictive disorders” category in the DSM-5 (American Psychiatric Association and
Association, 2013). This reclassification enabled the inclusion of non-substance
related behavioural addictions in the subsection “Non-substance related disorders.”
Currently, Gambling disorder (GD), originally classified as “compulsive gambling” and
as an “Impulse Control Disorder” is the only recognized behavioural addiction in the
DSM-5 (Potenza, 2014)

Gambling disorder in the UK

Gambling is defined as an activity involving placing something at risk in the hopes of
gaining something greater in value (Potenza et al., 2001). Gambling activities include
casino gambling, online sports betting, the lottery, and several activities not classically
considered to be gambling, such as investing in stocks or cryptocurrency, that involves
some level of monetary risk (Oksanen et al., 2022). According to the DSM-5, gambling
becomes a disorder when it is persistent, recurring and leads to substantial distress
or functional impairment, typically in one’s health, social, relational, or financial
domains (American Psychiatric Association and Association, 2013). Prior to the most
recent reclassification of GD in the DSM-5, the term ‘pathological gambler’ was used
to define an impulse control disorder, however, it is now considered a behavioural
addiction due to the shared biological and behavioural traits between individuals with
GD and those with a substance use disorder (SUD) (Potenza, 2008).

According to the Gambling Commission’s recent report, 43.5% of UK residents aged
16 or older engaged in gambling in the past year (Commission, 2023). The study
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estimates that between 0.3% and 4.3% of these individuals have experienced adverse
consequence from gambling, with a statistically significant increase seen in males
compared to 2022 (Commission, 2023). This rise in gambling-related issues is
concerning for the National Health Services (NHS) and a growing number of referrals
suggests an increase in the prevalence and severity of GD.

There are several factors contributing to this rise. One of the most prominent is an
increase in marketing done by gambling companies and the rise of online gambling
platforms which directly contribute to at-risk gamblers transitioning to GD. Additionally,
studies looking at the effects of the COVID-19 pandemic in both the UK and New
Zealand indicated a significant escalation in gambling activity among regular online
gamblers, reaching up to six times pre-pandemic levels in May 2021 (Bellringer and
Garrett, 2021). The pandemic is therefore likely to have exacerbated problematic
gambling related behaviours. Widespread economic turmoil, unemployment, impaired
social support, and increased stress are all significant factors in modern society and
have also previously been linked to increased gambling problems during times of
economic unrest (Economou et al., 2019). Whilst the socioeconomic problems related
to GD are apparent there is a significant lack of understanding in the mechanisms
underlying this disorder. Further, the absence of possible drug induced neurotoxic
effects on the brain from chronic substance exposure makes gambling disorder an
ideal research target for unravelling core brain alterations associated with addiction.

Over the last 40 years, neuroscientific research has aimed to understand addiction
related neuroscientific processes using neuroimaging tools such as fMRI and PET in
order to better establish both disease mechanisms and to develop novel medications
(Garrison and Potenza, 2014) though to some degree these attempts have not
provided definitive conclusions on the neurobiology of GD or led to the development
of effective and novel therapeutics (Nutt et al., 2015). Hence, given the rising morbidity
and treatment-seeking for GD it is timely that neuroscience-informed investigations
seek to 1) identify putative and functionally relevant biomarkers of GD 2) to use these

identified targets to develop novel interventions for GD.
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In this validation study | aim to use fMRI to investigate two novel
tasks; a cue-reactivity paradigm and a reward-enriched roulette task
aimed at investigating the brains reward and salience systems and
comparing individuals with GD to HCs.Biomarkers of addictive

disorders

A biomarker is a naturally occurring biological characteristic by which a particular
pathological or physiological process can be identified which is associated with a given
disorder. To be clinically relevant, biomarkers need to have diagnostic (help in the
differential diagnosis of a specific condition) or prognostic value (help to predict the
likely course of a condition or the response to treatment) (Califf, 2018). Neuroimaging
has been proposed to be advantageous in defining addiction relevant biomarkers
(Verdejo-Garcia et al., 2019). Ultimately the ambition is that this will enable the design
of novel, effective treatments by identifying new brain targets that are involved in
addiction related processes. Ultimately, once these biomarkers have been validated
and novel drugs developed, precision-medicine algorithms can then be developed to
predict individual patient relapse risk and likelihood of treatment response (Moujaes
et al., 2023). This translational neuroimaging approach to addiction clinical research,
which begins with the development of neuroimaging biomarkers, is recommended by
a white paper co-authored by over 30 global leading addiction scientists and doctors
from the International Society of Addiction Medicine (Verdejo-Garcia et al., 2019).

fMRI biomarkers in addiction

Even though fMRI is a proxy of neural activity, investigating the functional brain effects
of specific conditions (“task-based”) such as cue-reactivity or reward processing can
give crucial insights into underlying neurological functioning that may be contributing
to disease pathology (Volkow et al., 2015). In substance addiction such functional
brain imaging tasks have shown potential to predict addiction severity, risk of relapse
and treatment outcome (Jasinska et al., 2014) and have also been profitably leveraged
to develop novel therapeutics for addiction (Courtney et al., 2016) which implies that

similar results can be garnered in GD.
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Cue reactivity

Many fMRI studies have used cue-reactivity paradigms to investigate the reward and
salience networks in GD and have compared the resulting neural responses to those
of healthy subjects or subjects with SUDs (Garcia-Castro et al., 2022). To summarise,
there have been several studies which report on the effects of exposure to gambling
videos or gambling images in individuals with GD compared with HC. These studies
have had generally consistent findings showing upregulation of brain activity in
regions including the dPFC, parahippocampal gyrus, amygdala, insula and inferior
frontal gyrus (de Greck et al., 2010, Crockford et al., 2005, Goudriaan et al., 2010,
Limbrick-Oldfield et al., 2017). Intriguingly, not all studies found this trend with an early
study demonstrating reduced activation to gambling cue presentation in pathological
gamblers in regions related to impulse control in the frontal cortex (Potenza et al.,
2003). Though differences have been observed in relation to gambling videos and
pictures the evidence is unclear on how individuals with GD process other salient or
natural rewards. In healthy subjects, a meta-analysis (n=87 studies) found a consistent
and robust activation of areas involved in the reward circuit (ventral striatum, ventral-
medial prefrontal cortex, amygdala, anterior insula and mediodorsal thalamus) in
response to primary (food, sex) and secondary (monetary) reward-related cues
(Sescousse et al., 2013b).

The neural response to primary and secondary reward-related cues in GDs has been
seen to be different with only one study investigating the differential processing of
rewards in GDs (Limbrick-Oldfield et al., 2017). In this study no differences in ventral
striatal reactivity to food-related cues were found between GDs and HCs (Limbrick-
Oldfield et al., 2017), but GDs showed a differential response to monetary versus
erotic cues, with a blunted reactivity of the ventral striatum to cues predicting erotic
stimuli, and another study found robust reactivity to cues predicting monetary stimuli
(Sescousse et al., 2013a) showing the differential sensitivity of GD brain reactivity to
naturally rewarding cues. An alternative natural reward cue that is yet to be studied in
GD is social cues. Interestingly, loneliness is a risk factor for GD (Castrén et al. 2013),
and in healthy individuals loneliness is positively associated with ventral striatal
activation to personally meaningful social cues (Inagaki et al. 2016). However, the
relationship between social cues and brain processing is not well understood in GD
and this could play a role in reward system dysfunction that is observed in GD. Another
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natural reward that has not been explored in GD is the role of nature. Indeed increases
in nature relatedness (Kettner et al., 2019) and social connectedness (Weiss et al.,
2021) have recently been discovered to be key mediators of positive response to
psychedelic therapy. Given that psychedelic therapy has been shown to have clinical
efficacy in small-medium scale clinical trials in patients with addiction (Zafar et al.,
2023b), it would be intriguing to establish whether social and nature processing are
core elements of addiction neuropathology and if potentially effective treatments, such

as psychedelic therapy, may target these domains.

In sum, cue reactivity paradigms in fMRI studies have been used to investigate GD
biomarkers, and although findings are inconsistent for some rewards, they have begun
identifying a pattern of neural response: differential activation to natural versus
gambling cues, with a blunted response to natural reward cues and a robust response
to gambling cues. In our task we wish to establish this further by exploring the
differential processing of natural (food, social and nature) cues to (gambling cues)
versus (neutral) cues to identify more specific and functionally salient brain biomarkers
of GD.

A summary of findings from cue-reactivity tasks in GD v HC can be found in table 8.
Table 8. Differential activation of the reward network in response to gambling

versus natural cues and monetary cues.

Cues Healthy Gambling

Food 4 4 Robust activation 4
Erotic 4 v Decreased activation v
Monetary 4 4 = Significantly increased 4 *

Table 8: fMRI GD summary

Reward processing

As previously described, HCs produce a consistent and robust activation in the reward
circuits in response to monetary reward-related cues (Sescousse et al., 2013b). This
is thought to be driven by dopaminergic neurotransmission that underlies the response
to monetary processing (Hahn et al., 2021) which was established using both PET and
fMRI techniques (Wilson et al., 2018).

Studies have found that using real or hypothetical monetary rewards may differentially

influence the brain activity during reward tasks (Xu et al. 2016; Xu et al. 2018) and
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stronger brain responses to the value signals during a real choice condition compared
to hypothetical choice condition has been demonstrated (Kang et al. 2011). In addition,
the total proportion of rewarding trials in a task may influence dopamine
neurotransmission as the non-rewarding trials may suppress dopamine release (Zald
et al. 2004). Other studies have previously used the monetary incentive delay task to
measure reward processing, (a full review of the MIDT can be found in chapter 3)
however in this task we wanted to design an experiment that would be more salient to
gambling and sensitive enough for PET techniques to measure dopamine release (in
a future study) and so our task is optimised for these aims. In our current task design,
called the reward-enriched roulette (RER) task, we have enriched our trial with 30/45
trials being hits and a fixed total winning amount of £30 given to each participant. This
is in order to stimulate the reward function and supposed dopaminergic signalling that
underlies these processes in the brain.

Early preclinical work has placed dopamine as the central neurotransmitter in addiction
(Olds and Milner 1954; Wise and Bozarth 1987; Stein 1964) and suggested that it had
roles in reward, motivation and incentive behaviour (Robinson and Berridge 1993). As
discussed in previous chapters dysregulation of the dopamine system is evident in
some addictions using Positron Emission Tomography (PET) (Zafar et al, in
preparation, Ch 2). In brief, PET measures of the brain’s striatal dopamine receptor
D2/3 (DRDz2s3) levels as well as the dopamine release capacity, were found to be
reduced in a range of substance use disorders (Ashok et al. 2017; Martinez et al.
2007). Such observations have provided key support for the prominent “reward
deficiency syndrome (RDS) theory” in addiction, proposing that a hypo-dopaminergic
state constitutes a marker of addiction (Blum et al. 2000). Importantly, if such changes
to the dopamine neurotransmitter release are central to addiction, similar changes
would be expected to be apparent across all addictions, including GD. However, in
GD DRD2s3 levels are unchanged (Zafar et al. inpreparation, Chapter 2) and in fact
striatal dopamine release is increased following amphetamine administration (Boileau
et al. 2014) which may be a by-product of amphetamine stimulation as opposed to

endogenous behaviourally-relevant dopamine release.

Over the years there has been some development in translationally salient,
behavioural tasks that release dopamine in the human brain as described in (table 9)
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however to date none of these tasks have been done at the same time as acquiring

the functional imaging data due to limitations in the development of novel technologies

Study Tracer Patients Task/Stimulus Findings
(Koepp, 1998) [11C]-raclopride |8 HC Video Game VS RAC Binding reduced in video game. Correlation between performance
level and RAC displacement
(Aalto et al., 2005) [11C]FLB 457 12 HC Verbal working memory [During the performance of both tasks, reduced D2 receptor availability was|
sustained attention task observed in the left ventral anterior cingulate. verbal WM task reduced
D2 receptor availability in the ventrolateral frontal cortex bilaterally and in
the left medial temporal structures (amygdala, hippocampus), suggesting
that dopamine release in these regions might have a specific role in WM
(Christian et al., 2006) [F18]fallypride |8 HC Spatial attention task lActivation in thalamus; correlated with task performance
(Badgaiyan et al., 2008)  [[11C]-raclopride [6 HC Modified serial reaction time|Release of dopamine in dorsomedial aspect of posterior putamen and
task anterior caudate during task
(Badgaiyan et al., 2009)  [[F18]fallypride  [8 HC Emotional words IActivation in ligand displacement rate in left amygdala, left MTL, and leff]
inferior frontal gyrus
(Lataster et al., 2011) [F-18]fallypride |12 HC Arithmetic  stress  task{Activation throughout PFC; in vmPFC correlated with subjective stress
(MIST)
(Vrieze et al., 2013) [F-18]fallypride |10 HC Monetary reward task Activation in mOFC, vmPFC, dACC, correlated with reduced reward
learning
(Badgaiyan and Wack,[11C]-raclopride |10 HC Modified Eriksen’s flankenActivation of dorsal aspect of body of left caudate during task. As well as
2011) test (congruent and|left dorsal putamen, riht dorsal putamen and right dorsal body of caudate
incongruent)
(Ray et al., 2012) [11C]FLB 457 14 PD: 7|Gambling task DBP np in midbrain was lower in PG+ compared to PG-; DBP no correlated
PG+ 7 PG- with impulsivity
(Nagano-Saito et al., 2013) [[F-18]fallypride |11 HC Arithmetic  stress  task|Decreased BPnp in small cluster in the dmPFC; DBPnp correlated with
(MIST) HR
(Milella et al., 2016) [F-18]fallypride |12 CD Cocaine cues Decreased BPnp in mOFC and striatum; DBP np correlated with subjective
craving
(Backman et al., 2017) [11C]-raclopride, |23 HC N back transfer testlincreased striatal DA activity during the n-back transfer test
bolus plus| following working memory|
infusion updating training
intervention
(Cox et al., 2017) [11C]-raclopride |6 HC|Cocaine cue task Cocaine cues decrease raclopride BPnd in dorsal striatum (Putamen and
recreational caudate) (contrast vs neutral cues)
cocaine
users

that can measure both simultaneously.

Table 9: Describing human behavioural neurotransmitter release PET neuroimaging

studies (CD = cocaine use disorder, PD= parkinsons disease, PG= pathological

gambling)

Table 9: Behavioural PET release studies
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The fMRI signal acquired in the brain’s reward circuits is several steps removed from
the dopaminergic reward neuron activity, such that inferences about changes in
dopaminergic activity from fMRI can only be made with caution. However, the recent
invention of combined PET/MRI scanners, has opened new ways to scrutinize some
of these inconsistencies and translational challenges. In addition to the inherent
benefits of temporal synchronisation and spatial alignment, this hybrid technique has
several advantages, including streamlined logistics, shorter imaging session times,
higher throughput, and better image quality (Lalush 2017). Simultaneous fMRI-PET
will allow for the study of both molecular neurotransmitter function with PET and the
downstream implications on neural brain activity and connectivity as assessed with
fMRI, thereby constituting a powerful new analytical approach that bridges the

molecular-functional-clinical translational bridge.

Though this study is aimed at validating the tasks with fMRI only without conducting
any PET scans, in future studies we aim to conduct the RER in a simultaneous fMRI-
PET scan in patients with addiction, potentially pre and post an interventional
treatment such as psychedelic therapy, to assess if the treatment restores molecular
and functional deficits associated with the condition.

Research question and hypotheses
The primary objective(s) of this study is (i) to develop novel fMRI tasks that can be
used in translational neuropsychopharmacology studies to investigate the neural
effects of psychedelic therapy in addiction and (ii) to develop a behavioral model of
‘in-vivo amphetamine-challenge’ to investigate molecular-functional reward system
deficits in addiction and its response to novel treatments and (iii) to investigate reward
and salience network deficits in GDs vs HCs The fMRI protocol will allow us:
e Toevaluate the fMRI BOLD activation in the reward and salience system during
the 5-ACR and RER tasks.
e To compare neural activity assessed with fMRI during the 5-ACR and RER
tasks in GDs vs HCs
e To relate brain activity in the 5-ACR and RER with clinical scales assessing
gambling addiction severity (MAGS, GRCS, PGSI, GUQ) and impulsivity (BIS):

= MAGS (Massachusetts Gambling Screen) (Shaffer et al. 1994)
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GRCS (Gambling-Related Cognitions Scale, 23 items) (Raylu
and Oei 2004)

= PGSI (Problem Gambling Severity Index, 9 items) (Ferris and
Wynne 2001)

= GUQ - (Gambling Urge Questionnaire 7 items)

= BIS (Barratt Impulsiveness Scale (Patton et al. 1995))

Hypotheses
5-ACR task:
1. Higher activation in the reward and salience networks during gambling cues
compared to neutral cues in GDs compared to HCs.
2. Lower activation in the reward and salience networks during natural reward
(Food, Nature, Social) cues in GDs compared to HCs.
3. Positive correlations between gambling severity and impulsivity scores and
anterior insula and ventral striatum activation in the GDs in response to

gambling video cues.

RER task:
1. Pronounced activations in reward-related brain circuits, e.g. the ventral
striatum during the Hit task condition.
2. Increased activation to Hit and miss tasks in GD vs. HC
3. Positive correlations between GD clinical severity and ventral striatum

activation to the Hit condition

Methods

Participants

In total, 18 GDs and 21 HCs participated in the study. The GDs were recruited through
the National Problem Gambling Clinic (NPGC) in the UK, which served as the Patient
Identification Centre (PIC), and the HCs were recruited through advertisements. All

participants were male and right-handed due to a large proportion of individuals on the
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NPGC’s waiting lists being male, as well as this reflecting the greater clinical
prevalence of males with GD (Wong et al., 2013).

All participants conducted a semi-structured interview with a psychiatrist covering the
exclusion of all co-morbid psychiatric disorders apart from GD for the GD individuals,
with the exception of nicotine addiction which was allowed for both GD and HC
subjects. Individuals with GD are more than twice as likely to have psychiatric
comorbidities compared to the general population, leading to complex clinical
presentations (Sundqvist and Rosendahl, 2019). In our study we will be investigating
individuals with a primary diagnosis of gambling addiction however we acknowledge
this may not be necessarily reflective of the clinical population but is a pre-requisite to

validate and develop GD specific brain imaging paradigms.

All GD patients met DSM-5 diagnostic criteria (APA, 2013) and were permitted to be
included in the study if they indicated having a clinical history of depression or anxiety.
Additional inclusion criteria were: age 20-65 years, healthy (based on a medical
evaluation including medical history, physical examination and psychiatric evaluation).
Additional exclusion criteria included: positive pre-study drug/alcohol result on testing,
use of psychotropic medication that may interact with fMRI tasks, medical conditions
such as epilepsy or severe migraine, history of claustrophobia, presence of a cardiac
pacemaker or any of the other contra-indications for MRI listed in the pre-MRI
screening questionnaire, history of a neurological diagnosis or clinically significant
head injury that may influence the outcome of the scan results, and unwillingness or

inability to follow the procedure outlined in the protocol.

Ethics statement

Participants gave written and informed consent to be part of the study, which
was approved by Brent Research Ethics Committee (REC) and the NHS Health
Research Authority (HRA). The study was conducted in accordance with the
recommendations for research on human subjects adopted by the 18th World Medical
Assembly, in Helsinki, 1964 and later revisions.
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Psychometric Measurements

A range of psychometric questionnaires were self-administered to assess
clinical psychopathology levels, cognition, personality and addiction related criteria.
These covered scales relevant to the common psychiatric disorders, addiction and
impulsivity scales, personality questionnaires and ancillary scales to measure

sociability and nature relatedness.

The Massachusetts Gambling Screen (MAGS) is a screening tool designed to assess
gambling behaviors and identify individuals at risk of gambling-related problems.
Based on DSM-IV criteria, it consists of questions about gambling frequency, money
spent, and consequences. Scores categorize individuals into low, moderate, or high-
risk groups. While useful for initial screening, a comprehensive evaluation by a
professional is needed for a definitive diagnosis.

The Gambling-Related Cognitions Scale (GRCS) is a 23-item tool designed to
measure cognitive distortions related to gambling. These distortions are beliefs or
thoughts that can influence a person's gambling behavior, potentially leading to
problematic gambling. The scale assesses various cognitive aspects such as illusion
of control, predictive control, interpretative bias, and gambling-related expectancies. It

helps in understanding the cognitive processes underlying gambling behaviors.

The PGSI, or Problem Gambling Severity Index, is a brief screening tool used to
assess the severity of gambling-related problems in individuals. It typically consists of
nine items that measure various aspects of gambling behavior, such as chasing
losses, borrowing money, and feeling guilty about gambling. Scores from the PGSI
can categorize individuals into different levels of risk: non-problem, low-risk, moderate-
risk, or problem gambling. It helps identify those who may benefit from further

assessment or intervention related to their gambling behaviors.

The Gambling Urge Questionnaire (GUQ) is a tool designed to assess the intensity
and frequency of urges to gamble in individuals. It typically consists of a series of
questions that measure various aspects of gambling urges, such as the strength of
urges, resistance to urges, and the frequency of specific gambling-related thoughts or
feelings. The GUQ helps researchers and clinicians understand the nature and
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intensity of gambling urges experienced by individuals, which can be valuable for
assessing and treating gambling-related problems.

The BIS, or Barratt Impulsiveness Scale, is a widely used self-report questionnaire
designed to measure impulsivity in individuals. Developed by psychologist Marco
Barratt, the scale assesses various aspects of impulsiveness, such as attentional,
motor, and non-planning impulsiveness. It consists of a series of statements to which
individuals respond based on their own behaviors and feelings. The BIS helps identify
tendencies towards impulsive behavior, which can be relevant in various contexts,
including clinical assessments and research on behaviors such as gambling,
substance abuse, and other impulsive behaviors.

For the purpose of our analysis, we examined all the variables to observe differences
in clinical scores between GD and HC groups however we restricted our brain-fMRI
task-questionnaire analysis to pre-specified a priori hypotheses as listed previously.

Tasks

Two fMRI tasks were employed in this study, the 5-arm cue reactivity (5-ACR) task
and the reward-enriched roulette task (RER).

5-armed cue reactivity task (5-ACR)

The five-armed cue reactivity (5-ACR) task is an event-related design that includes
five different types of video cues: gambling, social, nature, food, and neutral. The
gambling videos show gambling-related activities including scratch cards, various
casino games and machines, poker chips, playing cards, roulette and casino fronts.
The social videos show scenes where two or more people interact with each other, but
never with a sexual component. The nature videos show natural landscapes and
scenery. The food videos show prepared meals and the process of cooking. The
neutral videos show random objects like a chair or a pen. Each video lasts five seconds
and is followed by a three second interval during which the participant rates the content
on a five-point Likert scale by pressing the button pad. There were 15 trials for each
of the five video cues, totalling 75 trials and following a pseudorandom order. Total

task duration is 12 minutes, plus a 10 second buffer period at the end.
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A schematic of the task, including pilot unpublished analysis comparing pictures to
videos on brain activation and primary and secondary objectives are described in
figure 15.

W
L om .

Pictures Videos

Food >

Neutral
X 75

15 Videos per cue

e S Neutral
Neutral  Food Gambling ~ Social  Nature

5 arm cue reactivity paradigm

- 5 Categories of video stimuli will be used including; food, social, Robust striatal activation Videos > Pictures
nature neutral and the salient cue ‘Gambling’. Each cue category | |- We have previously piloted the use of videos
will have 15 videos each lasting 5 seconds with a jittered inter versus pictures in healthy volunteers and
trial interval and a post video in scanner ‘5-likert’ rating demonstrated more robust activation of the
The primary objective of this task is to explore the BOLD reward system when using videos
activation during video cues between GD and HC for gambling - Videos are rich and more naturalistic and carry
and food, social and nature when compared with neutral cues higher information content
The secondary objective is to correlate these fMRI endpoints and | |- They portray more sophisticated content to be
relate them to clinical self reported scales on gambling addiction portrayed and therefore the greater interrogation
and impulsivity of cue-context induced brain responses

Figure 15: Schematic of 5-ACR

Figure 15: Schematic of the 5-ACR design, primary and secondary objectives and
photo/video brain activity data

Reward-enriched roulette task

The RER task is an event-related design task with 45 money trials and 15 neutral trials
in a pseudorandom order. During money trials, participants choose between a black
or red chip during the gambling period, then an animated roulette wheel spins and the
outcome shows either “Hit! Win £1” or “Miss” on the screen. Within the money trials,
30 are pre-determined to be hits and 15 are misses. During the neutral trials,
participants choose between a white square or triangle during the ‘gambling’ period,
and then a colour wheel spins during the anticipation period, finally the outcome period
shows meaningless symbols. The contrasts between the fMRI BOLD signals from the
Hit, Miss and Neutral trials is used to analyse brain activation. Total task duration is
17 minutes and 30 seconds plus a 10 second buffer at the end. A schematic of the
RER can be seen below in figure 16.
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Reward Enriched Roulette Task

Hypotheses

Increased BOLD activations in reward-
related brain circuits, incl. ventral
striatum during the HIT task period in
both GD and HC compared to neutral
and miss.

45 Money trials (30 win £1, 15 miss)
15 Neutral

Figure 16: Schematic of RER

Figure 16: Schematic to show the RER task including a hypothesis of effects.

134



Procedures and design

Participants were first contacted via telephone and administered the telephone
screening case-report form (CRF), which included an initial psychiatric assessment,
background medical history, substance use assessments and magnetic resonance
imaging (MRI) pre-screening questionnaire. The participant information sheet (PIS)
was then sent to the participant for review. Visit 1 took place at St. Charles clinic. It
included a physical examination, alcohol breath test, urine drug screen and the
administration of the national adult reading test (NART) to assess premorbid
intelligence, where a higher score due to more errors is associated with lower
intelligence (Nelson, 1982), as well as self-reported questionnaires. Visit 2 took place
at the Invicro imaging facility at Hammersmith hospital. It included assessments of

sleep, food and nicotine intake, gambling evisual analog scale (VAS), alcohol breath

Telephone Screening CRF

- Psychiatric assessment (MINI)
- Substance use assessment
- Background medical history
-MRI pre-screen

Telephone

Participant Information Sheet

Visit 1 - Screening CRF

- Physical examination
- Alcohol breath test
- Urine drug screen
- NART
- Self-reported questionnaires

Visit 2 - Imaging CRF

Hammersmith
Hospital

- Food/sleep/nicotine
- Gambling VAS
- Alcohol breath test
- Urine drug screen
- MRI safety checklist Tn Vicro Imaging
- MRIscan Facility
- Self-reported questionnaires

Figure 17: GD study flow
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test and urine drug screen, administration of the MRI safety checklist, the MRI scan,
and self-reported questionnaires.

FMRI acquisition and pre-processing preceded 1st and 2nd level analyses, group level
whole brain analyses followed, then ROI analyses and finally correlational analyses
between clinical scores and ROI data was conducted.

Healthy Controls Gambling patients

N=21 N=18

1st and 2nd level
ELELAES

Group level
wholebrain analysis

Figure 18: GD study fMRI analysis pipeline

fMRI acquisition fMRI processing

ROI analysis Correlational analysis

fMRI

fMRI tasks

All participants undertook a 60-minute fMRI scan in which both fMRI tasks were
performed. Prior to the fMRI tasks scores were collected to assess for scores related
to hunger, sleep and time of last sleep. There were no significant differences between
the groups indicating these variables, known to effect fMRI brain activity were
controlled for between the groups.

Acquisition

T2*-weighted, gradient echo, Echo-Planar Imaging (EPI) images sensitive to BOLD
contrast were acquired continuously on a 3 Tesla General Electric Signa PET/MR
scanner with a 32-channel head coil. Settings used for this functional sequence were:
TR = 2000, TE = 30, flip angle = 80°, 3mm x 3mm in-plane resolution (64 x 64 matrix),
slice thickness = 3.6 mm, 36 axial slices. 365 volumes were acquired to cover the 12
minute 10 second task duration. In addition a T1 weighted IR-SPGR sequence was
acquired to provide an anatomical image (Tl = 400 ms, TE = minimum, flip angle =

11°, 256 x 256 matrix, 1 mm isotropic voxels, sagittal slices).
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Preprocessing

FMRI data were processed with FSL software (www.fmrib.ox.ac.uk/fsl/). Image
analyses were performed using FSL 5.0.4. The functional data were pre-processed
using spatial smoothing with a 6mm FWHM (full-width, half-maximum) Gaussian
kernel, high-pass temporal filtering (100 s), head-motion correction using MCFLIRT,
and non-linear registration to a standard template (MNI152). The anatomical data were
skull-stripped using FSL'’s brain extraction tool (BET) and segmented using FMRIB'’s
automated segmentation tool (FAST), into grey/white matter and cerebro-spinal fluid
(CSF). The criteria for excluding data based on head motion was set at mean absolute

head motion exceeding 3mm.

Subject-level analysis

Whole brain voxel-wise data were analysed with FSL’s FEAT (FSL Expert Analysis
Tool) program.

5-ACR

There were five explanatory variables (EVs): food (EV1), nature (EV2), social (EV3),
gambling (EV4) and neutral (EV5). These were modelled as beginning at the onset
and ending of the video cue. The videos were randomised with a jittered inter-trial
interval between each followed by an in-scan five-point Likert scale rating. Subject-
level analyses were implemented in a general linear model by convolving the stimulus-
related onsets with a gamma function model of the hemodynamic response. Motion
parameters (standard +temporal derivatives + squared + quadratic) and temporal
derivatives of the stimulus onset were included as regressors-of-no-interest. The FILM
pre-whitening procedure was used to account for temporal autocorrelation, and a high-
pass filter (100 s cut-off) was used to remove low-frequency noise. Cue reactivity was
examined for contrasts of the five stimulus conditions relative to baseline (inter-trial
intervals), Food [1 0 0 0 0], Nature [0 1 0 0 0], Social [0 0 1 0 0], Gambling [0 0 0 1 O]
and Neutral [0 0 0 0 1] and used to generate individual subject level effects.

RER

There were three explanatory variables (EVs): Hit (EV1), Miss (EV2), Neutral (EV3).
These were modelled as beginning at the onset of each task type and at the end when
the outcome was announced. The trial type was randomised with a jittered inter-trial

interval. Subject-level analyses were implemented in a general linear model by
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convolving the stimulus-related onsets with a gamma function model of the
hemodynamic response. Motion parameters (standard + temporal
derivatives + squared + quadratic) and temporal derivatives of the stimulus onset were
included as regressors-of-no-interest. The FILM pre-whitening procedure was used to
account for temporal autocorrelation, and a high-pass filter (100 s cut-off) was used to
remove low-frequency noise. Task activity was examined for contrasts of the three
conditions relative to baseline (inter-trial intervals), Hit [1 0 0 ], Miss [0 1 0 ], Neutral [0

0 1] and used to generate individual subject level effects.

Group-level analysis

A between-groups model compared HCs to GDs, using the individual subject level
effects as inputs. Group level models used the FSL FLAME-1 algorithm. Cluster-level
statistics were used, with a cluster-defining threshold of Z=2.3, and a multiple test
corrected cluster-extent threshold of « =0.05. In addition, validation models of mean
task effects across both subject groups were calculated, in order to visualise mean
effects of the tasks. These models used the same FLAME-1 model and thresholding

as the between-groups models.

ROl analysis

For the 5-ACR, eight ROl's were derived from meta-analytic data from

www.neurosyth.com using the term ‘reward’. These covered the anterior cingulate

cortex (ACC), amygdala, anterior insula, dorsal striatum, midbrain, mPFC, thalamus
and ventral striatum. See figure 19.

mPFC _Ventral striatum

Dorsal striatum

Anterior insula Thalamus

.ACC

Amygdala
Midbrain

Figure 19: 5-ACR ROls
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Figure 19: showing eight ROls from the ‘reward’ term from neurosynth for the 5-ACR

For the RER, five ROls were derived from meta-analytic data using the term ‘gambling’

from www.neurosyth.com covering the ACC, anterior insula, dorsal striatum, mPFC

and ventral striatum. See figure 20.

mPFC

Anterior insula
: ) ACC

Ventral striatum
 Dorsal striatum

Figure 20: RER ROls

Figure 20: showing five ROIs from the ‘gambling’ term from neurosynth for the RER

Statistical Analysis

Unpaired two sample t-tests were used to analyse between-group differences
in demographic and clinical characteristics. Whole brain analysis was done using
cluster-level statistics, with a cluster-defining threshold of Z=2.3, and a multiple test
corrected cluster-extent threshold of «=0.05. For the ROl data, a mixed model
analysis of variance (ANOVA) assessed the effect of two independent variables:
Group (HC or GD) and Video cue (Food, Nature, Social, Gambling or Neutral) or Task
condition (Hit, Miss, Neutral), on the ROl dependant variables: ROl parameter
estimates for the eight described ROIls for the 5-ACR and the five ROls for the RER
which corresponds to the relative voxel activation for each ROl mask. Bivariate
Pearson or Spearman correlations corrected for multiple comparisons were run in
order to look at relationships between brain and clinical variables of interest. All tests
were calibrated at a 95% confidence interval (significance a =.05) and run on Jamovi
2.3.28.
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Results

Demographic and clinical characteristics

Thirty-nine right-handed males aged 21-62 years volunteered to participate in the
study, including 18 with GD and 21 HCs (summary demographics in Table 10). There
were no significant differences between patients, age, weight, ethnicity and the
number of nicotine smokers although there was a significant difference in participant
height with HCs being significantly taller than GD (p=0.0003), BMI, with HCs having
significantly lower BMI than GDs (p=0.032), education with GDs having lower number
of years of education post 16 (p=0.0001) and with NART errors with GDs having a

greater number compared to HCs (p=0.019).

Table 10. Demographic and neuropsychological characteristics of participants.

Significant differences between groups reported via t-test. *p<0.05, **p<0.001.

GD (n=18) HC (n=21) Test statistics (t-
test)
Demographic Data
Age (years) 29.71 (10.25)  28.08 (7.63) t=1.606, p=0.1169

Height (cm)
Weight (kg)
BMI

Education (years post 16)

Ethnicity

NART Errors

174.91 (6.57)
85.13 (17.83)
27.7 (4.34)
3.47 (1.66)
White

Caucasian (15)
Caribbean (x1)

Asian (x2)

13.92 (4.92)

Participants with nicotine 2

addiction

Table 10: GD study demographics

184.04 (7.24)
81.79 (10.78)
24.1 (3.76)
6.70 (1.63)
White
Caucasian
(18)

Asian (x2)
Hispanic (x1)

9.95 (3.30)
2

t=4.052, p=0.0003**
t=0.7066, p=0.4844
t= 2.277, p= 0.032*
t= 5.96, p=0.0001**
NA

t= 2.46, p= 0.019*
NA
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Body Mass Index; BMI. National Adult Reading Test; NART. Gambling disorder: GD,
Healthy controls; HC.

Questionnaire and clinical data

Clinical characteristics showed GDs had significantly higher mean MAGS
scores (p<0.001), PGSI (p<0.001), total mean GRCS (p<0.001) scores than HCs. GDs
also had elevated BDI (p<0.001), UPPS-P negative urgency (p<0.001), GRCS inability
to stop (p<0.001), UPPS-P emotion based rash reactions (p<0.001), STAI (p<0.001),
SSAI (p<0.001), UCLA (p<0.001), GRCS interpretive bias (p<0.001), SPQ-B
(p<0.001), BIS non-planning (p<0.001), and significantly lower SCS scores (p<0.003)
when compared with HCs. There were no significant differences between groups in

any of the other psychometric tests administered.

5-arm video cue reactivity task

Task effects

As a validation step, we wanted to see if the task engaged areas of the brain related
to the cue shown in the scanner. An analysis of mean task effects across both groups
was conducted to visualise these task effects. Due to excessive head motion one GD
participant had to be removed from the analysis (using a predefined limit of 3mm

maximum movement in any direction).
For the contrast of food video cues > neutral cues, strong activations were found in

the insula, occipital cortex and robust bilateral amygdala activation was demonstrated.
(see figure 21).
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Insula Amygdala

Occipital cortex

Figure 21: Whole brain Food>Neutral

Figure 21: Group average showing task effects of all participants. Red/yellow shows
areas activated to the food>neutral video cues. Results are cluster corrected and
thresholded to Z=2.3, P<0.05, N=38.

In the social video cues > neutral cues, strong activations were found in the mPFC,

the primary visual cortex and the hippocampus. A significant cluster can also be seen
in the posterior cingulate cortex and the occipital fusiform gyrus. (see figure 22).
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Figure 22: Whole brain Social>Neutral

Figure 22: Group average showing task effects of all participants. Red/yellow shows
areas activated to the social>neutral video cues. Results are cluster corrected and
thresholded to Z=2.3, P<0.05, N=38.

The nature video cues > neutral cues across all individuals demonstrated significant

activations in the hippocampus and amygdala, visual area V5 and the medial

prefrontal cortex (figure 23).
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Hippocampus

Amygdala _——

Figure 23: Whole brain Nature>Neutral

Figure 23: Group average showing task effects of all participants. Red/yellow shows
areas activated to the nature>neutral video cues. Results are cluster corrected and
thresholded to Z=2.3, P<0.05, N=38.

In the gambling>neutral video cue task for all individuals there was significant frontal

pole activation, a large cluster over the posterior cingulate gyrus and activation in the

occipital fusiform gyrus (figure 24).
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Figure 24: Whole brain Gambling>Neutral

Figure 24: Group average showing task effects of all participants. Red/yellow shows
areas activated to the Gambling>neutral video cues. Results are cluster corrected and
thresholded to Z=2.3, P<0.05, N=38.

Task by participant group effects

The second objective of this validation experiment was to establish any group
differences between GD and HC in brain activation to these video cues. Group level
analysis was conducted where the contrasts were compared between GD (N=17) and
HC (N-21). The results showed significantly greater activation in the GD
(gambling>neutral) > HC (gambling > neutral) contrast in the caudate and putamen,
and the thalamus. There was a large cluster of activation covering these limbic regions

with no cortical activity demonstrated as seen in figure 25.
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Striatum (caudate/putamen)

Thalamus

Figure 25: Whole brain Gambling>Neutral GD>HC

Figure 25: Between group contrast (GD > HC) showing greater activation of the
striatum and thalamus in GD subjects to gambling > neutral cues than HCs. Results
are cluster corrected and thresholded to Z=2.3, P<0.05, N=17 GD and N=21 HC.

Another whole brain between group effect was seen in the nature > neutral contrasts
for the GD > HC comparison where GD individuals showed significantly increased
activation in the left insula and the left superior temporal gyrus compared with HCs
(Figure 26).
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Insula

Superior temporal
gyrus

Figure 26: Whole brain Nature>Neutral GD>HC

Figure 26: Between group contrast (GD > HC) showing greater activation of the insula
and superior temporal gyrus in GD subjects to nature > neutral cues than HCs. Results
are cluster corrected and thresholded to Z=2.3, P<0.05, N=17 GD and N=21 HC.

No other between group effects were observed in the whole brain activation analysis
for any of the other contrasts explored. These were food>neutral, social>neutral,
gambling>food, gambling>nature, gambling>social, food>gambling, nature>gambling

and social>gambling.
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A summary of the MNI coordinates and cluster size and location are described below

Contrast Region Cluster | MNI p-Value | Direction
size coordinates
(voxels)
group
Food>Neutral Insula/Amygdala 35797 | 12-942 0.001
group
Nature>Neutral Amygdala/Hippocampus | 15764 | -8 -96 -2 0.005
group
Nature>Neutral mPFC 1082 250 -4 0.001
group
Social>Neutral Hippocampus/Striatum | 35025 |54 -66 8 0.001
group
Social>Neutral mPFC 3848 26224 0.001
group
Gambling>Neutral | Frontal pole 33553 |-22-82-16 | 0.001
group
Gambling>Neutral | Hippocampus/Amygdala | 15497 | -4 20 66 0.001
group
Gambling>Neutral | Occipital fusiform gyrus | 3325 -46 18 -8 0.001
group
Gambling>Neutral | Posterior cingulate 1290 -46 1248 | 0.002
gyrus
GD>HC
Gambling>Neutral | Striatum 1523 448 0.001
GD>HC
Gambling>Neutral | Thalamus 744 -6 -382 0.037
GD>HC
Nature>Neutral Insula 739 -60-4 6 0.0404
GD>HC
Nature>Neutral Superior temporal gyrus | 1169 -60-54 12 | 0.00339
ROI analysis 5-ACR

In the present investigation, regions of interest (ROIs) were a priori defined as pivotal

nodes within the reward circuits, as stipulated in the methodology, to observe the

outcomes of the 5-arm cue-reactivity task. Extraction of temporal time series data from

each distinct ROI within each task was conducted, followed by mixed-model analysis

of variance (ANOVA) and unpaired t-tests. Corrections for multiple comparisons were

applied using the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) .
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There were several statistically significant main and interaction effects, elucidating the
interplay between cue type, ROI, and participant group. A main effect was found for
cue type (F(4,144) = 2.47, p = 0.047), reflecting the influence of discrete cue types on
the observed neural responses. Likewise, a substantial main effect was observed
concerning the ROI (F(7,252) = 22.90, p = 0.001), demonstrating the distinct roles of
different ROIs in modulating the neural substrates.

Further, a main effect of participant group was found (F(1,36) = 4.19, p = 0.048),
showing differential neural activations between the GD and HC cohorts. Notably, a
salient interaction effect emerged between ROl and participant group (F(7,242) = 2.79,
p = 0.008), which shows the modulatory influence of ROI-specific patterns in the
context of divergent participant groups. Similarly, an interaction of notable significance
was identified between Cue type and participant group (F(28,1008) = 8.54, p = 0.001),
signifying the interplay between distinct cue categories and participant cohorts in
shaping neural responses.

Post hoc analyses were performed to assess distinctions between the brain responses
to specific cues in specific ROIs in the GD and HC groups respectively. Particularly,
heightened activity in the anterior insula in response to food cues was found in the GD
(t(36) = 3.48, p = 0.001). Analogously, distinct patterns emerged for nature cues, with
the anterior cingulate cortex (ACC) exhibiting heightened activity ((35) = 2.87, p =
0.007), alongside the anterior insula ((35) = 3.17, p = 0.003) and midbrain (1(35) =
3.07, p =0.004) in the GD group when compared to HC. Furthermore, during exposure
to gambling cues, the ACC has increased activity (t(35) = 2.51, p = 0.017),
accompanied by the anterior insula (t(35) = 4.03, p = 0.0003), midbrain ((35) = 2.4, p
= 0.022), and ventral striatum (t(35) = 2.87, p = 0.006) in the GD group thereby
highlighting the disparate neural responses of GD and HC groups to this relevant cue

stimuli. A summary of these findings are displayed in figure 27.
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Figure 27: Post hoc multiple comparison corrected t-tests between GD and HC

comparing ROI activation to the 5-ACR. Benjamini-Hochberg multiple comparison

correction applied.

Tables highlighting results of these unpaired T-tests are shown below:

Table 11: Post hoc unpaired t-test of Food cues

Mean Mean SE of
ROI P value of HC of GD Difference | difference | t ratio df
ACC 0.041441 |8.363 |39.46 |-31.10 14.71 2.115 36.0
Amygdala | 0.930391 | 26.81 26.10 |0.7071 8.038 0.08797 | 36.0
Anterior
Insula 0.001328* | -2.914 | 21.63 | -24.55 7.052 3.481 36.0
Dorsal
striatrum | 0.112751 | -4.658 |7.740 |-12.40 7.626 1.626 36.0
Midbrain | 0.342912 | 7.720 17.93 | -10.21 10.63 0.9611 |36.0
mPFC 0.351254 | -15.07 |-24.44 |9.366 9.917 0.9444 | 36.0
Thalamus | 0.516046 | 14.02 19.53 | -5.501 8.387 0.6559 |36.0
Ventral
striatum | 0.080638 |-7.347 |2.071 -9.418 5.239 1.798 36.0

Table 11: 5-ACR Food T-tests

*denotes significant between group differences as assessed with Benjamini-Hochberg

multiple comparison procedure.

Table 12: Post hoc unpaired t-test of Nature cues

ROI P value Mean of | Mean Difference | SE of | tratio |df
HC of GD difference

ACC 0.006864* | 14.38 42.85 -28.48 9.911 2.873 |35.00

Amygdala | 0.310992 | 3.510 10.42 -6.912 6.724 1.028 | 35.00

Anterior | 0.003162* | 0.9694 | 21.08 -20.11 6.344 3.170 | 35.00

Insula
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Dorsal 0.145393 |-1.873 | 8.051 -9.924 6.664 1.489 |35.00
striatrum

Midbrain | 0.004188* | -2.465 | 20.00 -22.46 7.331 3.064 | 35.00
mPFC 0.665933 |-5.898 |-9.721 |3.823 8.779 0.4354 | 35.00
Thalamus | 0.147589 | 5.375 18.30 -12.92 8.725 1.481 | 35.00
Ventral 0.141769 | -2.307 |4.939 -7.246 4.820 1.503 |35.00
striatum

Table 12: 5-ACR Nature T-tests

*denotes significant between group differences as assessed with Benjamini-Hochberg

multiple comparison procedure

Table 13: Post hoc unpaired t-test of Social cues

ROI P value Mean of | Mean of | Difference | SE of | tratio |df
HC GD difference

ACC 0.237387 | 21.99 37.38 -15.39 12.80 1.202 | 35.00

Amygdala | 0.549063 | 19.35 24.33 -4.986 8.240 0.6050 | 35.00

Anterior | 0.064459 | 10.16 23.88 -13.72 7.184 1.909 | 35.00

Insula

Dorsal 0.137415 | 2.054 14.31 -12.25 8.060 1.520 | 35.00

striatum

Midbrain | 0.264836 | 12.16 23.08 -10.92 9.632 1.133 | 35.00

mPFC 0.562534 | -5.311 | -12.59 |7.275 12.44 0.5846 | 35.00

Thalamus | 0.394283 | 13.13 20.61 -7.480 8.673 0.8625 | 35.00

Ventral 0.026525 | -6.233 | 7.316 -13.55 5.857 2.313 | 36.00

striatum

Table 13: 5-ACR Social T-tests

152




Table 14: Post hoc unpaired t-test of Gambling cues

ROI P value Mean Mean Difference | SE of | tratio |df
of HC of GD difference

ACC 0.016730* | 28.25 64.74 -36.49 14.52 2513 | 35.00

Amygdala | 0.226014 | 3.312 13.06 -9.744 7.906 1.232 | 35.00

Anterior | 0.000286* | 12.19 44.22 -32.03 7.948 4.030 | 35.00

Insula

Dorsal 0.017814* | -1.860 | 22.06 -23.92 9.619 2.487 | 35.00

striatrum

Midbrain | 0.022046* | 4.831 27.82 -22.99 9.593 2.396 | 35.00

mPFC 0.770562 |-12.22 |-8.771 | -3.451 11.74 0.2939 | 35.00

Thalamus | 0.451381 | 7.396 13.75 -6.354 8.343 0.7616 | 35.00

Ventral 0.006896* | -7.908 | 12.14 -20.04 6.981 2871 | 35.00

striatum

Table 14: 5-ACR Gambling T-tests

*denotes significant between group differences as assessed with Benjamini-Hochberg

multiple comparison procedure.

Table 15: Post hoc unpaired t-test of Neutral cues

ROI P value Mean of | Mean of | Difference | SE of | tratio |df
HC GD difference

ACC 0.108007 | 23.84 43.24 -19.40 11.76 1.649 | 35.00

Amygdala | 0.489509 | 6.933 1.713 5.220 7.473 0.6985 | 35.00

Anterior | 0.026103 | 9.656 24.35 -14.70 6.327 2.323 | 35.00

Insula

Dorsal 0.905673 | 9.622 10.57 -0.9532 7.986 0.1194 | 35.00

striatrum

Midbrain | 0.199264 | 5.249 15.90 -10.65 8.136 1.308 | 35.00

mPFC 0.374028 | -20.32 | -31.86 |11.54 12.82 0.9005 | 35.00

Thalamus | 0.849188 | 11.27 9.571 1.702 8.886 0.1916 | 35.00
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Ventral

striatum

0.519956

-2.678

1.692

-4.369

6.723

0.6500

35.00

Table 15: 5-ACR Neutral T-tests

Correlation analysis 5-ACR

Correlational analyses were performed to look at the correlations between GD brain

activation in the GD group to gambling cues in the 5-arm cue reactivity test as per a
priori hypotheses. Clinical scores from the BIS, PGSI, GRCS, MAGS and GUQ
questionnaires were correlated with time series data extracted from the anterior insula

and VST. Normality tests were performed on the data to determine whether Pearson’s

or Spearman’s correlation were the most appropriate test to be used and one-tailed

positive correlations were performed as per our a priori hypothesis. Descriptive

statistics and normality tests for these data are shown below in table 16.

Anterior VST
BIS PGSI GRCS MAGS GUQ

insula GD GD
N 17 17 16 16 16 15 16
Missing 0 0 1 1 1 2 1
Mean 42 .9 11.7 229 19.3 15.4 3.16 16.4
Median 422 10.2 22.7 19.5 16.8 3.31 16.5
Standard

25.2 21.0 2.22 4.40 5.49 1.25 7.81
deviation
Minimum -9.27 -19.6 20.0 10 5.00 0.570 6
Maximum 87.7 76.3 27.3 27 23.7 5.45 29
Shapiro-

0.982 0.855 0.945 0.952 0.947 0973 0.930
Wilk W
Shapiro-
Wik 0.975 0.013 0416 0529 0.443 0906 0.248
K p

Table 16: GD correlations
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Table 16: Descriptive statistics and normality data for correlation analysis in GD
subjects for the 5-ACR.

Bivariate Pearson's correlations in the GD group was applied to data extracted
from the anterior insula to gambling cues revealed no significant correlation between
this ROI and the BIS (r=-0.117, p= 0.665), GRCS (r= - 0.195, p= 0.468), MAGS (r=
0.247, p=0.375), PGSI, (r=0.049, p=0.858), and GUQ (r=0.179, p=0.507). Similarly,
VST activation to gambling video cues in the GD group was correlated with the same
clinical variables. Spearman’s rho was applied due to the data being non-normally
distributed. No significant correlations were detected between the VST ROI and BIS
(r=-0.242, p= 0.816), GRCS (r= - 0.075, p= 0.391), MAGS (r=- 0.206, p=0.770), PGSI
(r=-0.476, p=0.969) and GUQ (r=-0.131, p=0.686).

Reward enriched roulette task

The second fMRI task to validate was the reward-enriched roulette task. This task was
designed to activate the reward system and to be used in future simultaneous fMRI-
PET experiments to explore the relationship between reward processing and

neurotransmitter release.

For this experiment we trialled the paradigm on 37 participants (both groups). Two
individuals from the GD group were excluded from the task due to excessive head
motion (using a predefined limit of 3mm maximum movement in any direction) thus
there was a total of 16 GD and 21 HC analysed for this task. All results are cluster
corrected and thresholded at Z=2.3, P=0.05.

A full group analysis was initially conducted on the Hit>neutral and Miss>neutral
contrasts to establish if the task activated areas involved with both win and loss reward

processing.

For the mean task effects analysis (N=37) in the Hit > neutral contrast significant
activations were observed in several regions involved in reward processing including
the striatum (caudate, putamen, ventral striatum and nucleus accumbens) as well as

the insula and the medial prefrontal cortex (figure 28).
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Striatum
Insula

Medial prefrontal cortex

Figure 28: Whole brain Hit>Neutral

Figure 28: Group average showing task effects of all participants. Red/yellow shows
areas activated to the hit>neutral roulette cues. Results are cluster corrected and
thresholded to Z=2.3, P<0.05, N=37.
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For the Miss > neutral contrasts for all participants, significant clusters of activation
were found in the anterior cingulate cortex and the superior frontal gyrus (figure 29).

Superior frontal gyrus

Anterior cingulate cortex

Figure 29: Whole brain Miss>Neutral

Figure 29: Group average showing task effects of all participants. Red/yellow shows
areas activated to the miss>neutral roulette cues. Results are cluster corrected and
thresholded to Z=2.3, P<0.05, N=37.

Task by participant group effects
For this task we conducted a between-groups comparison to understand the
differential processing between GD and HC to reward in this task.

In the roulette Hit > miss contrast comparing GD to HC there was a significant increase

in activation in the right lateral occipital cortex, the left insula and the left frontal gyrus.
This lateralisation can be viewed in Fig 30.
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Inferior frontal gyrus

Lateral occipital cortex

Figure 30: RER Hit>Miss GD>HC

Figure 30: Between group contrast (GD > HC) showing greater activation of the left
inferior frontal gyrus, left insula and the lateral occipital cortex in GD subjects
compared with HC in the Hit > miss contrast. Results are cluster corrected and
thresholded to Z=2.3, P<0.05, N=16 GD and N=21 HC.

In the miss > neutral contrast for the HC > GD condition there was a significant

deactivation of the left inferior frontal gyrus and the left insula (as seen in fig 31). There

were no other whole brain effects between groups for any other contrast explored.
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Inferior frontal gyrus

2.0 2.5 3.0 3.5 4.0

Figure 31: Whole brain Miss>Neutral HC>GD

Figure 31: Between group contrast (GD > HC) showing greater decreased activation
of the left inferior frontal gyrus and the left insula HC subjects compared with GD in
the Miss > neutral contrast. Results are cluster corrected and thresholded to Z=2.3,

P<0.05, N=16 GD and N=21 HC.
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A summary of the MNI coordinates and cluster locations and sizes are described

below
Contrast Region Cluster | MNI p-Value | Direction
size coordinates
(voxels)
group
Hit>Neutral Striatum 26674 -22-98 -4 0.001
group
Hit>Neutral Insula 4317 25-940 0.001
group
Hit>Neutral mPFC 2029 52-44 58 0.001
group
Miss>Neutral | Superior 1842 42 58 0 0.001
frontal gyrus
group
Miss>Neutral | Anterior 1633 -22-98 -6 0.001
cingulate
cortex
GD > HC
Hit>Miss Inferior 875 -50 20 -6 0.0232
frontal
gyrus/Insula
HC > GD
Miss>Neutral | Inferior 1009 -48 20 -8 0.0123
frontal
gyrus/Insula
ROI analysis

For the roulette task there was a significant main effect of condition (F(2,70) = 14.33,

p = 0.01) but no main effect of ROI. There was a significant interaction effect between
task condition and ROI (F(8,280) = 8.92, p=0.01) however no other interaction effects

were observed including no significant differences between patient groups, or

interactions involving the between-subjects factor.

Post hoc tests showed significant effects in the comparison of Hit compared to Miss
(t(35)=4.19, p=0.01) and Hit compared to Neutral (£35)=5.38, p=0.01) with Hit

demonstrating greater activation across all subjects.
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There were no significant between group effects in ROI activation to any of the task

conditions as shown in figure 32.
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Figure 32: Post hoc multiple comparison corrected t-tests between GD and HC

comparing ROl activation to the 5-ACR. Bejamini-Hochberg multiple comparison

correction applied.

Table 17: Post hoc unpaired t-test of Hit cues

ROI P value Mean of | Mean of | Difference | SE of | tratio |df
HC GD difference

ACC 0.149489 | 22.67 -3.733 | 26.40 17.91 1.474 | 35.00

Anterior | 0.173172 | 6.315 -17.61 23.93 17.21 1.390 | 35.00

Insula

Dorsal 0.309421 | -0.5475 |-13.85 | 13.30 12.90 1.031 | 35.00

striatrum

mPFC 0.919519 | -9.528 -7.077 | -2.451 24.08 0.1018 | 35.00

Ventral | 0.896603 | -3.300 -1.986 | -1.314 10.04 0.1309 | 35.00

striatum

Table 17: RER Hit T-tests

Table 18: Post hoc unpaired t-test of Miss cues

ROI P value | Mean of | Mean of | Difference | SE of | t ratio df
HC GD difference

ACC 0.103088 | 22.34 -9.092 | 31.43 18.78 1.674 35.00

Anterior | 0.087664 | 6.326 -24.07 | 30.40 17.30 1.757 35.00

Insula

Dorsal 0.253687 | -7.548 | -22.77 | 15.22 13.12 1.161 35.00

striatrum

mPFC 0.972347 | -17.66 | -18.50 | 0.8455 24.22 0.03491 | 35.00

Ventral | 0.936665 | -8.148 |-9.026 | 0.8779 10.97 0.08004 | 35.00

striatum

Table 18: RER Miss T-tests
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Table 19: Post hoc unpaired t-test of neutral cues

ROI P value Mean of | Mean of | Difference | SE of | tratio |df
HC GD difference

ACC 0.106673 | 11.81 -20.08 | 31.89 19.26 1.656 | 35.00

Anterior | 0.146066 | -2.763 | -29.33 | 26.57 17.87 1.487 | 35.00

Insula

Dorsal 0.308794 | -7.671 -21.95 14.28 13.82 1.033 | 35.00

striatrum

mPFC 0.917138 | -15.00 |-12.25 |-2.748 26.23 0.1048 | 35.00

Ventral | 0.840907 | -7.136 |-4.823 |-2.313 11.44 0.2022 | 35.00

striatum

Table 19: RER Neutral T-tests

Roulette task correlation analysis

Correlational analyses were performed to look at the correlations between brain

activation to the reward enriched roulette task and clinical scores in the GD group, as
per the a priori hypotheses. Clinical scores from the BIS, PGSI, GRCS, MAGS and
GUQ questionnaires were correlated with data extracted from the VST to Hit trials.

Normality tests were performed on the data to determine whether Pearson’s or

Spearman’s correlation were the most appropriate test to be used and one tailed

positive correlations were performed as per our a priori hypothesis.

Descriptive statistics and normality tests for these data are shown below.

Hit VST BIS PGSI GRCS MAGS GUQ
N 16 16 16 16 15 15
Missing 0 0 0 0 1 1
Mean -1.99 22.9 19.3 15.4 3.16 17.0
Median -8.63 22.7 19.5 16.8 3.31 18
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Hit VST BIS PGSI GRCS MAGS GUQ

Standard deviation 21.0 2.22 4.40 5.49 1.25 7.75
Minimum -41.0 20.0 10 5.00 0.570 6
Maximum 33.8 27.3 27 23.7 5.45 29
Shapiro-Wilk W 0.943 0.945 0.952 0947 0973 0.939
Shapiro-Wilk p 0.394 0.416 0529 0443 0.906 0.367

Table 20: RER correlations

Table 20: Descriptive statistics and normality tests for RER HIT VST and clinical scales

for correlation analysis.

Bivariate Pearson's correlations in GDs was applied to time series data extracted from
the VST to the Hit contrast using one tailed correlations which revealed no significant
correlation between this ROl and the BIS (r=-0.225, p= 0.779), GRCS (r=-0.242, p=
0.817), MAGS (r= -0.349, p=0.899), PGSI (r=-0.216, p=0.789), and GUQ (r=-0.073,
p=0.602). In the HC group we also assessed the relationship between the VST ROI
Hit time series data and the GUQ in N=12 HC. The results found no significant
correlation between HIT VST and GUQ (r=-0.286, p=0.816).

Discussion

The aim of the study was to validate two novel fMRI paradigms (5-ACR and RER)
exploring the brain’s reward and salience system function in individuals with GD
compared with HCs. In the following sections | will summarise my key findings initially
and thereafter present them in context of the relevant literature.

Clinical and demographic differences between GD and HC

| found considerable differences in demographic and clinical scales used to assess
psychopathology when comparing individuals with GD to HC. These included clinical
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scales covering, depression, anxiety, gambling addiction, impulsivity and schizotypal
personality and well as psychometric scales assessing social connectedness and
demographic measures including educational attainment, height and BMI.

Educational attainment. Educational attainment has been linked with gambling
severity (Williams et al., 2021), suggesting lower educational attainment may be an
associated factor for developing GD. Our findings support this by identifying lower
educational attainment in the GD population when compared to HCs as assessed by
significantly increased NART scores and significantly reduced number of years of

education post the age of 16.

Depression. The significantly higher BDI scores in GDs are consistent with previous
findings suggesting that GDs are more likely to suffer from depression (Rogier et al.,
2019, Sharman et al., 2021) and that gambling severity positively correlates with
depression symptomatology (Schluter et al., 2019, Hutul and Karner-Hutuleac, 2022).
Although there were significantly higher BDI scores, as we controlled for depression
in the pre-screening the mean BDI score in GD was 12 which is under the clinical
threshold.

Anxiety. There has been an increasing body of research linking anxiety with gambling
severity (Hutul and Karner-Hutuleac, 2022, Cardwell et al., 2022). My findings support
this with both the SSAI and STAI in GD demonstrating significantly higher scores in
GD compared to HC.

Impulsivity. The relationship between impulsivity and gambling addiction has been
well documented and received considerable attention in the field of addictive
behaviours. (Blaszczynski and Nower, 2002, Dowling et al., 2015) have also
demonstrated that engaging in chronic gambling can lead to heightened impulsivity.
The phenomenon of "gambling-induced impulsivity" posits that repeated exposure to
the immediate rewards and losses associated with gambling may dysregulate the
neural circuitry underlying impulse control (van Holst et al., 2010). Our findings of
increased facets of impulsivity in GD vs HC support these earlier findings. Such
findings underscore the bidirectional nature of the impulsivity-gambling addiction

relationship.
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Social connectedness scale. Several studies have offered insights into the
relationship between gambling addiction and social connectedness. A study by
(Williams et al., 2013) found that individuals with GD reported lower levels of social
connectedness compared to those without. Another study identified a negative
association between social connectedness and problem gambling severity,
suggesting that higher levels of social connectedness may act as a protective factor
against the development of gambling addiction (Petry and Weiss, 2009). Our findings

support these finding of lower social connectedness being a core facet of GD.

Cue-reactivity in GD (5-ACR)

For the 5-ACR there were significant brain activations to all video cue contrasts when
compared with neutral cues in both HC and GD cohorts in regions of the frontal,
salience, and reward networks of the brain demonstrating the task is effective in
engaging the brain systems we wished to explore. Significantly greater activation was
found in the GD vs HC cohorts in core reward regions of the basal ganglia (striatum,
insula and thalamus) in response to gambling video cues in the 5-ACR. These results
were confirmed by ROl analyses, which corroborated significantly increased activation
in five out of eight key ROls in reward regions in the gambling video cue vs neutral
contrast in GDs compared to HCs. Intriguingly three ROIs related to nature processing
and one related to food processing also seemed to be significantly elevated in the GD
group. There were no significant correlations between these ROI activation patterns
and clinical scores that were assessed.

Over the last couple of decades, the incentive salience theory of addiction or incentive
sensitisation (a process by which classical conditioning can elicit rewarding responses
to drug-related cues in the absence of the drug; (Robinson and Berridge, 2008)) has
been used to explain the differential activity of reward system function in the context
of addictive disorders. In the context of fMRI cue-reactivity, the theory puts forward an
increase in ventral striatal and reward system activation to salient/addiction relevant
cues in patients with a given addiction when compared to other cues or when
compared to healthy controls (Zilverstand et al., 2018). This is purported to be because
the salience system progressively amplifies the response to salient cues over time in

addiction as neural pathways canalise over the repetitive behavioural/reward

166



processing driven by dopamine signalling events (Berridge and Robinson, 2016). This
theory has been supported by a number of fMRI studies showing greater ventral
striatal activity in response to gambling cues in GD (Garcia-Castro et al., 2022). In our
study we found a statistically significant increase in activation to gambling cues in GD
vs HC in both whole-brain and ROI analysis in core regions of the reward circuitry
including the ACC, the anterior insula, the dorsal striatum, the midbrain, and the
ventral striatum. These findings support much previous gambling cue-reactivity work
which has also shown greater brain activity in the ACC and insula to gambling cues in
GD (Limbrick-Oldfield et al., 2017, Garcia-Castro et al., 2022).

Our results did not demonstrate reductions in reward system activation to the naturally
rewarding cues, however the incentive sensitisation theory predicts an increased
response in reward-related circuitry to addiction-related cues, but is agnostic on the
response to natural rewards (Leyton and Vezina, 2013b). Intriguingly, we also found
relative increases in the responses to food in the anterior insula in the GD group
though these findings have not been shown before representing a novel result, as well
as a first finding of increased nature related processing. Though some functional
imaging studies have shown increased neural activation to natural rewards in active
treatment gamblers, including food, (Sescousse et al., 2013a, Noori et al., 2016,
Limbrick-Oldfield et al., 2017). There is also clinical evidence of co-morbid disordered
eating with gambling disorder (Lemon et al., 2021) and those with combined diagnosis
generally have been seen to have worse psychopathologies. Further, many gamblers
also consume food whilst gambling and there could be a potential cross cue-reactivity
associating food cues to gambling memories. As these are new findings, we

recommend further research is needed to explore this cross-cue hyperactivation.

Our finding lends support to the hypothesised aberrant salience response, and its
potential role as a biomarker of GD although our results differed to some other studies
in that we did not find associations between clinical measures, such as craving levels
and gambling severity, and the brain response. There could be several reasons for
this. Our GD cohort were recruited from treatment waiting lists where they were
motivated to undertake treatment. Research has found that the length of abstinence
in gambling relates to reduced craving (Tavares et al., 2005) and as many of our
participants had described not gambling for a while or had started a preparing for
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treatment it could be plausible that craving scores were not the most useful metric to
describe GD related pathology. Further, our gambling severity measure (PGSI) did not
correlate with neural activity to gambling video cues. The PGSI score emphasizes
gambling harms (primarily financial consequences) across the last 12 months and the
lack of relationship between this score and neural response was also detected in
another study (Limbrick-Oldfield et al., 2017) perhaps demonstrating that this scale
may not be the best to use for patients recruited from treatment waiting lists. Further
it may be that there is a complex non-linear relationship between clinical measures
and brain activity that may account for the inter-study differences in brain-behaviour
or clinical outcome (Perez Velazquez, 2005).

Our present study found generally greater insula activity in GDs compared to HCs,
and significantly greater activity in GDs compared to HCs in response to gambling
cues. These findings suggest that increased insula activation in GDs may lead to a
heightened detection of gambling-related stimuli at a perceptual level, lending support
to the conception of addiction as a disorder of contracted conscious awareness
(Metzner, 1994). The insula is involved in multimodal sensory input processing and
the detection of behaviourally relevant stimuli and the concurrent coordinated
response to those (Droutman et al., 2015b). Further, meta-analyses of fMRI cue
reactivity demonstrate increased insula recruitment in patients with substance-use
disorders (Tang et al., 2012) and particularly in more complex polymodal cue reactivity
tasks which is what we describe here (Yalachkov et al., 2012). Research has also
implicated a role for the insula in the pathophysiology of GD through its role in distorted
cognitive processing. It has been found that damage to the insula in problem gamblers
led to reductions in motivation to gamble and reduced engagement of brain circuitry
to support this following a near-miss (Clark et al., 2014). These finding support a key
role of the insula in supporting distorted cognitive processing of near misses and
identify reductions in insula reactivity as a target for novel interventions (Clark et al.,
2014). Finally, our results involving the co-activation/deactivation of the inferior frontal
gyrus and insula in response to win and loss processing in the RER reflect the role of
this critical brain network through which the ventral attentional network can ‘alert’ the
brain to salient stimuli and as such dyfunction of which could be key in mediating
addictive behaviours (Cazzoli et al., 2021)
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In sum, my findings confirm a key role of the insula in modulating the underlying
mechanisms of the salience network in GD, and warrant further research into the
modulation of insula activity in relation to gambling related cognitive distortions and its

role in treatment outcome for individuals with GD.

Reward processing task (RER)

For the RER we observed significant whole-brain activation for hit and miss trials
compared with neutral. These findings (collapsed across both HC and GD)
demonstrated strong activation of the ventral striatum, nucleus accumbens and some
frontal regions. There was also significantly greater activation in the left insula, left
inferior frontal gyrus and visual processing areas in GDs in the Hit>Miss contrast.
Interestingly we saw a greater deactivation in miss processing in the HCs > GD in the
same regions. There were no significant correlations between these ROI activation

patterns and clinical scores that were assessed.

Previous research in gamblers with gambling related tasks such as blackjack have
found increases in brain activation in GDs vs occasional gamblers in the right inferior
frontal gyrus, the superior temporal gyrus and the thalamus (Miedl et al., 2010). A slot
machine task also saw increases in ventral striatal responsivity in GDs vs HC
(Worhunsky et al., 2014) and a gain-loss gambling task also demonstrated increased
activation in the caudate nucleus in GD s HC (Gelskov et al., 2016) which is in
agreement with our findings of increased left insula, left inferior frontal gyrus and
bilateral occipital cortex processing in GD in Hit>Miss tasks. We also saw a
significantly greater deactivation in HCs vs GD in the insula and inferior frontal gyrus
in miss > neutral processing which reflects the failure of GD subjects to undertake
adaptive loss processing. Similar observations have also been seen previously with
amplified striatal responses to near-miss outcomes in pathological gamblers
(Sescousse et al., 2016) which likely contribute to persisting gambling behaviours.
Dysfunction in miss/loss processing twinned with hyperactivation to wins are known to

motivate individuals to continue gambling (Bibby, 2016).

Another key objective of this task, aside from to understand reward processing in GD

vs HC was to develop a combined fMRI-PET task to link rewards system processing
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to neurotransmitter release function in addiction generally. There is evidence for
blunted dopamine release in cocaine, opiate, and alcohol dependence but not
cannabis dependence as assessed with the antagonist radioligand [11C]raclopride
(Nutt et al., 2015). A recent review demonstrated that, behaviourally, blunted striatal
dopamine transmission could reflect increased impulsivity and altered cost/benefit
computations that are associated with addiction. The data suggest that blunted
dopamine neurotransmission is a biomarker for increased risk of developing addiction
and treatment-resistance, which is associated with impulsive behaviour and reduced

motivation and is linked to increased drug consumption (Trifilieff et al., 2017).

Understanding the neurotransmitter events that underlie these activation patterns is
necessary to develop a molecular-functional understanding of reward system
dysfunction in addiction, though one study found that miss-processing was not related
to dopaminergic regulation (Sescousse et al., 2016). Further, a meta-analysis has
reported no significant differences in striatal DRD2/3 receptor availability in GD relative
to healthy controls (Zafar et al, in prep, chapter 2), though to date no study has
assessed the role of dopaminergic neurotransmission as related to reward win/loss
processing in HCs or GDs using simultaneous fMRI-PET. We found no correlation
between GD roulette activation and craving or clinical scores which as mentioned

previously may reflect the stage of recovery that the individuals with GD were in.

Several novel agonist radiotracers including [11C]JPHNO have been found to be
sensitive to endogenous dopamine (Ginovart et al., 2006). Using this radiotracer in a
multimodal fMRI-PET study with behaviourally salient, dopamine-enhancing tasks
such as the RER task, that probe addiction-related brain processes, could theoretically
release dopamine in the living human brain. Interestingly and in direct contrast to
substance use disorders, in GD a DA-releasing amphetamine challenge found
significantly greater [11C]JPHNO displacement (reflecting DA release) in the dorsal
striatum, as well as positive correlations with gambling severity in VS (Boileau et al.,
2014). These results are consistent with a hyperdopaminergic state in GD though no
research to date has specifically looked at the link between behaviourally salient tasks
and GD dopamine neurotransmission which arguably provides a more ecologically
valid interpretation of GD molecular-function pathology. We encourage, and intend to

conduct, future research specifically bridging these two imaging modalities.
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Strengths and Limitations

Our tasks demonstrate an increased degree of ecologically salient validity with
gambling specific games as well as videos of cues which are salient and reflect real
world events, indeed realistic task designs have been shown to be one of the factors
that may influence the BOLD response to nonspecific rewarding stimuli in the reward
system (van Holst et al. 2010) though there is less control over low-level visual features

when comparing videos to pictures.

Even though an effort was made to match demographics between patients and
controls, significant variation in demographic characteristics including height, 1Q, BMI
and some other clinical characteristics suggests this could have been better matched.
Previous research has shown that individuals with GD have a significantly higher BMI
compared to HCs and this is associated with decreased brain volume and greater
cognitive decline (Michaud et al., 2018; Ward et al., 2005). However, as the GD group
was only classified as overweight, not clinically obese, the impact may be less
significant.

Another limitation is that this study only investigated men, and even though the
reported prevalence of GD is higher in men, studies should also look at women
suffering from GD. This study’s inclusion of only male participants, driven by the
gender disparity in GD, may restrict the generalisability of findings to females with GD.
As such, caution should be applied during study design when considering the
application of these methods in females with GD though research is encouraged to
look at neurophysiological differences across sexes in GD. A recent review has indeed
highlighted neuroimaging differences in SUD research and it is possible, though
currently unknown if this extends to behavioural addictions too (Cornish and Prasad,
2021). Another potential limitation is sample size, though exploratory and validation
fMRI studies commonly use 20 v 20 and this sample size is consistent with empirically
derived estimates to allow sufficient power to detect moderate-sized effects in fMRI
studies (Murphy and Garavan, 2004).
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Another recent article has highlighted the importance of using imaging measures in
addiction research instead of just using drug-use outcomes (Goldstein, 2022),
however, to date clinical effectiveness of imaging-based biomarkers for addictive and
psychiatric disorders has been limited. A study looking at a wealth of neuroimaging
measures in a very large sample of depressed patients and matched controls, found
that the classification accuracy of the identified imaging markers was close to chance
(53-55%) (Winter et al., 2022), even though depression is one of the better
investigated psychiatric disorders in neuroimaging research. Further, despite three
decades of research, psychiatric neuroimaging has not led to a single biomarker of

clinical utility.

We propose that simple unimodal investigations may be inadequate for complex
disorders such as GD. Different analytical approaches such as univariate inferential
statistical models with multivariate machine learning or artificial intelligence models
could more accurately reflect the variability of these disorders at population level (Nour
et al., 2022). Further, using a multimodal approach to imaging by combining fMRI with
other techniques such as PET and electroencephalography (EEG), might also be a
way of getting greater granularity on the neurobiological processes underlying
disorders such as GD.

Finally, there is a limited use of human neuroimaging in addiction drug development
which has likely contributed largely to ineffective medicines to treat addiction disorder.
Translational addiction neuropsychopharmacology research, which has been
conducted previously and pioneered in centres like ours (McGonigle et al., 2017),
provides the only way to objectively assess the effects of novel addiction interventions
in the living human brain. Such data may pave the way for precision psychiatry efforts
which aim to objectively diagnose, stratify and provide prognosis for patients.

Conclusion

In sum, the present study found the hypothesised differential neural response to
gambling versus natural cues in GDs vs HCs in both video cue reactivity and the
reward enriched roulette task demonstrating GD specific neural adaptations. The

results suggest neural hypersensitivity to gambling-related stimuli may be occurring in
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GDs which lends support to the incentive salience theory of addiction. Further, the
present study revealed along with other core reward-related regions a significant role
of the insula in GD neuropathology. This finding confirms the key role of the insula in
GDs'’ responses to gambling-related stimuli and warrants a more granular investigation
into its role as a modulator of the cognitive and environmental processing and
associated behaviours observed in GDs. Indeed, the insula could also be a valid and

valuable target for the development of novel and effective therapeutics in GD.
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Chapter 5: General discussion

In this final chapter | will briefly outline the aims of the thesis and the findings from the
three experimental chapters which address these aims. After laying these out | will
explore the implications of the results for understanding the role of the reward system
in substance use and behavioural addictions and how these insights may improve the
development of novel therapeutics. | will finish by outlining future research areas from
this body of work with specific reference to the use of the described neuroimaging
techniques that have been validated and explored in this thesis in clinical trials of
psychedelic therapy for addiction.

Briefly, the aims of this thesis were:

1) Investigating the DRD2;3in addiction: a comprehensive systematic review and meta-
analysis
2) To explore the effects of DRD3 antagonism on reward system function using fMRI
and PET in individuals with alcohol dependence
3) To validate two novel fMRI biomarker paradigms in individuals with gambling
disorder:

a) A novel reward-enriched roulette (RER) fMRI paradigm

b) A novel 5-armed cue-reactivity (5-ACR) fMRI paradigm

Summary of main results

In chapter 2 | conducted a systematic review and meta-analysis of all available
PET/SPECT neuroimaging studies comparing DRD23 availability in individuals with
substance use and behavioural addictions versus healthy controls. For more than 30
years the role of the DRD2s3 in the neurobiology underlying addiction processes has
been investigated in humans using PET/SPECT neuroimaging, though in recent years
the function of DRD2/3 as a generalised addiction biomarker has seen growing critique
(Nutt et al., 2015). For the purpose of this investigation, | wanted to explore the
differential availability of the DRD23 in individuals with every sub-category of addiction
versus healthy controls utilising different radioligands that could quantify both
subcortical and cortical receptor availability. Additionally, | conducted analyses in
studies using selective DRD3 agonist radioligands that can quantify the specific
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contribution of this receptor subtype to DRD2s3 related addiction neuropathology. Other
key objectives of my critical analysis were to explore the role of confounding variables
such as impulsivity, co-morbid substance use and social status on DRD2;3 availability
from the studies that had been conducted. | also wanted to establish whether there
was an association between DRD2s3 availability with regards to a dose-response
relationship between drug use and effects on receptor availability and whether there
was a reversal of any DRD2/3 downregulation with abstinence.

Our main findings indicate baseline striatal DRD2/3 binding availability was reduced in
individuals with addictions to alcohol, cocaine, and methamphetamine compared with
control cohorts. Conversely, discernible distinctions were not evident when comparing
control groups to those with gamblingg, tobacco, opiate, or cannabis dependencies.
To my knowledge, this meta-analysis is the first to combine analyses of the DRD2s3
across both substance use and behavioural addictions, hence providing the most
comprehensive account of this receptor systems role in addiction to date. These
findings confirm previous research that catalysed a more critical assessment of the
dopamine receptor theory of addiction (Nutt et al., 2015) and | believe these findings
have significant implications for our understanding of dopamine more broadly,
highlighting its dynamic role in modulation of social, behavioural, psychological and
physiological processes. These results build on a body of evidence that addiction is
not due to a singular molecular dysfunction and supports the concept of addiction as
a multiple neurotransmitter disorder (Wiers et al., 2016a) that sits within a broader
biopsychosocial framework (Skewes and Gonzalez, 2013).

| also discovered patterns of extra striatal DRD23 dysfunction amongst certain
addiction subtypes as assessed with high-affinity antagonist and agonist radioligands
which demonstrated downregulation of extra-striatal DRD2/3 occurring in the prefrontal
cortex, insula, and temporal cortex particularly in stimulant, alcohol and tobacco
addiction. Additionally, a separate meta-analytic examination of DRD3 availability
within the substantia nigra found significantly higher binding in cocaine addiction to
healthy controls. These findings validate the need to develop and explore novel PET
radioligands in addiction as they could offer valuable insights to discover novel targets.
My results provide the first direct molecular neuroscience evidence that targeting the
DRDs3 in cocaine addiction could be a plausible and potentially clinically effective
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intervention which furthers the call from the National Institute on Drug Abuse’s (NIDA)
on targeting this receptor system for opiate addiction (Rasmussen et al., 2019), and
relates to the empirical research in chapter 3 where this receptor was targeted for

alcohol dependence.

The potential of a dose-response relationship between DRD23 availability and the
severity of substance use or addiction, as well as potential reversibility of DRD2/3
binding following periods of abstinence was also investigated to establish the extent
to which drug use played a role in addiction-related neuropathology or if individuals
with addiction had genetically inherited dysregulation in dopamine receptor function.
My findings cast uncertainty upon the presence of definitive evidence supporting dose-
response dynamics and the reversibility of DRD2s3 binding in the different
subcategories of addiction explored. The literature displayed a mosaic of
methodologies to report these variables and heterogeneous outcomes, contributing to
this inconclusiveness. Given the inconsistency in results across addiction it is likely
that there will continue to be no resolute answer to the ‘nature vs nurture’ conundrum
of addiction aetiology. More contemporary models describe a combination between
inherited biological traits and epigenetic modification leading to neural adaptations that
underly the cognitive and behavioural processes involved in the risk of developing

addiction, relapse and recovery (Green et al., 2021).

My final analysis revealed that early PET investigations exhibited notable
shortcomings in statistical control, particularly concerning clinical confounders such as
socioeconomic status, impulsivity, and concurrent use of alcohol and tobacco.
Nevertheless, efforts to address these deficiencies have grown over time, with
enhanced matching between case and control groups. Despite this, there persists
substantial variability in the reporting of confounding variables across different
addiction subtypes, with an overall inadequacy in their documentation. The main
finding from this analysis identified a substantial inverse correlation between inter-
group differences in striatal DRD2/3 binding among individuals with addiction and
controls and scores assigned to studies reflecting the quality of correction for
confounding factors across all addiction subcategories. This association indicated that
studies incorporating more robust confounder correction methods tended to exhibit
diminished differences in DRD2;3 availability between cases and controls. This
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observation raises questions regarding the dopamine theory of addiction, or at the very
least, the extent to which human DRD23 PET/SPECT data bolster this theory. My
findings bear notable implications for the prevailing understanding of dopamine's role
in addiction and call for greater molecular neurobiology research into the role of other
neurotransmitter systems including the opiate (Belzeaux et al., 2018), serotonin
(Mduller and Homberg, 2015), endocannabinoid (Parsons and Hurd, 2015) and
GABAergic systems (Nutt et al., 2013) which to date have received comparatively

limited attention.

For chapter 3 | used fMRI and PET to investigate the effects of DRD3 antagonism on
BOLD response to the MIDT in AUD and healthy controls. My findings suggest that in
the AUD group, GSK598809 heightened the brain's response to the anticipation of
rewards in the ventral striatum and insula when compared to baseline, whereas the
HC group exhibited deactivation in these regions. This discovery of GSK598809
increasing activation in the ventral striatum and insula during reward processing in
individuals with AUD builds upon earlier research indicating a broader beneficial
impact of GSK598809 on enhancing the BOLD response related to reward anticipation
in this particular brain region (Murphy et al., 2017c). This result confirms that D3
antagonism works on a core feature of reward system dysfunction in addiction and is
evidence to suggest it may have efficacy as a clinical tool. Another key finding was a
specific reduction in mPFC activity to loss reward processing. This is a novel finding
not reported elsewhere in the literature that proposes DRD3 antagonism as being a
modulator of punishment or stress-related frontal brain activity in individuals with AUD
which is a known functional target for addiction broadly (Koob, 2021). The fMRI results
proposed a pharmacologically induced bidirectional effect on brain function suggesting
that DRD3 antagonism could modulate both reward and punishment-based
processing. Another aim of our study was to combine the fMRI data with PET imaging
data in the same subjects where data on DRD3 receptor density was available (which,
as discussed in chapter 2, is a biomarker of interest in addiction neuroreceptor
research). Previous research has identified increased hypothalamus DRD3 in
individuals with AUD vs HC (Erritzoe et al., 2014b) and hence it was theorised that
DRD3 availability could be contributing to aberrant reward processing. | did not find an
association between baseline DRD3 availability and reward processing in AUD nor an
association between DRD3 availability post-dose and subsequent brain activation.
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Despite no association between the imaging modalities, this is the first study to explore
the acute molecular-functional-clinical effects of administering an investigational novel
drug in individuals with alcohol addiction. Such methodologies are at the forefront of
experimental medicine and hold the promise of delivering the most comprehensive
insights into the neuropathophysiological aspects of addiction and the underlying
mechanisms of novel interventions. This multi-systems approach seeks to refine the
drug development process, ultimately facilitating the creation of more effective

therapeutic approaches of the future.

For the final experimental chapter, | set out to validate two novel fMRI paradigms in
GD. These were the 5-ACR and RER which aimed to explore cue-reactivity and
reward processing and to determine if there were any differences in brain activation
between HCs and GDs. The objective of this study was to develop functional assays
of brain function that had greater ecological validity than previous studies that have
explored brain reward-related function in GD. We also specifically designed these
tasks for future testing in multimodal neuroimaging and clinical trials of psychedelic
therapy in GD as well as other addictions to explore the mechanism of action of this
novel and promising intervention that is currently being explored as a treatment for
addiction (Zafar et al., 2023b). In both tasks across both groups, | demonstrated that
the tasks activate the brains reward and salience networks which validates the tasks
working reliably in activating core addiction-relevant brain neurocircuitry. | also found
specific GD related brain activation establishing these paradigms to be plausible
functional biomarkers of GD which have the potential to be theragnostic tools if
incorporated into clinical trial research. Specifically, in the 5-ACR there was
significantly greater neural cue-reactivity to gambling>neutral cues in GDs compared
to HCs though no hypoactivation to natural rewards were discovered. Significantly
greater activations to the GD video cue were present across five of the eight reward
related ROIls explored, showing widespread engagement across the
mesocorticolimbic pathway. Intriguingly we saw increased food cue processing and a
novel finding of increased nature cue processing in GDs vs HCs which could be
associated with reported hyper-dopaminergic function in GDs (van Holst et al., 2018).
In the RER we saw similar GD specific neural responses to Hit>Miss trials and
differences in Miss>neutral processing. The brain regions activated specifically in GD
to the RER included the inferior frontal gyrus and the insula. Across both tasks a role
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for the insula was discovered. Increasingly, a greater number of studies are
demonstrating the involvement of the insula in GD related cognitive distortions (Clark
et al., 2014) and reward and cue processing (Limbrick-Oldfield et al., 2017). My
findings extend this and suggest that the insula may be a core neuroanatomical
biomarker in GD and an important target for novel therapeutics. Indeed, more recent
research extends the role of the insula to other emerging behavioural addictions such
as internet gaming (Turel et al., 2021) highlighting this region as a possible hallmark
biomarker candidate for behavioural addiction and addiction related brain processing
that goes beyond drug-induced neural adaptations which may be involved in more

core dopaminergic reward regions such as the ventral striatum.
Strengths and limitations

Addiction is a complex and debilitating neuropsychiatric disorder and developing
effective treatments for addiction is crucial. This PhD has explored the pivotal role of
fMRI and PET in advancing our understanding of addiction and the development of
novel therapeutic strategies. | have described how these neuroimaging techniques
have contributed to elucidating the neurobiological mechanisms of addiction,
identifying potential drug targets, and assessing mechanism of action of drugs.
Furthermore, | have contributed to recent advancements in addiction research
facilitated by fMRI and PET, including the study of neural circuits, neurotransmitter
systems, and the potential for precision medicine approaches.

In chapter two | conducted the first and largest meta-analysis and systematic review
of DRD2/3 across both substance and behavioural addictions and the first meta-
analysis of the DRD3 in cocaine addiction. The obvious advantage of meta-analysis
is that it reflects the totality of the evidence base to reach definitive conclusions about
the role of specific markers of interest in given disorders. Previous research has never
combined all subcategories of substance use disorders with behavioural addictions in
one meta-analysis and instead has focused solely on representing results related to
stimulant addiction specifically (Ashok et al., 2017). This may have contributed to the
false assertion of this specific biomarker being integral to all sub-categories categories
of addiction. My results do not support that and build on a challenge to the dopamine
theory of addiction published nearly a decade ago that attempted to add greater
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nuance to the human dopamine neurobiology and addiction story (Nutt et al., 2015).
These results do not go as far as to discredit the entire dopamine theory of addiction
as that does not reflect our findings. Instead, | have described data that demonstrates
the dynamic and interactive effects between confounders, addiction and brain function.
Addiction related brain dysfunction, some of which have been reported here, should
now be integrated into frameworks such as the US National Institutes of Mental Health
Research Domain Criteria (RDoC) which seeks to stimulate research into biologically
validated neuropsychological dimensions across mental illness symptoms and
diagnoses. A recent expert consensus paper describes the use of RDoC constructs
including five from the Positive Valence System (reward valuation, expectancy, action
selection, reward learning, habit); one from the Cognitive Control System (response
selection/inhibition); and one expert-initiated construct (compulsivity) to test
transdiagnostic concepts in addiction research, which could lead to direct implications
for assessment, diagnosis, staging of disorder, and treatment. Integrating such PET
neuroreceptor data alongside measurements of these neuropsychological dimensions
could advantageously improve the precision of addiction biomarkers in the future. A
final reflection on the basic molecular neuroscience research reviewed here reminds
me of a pertinent quote by an eminent clinical psychiatrist, neuroscientist and ex-head
of the National Institute of Mental Mealth (NIMH) Prof Thomas Insel who said: “I spent
13 years at NIMH really pushing on the neuroscience of mental disorders and when |
look back on that | realize that while | think | succeeded at getting lots of really cool
papers published by cool scientists at fairly large costs—I think $20 billion—I| don’t
think we moved the needle in reducing suicide, reducing hospitalisations, improving
recovery for the tens of millions of people who have mental illness.” This statement
has been somewhat of a guiding and grounding principle on which | have sought to
critique research and optimise my own research. In the case of the studies described
in chapter 2, PET neuroimaging has been used which is the costliest of all imaging
modalities and the cost of the studies listed in the systematic review reflect tens if not
hundreds of millions of pounds of costs. For the conclusion of the results of my work
to be ‘inconclusive’, this echoes some of the problems experienced by the NIMH and
demonstrates how the future of neuroimaging must incorporate a translational element
that goes beyond simply describing brain pathology associated with disorder. Future
work should incorporate effective interventions and back-translate these findings to

180



understand core disorder processes. This bench to bed to bench feedback loop will
mutually serve both interests of pathophysiology and treatment.

fMRI provides a reliable way to identify the acute effects of drugs on brain functional
processes that may be important to disorders such as addiction. In chapter 3 we
compared the differences in activation to reward processing in both HCs and AUD
individuals both at baseline and post DRD3 antagonism. This combined between and
within group design offers the greatest level of interrogation on both the effect of the
drug on brain systems but also the comparative effects of the drug between HCs and
AUD which provides disorder specific mechanism of action. Further, by using a
baseline and drug condition on the same participant, inter-participant variability is
reduced, which increases the power and reliability of results (Aguirre et al., 1998).
When designing within participant pharmacological fMRI studies, order effects also
need to be considered as this can bias the results (Bourke and Wall, 2015). We
overcame this by conducting two MIDT tasks at baseline and two whilst under the drug
and using the average of these to get a reliable measure of task relevant brain activity
in both conditions. Another major advantage and a significant advancement to the field
was the inclusion of PET neuroreceptor data to compliment the fMRI results.
Increasingly multimodal neuroimaging studies have demonstrated that combining
imaging modalities could improve the performance of individualised prediction in
psychiatry (Ooi et al., 2022). Further, the predictive potential of multimodal
neuroimaging which represents multi-dimensional brain information (e.g.
molecular/functional/electrophysiological) is significantly higher than the performance
of unimodal brain imaging (Sui et al., 2020). Hence this study is a methodological
advancement in the field of translational addiction neuropsychopharmacology
research and future research should continue to aim to combine across imaging
modalities, which was an expressed ambition when developing the fMRI RER task
described in chapter 4. There were a few limitations with our current study and one of
them was the patient cohort that we selected. These patients were abstinent alcohol
dependent individuals with a mean of 414 (+254) days since their last drink. This could
account for the lack of association between DRD3 availability and functional brain
effects as previous research has described the restoration of dysfunctional DRD2s3 in
patients with AUD with up to one year of abstinence (Rominger et al., 2012). There is
also evidence that the MIDT ‘normalises’ over time with abstinence and recovery
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(Balodis et al., 2016). Hence future tasks should employ longitudinal study designs to
investigate the enduring effects of novel interventions on changes in brain receptor
availability and function and its association with clinical outcome as well as pay
consideration to the specific course of the addiction recovery stage a patient is in when

making inferences on brain data.

Neuroimaging biomarkers for behavioural addictions such as GD have not yet been
developed and have received much less attention from the addiction neuroscience
community than substance addiction biomarkers. My results showed powerful case
versus control differences in brain activation in core reward-related regions to tasks
which confirm neuropathological brain processing in GD. There were several
advantages to our study including a case vs control design which allowed for
quantification of GD specific biomarkers. Power in our studies was increased by using
studies with videos which are known to elicit stronger brain responses than stillimages
(Schultz and Pilz, 2009). The inclusion of GDs with a history of depression and anxiety
demonstrates representativeness of our sample to the clinical population (Falk et al.,
2013). Though the sample was representative we recruited from treatment waiting lists
rather than active gamblers which reiterates a similar limitation to that described in
chapter three in that abstinence can lead to differences in response which may explain
the lack of clinical correlation scores with brain effects. Another limitation to the study
design was the lack of personalisation of the task. We used mainly video cues related
to casino gambling and slot machines and used only the roulette task to probe reward
function. According to the recent UK government Gambling Related Harms Evidence
Review 2023, harmful gambling involved high participation in online gambling
(including online slots), casino and bingo games, electronic gambling machines in
bookmakers, sports and other event betting, betting exchanges, and dog racing.
Though we still saw significant between-group effects to our gambling cues future
research should aim to develop online gambling app stimuli, that are reflective of
modern-day online betting and are suitable for fMRI scanning. Cue-reactivity fMRI has
also shown utility in being able to predict addiction severity, risk of relapse and
treatment outcome (Jasinska et al., 2014) and has been leveraged to develop novel
therapeutics in substance addictions (Courtney et al., 2016) but to date, there have
been no published literature assessing the modulation of GD brain processing in
response to medicines that are being used to treat patients with addiction or INDs.
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This may be because no medicine has yet been approved by the United States (US)
Food and Drug Administration (FDA) for the treatment of any behavioural addiction
(Ginley et al., 2019) which may have contributed to the limited translational research
within the GD space. Hence, the development and validation of both these tasks aim
to provide a neuroimaging platform on which novel interventions that will arise in the
future can be tested to develop novel and therapeutically effective interventions for
individuals with GD.

Future research

In this final section, | will discuss how advancements in human
neuropsychopharmacology research can be leveraged to optimise the development
of psychedelic therapies for addiction and how they lend themselves to personalised
medicine and precision psychiatry efforts.

Currently several clinical trials and studies are underway to explore the therapeutic
use of psilocybin, MDMA, ketamine, DMT and ibogaine in the treatment of substance
addictions. | am also leading a future Imperial college research project to investigate
the effect of psychedelic therapy in gambling addiction, which represents a world first.
A combination of historical, real world and early stage (phase I/ll) clinical trial data
have shown generally positive and promising effects of psychedelics in treating
substance addictions in relation to safety, feasibility, tolerability and efficacy (Zafar et
al., 2023b). Despite these early and encouraging signals there has been no
translational neuropsychopharmacology research to explore the mechanism of action
of psychedelic therapy in addiction.

The availability of advanced functional and molecular neuroimaging techniques, some
of which have been described in this thesis allows us to directly test the hypotheses
that psychedelics may re-broaden hijacked reward and salience system processing in
addiction.
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This could be explored with fMRI:
a) Under the acute influence of psychedelics to see the immediate
neuropsychopharmacological effects on domains related to reward processing, cue-

reactivity, and its relevance to craving and/or anxiety.

b) In a pre- vs. post-psychedelic therapy within-subject design to assess the sub-acute
and longer-term changes in brain function in response to fMRI tasks exploring
cognitive flexibility, impulsivity, and inhibitory control and its relation to psychological
and behavioural scales and clinical outcomes associated with addiction such as
cognitive function and relapse.

| further recommend reward, social and music processing and cue-reactivity to be
incorporated into this type of study design to see the longer-term impacts psychedelics
have in these central domains linked to addiction.

To assess the effects of psychedelic therapy on molecular dysfunction | could explore:

a) Imaging of dopamine, opioid and GABA receptor availability pre — vs. post
psychedelic therapy in addiction populations to assess changes in neuroreceptor
availability and its association with clinical outcome and facets of impulsivity (selection
of neuroreceptor to investigate must be dependent on evidence for dysfunction in the
specific disorder which has been described)

b) Multimodal FMRI-PET imaging to assess changes in dopaminergic modulation in
relation to monetary reward tasks in addiction populations pre- vs. post-psychedelic
therapy. This would be the first ‘molecular-functional-clinical’ mechanistic pathway for
its role in addiction. These results would allow for the identification of molecular and
functional stratification and prognostic biomarkers and would greatly advance the field
of psychedelic addiction drug development. Such multimodal imaging platforms are
advised in all fields of psychiatric and neurological drug development and represent
the most advanced area of experimental translational neuroscience research

c) PET neurotransmitter release studies of novel dopamine, opioids and serotonin
radiotracers to assess the changes in neurotransmitter tone following psychedelic
therapy. There is evidence that dysregulation in neurotransmitter tone may be a more
pleiotropic biomarker of addiction due to its presence in addiction populations in the
absence on neuroreceptor abnormalities. Selection of radiotracer should be
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dependent on the addiction sub-population being investigated and based on previous
evidence of dysregulation in the specific system.

Techniques examining neuroreceptor differences in addiction have pinpointed specific
biomarkers for different addiction sub-classes, such as dopamine receptors in alcohol
and stimulant disorders, opioid receptors in cocaine and opioid dependence, and
GABAA in various addictions compared to controls. New radiotracers enhance the
specificity of identifying receptor subclasses, aiding drug development through PET
imaging and highlighting its potential in psychedelic drug research. While preclinical
studies indicate psilocybin's potential in altering molecular receptors and influencing
alcohol-related and other addiction like behaviors in animals , human research on its
impact remains unexplored. Further, recent research as previously discussed
indicates that reduced striatal dopamine/endorphin transmission may signify
heightened impulsivity and altered decision-making linked to addiction. This
diminished dopamine/endorphin function appears to be a marker for addiction
susceptibility, treatment resistance, and increased drug consumption due to impulsive
behavior and decreased motivation. If psychedelic therapy is effective in treating
addiction, they should enhance such neurotransmitter levels, thereby improving brain
function and normalising neurotransmitter imbalances. Thus based on these
remaining questions the potential therapeutic efficacy of psilocybin in addressing

addiction's molecular dysfunctions requires further investigation in human studies.

These findings would help us to identify for the first time the brain mechanisms
mediating the relationship between psychedelic therapy and clinical, behavioural and
neurocognitive outcomes and how they relate to relapse vulnerability in individuals

with addiction
Conclusion

In this doctoral thesis, my work encompasses a series of studies aimed at the
validation and exploration of biomarkers related to substance use and behavioural
addictions. Leveraging advanced human neuroimaging methodologies, including task-
based fMRI, | have explored the brain's reward mechanisms and its response to
psychopharmacological interventions. Complimentary to this approach, my research
delves into the the molecular neurobiology of addiction, employing PET neuroimaging
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techniques to critically examine the role of dopamine receptors in addiction
neuropathology, as well as the impact of modulating these receptors on brain function.

A noteworthy contribution of my work is the unveiling of a fundamental insight:
dopamine receptor availability does not serve as a universally applicable biomarker of
addiction. My investigations underscore that the availability of DRD2;3 receptors is
subject to a multitude of external factors extending beyond the diagnosis of addiction.
This revelation challenges the conventional paradigm of the dopamine receptor theory
of addiction, suggesting that it may be an antiquated construct.

Furthermore, my research also included the development, validation and assessment
of a functionally relevant, ecologically valid biomarker for gambling addiction. This
marker is intended for deployment in future multimodal neuroimaging studies designed
to evaluate the clinical and neural effects of psychedelic therapy in the context of
addiction treatment.

The culmination of my research underscores a pivotal realisation: unimodal
neuroimaging modalities may be insufficient in their capacity to unravel the complex
nature of neuropsychiatric disorders, including addiction. My PhD coincided with a
propitious moment in the field of addiction neuroscience, where progress has enabled
the formulation of multimodal neuroimaging that bridge the domains of molecular and
clinical neuroscience. The convergence of these diverse methodologies, in tandem
with the emergence of promising therapeutic modalities such as psychedelic
therapies—known for their safety and efficacy in addiction patients—holds the
potential to chart a more promising course for the development of enhanced and more
efficacious treatment approaches through translational neuropsychopharmacology
approaches.

Throughout the past four years of my doctoral pursuit, my unwavering commitment
has been to render my research output clinically relevant, with the objective of
contributing to the amelioration of patients' health and well-being. | hold a sanguine
outlook that the skills, techniques and methodologies that have been acquired and
honed during these formative years will contribute to developing interventions. It is my
deeply held scientific belief that we continue to ask ‘why?’ even when we have
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answers. It is through such enquiry that tangible benefits for individuals grappling with
addiction and other complex neuropsychiatric disorders will be realised.
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Copyright figure details (Figure 1)
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