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ABSTRACT OF THE DISSERTATION

The Dopamine D,-like receptor:
At the nexus between self-control and addiction
By
Stephanie Mary Groman
Doctor of Philosophy in Psychology
University of California, Los Angeles, 2013

Professor James David Jentsch, Committee Chair

Addictions are multi-dimensional disorders, consisting of several behavioral, affective and
cognitive dysfunctions that contribute to the compulsive and persistent drug-seeking and taking that is
common to them. Cognitive control, which includes the ability to flexibly and adaptively inhibit
undesirable actions (including drug-seeking), is a particularly relevant dimension of addiction, with
deficits in cognitive control occurring in response to experience with drugs of abuse, as well as
predicting the susceptibility for future drug-taking behaviors. The bi-directional relationship between
cognitive control and substance dependence raises the possibility that these processes are governed by
a common neural circuitry and emerging evidence indicates that the dopamine D,-like receptor system

may be the point of convergence of these phenomena.

To determine the influence of the dopamine D,-like receptor system on cognitive control
processes within the context of addictions, neuroimaging, behavioral and biochemical techniques were
used to interrogate how naturally occurring and drug-induced variation in D,-like receptor system may
alter cognitive-control processes. Individual differences in D,-like receptor availability, assessed with

positron emission tomography, was positively related to adaptive responding following the reversal of



stimulus-reward contingencies and to the sensitivity of individuals to positive feedback. Exposure to an
escalating dose regimen of methamphetamine reduced D,-like receptor availability, and the degree of
D,-like receptor dysfunction was correlated with the change in positive-feedback sensitivity. Cross-
dimensional measurement of the D,-like receptor systems using in vivo and in vitro techniques provided
evidence that deviations in D,-like receptor availability reflected actions on functionally and behaviorally
relevant pools of D,-like receptors. Finally, evidence supporting the utility of spontaneous eye blink rate

as a non-invasive measure of D,-like receptors was obtained from studies of rodents.

These studies provide converging support, at multiple levels of analyses, that the D,-like
receptor is a common molecular determinant of addiction and cognitive control, providing a mechanistic

explanation for the bi-directional relationship between these processes.
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CHAPTER 1

Background and Significance

Mental disorders are multi-dimensional syndromes, characterized by a collection of symptoms
that often span conceptually unrelated behavioral and cognitive domains. Though classification of these
symptoms is typically categorical, with the symptom being “present” or “absent” in an individual, and
the symptoms “summing” to reach a syndromal category, a dimensional analysis of symptomatology
may provide advantages in understanding the biological basis of mental disorders.

Symptom dimensionality may be a fundamental link for understanding inter-individual
differences in response to treatment. Specifically, variation in symptom cluster and severity may explain
why one intervention is highly beneficial for some individuals but with little to no therapeutic effect for
others. There is often a lack of correlation between treatment strategies and psychosocial outcomes in
individuals diagnosed with a variety of psychiatric disorders, such as schizophrenia, depression or
addiction.

The development of effective and targeted treatments relies on advancements in basic research
directed at elucidating the neurochemical abnormalities that underlie these disorders in order to
develop or identify effective novel pharmacological agents. However, the translational of basic science
results into effective pharmacotherapy has been fairly limited. This, too, may be a consequence of
dichotomizing these disorders and symptoms, obfuscating the biological variability that exists within a
disorder.

One potential strategy that has been proposed as a method to bridge the gap between basic
scientific results, pharmacological development and therapeutic strategies is to deconstruct disorder-
specific symptoms into simpler and more refined phenotypes. There are a numerous phenotypes that

could be used to study specific dimensions of mental disorders (sensory-gating, feedback sensitivity, etc)



and aberrant cognitive control processes have been consistently proposed as core features of several
psychiatric disorders.

The aim of the studies included in this dissertation is to provide evidence for the biological bases
of cognitive control processes in the context of addictions. However, cognitive control represents an
important dimension of many mental disorders and although the use of cognitive control to better
understand addictions is the governing topic of this thesis, the same principles can be extended to other
mental disorders including, but not limited to, anxiety, depression, and schizophrenia. In fact, deviations
in cognitive control processes have been detected in individuals diagnosed with mood disorders,
suggesting that cognitive control may be one important dimension of these disorders. Thus,
investigating dimensions of disorders can further our neural understanding of psychopathologies and

assist in developing scientifically-based, individualized-treatment strategies.

Phenotypic Overlap Between Addictions, Impulsivity and Cognitive Control

Substance dependence is defined as the compulsive, inflexible seeking and taking of drugs,
despite the negative consequences associated with those behaviors. This concept likely extends to so-
called “process addictions”, as there is evidence that similar forms of compulsive behaviors can develop
in response to non-drug reinforcers, including food (Volkow et al., 2008a) and sex (Garcia and Thibaut,
2010). Irrespective of the goal that drives the addiction, the behavioral sequela of addictions are similar,
suggesting that a common set of biological substrates contributes to this set of psychiatric phenotypes.

Key to our concepts of drug abuse and dependence are impulsive and compulsive patterns of
drug seeking. For example, persistent use of a substance despite knowledge of the long-term,
detrimental consequences may mirror the myopic characteristics of impulsivity (wherein immediate
gratification outweighs delayed negative consequences). Further, reduced ability to voluntarily cease

drug use can be viewed as a failure in the ability to exert inhibitory control over compulsive behaviors.



Indeed, several lines of evidence have implicated dimensions of impulsivity and cognitive control as core
features of addictions (Jentsch and Taylor, 1999; Dawe and Loxton, 2004).

Impulsivity is a construct that describes a set of behaviors, including difficulty resisting urges,
hasty or risk-prone decision-making and reduced sensitivity to delayed outcomes , which, in extreme
forms, have the potential to be maladaptive (Winstanley et al., 2006). Many studies implicated aspects
of impulsivity in addictions (Bickel et al., 1999; Alessi and Petry, 2003; Coffey et al., 2003; Monterosso et
al., 2007; Weller et al., 2008). Specifically, higher levels of trait impulsiveness are observed in substance-
dependent indviduals (Madden et al., 1997; Mitchell, 1999; Coffey et al., 2003; Beck et al., 2009; Lee et
al., 2009) or those who exhibit other types of addictions (Nasser et al., 2004; Fuentes et al., 2006).

Chronic exposure to drugs of abuse produces an enhancement in impulsive-like responding in
animals (Richards et al., 1999; Dallery and Locey, 2005; Roesch et al., 2007), but high trait impulsivity
also has been proposed as a risk factor for the development of substance dependence (Verdejo-Garcia
et al., 2008; Esposito-Smythers et al., 2009; Ersche et al., 2010). Variability in impulsive-like behaviors in
rodents can predict future self-administration of drugs (Perry et al., 2005; Dalley et al., 2007; Perry et al.,
2008; Anker et al., 2009) and is associated with a punishment-resistant, drug-taking phenotype (Belin et
al., 2008). Therefore, high impulsivity may be a consequence of substance use, as well as an indicator of
susceptibility for developing substance dependence.

Individual differences in impulsive temperament are likely related to variation in cognitive
control, which is defined as the ability to exert volitional control over one’s thoughts, feelings and
actions (Miller and Cohen, 2001). It is itself a multi-dimensional construct, involving several
psychological processes and neural systems. Because cognitive control involves the utilization of
representations of goals and/or abstract rules to guide behavior, it necessarily involves several higher-
order processes, such as working memory, cognitive flexibility, response inhibition and goal-directed

attention. Relatively poor function in any of these domains can contribute to inflexibility of behaviors



and/or mental states and consequently may underlie dimensions of a number of psychiatric disorders,
including (but not limited to) addictions (Kubler et al., 2005; Fillmore and Rush, 2006; Ersche et al., 2008;
Indlekofer et al., 2009; Kalechstein et al., 2010). Indeed, there is growing evidence that impulsivity and
cognitive control are directly related (Groman et al., 2007; James et al., 2007; Romer et al., 2009),
suggesting that impulsivity may represent a higher-order phenotypic consequence of extreme deficits in
multiple dimensions of cognitive control.

As predicted, cognitive control deficits have been observed in individuals dependent upon a
variety of substances (Kubler et al., 2005; Fillmore and Rush, 2006; Ersche et al., 2008; Indlekofer et al.,
2009; Kalechstein et al., 2010), as well as in animals chronically exposed to drugs of abuse (Jentsch et al.,
2002; Crean et al., 2010; Porter et al., 2011), indicating that the materialization of these deficits may, in
part, be due to chronic drug use/exposure. However, deficits in cognitive control processes that precede
drug use may themselves influence the development of dependence. Children who are at high risk for
the development of substance abuse, based upon familial patterns of alcoholism (Deckel and
Hesselbrock, 1996), have purported cognitive control impairments prior to any drug use (Giancola et al.,
1996b; Aytaclar et al., 1999). Further, variation in cognitive control processes correlates with behavioral
indicators of substance abuse problems, such as severity of drug use and quantity of drug
experimentation (Aytaclar et al., 1999), and preclinical predictors of drug reinforcement (Dellu-
Hagedorn, 2005).

Although cognitive control deficits are not part of the current diagnostic criteria for addictions
or other psychiatric disorder, they have been proposed to be defining characteristics of addictions and
to be both an indicator of susceptibility to the condition and a potential behavioral target for the
treatment of substance dependence (Jentsch and Taylor, 1999; Klingberg et al., 2002; Groman et al.,
2009). Indeed, pharmacological treatments that enhance cognitive control have also been reported to

reduce symptoms in individuals affected by addictions (Dackis et al., 2005; Anderson et al., 2009;



Shearer et al., 2009), and performance on tasks of cognitive control is correlated with predictors of
sobriety (Moeller et al., 2001; Bowden-Jones et al., 2005; Aharonovich et al., 2006), suggesting that
impulsivity and cognitive control are important dimensions that directly influence the ability of
individuals to cease substance use (Jentsch and Taylor, 1999).

The high degree of overlap between cognitive control, impulsivity and behavior addictions
suggest that these processes are governed by similar, overlapping mechanisms. Indeed, there is
substantial evidence that the dopaminergic system within the corticostriatal circuit is a point of

convergence for these behavioral and cognitive processes.

The Corticostriatal Circuit As A Common Neural Pathway

Anatomical and biochemical studies examining the anatomical basis of cognitive control,
impulsivity and behavioral addictions have, independently and convergently, have identified the brain
nuclei within the corticostriatal circuit as critical brain regions of these phenotypes. The corticostriatal
circuit is composed of a series of segregated loops between cortical, striatal and midbrain structures
that are topographically organized: limbic and associative information arising from the prefrontal cortex
innervates the medial portion of the striatum, whereas sensory and motor information from the
premotor and motor cortex innervate the lateral portion of the dorsal striatum (Haber, 2003). The
topographical organization is retained in the striatal projections to the pallidum and substantia nigra,
which finally relay back to the cortex, via the thalamus (Redgrave et al., 2010). Because of these parallel,
looping projections, neural signals embedded in this circuit are susceptible to modulation at any of these
points and alterations, biochemically and anatomically, in any of these brain regions influence the

circuit, and therefore the signal, as a whole.



Anatomical, biochemical and functional alterations within the corticostriatal circuitry have been
implicated in both substance and process addictions. Specifically, prefrontal gray-matter volume and
density are lower in substance dependent individuals (Liu et al., 1998; Fein et al., 2002; Franklin et al.,
2002; Thompson et al., 2004; Jang et al., 2007; Liu et al., 2009; Tanabe et al., 2009; Schwartz et al., 2010;
Yuan et al., 2010) and morbidly-obese individuals (Raji et al., 2010; Maayan et al., 2011), compared to
that of healthy comparison subjects. Functional and metabolic studies have also reported reduced
connectivity between prefrontal and subcortical structures (Lim et al., 2002; Chung et al., 2007), and
altered glucose metabolism in prefrontal (Volkow et al., 1993; London et al., 2004; Kim et al., 2005; Kim
et al., 2009) and striatal regions (London et al., 2004; Sevy et al., 2008), in substance dependent
individuals. Similar abnormalities in morphology and glucose metabolism have been reported in animals
exposed to drugs (Hammer et al., 1993; Robinson and Kolb, 1997; Robinson et al., 2001; Porrino et al.,
2004; Crombag et al., 2005), implicating drug use as the mechanism by which the neural alterations
observed in substance-dependent individuals manifest.

Although no studies to date have directly examined whether variation in corticostriatal integrity
is predictive of future addictions, reduced gray matter in cortical and sub-cortical brain nuclei is present
in alcohol-naive adolescents at high risk for substance dependence (Benegal et al., 2007). Additionally,
animal studies have provided evidence that experimentally-induced damage to the prefrontal cortex,
prior to drug exposure, enhances the acquisition and performance of drug self-administration
(Weissenborn et al., 1997). Therefore, pre-existing variation in corticostriatal integrity may directly
influence drug reinforcement, which may eventually develop into substance dependence.

Similarly, brain regions within the corticostriatal circuit have been implicated in impulsivity and
impulsive-like behaviors: individuals with damage to the ventral and orbital frontal regions consistently
report higher levels of impulsivity (Bechara et al., 2000; Berlin et al., 2004), with analogous results being

observed in animals with lesions to the prefrontal cortex (Chudasama et al., 2003) and striatal regions



(Cardinal et al., 2001; Rogers et al., 2001). Furthermore, relatively small deviations in corticostriatal
integrity have been reported to be associated with impulsivity. Specifically, gray-matter density within
the prefrontal cortex and ventral striatum is correlated with self-reported levels of impulsivity (Carmona
et al., 2009; Matsuo et al., 2009) and delay discounting functions (Bjork et al., 2009) in otherwise healthy
individuals, implicating disruptions in the corticostriatal circuit as an anatomical determinant of
impulsivity.

The prefrontal cortex has been well established as being essential for several dimensions of
cognitive control, as damage to this region is associated with impairments in response inhibition
(Ilversen and Mishkin, 1970; Aron et al., 2003; Szatkowska et al., 2007; Swick et al., 2008), working
memory (Funahashi et al., 1993; Manes et al., 2002; du Boisgueheneuc et al., 2006), attention (Godefroy
and Rousseaux, 1996) and behavioral/cognitive flexibility (Dias et al., 1996a; Dias and Aggleton, 2000;
Hornak et al., 2004; Rygula et al., 2010). However, similar deficits have been reported in animals
following lesions to the striatum (Floresco et al., 1997; Rogers et al., 2001; Clarke et al., 2008; Castane et
al., 2010), indicating that these processes depend upon the coordinated activity of a linked
corticostriatal network. Indeed, functional imaging studies have reported activation of several
corticostriatal-brain nuclei during tasks of working memory (Levy et al., 1997) and behavioral flexibility
(Xue et al., 2008; Ghahremani et al., 2010) providing evidence that these processes rely upon a large
network of regions in the corticostriatal circuit.

Deficits in cognitive control processes are not unique to addictions. Individuals diagnosed with
mood disorders, such as depression, bipolar disorder or anxiety, have deficits in several domains of
cognitive control (Taylor Tavares et al., 2008; McKirdy et al., 2009; Dickstein et al., 2010; Maalouf et al.,
2010) and abnormalities in corticostriatal-related nuclei (Ballmaier et al., 2004; van Tol et al., 2010;
Chang et al., 2011; Foland-Ross et al., 2011; Houenou et al., 2011). Therefore, abnormalities in structure

and/or function of the corticostriatal circuit may be the mechanism by which phenotypic variation in



cognitive processes, such as response inhibition or behavioral flexibility, arise in a number of psychiatric

disorders.

Dopamine as the Common Neural Substrate

Brain nuclei of the corticostriatal circuit receive dopaminergic innervation from midbrain
dopamine (DA) neurons. Specifically, the prefrontal cortex receives direct dopaminergic projections
from mesencephalic dopaminergic neurons and projects back to DA and GABAergic interneurons within
the midbrain (Carr and Sesack, 2000). In addition to this direct feedback pathway, the prefrontal cortex
also sends excitatory projections to the striatum, enabling direct control over midbrain-mediated DA
release in the ventral and dorsal striatum (Karreman and Moghaddam, 1996). Depletion of DA content
in the prefrontal cortex increases extracellular DA levels in the basal ganglia (Pycock et al., 1980; Martin-
Iverson et al., 1986; Deutch et al., 1990; Carlson et al., 1996) and DA release in response to reinforcing
stimuli (Mitchell and Gratton, 1992), demonstrating the involvement of prefrontal DA in modulating
baseline and stimulus-elicited striatal DA efflux. These neural systems are thought to contribute to top-
down control of the prefrontal cortex over subcortical DA projections, and dysfunction within any one of
these brain regions alters dopaminergic tone in the nuclei that comprise the corticostriatal circuit
(Roberts et al., 1994; Karreman and Moghaddam, 1996). Because of the relationships between
corticostriatal-related nuclei and cognitive control, impulsivity, and behavioral addictions, dopaminergic
dysfunction within this circuitry is believed to underlie these phenotypes.

Despite the diverse pharmacological targets of stimuli with reinforcing and/or rewarding
properties, all increase extracellular dopamine levels within the ventral striatum (Di Chiara and
Imperato, 1988; Pfaus et al., 1995; Pontieri et al., 1995; Bassareo and Di Chiara, 1997). Therefore, DA is
believed to be involved in the incentive value and motivational properties of rewards (Berridge and

Robinson, 1998) and is implicated in the neural circuitry of disorders involving abnormal reward-seeking



and -taking. While acute administration of drugs with abuse liability increases striatal DA tone, lower
levels of dopamine have been found in post-mortem brain tissue of cocaine- and heroin-dependent
individuals (Wilson et al., 1992; Kish et al., 2001; Little et al., 2009), as well as in animals chronically
exposed to drugs (Segal and Kuczenski, 1992b, a; Maisonneuve et al., 1995; Sorg et al., 1997; Henry and
Howell, 2009; Lee et al., 2011a). Studies utilizing in vivo imaging techniques have found similar
dopaminergic alterations, specifically with lower levels of DA, rates of DA synthesis and drug-induced DA
release being observed in cocaine- (Volkow et al., 1997; Martinez et al., 2007; Martinez et al., 2009) and
alcohol-dependent individuals (Heinz et al., 2005; Volkow et al., 2007a).

Although a hypodopaminergic striatal system may be a consequence of chronic drug use
(Melega et al., 2008; Lee et al., 2011a), low DA tone predating drug use may directly influence drug
taking and the progression of dependence. ADHD patients, who are at a substantially greater risk for
developing substance dependence (Biederman et al., 1995; Lee et al., 2011b), have lower drug-induced
striatal dopamine release (Rosa-Neto et al., 2005; Volkow et al., 2007b). These findings parallel earlier
work providing causal evidence for this relationship in high alcohol preferring rats (Gongwer et al., 1989;
George et al., 1995; Quintanilla et al., 2007). Therefore, low DA signaling may drive individuals to seek
out and obtain rewards that increase DA levels as a way to compensate for their pre-existing hypo-
dopaminergic state.

Several recent studies have demonstrated that variation in the DA system underlies impulsivity,
such that individuals who report greater levels of impulsiveness have greater amphetamine-induced DA
release in the ventral striatum (Buckholtz et al., 2010b). Further, administration of the dopamine
precursor L-3,4-dihydroxyphenylalanine (L-DOPA), can induce impulsive responding in healthy subjects
(Pine et al., 2010) and in Parkinson’s disease patients (Cools et al., 2003). Preclinical evidence indicates
that impulsivity may be, in part, be mediated by dopamine’s actions in the striatum: amphetamine-

induced increases in impulsive-like responding are attenuated following focal DA depletion within



ventral and dorsal striatal regions (Cole and Robbins, 1989; Baunez and Robbins, 1999). Thus, the
enhanced DA release in the striatum in high-impulsive individuals may be a neurochemical consequence
of prefrontally-mediated dysfunction of control over DA release within the striatum.

The DA system has been broadly implicated in modulating cognitive control processes. Targeted
DA depletion of the prefrontal cortex and striatum impair performance in several tasks of cognitive
control (Brozoski et al., 1979; Roberts et al., 1994; Collins et al., 2000; Crofts et al., 2001; O'Neill and
Brown, 2007; Clarke et al., 2011), and variation in striatal dopamine synthesis is correlated with
performance on tasks of working memory and behavioral flexibility (Vernaleken et al., 2007; Cools et al.,
2008; Cools et al.; Landau et al., 2009). Although several linear, monotonic relationships between DA
and cognitive control have been reported, greater DA tone in prefrontal and striatal regions can also
produce cognitive control deficits similar to those associated with low DA tone (Arnsten et al., 1994;
Murphy et al., 1996; Cai and Arnsten, 1997), indicating that the relationship between DA levels and
cognitive control may be non-linear (Arnsten et al., 1994; Cai and Arnsten, 1997; Cools et al., 2009).
Therefore, deviations in dopaminergic tone within the corticostriatal circuitry may explain individual
variation in cognitive control processes amongst both clinical and non-clinical populations (Cools et al.,
2008).

Although a hypodopaminergic state may drive individuals to seek out and/or obtain rewards
that neurochemically elevate DA levels, cognitive control may directly modulate this relationship. Rigid
or inflexible behaviors present prior to drug use may influence the developmental time course of
addictions, predisposing individuals to develop habitual, compulsive behaviors at a rate much faster
than those individuals with normal or high cognitive control function. This may be due, specifically, to
dopamine’s influence on both of these processes, whereby low dopaminergic tone results in an
enhanced drive to obtain rewards as well as impairing the ability to exert egocentric control over the

very same behaviors that are reinforced by the persistent use of rewards.

10



The DA D,/D; Receptor System as a Common Biochemical Mechanism

The functional effects of DA are mediated by two classes of metabotropic receptors known as
the D;-like and D,-like families. D;-like receptors, comprised of the D; and Ds receptor subtypes, are G,
coupled and, when activated, increase adenylate cyclase levels. D,-like receptors, comprised of the D,,
D; and D, receptor subtypes, are G; coupled and when stimulated, formation of adenylate cyclase is
either decreased or is unaltered (lversen et al., 2008). Both D;-like and D,-like receptors are expressed
on post-synaptic terminals in brain nuclei that receive dopaminergic input; however, D,/; receptors are
also found pre-synaptically where they act as autoreceptors, regulating both DA release and synthesis.
Because D,-like receptors convey the DA signal post-synaptically as well as regulating overall
dopaminergic tone, alterations to this receptor can have both profound, as well as variable, effects on
the signaling profile of DA. Therefore, the D,-like receptor is of particular interest in disorders, such as
but not limited to addictions, that are believed to be a result of dopaminergic dysfunction.

D,-like receptor availability has been consistently reported as being lower in individuals
dependent on a variety of substances, such as cocaine (Volkow et al., 1993), methamphetamine (Volkow
et al., 2001b; Lee et al., 2009), nicotine (Fehr et al., 2008), opiates (Zijlstra et al., 2008), and alcohol
(Tupala et al., 2001; Tupala et al.; Martinez et al., 2005), as well as in morbidly-obese individuals
(Volkow et al., 2008b). The alterations in D,-like receptor levels appear, in part, to be mediated by
chronic exposure to rewards, as similar reductions in D,-like receptor levels have been reported in
animals following chronic exposure to cocaine (Nader et al., 2006), alcohol (Thanos et al.; Thanos et al.,
2004) and high caloric food (Johnson and Kenny, 2010).

However, animals with pre-existing low levels of the D,-like receptor self-administer cocaine at
greater rates than those with higher D,-like receptors (Nader et al., 2006; Dalley et al., 2007), and viral
vector-mediated knock down of D, receptors has produced compulsive eating in mice (Johnson and

Kenny, 2010). Based upon this evidence, low levels of the D,-like receptor have been proposed to be a
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consequence as well as a risk factor for substance use, and pharmacological manipulations that increase
D,-like receptor function have been proposed as a possible treatment for substance dependence.
Indeed, there is evidence that increasing levels of D,-like receptors attenuates alcohol consumption
(Thanos et al., 2004) and cocaine self-administration (Thanos et al., 2008) and that above-normal levels
of the D,-like receptor may act as neuroprotective factor for individuals with familial alcoholism (Volkow
et al., 2006).

Recent evidence has highlighted the involvement of the D,-like receptor system in impulsivity
and impulsive-like behaviors. D,-like receptor availability in the striatum (Lee et al., 2009) and midbrain
(Buckholtz et al., 2010b) negatively correlate with self-report levels of impulsiveness. Genetic studies
examining the DRD2 gene have found that individuals that carry the TaqlA allele, a variant associated
with reduced striatal D,-like receptor availability (Thompson et al., 1997), report higher levels of
impulsivity (Colzato et al., 2010) and exhibit steeper discounting of delayed rewards (Eisenberg et al.,
2007).

The DA D,-like receptor system is involved in several cognitive processes, most notably
behavioral and/or cognitive flexibility (Floresco et al., 2006; Lee et al., 2007; Boulougouris et al., 2009;
Groman et al., 2011; Laughlin et al., 2011) and working memory (Luciana et al., 1992; Mehta et al., 2004;
Bertolino et al., 2009). Pharmacological blockade of D,-like receptors impairs reversal-learning
performance (Lee et al., 2007; Herold, 2010) and working memory (Mehta et al., 2004), with similar
results being found in mice lacking the D, receptor gene (Glickstein et al., 2005; De Steno and Schmauss,
2009) and carriers of the DRD2 Tag|lA allele (Jocham et al., 2009). Although the mechanism by which the
D,-like receptor system modulates cognitive control processes is unknown, striatal D,-like receptor
availability is positively correlated with glucose metabolism in prefrontal regions (Volkow et al., 1997).
Therefore, improving DA D,-mediated transmission may directly modulate prefrontal dependent

activity, improving aspects of cognitive control.
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A recent study has provided evidence that ties these behavioral and biochemical processes
together, demonstrating that administration of a D,-like receptor agonist improves reversal-learning
deficits in stimulant dependent individuals (Ersche et al., In press). Therefore, the cognitive control
impairments present in individuals with an addiction may be a behavioral manifestation of abnormal D,-
mediated dopamine transmission.

D,-like Receptor Dysfunction: A Common Substrate for Cognitive Control, Impulsivity and
Substance Dependence

Dysfunction of the D,-like receptor system represents a common biochemical mechanism
underlying cognitive control, impulsivity and addictions. Based upon the presented evidence, we
propose that reductions in D,-like receptor function contribute to the development of addictions
through two primary mechanisms that are inter-related (see Figure 1).

First, low D,-like receptor function prior to drug use results in aberrant positive feedback
processing (Groman et al., 2011), resulting in inflexible, habitual behaviors. Impairments in the ability of
individuals to exert control over their behaviors manifests as heightened levels of impulsivity that
promote compulsive consumption of rewards (Dalley et al., 2007; Belin et al., 2008), and eventually, as
reward use continues, can lead to the development of dependence. Second, chronic intake of rewards
can reduce D,-like receptor function (Nader et al., 2006; Johnson and Kenny, 2010) resulting in aberrant
positive feedback integration which promotes the rapid development of habitual behaviors and
heightened levels of impulsivity that enhances substance use and, eventually, the development of

dependence.
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Although convergent lines of evidence, stemming from a variety of techniques used in human
and animal subjects, support this hypothesis, several questions remain unaddressed. First, although
pharmacological evidence indicates a selective role of D,-like receptors in cognitive control, it is
unknown whether individual differences in D,-like receptor availability, due to genetic or environmental
factors, relate directly to cognitive control. Additionally, the decrements in cognitive control function
and D,-like receptor availability detected in animals chronically exposed to drugs have not been
concurrently measured within the same subjects, limiting the ability to draw causal inferences between
changes in D,-like receptor availability and cognitive control. Finally, the biological relevance of D,-like
receptor dysfunction detected in substance dependent individuals remains unaddressed, given the
possibility that they may reflect changes in receptor populations that have no functional impact on the
behaviors underlying substance dependence, rendering them irrelevant targets for the treatment of

addiction. Therefore, studies integrating multiple techniques that span diverse levels of analyses to
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address these limitations can provide the necessary evidence that the D,-like receptor systems is at

nexus between self control and addiction.
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Overview of Current Project

The aim of this dissertation is to elucidate the associations between the biochemical and
behavioral disruptions that have been observed in substance dependent individuals. Specifically, it
examines the hypothesis that pre-existing and drug-induced dysfunction of the D,-like receptor system
is the molecular determinant by which cognitive control deficits manifest in substance-dependent
individuals. By combining neuroimaging assessments of D,-like receptors with behavioral measures of
cognitive control before and after exposure to methamphetamine, the first two aims of this dissertation
will provide insight into the behavioral relevance of D,-like receptor dysfunction before and after drug
exposure. The third aim will provide the framework needed for the interpretation of neuroimaging
results of D,-like receptors, utilizing PET to assess dopamine receptor availability, behavior,
pharmacology, and biochemical techniques to determine how the functional state of D,-like receptors
co-varies with neuroimaging measurements. Finally, the last aim is directed at providing evidence for

the utility of spontaneous eye blink rate as proxy of D,-like receptor function in rodents.

Aim 1: Linking D,-like receptor availability with inhibitory control in a healthy population of monkeys

Previous studies, using pharmacology, have indicated that the D,-like receptor system is
selective involved in the ability of subjects to reverse a stimulus-reward association; however, it remains
to be known whether naturally occurring differences in D,-like receptor availability, most likely under
genetic control, co-vary selectively with inhibitory control. To address this, positron emission
tomography (PET) will be used to measure individual differences in D,-like receptor availability which
will be related to the behavioral performance of monkeys trained to acquire, retain and reverse novel,

visual discrimination problems. The results of this study will allow us to determine how naturally
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occurring variation in D,-like receptor availability within distinct brain nuclei co-varies with a range of
behavioral processes.
Aim 2: Investigating the effects of methamphetamine exposure on the D,-like receptor and inhibitory
control

Although previous studies, in animals, have demonstrated that chronic-cocaine exposure
reduces D,-like receptor availability in a manner similar to those detected in cocaine-dependent
individuals, there is little evidence supporting this causal mechanism for the low D,-like receptor
availability observed in methamphetamine-dependent individuals and whether these changes in D,-like
receptors have a functional impact on measures of cognitive control. The second aim will attempt to
provide a mechanistic link between drug-induced D,-like receptor alterations and inhibitory control
impairments by measuring cognitive control processes and D,-like receptor availability before and after
monkeys are exposed to a dosing regimen of methamphetamine that is similar to human patterns of
methamphetamine intake. This study will allow us to determine if methamphetamine-induced changes
in D,-like receptor track with changes in cognitive control, providing a mechanistic link between the
biochemical and behavioral impairments observed in substance-dependent populations.
Aim 3: Determine the functional and behavioral relevance of variation in D,-like receptor availability

The results of the previous studies (Aim 1 and Aim 2) indicate that variation in D,-like receptor
availability is associated with cognitive control. However, in vivo neuroimaging techniques, such as PET,
do not resolve whether these changes reflect changes in the density of these receptors, as availability
measurements assessed with neuroimaging can be influenced by multiple changes in receptor state and
function. To determine the precise manner in which differences in D,-like receptor availability emerge,
this study combines neuroimaging, pharmacology, biochemistry and behavioral techniques within the
same subjects to ascertain the functionality of receptors and density of striatal D,-like receptors. These

results will provide a framework for interpreting PET measurements of D,-like receptors.
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Aim 4: Cross-species evidence for the utility of eye blink rate as a proxy of D,-like receptor function

The results gathered in Aim 3 indicated that spontaneous eye blink rate may serve as a proxy of
D,-like receptor density and function. However, the translational applicability of this relationship in
other species is unknown and additional studies using causal manipulations are needed to support our
previous finding. To do such, eye blink rate was measured in rodents before and after exposure to a 30
d regimen of haloperidol (or vehicle), which has been previously shown to increase striatal D,-like
receptor density robustly. The results of this study will provide further support that spontaneous eye
blink rate may serve as a proxy of D,-like receptors, providing a non-invasive technique capable of

addressing scientific questions that cannot be done with the currently available techniques.
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Chapter 2

Dorsal Striatal D,-Like Receptor Availability Co-varies with Sensitivity to Positive
Reinforcement during Discrimination Learning

Summary
Deviations in reward sensitivity and behavioral flexibility, particularly in the ability to change or stop

behaviors in response to changing environmental contingencies, are important phenotypic dimensions
of several neuropsychiatric disorders. Neuroimaging evidence suggests that variation in dopamine
signaling through dopamine D,-like receptors may influence these phenotypes and associated
psychiatric conditions, but the specific neurocognitive mechanisms through which this influence is
exerted are unknown. To address this question, we examined the relationship between behavioral
sensitivity to reinforcement during discrimination learning and D,-like receptor availability in vervet
monkeys. Monkeys were assessed for their ability to acquire, retain and reverse three-choice, visual-
discrimination problems, and once behavioral performance had stabilized, they were subjected to
positron emission tomography (PET) scans. D,-like receptor availability in dorsal aspects of the striatum
was not related to individual differences in the ability to acquire or retain visual discriminations but did
relate to the number of trials required to reach criterion in the reversal phase of the task. D,-like
receptor availability was also strongly correlated with behavioral sensitivity to positive, but not negative,
feedback during learning. These results go beyond electrophysiological findings by demonstrating the
involvement of a striatal dopaminergic marker in feedback sensitivity and behavioral flexibility,
providing insight into the neural mechanisms that are affected in neuropsychiatric disorders that feature

these deficits.
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Introduction
Impaired ability to update behaviors and actions rapidly in response to changes in

environmental rules is exhibited by individuals with externalizing and impulsive-control disorders, and
this dysfunction may be related to deviations in behavioral sensitivity to reinforcement, to poor
inhibitory control, or to both (Jentsch and Taylor, 1999; Johansen et al., 2009). Because behavioral
inflexibility may represent heritable factors that index risk for ADHD and addictions (Jentsch and Taylor,
1999; Groman et al., 2009; Ersche et al., 2010), understanding the biological mechanisms that mediate

individual differences could illuminate the basis of these neuropsychiatric disorders.

Sensitivity to reinforcing feedback and behavioral flexibility can be studied objectively by
examining the ability to acquire and reverse discrimination problems. In these tasks, subjects select from
an array of stimuli, each being associated with availability or absence of positive reinforcement. Subjects
progressively learn to direct their behavior to the stimuli associated with desirable outcomes. After
achieving competency in the initial acquisition stage, the contingencies of the task are reversed,
requiring that the subjects adapt their behavior. Both initial discrimination acquisition and reversal
learning require sensitivity to reinforcement feedback, but the reversal-learning stage also involves a

change from an established response pattern.

The ability to update behavior in response to rule reversal has been associated with integrity of
the orbitofrontal cortex (McEnaney and Butter, 1969; Dias et al., 1996b) and dorsomedial striatum
(Clarke et al., 2008; Castane et al., 2010). This corticostriatal circuit is modulated by dopamine, which
may act subcortically (O'Neill and Brown, 2007; Cools et al., 2009). Pharmacological studies have shown
a specific involvement of the D,/D; (D