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Abstract

Dopaminergic therapy prescribed to address motor symptoms in Parkinson’s
disease (PD) is done at the expense of some cognition functions. It has been
hypothesized that whether a given function is improved or impaired by
medication depends on the baseline dopamine levels within underlying brain
regions. Areas most affected by PD and severely dopamine depleted are predicted
to benefit from dopaminergic therapy. Regions with less dopamine deficiency are
predicted to worsen from excessive dopamine stimulation. This theoretical
framework is known as the dopamine overdose hypothesis. The central aim of
this thesis was to critically test the straightforward predictions put forward by this
overdose account. First, I examined the effects of dopaminergic therapy on
stimulus-reward and reversal learning in groups of PD patients that differed in
severity of their disease and extent of dopamine deficiency. Learning impairments
were found in late-stage PD at baseline and in early-stage PD with dopaminergic
therapy, replicating previous findings. Predicted medication-related
improvements in late-stage PD were not found, however. Next, I tested the effects
of a dopamine challenge with L-dopa on reward learning in groups of healthy
volunteers differentially affected by age-related dopamine decline. I found age-
related baseline learning impairments in older compared to younger adults. L-
dopa worsened learning similarly in both age groups, however. Last, I explored
the effects of L-dopa on learning and associated brain activity in a sample of
healthy young volunteers who are presumed to have optimal endogenous
dopamine levels. Learning and associated brain activity was reduced following
L-dopa administration, but decision enactment was unaffected. Taken together,
these studies provide partial support for the dopamine overdose hypothesis but

suggest a less straightforward scenario than initially predicted.
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Lay Abstract

Parkinson’s disease is marked by the loss of brain cells that produce the
neurochemical dopamine, giving rise to motor symptoms such as tremor and
rigidity. Dopaminergic therapy is prescribed to address this dopamine deficiency
and improve motor function; however, this is done at the expense of some
cognitive functions. The dopamine overdose hypothesis predicts that functions of
brain regions with low dopamine levels will be improved by medication whereas
those with high dopamine levels will worsen. The central aim of this thesis was
to critically test this claim by comparing the effects of dopaminergic therapy on
cognitive function in groups of participants that differed in their degree of
dopamine deficiency. First, I tested how more severe dopamine depletion in late-
compared to early-stage Parkinson’s disease influenced the effects of medication
on reward-based learning. Next, I examined how normal age-related declines in
dopamine affected reward learning and responses to dopaminergic therapy in
healthy older versus younger adults. Last, I explored how learning, decision-
making, and associated brain activity were impacted by dopaminergic therapy
when administered in healthy young adults with optimal dopamine levels. Across
these three separate studies, I found only partial support for the dopamine
overdose hypothesis. The effects of dopaminergic therapy on cognition are far
more complex and less straightforward than initially predicted by this theoretical
framework. Understanding these nuances will help clinicians guide treatment
strategies in Parkinson’s disease towards improving patient care and quality of

life.
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General Introduction



CHAPTER 1. GENERAL INTRODUCTION

1.1 Overview

The central aim of this dissertation is to investigate the effects of dopaminergic
therapy on cognition. I present a series of experiments designed to critically test
the dopamine overdose hypothesis, an explanatory framework for understanding
the effects of Parkinson’s disease (PD) and dopamine replacement therapy on
brain function. This longstanding account proposes that the effects of
dopaminergic therapy on functions mediated by a given brain region depend on
the baseline dopamine levels within the region. Whereas medication is predicted
to improve those functions ascribed to areas most depleted of dopamine, those
mediated by relatively dopamine-replete areas are expected to worsen. Evidence
for such a baseline dependency in determining the effect of exogenous dopamine
on functions is largely limited to behavioural studies in early-stage PD that use

repeated experimental designs within an invariable cohort.

Combining pharmacological manipulations and functional MRI in cohorts with
circumscribed dopamine deficiencies, I tested the role of baseline endogenous
dopamine levels in mediating the effects of dopaminergic therapy on cognition.
In Chapter 2, medication effects on reward learning were examined in groups of
early- versus late-stage PD patients that differed in the degree of dopamine
deficiency as a function of disease severity. In Chapter 3, the effects of a dopamine
challenge on reward learning were tested in young and older healthy adults who
were differentially affected by age-related dopamine decline. In Chapter 4, the
effects of a dopamine challenge on learning and associated brain activity were
explored in a sample of healthy young volunteers who were expected to have

optimal dopamine levels in all brain regions.
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1.2 Literature Review

1.2.1 Cognitive impairment in Parkinson’s disease

PD is a progressive, age-related, neurodegenerative disorder affecting
approximately 1% of the population over age 60 and increasing to 3% of the
population over age 80 (Reeves, Bench, & Howard, 2002; Tanner & Goldman,
1996). Often regarded as a movement disorder, PD is characterized by cardinal
motor symptoms of tremor, rigidity and stiffness, bradykinesia (i.e., slowness of
movement), and postural instability (Lang & Lozano, 1998). Beyond these more
apparent motor-based deficits, however, is a complex array of non-motor
symptoms that include cognitive and affective impairment, hyposmia (i.e.,
impaired sense of smell), autonomic dysfunction, sleep disturbances, and

gastrointestinal complications (Chaudhuri, Healy, & Schapira, 2006).

Cognitive impairment is an undisputed non-motor disease feature in PD (Robbins
& Cools, 2014). Dementia is estimated to occur in up to 40% of patients (Aarsland,
Zaccai, & Brayne, 2005; Brown & Marsden, 1984; Emre, 2003). Although mild
cognitive impairment and overt dementia are well-recognized in advancing PD, it
is increasingly clear that subtler changes to cognition are frequently present in a
significant proportion of patients (Kehagia, Barker, & Robbins, 2010; Monchi,
Degroot, Mejia-Constain, & Bruneau, 2012). These milder cognitive symptoms
appear even in the earliest stages of PD, becoming more pronounced and varied
with increasing disease duration and severity. Early reports of cognitive
abnormalities in PD were described as being ‘frontal-like’ because of their
resemblance to those deficits observed in frontal lobe patients (Owen et al., 1992;
Taylor, Saint-Cyr, & Lang, 1990). Such deficits are largely in executive functions,

including attention, planning, problem-solving, and set-shifting (Dirnberger &
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Jahanshahi, 2013). The profile of cognitive impairments in PD has since expanded
to encompass problems in visuospatial processing (Boller et al., 1984), memory
(Bronnick, Alves, Aarsland, Tysnes, & Larsen, 2011, Cohn, Moscovitch, &
Davidson, 2010; Davidson, Anaki, Saint-Cyr, Chow, & Moscovitch, 2006; Taylor et
al., 1990), and reward-based learning (Frank, Seeberger, & O'Reilly, 2004; Kiinig et
al., 2000).

Unlike their motor counterparts, which are more easily discerned and
characterized, cognitive impairments in PD are complex and their etiology is
poorly understood. Some cognitive abnormalities might result from cortical
atrophy, although such deficits can still present even in patients absent of cortical
compromise, as confirmed by post-mortems (Adler et al., 2010; Jellinger, 2010).
Lewy body dispersion has also been proposed as a cause of cognitive impairment
in PD. Evidence for a correlation between Lewy body burden and dispersion in
cortical regions remains controversial, however (Jellinger, 2008; 2009; Mattila,
Rinne, Helenius, Dickson, & Royttd, 2000; Parkkinen, Kauppinen, Pirttila, Autere,
& Alafuzoff, 2005; Weisman et al., 2007). A pathological feature common across
PD patients is the degeneration of midbrain dopamine neurons (Kish, Shannak, &
Hornykiewicz, 1988). Given the critical role of dopamine in various aspects of
cognition and behaviour (Berridge & Robinson, 1998; Schultz, 2007), dopamine
dysfunction may serve as a central mechanism for cognitive symptoms in PD,
particularly at earlier disease stages. Alterations in other neurotransmitter
systems, such as the cholinergic or serotonergic systems, likely also contribute to
cognitive and psychiatric problems (Ray & Strafella, 2012; Scatton, Javoy-Agid,
Rouquier, Dubois, & Agid, 1983).

Cognitive deficits disproportionately impair quality of life and are a significant

predictor of institutionalization (Aarsland, Larsen, & Tandberg, 2000). Although
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recognized as an important unmet need in PD, the proper management of these
symptoms is constrained by poor assessment and treatment strategies. Our
understanding of and ability to address cognitive symptoms is stifled by their
complexity and the challenges associated with their study. Fortunately,
refinements in neuropsychological tests of brain function in tandem with recent
advancements in functional neuroimaging provide a unique opportunity to
directly investigate cognitive impairments in PD and their underlying neural

mechanisms.

1.2.2 Pathophysiology of Parkinson’s disease

PD is marked by a profound loss of dopamine-producing cells in the substantia
nigra pars compacta (SNc). In fact, by the time a patient presents to the clinic with
motor complaints and is diagnosed with PD, more than 80% of their dopaminergic
neurons in the SNc have been lost (Halliday & McCann, 2010; Kish et al., 1988).
The brain region most affected by changes to the dopaminergic system is the
striatum, the input region of a collection of subcortical nuclei known as the basal
ganglia. A second hallmark pathology in PD is the accumulation of misfolded «a-
synuclein protein into Lewy pathologies (Braak et al., 2003). These aggregates first
deposit in the lower brain stem and olfactory areas. Protein deposition then
spreads to the midbrain, corresponding with the selective loss of SNc neurons,
before migrating to limbic and temporal structures, and then to the frontal cortex
by advanced disease stages. The spreading pattern of misfolded a -synuclein
protein with disease progression is described by Braak’s staging hypothesis (Braak
et al., 2003).

Sources of dopamine, namely the SNc and the ventral tegmental area (VTA),
originate in the midbrain (see Figure 1.1). These neuronal populations give rise to

two major dopamine pathways: SNc projects to dorsal striatum (DS) giving rise to
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VS/NAc

[ Nigrostriatal pathway
. Mesocorticolimbic pathway

Figure 1.1: Dopaminergic pathways in the human brain. Dopaminergic neurons in the
SNc project to and supply dopamine to DS, forming the nigrostriatal pathway (blue).
Another population of dopaminergic neurons in the VT A innervates VS/NAc as well as
other prefrontal and limbic cortices. This pathway is referred to collectively as the
mesocorticolimbic pathway (red). ACC: anterior cingulate cortex; DS: dorsal striatum;
PFC: prefrontal cortex; OFC: orbitofrontal cortex; SNc: substantia nigra pars compacta;
VS/NACc: ventral striatum/nucleus accumbens; VTA: ventral tegmental area
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the nigrostriatal pathway and VTA innervates ventral striatum (VS), limbic, and
prefrontal cortices, forming the mesocorticolimbic pathway (Oades & Halliday,
1987). The DS is comprised of the bulk of the caudate nucleus and putamen
whereas the VS constitutes the nucleus accumbens and the most ventral caudate
and putamen. The pattern of dopamine dysfunction across these distinct pathways
is not uniform in PD (Kish et al.,, 1988). At earlier disease stages, loss of
dopaminergic neurons is confined to the ventrolateral SNc and decreased
dopamine transmission is greatest in the caudal motor aspect of DS (Fearnley &
Lees, 1991; Halliday & McCann, 2010). This results in the development of motor
symptoms that typify PD. In contrast, those dopaminergic neurons in the dorsal
SNc and VTA are relatively spared, and functions of their downstream targets are
largely unperturbed. The asymmetry in dopamine dysfunction between
nigrostriatal versus mesocorticolimbic pathways is maintained throughout the
disease course, but becomes less pronounced at more advanced stages (Morrish,

Sawle, & Brooks, 1996; Nandhagopal et al., 2009).

A key function of dopamine is to regulate the balance between two competing
basal ganglia pathways, which in turn regulates thalamic and cortical activity
(Frank, 2005); see Figure 1.2). The striatum receives input from the cortex and
midbrain dopamine neurons. In the direct pathway, cortical activity and SNc
dopamine activate D1 receptor-expressing neurons in the striatum, increasing the
inhibition of the globus pallidus internal segment (GPi) and substantia nigra pars
reticulata (SNr) output nuclei. In the indirect pathway, cortical activity increases
and SNc dopamine inhibits D2 receptor-expressing neurons in the striatum,
increasing inhibition of globus pallidus external segment (GPe), releasing
subthalamic nucleus (STN), which drives activity of GPi/SNr output. The net

effect of dopamine in both pathways is an overall decrease in thalamic inhibition,
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A B
Cortex y Motor Associative Limbic
Sensorimotor/ dIPFC/ mOFC/HPC/
'j Striatum [_9 4 Premotor IOFC amygdala

_[ D2 D1

[ Putamen Caudate VS
GPe SNc Th

[ GPi/SNr GPi/SNr GPi/SNr
STN @&———> GPi/SNre- e h h

[e=> Excitatory e—lInhibitory]

Figure 1.2: (A) Direct and indirect pathways of the basal ganglia. Midbrain dopamine
regulates the balance between direct and indirect pathways. In PD, dopamine depletion
in the striatum has opposing effects on these two competing pathways. The net effect is
an over-inhibition of thalamic and motor cortex activity, resulting in poverty of movement
that typifies the disease. (B) Parallel, segregated cortico-striatal loops. Dopamine
depletion within different functional domains of the striatum produces circuit-specific
dysfunction. dIPFC: dorsolateral prefrontal cortex; GPe: external segment of the globus
pallidus; GPi: internal segment of the globus pallidus; HPC: hippocampus; 1/mOFC:
lateral/medial orbitofrontal cortex; SNc: substantia nigra pars compacta; SNr: substantia

nigra pars reticulata; STN: subthalamic nucleus; Th: thalamus; VS: ventral striatum.
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increasing cortical activity and completing a cortico-striatal loop. Loops from
cortex to striatum and then back to cortex via the output nuclei of the basal ganglia
(i.e., the globus pallidue and the SNr) and thalamus are topographically organized
into discrete, parallel, segregated circuits (Alexander, DeLong, & Strick, 1986).
Depending upon the functional domain of the striatum in which dopamine
depletion develops, circuit-specific motor, cognitive, or limbic dysfunctions are
produced. PD causes a reduction in dopamine transmission in the putamen. The
consequent (a) decrease in direct pathway and (b) increase in indirect pathway
activity both result in over-inhibition of the thalamus and of cortex, particularly
the motor cortex. The inhibition of motor cortex leading to a decrease in motor

activity characteristic of PD.

1.2.3 Dopamine replacement therapy

Dopamine replacement therapies are the mainstay treatment for motor symptoms
in PD. They are prescribed to primarily redress the dopamine deficiency in DS
and to normalize DS-mediated motor abnormalities. Dopaminergic therapy is
commonly administered in PD via L-3,4-dihydroxyphenylalanine (L-dopa) or

dopamine agonists.

Since its introduction, L-dopa has remained the gold standard treatment for motor
symptoms in PD (LeWitt & Fahn, 2016). A dopamine precursor, it is taken up into
dopaminergic neurons where it is decarboxylated into dopamine, stored in
vesicles, and released from the presynaptic terminal. L-dopa is typically co-
administered with a decarboxylase inhibitor, which itself cannot cross the blood-
brain barrier, to minimize the conversion of L-dopa to dopamine in the periphery.
Dopamine agonists are compounds that directly mimic the action of dopamine at
post-synaptic receptors, mainly targeting D2 receptors. Because L-dopa (a) is

absorbed and converted to dopamine via endogenous mechanisms, (b) non-
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selectively acts on both D1 and D2 receptors, and (c) increases both phasic and
tonic dopamine stimulation, it more closely approximates endogenous dopamine

signalling compared to dopamine agonists.

Dopaminergic therapy alleviates motor symptoms in PD by redressing the
dopamine depletion in DS and normalizing the balance between the direct and
indirect basal ganglia pathways (see Figure 1.2). Recall that in PD, dopamine
deficiency has opposing effects on these two competing circuits. Whereas activity
in the direct ‘Go’” pathway is decreased, the activity in the indirect ‘'NoGo’” pathway
is increased. The net result is an over-inhibition of thalamic output and a
consequent reduction in motor activity. Dopaminergic medications reverse this
imbalance between direct and indirect pathways by driving excitatory and
dampening inhibitory striatal outputs via D1 and D2 receptor stimulation,

respectively.

1.24 Dopamine overdose hypothesis

Although dopaminergic therapy consistently improves motor symptoms in PD,
its effects on cognitive functions are complex. Gotham et al. (1988) first noted
paradoxical effects of medication on cognition in PD. The authors tested PD
patients both on and off medication on a battery of cognitive tests that examined
executive function, cognitive flexibility, working memory and attention,
associative learning, and verbal fluency. PD patients were impaired on a word
fluency task only when tested OFF medication. In contrast, performance on
associative learning and self-ordered pointing tasks, which assess learning and
working memory, were worsened in PD patients tested ON medication. Other
tasks, such as the Wisconsin Card Sorting Task, were equally impaired in the OFF

and ON states. These findings led to an early proposal that doses of dopaminergic
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therapy prescribed to remedy functions of motor-related brain regions might

‘overdose’ other brain areas that support some cognitive functions.

The dopamine overdose hypothesis would later be formally proposed in the
works of Swainson et al.,, (2000) and Cools et al., (2001a). This explanatory
framework posits that the effects of dopaminergic therapy on a given brain
region’s function depends on the baseline dopamine levels within that region (see
Figure 1.3). In PD, medication is predicted to improve those functions mediated
by dopamine-deplete brain regions, whereas those ascribed to intact dopaminergic
brain regions are detrimentally overdosed (Cools, 2006; P. A. MacDonald &
Monchi, 2011). Such a relationship between dopamine levels and brain function

is modelled by an inverted U-shaped function (Cools & D’Esposito, 2011).

Swainson et al., (2000) reported differential effects of PD and dopaminergic
medication on short-term spatial memory and cognitive flexibility. The authors
compared three groups of PD patients: a mild, unmedicated group, a mild,
medicated group, and a severe, medicated group. On a test of short-term spatial
memory, unmedicated PD patients demonstrated impairments not observed in
those patients who were medicated. In a reversal learning task, the opposite
pattern was noted, as both medicated PD groups were impaired whereas the
unmedicated group showed intact learning. Although these findings appear to
support the idea of a dopamine overdose at first glance, it should be noted that
medicated patients in this study were more clinically disabled compared to de novo
patients introducing a potential confound. In groups of PD patients better
matched for disease severity, Cools and colleagues (2001a) compared task-
switching and probabilistic reversal learning in PD patients tested either on or
after overnight withdrawal of medication. Measures of task-switching were

impaired in the OFF group but comparable to controls in the ON group,
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Figure 1.3: Illustration of the inverted U-shaped function described by the dopamine
overdose hypothesis. The schematic illustrates the relationship between brain function
and dopamine levels that are augmented by dopamine depletion and replacement.
Whereas brain regions deplete in dopamine levels are impaired at baseline and improve
with dopaminergic therapy (blue), those that are relatively dopamine-replete at baseline

are worsened with medication (red), presumably through dopamine overdose.
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suggesting a medication-related improvement. In contrast, unimpaired reversal
learning in the OFF group was compromised in the ON group. These findings

fully replicate the findings of Swainson et al., (2000).

The effects of PD and dopaminergic therapy on different cognitive functions
described in the studies above can be understood based on (i) the brain regions
known to mediate cognitive functions, (ii) the pathophysiology in PD, and (iii) the
dopamine overdose hypothesis. Functions such as task-switching and spatial
memory have been attributed to DS or its cortical partners (Aarts et al., 2014; 2010;
Yehene, Meiran, & Soroker, 2008) whereas reversal learning has been ascribed to
VS and ventral PFC (Cools, Clark, Owen, & Robbins, 2002; O'Doherty, Critchley,
Deichmann, & Dolan, 2003; O'Doherty, Kringelbach, Rolls, Hornak, & Andrews,
2001). In PD, selective degeneration of SNc neurons produces a severe restriction
of dopamine supply to DS, giving rise to motor and some cognitive symptoms. By
contrast, those neurons in the VTA presumably are largely spared and functions
of VTA-innervated brain regions are unaffected. Impaired spatial memory and
task switching but unaffected reversal learning in PD patients OFF medication are
reflective of this differential baseline impairment between DS versus VS, limbic
and prefrontal cortical functions (Cools, Barker, Sahakian, & Robbins, 2001a;
Swainson et al., 2000). Dopaminergic therapy is prescribed in PD to redress the
dopamine deficiency in DS and normalize DS-mediated functions. Such doses of
medication are proposed to overdose and worsen the functions of less dopamine-
depleted VTA-innervated brain regions. Entirely in line with this prediction,
spatial memory and task switching were improved but reversal learning was

impaired in PD patients ON medication.

Since this initial work, the dopamine overdose hypothesis has guided the design

of studies of cognition in PD over the past two decades. Behavioural studies
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examining PD patients on versus off medication have revealed medication-related
worsening in several functions, including: probabilistic associative learning
(Jahanshahi et al., 2010; Torta, Castelli, Zibetti, Lopiano, & Geminiani, 2009),
sequence learning (Feigin et al., 2003; Kwak, Miiller, Bohnen, Dayalu, & Seidler,
2010; Seo, Seo, Beigi, Jahanshahi, & Averbeck, 2010; Tremblay et al., 2010), category
learning (Shohamy et al., 2006), stimulus reward and reversal learning (Cools,
Altamirano, & D’Esposito, 2006; Graef et al., 2010; A. A. MacDonald, Monchi, et
al., 2013a; Swainson et al., 2000; Tomer, Aharon-Peretz, & Tsitrinbaum, 2007),
stimulus-response learning (Vo et al., 2014), as well as explicit abstract figure and
list learning (A. A. MacDonald, Seergobin, et al., 2013b), stimulus-stimulus
facilitation (P. A. MacDonald et al., 2011), and learning from negative feedback
(Frank & Claus, 2006). Similar effects are reported in healthy subjects following a
dopamine challenge, further bolstering the dopamine overdose hypothesis
(Breitenstein et al., 2006; Mehta, Swainson, Ogilvie, Sahakian, & Robbins, 2001;
Pizzagalli et al., 2008; Santesso et al., 2009; Vo, Seergobin, & MacDonald, 2017;
2018; Vo, Seergobin, Morrow, & MacDonald, 2016). More recent work using
functional neuroimaging, although scarce, seems to support the dopamine
overdose account (Aarts et al., 2014; Argyelan et al., 2008; Cools, Lewis, Clark,
Barker, & Robbins, 2007a; Feigin et al., 2003; Hiebert et al., 2019; Kwak, Miiller,
Bohnen, Dayalu, & Seidler, 2012; van Eimeren et al., 2009). These studies are

discussed in greater detail in Sections 1.2.5 and 1.2.6.

The precise mechanism by which excess exogenous dopamine impairs cognitive
functions in PD is not entirely understood. Reinforcement learning theory
proposes that dopamine overstimulation might impede normal dopamine
transmission by raising tonic and dampening phasic signals, thereby reducing the

signal-to-noise ratio, in the striatum (Frank, 2005). It is well-understood that
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midbrain dopamine neurons signal both positive and negative reward prediction
errors with phasic bursts and dips, respectively (Bayer & Glimcher, 2005; Schultz,
1997). D2 receptor-expressing striatal projection neurons in the indirect pathway
have (i) high affinity for dopamine and (ii) are activated by decreases in tonic
dopamine. This primes their sensitivity to low concentrations of tonic dopamine
and the ability to detect transient pauses in dopamine firing associated with
negative prediction errors. In this way, the indirect pathway promotes avoidance
and punishment-based learning. Dopaminergic therapy might ‘overdose’ normal
functions by raising tonic dopamine levels that, in turn, occlude the phasic dips in
dopamine, critical for signalling punishment. This notion has been supported
experimentally in studies demonstrating that PD patients tested on medication

show reduced punishment-based learning (Cools et al., 2006; Frank et al., 2004).

1.2.5 Effects of dopaminergic therapy in patients with Parkinson’s
disease

Early investigations of the effects of dopaminergic therapy on cognition in PD
compared unmedicated, de novo to medicated PD patients. These results are
confounded, however, by the fact that medicated PD patients are typically more
disabled. Findings from studies that compare medicated PD patients to healthy
age-matched controls fail to disambiguate disease from medication effects. More
recent studies testing the same PD patient on and off dopaminergic therapy
properly control for disease severity and treatment regimen effects. Although
repeated testing in the same individual might introduce practice effects in the
follow-up session, careful experimental design between sessions and a separate
healthy control group also tested twice can help account for order and practice

effects.

Cognitive functions improved by dopaminergic therapy in PD
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Lange et al., (1992) found that the withdrawal of L-dopa in PD patients impaired
performance on tests of spatial working memory and planning. Similar deficits in
spatial working memory following medication withdrawal in PD have been noted
by others (Beato et al., 2008; Lewis, Slabosz, Robbins, Barker, & Owen, 2005;
Mattay et al., 2002; Mollion, Ventre-Dominey, Dominey, & Broussolle, 2003). L-
dopa has also been found to selectively improve content manipulation in working
memory (Cools, Miyakawa, Sheridan, & D'Esposito, 2010; Lewis et al., 2005;
Slabosz et al., 2006). As previously mentioned, PD patients display baseline
impairments in tests of set-shifting (Cools, Barker, Sahakian, & Robbins, 2001b;
2003) and response-switching (Hood et al.,, 2007; Shook, Franz, Higginson,
Wheelock, & Sigvardt, 2005) that are improved by dopaminergic therapy. Aarts
and colleagues (2014) tested PD patients on and off medication using a task-
switching paradigm in fMRI. They found that medication-related improvement
in switching behaviour was associated with enhanced switch-related activity in
DS. Similarly, Hiebert et al., (2019) demonstrated the role of DS in decision-
making and response selection processes in PD patients tested on and off their
dopaminergic therapy. In the OFF session, patients showed poorer response
selection and reduced DS activity relative to the ON session and compared to
healthy controls. This baseline deficit in DS-mediated function was significantly
improved when tested on medication. Fera et al. (2007) found that dopaminergic
therapy improved interference in a colour-word Stroop task in PD. Accuracy on
trials in which the stimulus dimensions were incongruent was enhanced in PD
patients tested ON relative to OFF medication. This was correlated with increased
activity in dorsolateral PFC and parietal lobes, cortical areas reciprocally
connected to DS. Considering DS is the brain region most affected by dopamine
depletion in PD, such improvements to DS-mediated functions and activity under

the provision of medication are expected.
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Cognitive functions worsened by dopaminergic therapy in PD

Numerous studies have reported the detrimental effects of dopaminergic therapy
on cognition in PD. A review of the literature suggests that learning, in its various
forms, is the cognitive operation most frequently overdosed. They include:
probabilistic associative learning (Jahanshahi et al.,, 2010; Torta et al., 2009),
sequence learning (Feigin et al., 2003; Kwak et al., 2010; Seo et al., 2010; Tremblay
et al.,, 2010), category learning (Shohamy et al., 2006), reversal learning (Cools et
al., 2006; Graef et al., 2010; A. A. MacDonald, Monchi, et al., 2013a; Swainson et al.,
2000; Tomer et al., 2007), stimulus-response learning (Hiebert et al., 2019; Vo et al,,
2014), implicit learning and learning from negative feedback (Frank & Claus,
2006). Dopaminergic therapy has also been shown to worsen the encoding of
explicit abstract figures and lists (A. A. MacDonald, Seergobin, et al., 2013b). In a
simple selection task, facilitation for consecutive, congruent stimulus-stimulus
associations was reduced in PD patients on relative to off medication (P. A.

MacDonald et al., 2011).

A small but growing literature examining dopaminergic therapy effects on
cognition in PD using functional neuroimaging appear to support the dopamine
overdose hypothesis (Aarts et al., 2014; Argyelan et al., 2008; Cools et al., 2007a;
Feigin et al., 2003; Hiebert et al., 2019; Kwak et al., 2012; van Eimeren et al., 2009).
Cools et al., (2007b) compared PD patients on and off medication on a probabilistic
reversal learning task with fMRI. Briefly, participants learned stimulus-reward
associations via probabilistic outcome feedback and adapted their stimulus-
reward selections following unexpected contingency reversals. Though a
behavioural effect between sessions was not observed, neuroimaging data
revealed that dopaminergic therapy blunted NAc activity during final reversal

errors that signalled behavioural switching on the subsequent trial. Kwak and
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colleagues (2012) examined explicit motor sequence learning in PD patients tested
on and off medication with fMRI. They found impaired sequence learning in PD
patients on relative to off medication and compared to healthy controls. This
behavioural deficit was related to reduced activity in VS. Taken together, these
findings clearly demonstrate that functions mediated by VS, a VT A-innervated
brain region that is less affected by dopamine depletion in early PD, is susceptible
to the deleterious effects of dopaminergic therapy predicted by the dopamine
overdose hypothesis. Others have also reported overdose effects in ventromedial
PFC (Argyelan et al.,, 2008; 2018). Argylan et al.,, (2018) tested the effects of
dopaminergic therapy on reward learning in early-stage PD compared to healthy
controls with fMRI. Participants performed stimulus-reward selections during an
anticipation phase before being presented with either reward or punishment
outcomes in a feedback phase. During feedback processing, the authors found
reduced BOLD responses in the bilateral putamen of PD patients tested on relative
to off medication. When anticipating feedback, a medication-related decrease in
activity within the ventromedial PFC was observed in PD patients. Finally, van
Eimeren and colleagues (2009) found that BOLD responses in VS, thought to reflect
a reward prediction error, were reduced in PD patients tested on L-dopa and the
D2 agonist pramipexole during a probabilistic reward learning task. Only
pramipexole was found to influence activity in the OFC, with hyperactivation in

this region correlated with a behavioural risk-taking measure.

Though not the focus of this thesis and therefore not discussed in detail, it is
important to note that dopaminergic therapy may enhance impulsivity in PD but
to a pathological degree that manifests as maladaptive behaviours. Dopamine
agonists are strongly linked to the occurrence of impulse control disorders. These

behaviours include pathological gambling, hypersexuality, compulsive buying,
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and binge eating (Evans, Strafella, Weintraub, & Stacy, 2009; Ray & Strafella, 2012;
Weintraub et al.,, 2010). Similarly, some PD patients treated with L-dopa may
endure dopamine dysregulation syndrome that involves compulsive overuse of

their medications (Fenu, Wardas, & Morelli, 2009).

1.2.6 Effects of dopaminergic therapy in healthy volunteers

Testing the straightforward predictions of the dopamine overdose hypothesis in
PD patients is mired in complexity. PD patients are heterogeneous in terms of
disease severity and duration, the degree of asymmetry in midbrain dopamine
degeneration, treatment regimens, and cognitive reserve. Loss of dopamine
neurons not only reduces dopamine levels in downstream brain regions but also
alters DAT concentration (Frost et al., 1993) and presynaptic dopamine auto-
receptor signaling (Ekesbo et al., 1999). Chronic exposure to dopaminergic
therapy in PD that might also affect post-synaptic dopamine receptor sensitivity
(Bordet et al.,, 1997). It is difficult to conclude whether observed effects of
dopaminergic therapy on cognition reflect a main effect of medication or a disease
by medication interaction. Examining the effects of dopaminergic therapy and
replicating overdose effects in healthy volunteers with normal dopamine systems

can bolster conclusions drawn in PD.

Cognitive functions improved by dopaminergic therapy in healthy

volunteers

Studies of dopaminergic therapy in healthy volunteers often focus on ameliorating
cognitive changes associated with age-related dopamine decline (Chowdhury,
Guitart-Masip, Bunzeck, Dolan, & Diizel, 2012; Chowdhury et al., 2013; Floel et al.,
2008; Floel et al., 2005). Floel et al., (2005) tested the effects of L-dopa on motor
memory encoding of trained thumb movements in healthy young and older

adults. They found poorer performance in older compared to young adults. When
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tested on L-dopa, this age-related deficit in older adults was ameliorated to a level
comparable to younger adults. In a follow-up study, Floel and colleagues (2008)
showed that this enhanced motor memory encoding following treatment with L-
dopa in older adults was associated with increased dopamine release in DS, as
measured by positron emission tomography (PET) imaging. Lastly, Chowdhury
et al., (2012) found that episodic memory tested with recall of studied scenes was

enhanced by L-dopa in older adults in a dose-dependent manner.

In healthy young adults, Luciana et al., (1992) found that the D2 agonist
bromocriptine enhanced the delayed recall of the spatial location of rapidly
presented visual cues. The authors argued that this medication effect was specific
to working memory processes, as immediate recall was not influenced by their
pharmacological manipulation. Mehta and colleagues (2001) found a similar
improvement of short-term spatial memory in younger adults following treatment
with bromocriptine. Medication-related changes in working memory function
might be related to baseline performance, as demonstrated by Kimberg et al.,
(1997). They reported that young adults with low working memory capacity
showed improved performance following bromocriptine administration on a task
battery thought to probe fronto-executive functions (e.g., Wisconsin Card Sorting
Task, an associative memory test of complex sensitives, the Stroop task, and a
spatial working memory task). Those individuals with high working memory
capacity performed more poorly with dopamine stimulation. That young adults
demonstrate improvements in the abovementioned studies seem at odds with the
dopamine overdose hypothesis, which would predict that a bolus of exogenous
dopamine would disrupt optimal dopamine function in this cohort even beyond
slight inter-individual differences at baseline. This discrepancy might owe to the

particular task demands being emphasized and probed, and the underlying brain
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areas that are engaged. For example, working memory has long implicated the
prefrontal cortex (Miller & Cohen, 2003). Exogenous dopamine might
differentially affect this prefrontal versus striatum-mediated functions due to
differences in receptor densities and regulation of dopamine levels between these

regions (Akil et al., 2003; Cools & D’Esposito, 2011).

Knecht et al., (2004) and de Vries et al., (2010) reported enhanced pseudo-word
and artificial grammar learning following treatment with L-dopa. Similarly,
Shellshear and colleagues (2015) tested the effect of L-dopa on the acquisition of
object and non-word pairings through observational learning. At first blush, these
studies suggest that increasing dopamine levels in young adults improves
learning. This is at odds with a larger literature reporting impaired learning with
dopaminergic therapy in PD (Cools et al., 2006; Feigin et al., 2003; Frank & Claus,
2006; Graef et al., 2010; Hiebert et al., 2019; Jahanshahi et al., 2010; Kwak et al.,
2010; A. A. MacDonald, Monchi, et al., 2013a; A. A. MacDonald, Seergobin, et al.,
2013b; P. A. MacDonald et al., 2011; Seo et al., 2010; Shohamy et al., 2006; Swainson
et al., 2000; Tomer et al., 2007; Torta et al., 2009; Tremblay et al., 2010; Vo et al,,
2014) or a dopamine challenge in healthy volunteers (Breitenstein et al., 2006;
Mehta et al., 2001; Pizzagalli et al., 2008; Santesso et al., 2009; Vo et al., 2016; 2017;
2018). Upon closer inspection, studies claiming improved learning with
exogenous dopamine might instead reflect enhanced recollection and
performance of learned associations rather than learning per se. Learning
paradigms typically confound learning (i.e., the acquisition of associations among
stimuli, responses, and outcomes) with performance (i.e., the recall, selection, and
enactment of decisions based on prior learning). Enhancements in either of these
processes can give the appearance of improved learning (Atallah, Lopez-

Paniagua, Rudy, & O'Reilly, 2007). In each of the abovementioned studies,
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learning was acquired over multiple sessions on separate days. If L-dopa
enhanced learning, we would expect maximal effects during the earliest session,
when learning was most challenged. Instead, L-dopa-related improvements in
task performance were significant only when tested during later experimental
sessions, when learning had plateaued and demands on retrieval and decision

processes were emphasized.

Finally, Pessigilone et al. (2006) found that reward choice was enhanced in young
adults by L-dopa relative to haloperidol, a dopamine antagonist. Participants
learned to consistently select the stimulus in a pair that maximized rewards in a
gain condition and minimized punishments in a loss condition. The authors
claimed that L-dopa improved reward selections but did not affect loss avoidance
relative to haloperidol. It is important to consider that no proper placebo
condition was included, thus observed effects could reflect either improved or
impaired reward performance due to L-dopa or haloperidol, respectively.
Further, responses in this task were enacted by either providing or withholding
key-press responses, introducing additional complex decision-making and
response inhibition demands that confound straightforward interpretations of L-
dopa’s effect on reward choices. Chowdhury and colleagues (2013) reported
abnormal reward learning in older adults that was restored by L-dopa. This study
used a two-armed bandit task, during which participants selected between two
fractal images that predicted the delivery or omission of reward feedback. On a
trial-by-trial basis, the probability of obtaining reward varied based on a Gaussian
random walk function, thus placing greater emphasis on decisions in a noisy
environment rather than incremental learning per se. In this way, improved
performance with L-dopa more likely reflects an amelioration of decision-making

rather than reward learning processes.
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Cognitive functions worsened by dopaminergic therapy in healthy

volunteers

In support of the dopamine overdose hypothesis, several studies have found
detrimental effects of dopaminergic therapy on cognition in healthy volunteers
(Breitenstein et al., 2006; Mehta et al., 2001; Pizzagalli et al., 2008; Santesso et al.,
2009; Vo et al., 2016; 2017; 2018). We recently tested the effects of L-dopa on
probabilistic reversal learning in a sample of healthy young adults (Vo et al., 2016).
Participants completed two separate sessions, during which they received either
L-dopa or placebo in a double-blind procedure. We found that participants made
more errors after treatment with L-dopa relative to placebo. Follow-up analyses
showed that L-dopa impaired learning from both reward and punishment
teedback. We also previously reported impairment of stimulus-response learning
in young adults following treatment with L-dopa (Vo et al.,, 2017) as well as

pramipexole (Gallant, Vo, Seergobin, & MacDonald, 2016).

Similar impairments following treatment with various dopamine agonists have
been reported in young adults (Breitenstein et al., 2006; Cools et al., 2009; Mehta et
al., 2001; Pizzagalli et al., 2008; Santesso et al., 2009). Mehta et al., (2001) found
that a dose of bromocriptine impaired reversal learning in young adults.
Breitenstein and colleagues (2006) (Breitenstein et al., 2006) showed that
associative learning of a novel word list over repeated training sessions was
reduced following treatment with pergolide. Pizzagalli et al., (2008) and Santesso
et al.,, (2009) investigated the effects of pramipexole on reward learning in young
adults. D2 receptor stimulation reduced selection of the more probabilistically
rewarded stimulus in a pair compared to placebo. Frank et al., (Frank & O'Reilly,
2006) found a similarly reduction in learning from reward outcomes following

cabergoline administration.
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In summary, impaired learning following a dopamine challenge in healthy
volunteers is consistent with findings for dopaminergic therapy in PD and in line
with the dopamine overdose hypothesis. This behavioural pattern is thought to
reflect the overdose of dopamine-replete VI A-innervated brain regions, which are
known to support learning (Cools et al., 2002; Hiebert et al., 2014; Pennartz, Ito,
Verschure, Battaglia, & Robbins, 2011; Reiss et al., 2005). Providing support for
this view using fMRI, Riba et al., (2008) found that pramipexole increased risky
decision making in young adults during a gambling task, which corresponded
with a medication-related reduction in VS activity. Cools and colleagues (2009)
showed that bromocriptine-related reversal learning impairments were greatest in
those individuals with the highest dopamine synthesis capacity in the striatum, as
measured by PET imaging. This is consistent with the notion of a baseline

dependency effect.
1.2.6 Magnetic Resonance Imaging (MRI)

Structural MRI

MRI is a non-invasive imaging technique that produces high-resolution, three-
dimensional images of tissues and organs. When a subject is moved into the center
of a scanner’s magnetic bore, hydrogen dipoles within water molecules (found in
abundance within the body) will align with the magnetic field in a low energy
state. A transient radio pulse is applied to excite these atoms out of phase and into
a high energy state. As the perturbed hydrogen atoms re-orient to the magnetic
tield and return to a lower energy state, the energy emitted during this relaxation
time is recorded by receiver coils. The rate of relaxation depends on the properties
of the tissue type being imaged (e.g., fat versus cerebrospinal fluid). The resulting

effects on the measured MRI signal are used to visualize different tissue structures.
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Functional MRI

Functional MRI is a widely used method for mapping brain function. Given its
high spatial and modest temporal resolution, fMRI can track dynamic changes in
regional brain activity while a participant is either engaged in a task or remains at
rest. When a brain region is active, increased local energy demands are met with
increased local blood flow and oxygen delivery, a process termed the
hemodynamic response. Oxygen is bound to hemoglobin in the blood. The
magnetic properties of hemoglobin differ depending on whether or not it is bound
to oxygen. Local increases in oxygenated blood produce a net decrease in
deoxygenated blood. The resulting changes in regional concentrations of
oxyhemoglobin versus deoxyhemoglobin—and the differences in their magnetic
susceptibilities —are measured as a blood oxygenation level-dependent (BOLD)

signal (Glover, 2011; Kwong et al., 1992; Ogawa, Lee, Kay, & Tank, 1990).

Although fMRI has undoubtedly transformed the field of cognitive neuroscience,
it is important to recognize and consider its caveats. The BOLD signal measures
changes in blood oxygenation levels as a proxy for neuronal activity and is thus
an indirect measure that should be interpreted with caution. It also only provides
relative measures of brain activity to one condition compared to another. FMRI
suffers from relatively low temporal resolution. Whereas action potentials at the
cellular level proceed on the scale of a few milliseconds, the hemodynamic
response is slow and takes several seconds to peak. Despite these limitations,
careful design of behavioural tasks combined with optimal acquisition parameters
and elegant analysis techniques allow fMRI to be a powerful tool for studying

brain function in humans.

Pharmacological MRI

Evidence provided by fMRI for the involvement of a brain region in a given
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function is correlational. As a participant engages in a specific mental function
inside an MRI scanner, observing regional increases in BOLD signal does not
necessarily imply that such changes in brain activity are caused by that function
per se. To draw stronger, more causal inferences, manipulation techniques (e.g.,
psychopharmacological agents, transcranial magnetic stimulation, lesion patients)
can be used to alter brain function and measure the resulting effects on behaviour

(Vaidya, Pujara, Petrides, Murray, & Fellows, 2019).

Pharmacological MRI combines fMRI with the administration or withdrawal of
different drugs to map the effects of pharmacological agents on brain activity
(Honey & Bullmore, 2004; Jenkins, 2012; Leslie & James, 2000). Different drugs
modulate activity within distinct large-scale brain networks, such as the
dopaminergic or serotonergic systems (Honey & Bullmore, 2004). Unlike lesion
studies, drug manipulations produce temporary and reversible effects (Vaidya et
al., 2019). For example, the precursor amino acid L-dopa can be used to transiently
enhance dopaminergic function given its fast action and relatively short half-life
(Contin & Martinelli, 2010). Drug studies are also clinically relevant, particularly
to the study of disorders affecting specific neurotransmitter systems such as the
dopaminergic system in PD or schizophrenia. Pharmacological MRI is not without
its limitations, however. Given that we are measuring the effect of a drug on the
BOLD signal, observed changes could reflect drug effects not only on underlying
neuronal activity but also changes in vascular responses (Murphy, Murphy,
Mackay, & Mackay, 2011). Similarly, we are not directly mapping the specific
receptor binding of the drug and therefore localized changes in BOLD signal could
represent either direct or remote (via functional connections) drug effects on a
given brain region (Wandschneider & Koepp, 2016). It is critical that findings from

pharmacological MRI experiments are interpreted with careful consideration of
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drug pharmacodynamics and known receptor distributions in the brain, as well as
inclusion of physiological control measures. Nonetheless, this technique is a
powerful tool that allows stronger inferences about brain-behaviour relationships
than could be achieved by traditional fMRI alone given the experimental

manipulation of neurochemistry.

1.3  Summary

The effects of dopaminergic therapy on cognition in PD are complex. Whereas
some functions improve with exogenous dopamine, others worsen. The
dopamine overdose hypothesis has provided an important theoretical framework
for understanding the effects of PD and dopaminergic therapy on behavior and
brain function. It proposes that the effects of dopaminergic therapy on the
function of a given brain region depend on the baseline dopamine levels within
that region. Those functions ascribed to dopamine-deplete areas will improve
with exogenous dopamine whereas those associated with relatively dopamine-
replete areas are expected to worsen. Although this has provided a framework for
understanding the effects of dopamine on motor and cognitive functions in PD for
the past two decades, thorough and direct tests of the predictions are still needed.
Supporting evidence is largely limited to behavioural studies in early-stage PD

that use either between-group or repeated measures experimental designs.

Here, the primary aim is to critically test the predictions of the dopamine overdose
hypothesis. I test the role of baseline endogenous dopamine levels on the effects
of dopaminergic therapy on cognition and neural activity wusing (i)

pharmacological manipulations of the dopamine system, (ii) fMRI, and (iii)
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participant groups that differ in dopamine deficiency.

In Experiment 1, I examined the effects of dopaminergic therapy on reward
learning in groups of PD patients that differed in the degree of dopamine
deficiency as a function of disease severity and duration. Early- and late-stage PD
patients were tested off relative to on half their usual dose of dopaminergic
medication and compared to healthy age-matched controls. According to the
dopamine overdose hypothesis, baseline learning impairments predicted at
baseline in late- but not early-stage PD patients relative to healthy controls. These
effects are expected due to a developing endogenous dopamine deficit in VTA-
innervated brain areas with PD evolution. In early-stage PD, dopaminergic
therapy is predicted to overestimate the modest degree of dopamine deficiency in
VTA-innervated brain regions, resulting in impaired function. In late-stage PD,
dopaminergic therapy theoretically improves baseline impairments by redressing
the dopamine deficit in VT A-innervated brain regions. The latter is expected only
if the dosage of exogenous dopamine matches the VT'A and not the SNc deficiency.
Dopamine doses titrated to the DS-mediated motor symptoms are expected to
continue to overestimate the dopamine depletion that occurs in VTA-innervated

brain regions.

In Experiment 2, I tested the effects of a dopamine challenge on reward learning
in groups of healthy volunteers who are differentially affected by age-related
dopamine decline. In a placebo-controlled, double-blind, crossover design,
younger and older adults were compared following administration of L-dopa. In
the placebo session, impaired learning for the older compared to young adult
group was expected due to aging-related, baseline dopamine deficiency. L-dopa
was predicted to improve baseline learning impairments in older adults by

addressing age-related dopamine deficiency. This was provided that the
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exogenous dopamine dose matched the endogenous deficit. In contrast,
exogenous dopamine is expected to worsen learning performance in healthy
young controls due to overdosing normal baseline dopamine systems in young

adults.

In Experiment 3, I explored the effects of a dopamine challenge on learning and
associated brain activity in a sample of healthy young volunteers who are
presumed to have optimal baseline dopamine function. Participants performed a
stimulus-response learning task inside an MRI scanner following administration
of either L-dopa or a placebo. The task was designed to dissociate stimulus-
response acquisitions during feedback processing from stimulus-response
decisions, which have been shown previously to differentially engage VS versus
DS activity (Hiebert et al., 2014). The dopamine overdose account predicts that
optimal baseline dopamine levels across these brain regions makes them
vulnerable to overdosed by exogenous dopamine, independent of PD pathology.
Impoverished learning and response selection in the L-dopa condition is expected

to correlate with depressed BOLD signal in brain regions that mediate learning.
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CHAPTER 2. COGNITION AND RESPONSE TO DOPAMINERGIC THERAPY IN PARKINSON’S DISEASE

2.1 Introduction

The dopamine overdose hypothesis has been offered as an explanatory framework
for understanding the effects of dopaminergic therapy in PD (Cools, Barker,
Sahakian, & Robbins, 2001; Gotham, Brown, & Marsden, 1988; Swainson et al.,
2000). Central to this hypothesis is the notion of a baseline dependency effect.
That is, whether exogenous dopamine improves or impairs the function of a given
brain region depends on underlying baseline dopamine levels (Cools, 2006; P. A.
MacDonald & Monchi, 2011). Functions mediated by regions low in dopamine are
expected to improve with dopaminergic therapy whereas those ascribed to regions
with normal or high dopamine levels are predicted to worsen, in an inverted U-

shaped function (Cools & D’Esposito, 2011).

In PD, degeneration of dopamine-producing cells is presumably greatest in the
SNc compared to the lesser-affected VTA (Fearnley & Lees, 1991; Haber, Haber,
Fudge, & Fudge, 1997; Kish, Shannak, & Hornykiewicz, 1988; Vaillancourt,
Spraker, Prodoehl, Zhou, & Little, 2012). As a result, mostly functions related to
the SNc-innervated DS are impaired whereas those ascribed to VTA-innervated
brain regions, such as VS, prefrontal, and limbic cortices, are relatively spared in
comparison. Dopaminergic therapy is prescribed in PD to improve motor
symptoms by redressing the severe dopamine-depletion in DS. Such doses of
medication are hypothesized to overestimate the minimal degree of dopamine
deficiency in VTA-innervated brain regions, especially at earlier disease stages,

resulting in an overdose and impairment of functions (see Figure 2.1b).

As PD progresses, continued SNc degeneration and worsening of DS-mediated
motor symptoms occurs. Also predicted is an emerging baseline dopamine deficit

(Morrish, Sawle, & Brooks, 1996) and functional impairment in initially-spared,
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Figure 2.1: Hypothesized effects of Parkinson’s disease (PD) and dopaminergic therapy
on brain function within the framework of the dopamine overdose hypothesis. (A)
Depiction of the major dopaminergic pathways in the human brain. (B) In the early PD,
the nigrostriatal pathway is more severely dopamine-depleted than the mesocorticolimbic
pathway, resulting in a baseline impairment in the former and relative sparing in the
latter. When patients are treated with dopaminergic therapies, functions of dopamine-
deplete brain regions are improved whereas those of less-affected areas are worsened,
presumably via overdose. (C) As PD progresses, continued decline in the nigrostriatal
pathway and an emerging deficit in the mesocorticolimbic pathway are expected.
Whereas continued improvement of substantia nigra-innervated brain regions is evident,
the effects of dopaminergic therapy on mesocorticolimbic functions at more advanced
disease stages is less clear. If the dose of medication, titrated primarily in response to
severely impaired dorsal striatum-mediated motor symptoms, overestimates the degree
of dopamine depletion in mesocorticolimbic areas, a persistent overdose is possible. An
alternative prediction is that mesocorticolimbic regions are not adapted to benefit from
dopaminergic therapy and will neither improve nor worsen with treatment at later
disease stages. (D) The present study aimed to disentangle competing interpretations of
dopaminergic therapy effects on cognition in late-stage PD by comparing functions OFF
versus ON %2 dose of medication.
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VTA-innervated brain regions. Dopaminergic therapy continues to improve DS
functions even late into the disease course and might similarly improve VTA-
innervated brain functions by redressing the developing dopamine deficiency (see
Figure 2.1c). This predicted shift from deleterious to beneficial medication effects
on VTA-innervated brain function remains largely untested, however. Studies
that have investigated the dopamine overdose framework in PD were performed
almost exclusively in early, mild-to-moderately severe PD cohorts. This bias is
likely motivated by the fact that the degree of asymmetry between SNc versus
VTA dopamine depletion is thought to be greatest earlier in the disease course.
We argue that a critical test of the straightforward predictions offered by the
overdose hypothesis involves contrasting the effects of dopaminergic therapy on
VTA-innervated brain function in PD patients that vary in the degree of dopamine

deficiency in these regions as a function of disease duration and severity.

Peterson and colleagues (2009) first investigated the effect of dopamine depletion
resulting from advanced PD on cognition. They examined probabilistic reversal
learning in a sample of late PD patients after withdrawal of their dopaminergic
medications compared to healthy controls. Participants learned through trial and
error, which of two stimuli was associated with reward versus punishment and to
consistently select the rewarding cue. After many stimulus-reward acquisition
trials, this stimulus-reward contingency would unexpectedly reverse such that the
participant was required to re-learn the new stimulus-reward association and
adapt their selections accordingly. Late PD patients demonstrated poorer re-
learning of the stimulus-reward probabilities post-reversal.  This study
demonstrated that advanced PD produces a deficit in reward learning, thought to
reflect the loss of dopamine neurons in underlying brain regions. It is unclear,

however, whether this reflects a disease or disease severity effect, as no early PD
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group was examined. How this baseline dopamine deficit in PD might interact
with dopaminergic therapy is also uncertain. MacDonald et al., (2013a) offer one
of the first and few investigations into the evolution of cognition and responses to
dopaminergic therapy in progressing PD. They compared stimulus-reward
reversal learning in early (i.e., <5 years disease duration) versus late (i.e., > 5 years
disease duration) PD patients, tested on versus off dopaminergic medication,
compared to age-matched healthy controls. The task version used involved serial
reversals of stimulus-reward contingencies at multiple points throughout each
session. The number of trials to reach pre-defined learning criteria throughout the
experiment was used a measure of learning, with more trials denoting poorer
learning performance. At baseline, in the OFF session, late PD patients learned
more poorly than both early PD patients and healthy controls, whereas early PD
patients learned comparably to controls. This pattern of normal learning in early
but impaired learning in late PD at baseline is consistent with a developing
endogenous dopamine deficit in brain regions that support learning. Examining
the effects of dopaminergic therapy, early PD patients displayed poorer reward
learning on relative to off medication. Their learning efficiency in the ON state
was also impaired relative to that of healthy controls. This finding is entirely
consistent with the predicted medication overdose of relatively dopamine-replete
brain regions. Although this pattern of results in early PD patients provided
strong support for the dopamine overdose hypothesis, and for the idea of a
baseline dependency, the lack of improvement of baseline learning impairments
in late PD patients tested on medication was at odds with this account. Reward
and reversal learning were not impaired by dopaminergic therapy in late PD

patients either.

Two competing explanations account for the absence of medication effects on
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reward learning in late PD. Doses of medication titrated to motor symptoms
mediated by the more severely-impaired SNc-innervated DS will continue to
overestimate the degree of dopamine depletion in VTA-innervated brain regions,
despite a developing endogenous dopamine deficit in these areas as PD
progresses. The result is persistent dopamine overdose of VT A-innervated brain
regions even in late PD (see Figure 2.1c). Alternatively, VTA-innervated brain
regions, such as VS, might not be adapted to benefit from exogenous dopamine,
even when endogenous dopamine deficiency does develop. This might occur due
to particular differences in dopamine signalling and synaptic dopamine regulation
in regions such as VS compared to DS. Comprised of fewer and smaller neurons
with widely-spaced dendrites and spines, stimulation of VS with dopamine
appears to produce a slower, more graded, and varied response compared to DS
that displays maximal receptor stimulation across a wide range of firing
frequencies (Wickens, Budd, Hyland, & Arbuthnott, 2007; Zhang et al., 2009). A
reliance on more incremental dopamine signals, integrated over longer periods in
VS could be more affected by an increase in baseline dopamine tone that is
expected by bolus, exogenous dopamine. In contrast, a binary response to
dopamine above a relatively-low threshold in DS seems to adapt this region to
benefit from a larger range of dopamine concentrations. VS also expresses a lower
concentration of dopamine transporters (DAT)-the protein responsible for
clearing dopamine at the synapse in the striatum (Wickens et al., 2007), compared
to DS. The fact that VS has slower and less efficient clearance of synaptic
dopamine might increase its susceptibility to overdose by exogenous dopamine
whereas superior dopamine regulation in DS is expected to act as a buffer against

excess dopamine.

The present study aimed to test these competing explanations for the evolution of
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cognitive changes and responses to dopaminergic therapy in PD. In a cross-
sectional design, we investigated stimulus-reward and reversal learning in early-
versus late-stage PD patients, OFF versus ON %2 dose of their usual dopaminergic
medication, compared to learning in age-matched healthy controls. The reversal
learning paradigm has previously been shown to correlate with activity in VTA-
innervated brain regions, including VS and ventromedial PFC such as the
orbitofrontal cortex (OFC; Cools, Clark, Owen, & Robbins, 2002; Cools, Lewis,
Clark, Barker, & Robbins, 2007). Further, reversal learning appears to depend
upon integrity of OFC (Fellows & Farah, 2003). Treating patients on a partial dose
of dopaminergic medication, as opposed to a full dose as done by others (A. A.
MacDonald, Monchi, et al.,, 2013a), could allow us to distinguish competing
accounts of medication effects in early but especially late-stage PD (see Figure
2.1d). Atbaseline, when tested OFF medication, we predicted that early-stage PD
patients would perform comparably to healthy controls whereas late-stage PD
patients would demonstrate a baseline learning impairment compared to both
early-stage PD and healthy controls, in line with what has already been shown (A.
A.MacDonald, Monchi, et al., 2013a). This pattern would reflect an initial sparing
and later decline of VT A-innervated brain functions in early- versus later-stage PD
patients, respectively, with PD progression. Next, we predicted reduced learning
efficiency in early-stage PD patients even when tested ON %2 dose relative to OFF
medication and compared to healthy controls. This is due to the fact that in early
PD, VTA is essentially spared and functions of VT A-innervated brain regions that
are dopamine replete are worsened by dopamine overdose. Due to persistent
asymmetry in SNc and VTA degeneration throughout the disease course in PD,
doses of dopaminergic medication titrated to DS-mediated motor symptoms will
continue to exceed the degree of dopamine depletion in VTA-innervated brain

regions, even at later stages of PD. If VTA-innervated brain regions can benefit
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from dopamine remediation, we expect that a partial dose of dopaminergic
therapy, more matched to the baseline VTA dopamine deficit, should improve
baseline reward and reversal learning deficits in late-stage PD patients. In
contrast, if differences in dopamine signalling and regulation in VT A-innervated
areas poorly adapts them to benefit from dopaminergic therapy, even when
dopamine dosage more closely parallels the dopamine deficiency in late-stage PD,

no improvements and perhaps even worsening of function will result.

2.2 Methods

221 Participants

Twenty-seven patients with PD and 18 age- and education-matched healthy
controls (HCs) participated in the present study. PD patients were recruited
through the Movement Disorders Clinic at London Health Sciences Centre.
Patients were classified as being either early- (ePD) or late-stage (IPD) based on
the severity of their motor symptoms, as measured by the motor sub-scale score
of the Movement Disorders Society-Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) in the OFF medication state. Cut-off points between
mild/moderate PD were chosen based on previous proposals (Martinez Martin et
al., 2015). This resulted in 16 ePD patients and 11 IPD patients. One subject from
each PD subgroup was excluded from data analyses due to their failure to reach a
pre-defined learning criterion in the behavioural task, resulting in 15 ePDs and 10

IPDs in the final patient sample.

All PD patients were previously diagnosed by a licensed neurologist, had no

coexisting diagnosis of dementia or another neurological or psychiatric disease,
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and met core assessment criteria for surgical interventional therapy and the UK
Brain Bank for the diagnosis of idiopathic PD (Hughes, Daniel, & Kilford, 1992).
HCs were free of neurological and psychiatric illness. All PD patients and no HCs
were treated with dopaminergic therapy. Participants with a history of alcohol,
prescription, or illegal drug abuse, or taking cognitive-enhancing drugs (including
Aricept, Excelon, Reminyl, Exela, and/or memantine) were excluded from
participating.  All participants provided informed written consent prior to
beginning the experiment in accordance with the Declaration of Helsinki (World
Medical, 2013). This study was approved by the Health Sciences Research Ethics

Board of the University of Western Ontario.

222 Experimental Design

All participants completed two testing sessions on different days. Sessions were
separated by no more than one week. PD patients completed one session OFF
medication and the other session ON Y2 of their usual dopaminergic medication
dosage. Sessions were counterbalanced across participants to control for order,
practice, and fatigue effects. That is, half of PD patients completed Session 1 OFF
medication and Session 2 ON %2 medication, and the other half performed Session
1 ON %2 medication and Session 2 OFF medication. For OFF testing sessions, PD
patients  abstained = from = taking dopaminergic  precursors  (i.e.,
levodopa/carbidopa) for a minimum of 12 to a maximum of 18 hours, as well as
dopamine agonists (e.g., pramipexole, ropinirole, pergolide), monoamine oxidase
inhibitors (e.g., rasagiline and selegiline), catechol-O-methyltransferase (COMT)
inhibitors (e.g., entacapone), and amantadine for a minimum of 16 to a maximum
of 20 hours, prior to the start of testing. For ON Y2 testing sessions, PD patients
took only half of their usual doses of dopaminergic medication on the day of

testing. All PD patients confirmed that they complied with these instructions at

56



CHAPTER 2. COGNITION AND RESPONSE TO DOPAMINERGIC THERAPY IN PARKINSON’S DISEASE

the start of each testing session. HCs did not take any medications in either
session, but their data were analyzed to correspond to the OFF-ON medication
order of the PD patient to whom they were matched to control for order, practice,

and fatigue effects.

At the beginning of each session, participants completed a battery of cognitive and
psychiatric control measures (see Table 2.1), including the Beck Depression
Inventory (BDI), Beck Anxiety Inventory (BAI), Starkstein Apathy Scale (SAS), and
American National Adult Reading Test (ANART). The Montreal Cognitive
Assessment (MoCA) was administered in the ON Y2 session only for PD and HC
participants. The motor sub-scale of the UPDRS was scored by a licensed
neurologist with subspecialty training in movement disorders to assess disease
severity for PD patients in both the OFF and ON %2 testing sessions. These scores
were then converted to the MDS-UPDRS for the purposes of patient group
classification, based on the formula: (UPDRS Part III x 1.2) + 2.3 (Goetz, Stebbins,
& Tilley, 2012). HCs were also screened to rule out undiagnosed neurological
illness. Daily L-dopa equivalents (LED) for each PD patient was calculated based
on the theoretical equivalence to L-dopa (mg) as follows: L-dopa dose (mg) x 1 +
L-dopa controlled release (mg) x 0.75 + L-dopa (mg) x 0.33 if on entacapone (mg)
+ amantadine (mg) x 0.5 + bromocriptine (mg) x 10 + cabergoline (mg) x 50 +
pergolide (mg) x 100 + pramipexole (mg) x 67 + rasagiline (mg) x 100 + ropinirole
(mg) x 16.67 + selegiline (mg) x 10 (Wiillner et al., 2010).

223 Behavioural Task

During each testing session, participants completed a probabilistic reversal
learning (PRL) task. This task measured participants” ability to i) learn initial
stimulus-reward associations, and ii) subsequently update these associations in

response to changes in stimulus-reward contingencies, based on trial and error,
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through feedback (see Figure 2.2). Stimulus-reward reversal learning has been
previously shown to preferentially engage VT A-innervated brain regions such as
VS and ventromedial PFC, specifically OFC (Cools et al., 2002; 2007). Further, PRL
is impaired in patients with lesions in the ventromedial PFC (Fellows & Farah,

2003).

On every trial, participants were asked to select one card from a pair, presented
side-by-side in the center of the computer screen. The left-right location of the
cards was randomly switched between trials to prevent a deck from becoming
associated with a consistent location or key-press response. Each card in the pair
comes from a separate deck: one red and the other blue.  Participants were
instructed that a) one deck contained more winning than losing cards (i.e., the
probabilistically favourable deck) whereas the other deck contained more losing
than winning cards (i.e., the probabilistically unfavourable deck), and b) the
probabilistically favourable deck could change at any point throughout the task
without notice. They were not made aware of the exact reinforcement
probabilities, however. The object of the task was to select the card that was most
likely to be the winner (i.e., from the probabilistically favourable deck) on each
trial. Participants were not told which deck was associated with the more
favourable outcome at the outset. The initial stimulus-reward contingency and
subsequent contingency reversals were therefore discerned by participants
through trial and error. Participants selected the card on the left- or right-hand
side of the screen using a button-press corresponding to either the index or middle
finger, respectively, of their right hand. Feedback was provided at the end of each
trial. Selecting the winning card resulted in a $50 increase in total play-money
winnings whereas selecting the losing card resulted in a $50 decrease in total play-

money winnings.
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Figure 2.2: Probabilistic reversal learning trial structure and task design. (A) Trials
proceeded as follows: i) a red card and a blue card were presented, side by side, and
remained in the center of the screen until the participant provided a button-press
response; ii) a blank screen appeared for an average inter-stimulus interval (ISI) of 2500
ms (taken from an exponential distribution ranging from 525 to 7000 ms); iii) outcome
feedback (i.e., "Correct" or "Incorrect" and reward/punishment feedback (i.e., "+$50" or "-
$50") appeared for 1000 ms; iv) a prompt appeared and remained in the center of the
screen until the participant provided a secondary button-press to advance to the next trial;
v) a blank screen for an average ITI of 2500 ms (taken from an exponential distribution
ranging from 525 to 7000 ms) separated trials. (B) Selection of the probabilistically
favourable card resulted in reward feedback on 90% of trials and misleading punishment
feedback on 10% of trials (vice versa for selection of the unfavourable card). After the
favourable card is selected on 8 consecutive trials, a reversal of the stimulus-reward
contingencies occurs, requiring participants to select the new probabilistically favourable
card. Additional reversals occurred after the participant selected the probabilistically
favourable card, based on the new stimulus-reward contingency, on another 8 consecutive

trials.
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Trials proceeded as follows: i) a red card and a blue card were presented, side by
side, and remained in the center of the screen until the participant provided a
button-press response; ii) a blank screen for an average inter-stimulus interval (ISI)
of 2500 ms, randomly taken from an exponential distribution ranging from 525 to
7000 ms, separated participant choices from outcome presentations; iii) outcome
teedback (i.e., “Happy face” or “Sad face” and reward/punishment feedback of
+$50 or -$50) appeared for 1000 ms; iv) a prompt required participants to provide
a button-press to advance to the next trial; v) a blank screen for an average inter-
trial interval (ITI) of 2500 ms, randomly taken from an exponential distribution

ranging from 525 to 7000 ms, separated trials.

At the outset, either the red or blue deck was randomly assigned to be the
probabilistically favourable deck. If the card from this deck was selected, positive
teedback was provided for 90% of trials and negative feedback was given for 10%
of trials. In contrast, if a card from the probabilistically unfavourable deck was
chosen, positive feedback was given on only 10% of trials and negative feedback
was provided on 90% of trials. Therefore, 10% of trials presented participants with
misleading feedback. This a) increased the task difficulty but remained
appropriate for a patient population, b) encouraged perseverative responding,
and c) reduced participants anticipation of when contingency reversals would
occur. Once the card from the probabilistically favourable deck was selected on
eight consecutive trials, irrespective of feedback given to the participant, a
contingency reversal occurred. This resulted in a switch of stimulus-reward
relations between decks, such that the previously favourable deck became
unfavourable and the previously unfavourable deck became favourable. Once the
card from the probabilistically favourable deck, based on the new stimulus-reward

contingency, was selected on eight consecutive trials, another contingency reversal
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occurred. Participants continued the task until a total of eight successful reversals
were achieved, until they reached a 200-trial deadline, or if they failed to complete

the first stimulus-reward reversal prior to 120 trials.

224 Behavioural Measures and Statistical Analyses

Total number of errors during the PRL task was used as an index of learning
performance, with more errors indicating poorer and less efficient learning. In
addition to the total learning per session, we also examined learning separated
into a) the initial stimulus-reward acquisition, and b) the stimulus-reward reversal
learning phases. The acquisition period was defined as the initial trial until the
tirst reversal. All trials thereafter were considered as being part of the reversal
phase. We also examined the influence of reinforcement from the immediately-
preceding trial on participants” selections (Lesage et al., 2017). Win-Stay and Lose-
Shift probabilities refer to the proportion of trials on which participants stayed

following a reward or shifted following a punishment, respectively.

The effect of disease severity, independent of dopaminergic therapy, was assessed
in a one-way ANOVA contrasting Group (ePD vs. IPD vs. HC) in the OFF session.
This was followed by a priori planned analyses to investigate the effects of PD (ePD
OFF vs. HC and IPD OFF vs. HC) and PD severity (IPD OFF vs. ePD OFF). The
effect of dopaminergic therapy on learning was first examined using a one-way
ANOVA contrasting Group (ePD vs. IPD vs. HC) in the ON %2 dose session. We
then performed a priori planned analyses to test medication effects (ePD ON Yz vs.
HC, IPD %2 vs. HC, and ePD ON %2 vs. IPD ON '%). Finally, within-subject paired
t-tests, contrasting OFF and ON 2 sessions, were conducted for each group
separately. These frequentist statistics were followed by analogous Bayesian
statistics. A critical a priori prediction in the present study was that medication

would neither improve nor worsen learning in IPD patients. Traditional
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frequentist approaches to statistical analysis are not well-suited for testing such
predicted null effects due to a high 20% rate of rejecting a true null effect (i.e., Type
IT error) simply by chance. Bayesian statistics better equate error levels when
contrasting evidence for the null and alternative hypotheses, allowing more direct
comparisons of the relative model fit of the data (Dienes, 2014; Quintana &
Williams, 2018). Here, a Bayes factor (BFo1) of greater than 3 strongly supports the
null hypothesis, indicating that the observed data are at least 3 times more likely
under the null than the alternative hypothesis. BFoi less than /3 suggests evidence
in favour of the alternative hypothesis and those falling between /3 and 3 are

considered anecdotal-level evidence.

2.3 Results

Two PD patients were unable to complete the first stimulus-reward reversal before
the 120-trial deadline during their first testing session and their data were
excluded from further analyses. Recall that although HC measures were analyzed
to correspond to the OFF-ON order of the PD patient to whom they were matched,

HC participants did not actually receive dopaminergic therapy in any session.

2.3.1 Control Measures

Demographic and clinical measures are presented in Table 2.1. Groups were well-
matched in terms of age (F242 = 1.923, p = 0.159), years of education (F242 =1.069, p
=0.353), estimated verbal IQ (F24=0.102, p = 0.904), and MoCA score (F242 = 0.389,
p =0.680).

Paired t-tests were used to compare clinical measures in the OFF and ON %2

sessions for each Group separately. In ePDs, MDS-UPDRS scores were
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significantly greater in the OFF compared to ON %2 session (t1s =-10.395, p <0.001),
indicating increased motor symptom severity in patients tested OFF relative to ON
Y2 dose of dopaminergic therapy. No within-subject differences were found for
BDI (t1 = -0.086, p = 0.932), BAI (ts = 1.712, p = 0.109), or SAS (1 = -0.725, p = 0.481)
scores. In IPDs, MDS-UPDRS scores were significantly greater in the OFF
compared to ON %2 session (to = -5.420, p < 0.001). BDI (to =-0.802, p = 0.443), BAI
(to = 0.949, p = 0.368), and SAS (to = -1.555, p = 0.154) scores did not significantly
differ between sessions, however. In HCs, no OFF and ON % differences were
found for BDI (t17 = -0.205, p = 0.840), BAI (17 = 0.079, p = 0.938), or SAS (t17 = 0.460,

p = 0.651) scores.

Disease duration was significantly greater in the IPD compared to ePD group (2
=-4.167, p <0.001), as was LED (t2s =-3.378, p = 0.003), unsurprisingly. Significant
Group effects were found for MDS-UPDRS OFF (F242 =370.940, p <0.001), BDI OFF
(F242=9.603, p < 0.001), BAI OFF (F22 =5.718, p = 0.007), but not for SAS OFF (F2«
=2.939, p = 0.064) scores. MDS-UPDRS OFF scores were significantly greater in
the ePD compared to the HC (p < 0.001) group and 1PD compared to the HC (p <
0.001) group. As MDS-UPDRS motor sub-scale in the OFF state was used to form
ePD and IPD groups, this contrast was excluded. BDI OFF scores were
significantly greater in the ePD (p < 0.001) and IPD (p = 0.003) compared to HC
groups, but did not differ between PD groups (p = 0.727). BAI OFF scores were
significantly greater in the ePD (p = 0.006) and IPD (p = 0.010) compared to HC
groups, but did not differ between PD groups (p = 0.907). In the ON %2 session, we
found significant Group effects for MDS-UPDRS (Fz42 = 260.209, p < 0.001), BDI
(F242=11.291, p < 0.001), BAI (F242 = 9.075, p = 0.001), but not SAS (F242=2.520, p =
0.093) scores. UPDRS ON Y2 scores were significantly greater in the ePD compared
to the HC group (p <0.001), and greater in the IPD compared to both ePD (p <
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Table 2.1: Demographic and clinical measures for early- and late-stage Parkinson’s disease patients and healthy controls.

Group Age Education Duration LED (mg) DA (n) UPDRS OFF UPDRS ON MoCA
ePD 66.40 (1.57) 15.00 (0.59) 4.87 (0.78) 534.45 (53.30) 5 25.5(1.12) 21.66 (1.08)  27.87 (0.44)
IPD 70.90 (1.74) 15.40 (0.92) 10.50(1.18)  883.68 (98.80) 7 36.26 (1.64) 32.17(1.96)  27.40(0.69)
HC 66.78 (1.51) 16.67 (1.01) - - - - 0.64 (0.18) 28.00 (0.36)
Group BDI OFF BDI ON BAI OFF BAI ON SAS OFF SAS ON ANART

ePD 9.13(1.91) 9.07 (1.68) 6.87 (1.76) 8.13(1.80) 14.07 (1.97) 13.53(1.52) 126.28 (1.20)
IPD 8.40(1.29) 7.60 (1.24) 7.10(1.36) 8.10(1.14) 12.10 (2.08) 10.90 (1.79) 125.60 (1.93)
HC 1.94 (.65) 1.83 (0.60) 1.89 (0.64) 1.94 (0.51) 8.94 (0.98) 9.22 (1.20) 126.60 (1.43)

Values are reported as means +SEM. Clinical measures were completed ON 2 medication unless noted otherwise. Education: number of years
of formal education; Duration: number of years since PD diagnosis; LED (mg): L-dopa equivalent dose in mg; DA: number of PD patients on
dopamine agonists in addition to I-dopa; UPDRS OFF: Movement Disorders Society-Unified Parkinson’s Disease Rating Scale motor score in the
OFF session; UPDRS ON: Movement Disorders Society-Unified Parkinson’s Disease Rating Scale motor score in the ON % session; MoCA:
Montreal Cognitive Assessment (out of 30); BDI OFF: Beck Depression Inventory score measure during the OFF session; BDI ON: Beck
Depression Inventory score measure during the ON %2 session; BAl OFF: Beck Anxiety Inventory score measure during the OFF session; BAI ON:
Beck Anxiety Inventory score measure during the ON ' session; SAS OFF: Starkstein Apathy Scale score measure during the OFF session; SAS
ON: Starkstein Apathy Scale score measure during the ON ' session; ANART: Adult National American Reading Test IQ Estimation (Nelson &

Willison, 1991).
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0.001) and HC (p < 0.001) groups. BDI ON Y scores were significantly greater in
the ePD (p <0.001) and IPD (p = 0.003) compared to HC groups, but did not differ
between PD groups (p = 0.438). BAI ON Y2 scores were significantly greater in the
ePD (p = 0.001) and IPD (p = 0.002) compared to HC groups, but did not differ

between PD groups (p = 0.986).

23.2 Behavioural Measures

Mean number of errors for total sessions, initial acquisitions, and stimulus-reward
reversals for each Group (ePD vs. IPD vs. HC) and Session (OFF vs. ON '2) are
presented in Figure 2.3a-c. Win-Stay and Lose-Shift probabilities are presented in
Figure 2.4a-b.

Stimulus-reward acquisition and reversal errors

In the OFF session, a one-way ANOVA did not reach significance in terms of errors
overall (F24 = 2.872, p = 0.068) or during either the acquisition (F24 = 0.193, p =
0.825) or reversal (F242 = 2.198, p = 0.124) phases separately (see Figure 2.3a-c).
Planned group contrasts revealed significantly more errors in the IPD compared
to ePD (p =0.035) and HC (p = 0.039) groups, but ePDs and HCs did not differ (p =
0.979), in the total session. During stimulus-reward acquisitions, patients and
controls made similar number of errors (all p > 0.05). Examining the reversal
phase, we found the IPD group tended to commit more errors compared to both
HC (p=0.055) and ePD groups (p = 0.083), although this did not reach significance.

Finally, ePDs and HCs performed similarly well (p = 0.849).

In the ON %2 medication session, a one-way, between-group ANOVA reached
significance for number of errors (Fz4 = 3.444, p = 0.042) overall and during
stimulus-reward reversals (F242= 4.462, p = 0.018), but not for stimulus-reward

acquisitions (F242 = 1.396, p = 0.260; see Figure 2.3a-c). Pairwise comparisons
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Figure 2.3: Mean error rates for each Group (ePD vs. IPD vs. HC) and Session (OFF vs.
ON 1) for (A) total sessions, (B) initial stimulus-reward acquisitions, and (C) stimulus-

reward reversals. * indicates p <.05. Error bars represent standard error.
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revealed significantly more errors overall in the ePD (p = 0.040) and 1PD (p = 0.029)
groups compared to HCs, but no group differences between PD groups (p =0.715).
No significant differences were found between groups during the acquisition
phase (all p <0.05). In the reversal phase, ePDs tended to make more errors than
HCs (p = 0.052) and 1PDs made significantly more errors than HCs (p = 0.007), but

no group differences were found comparing patient groups (p = 0.310).

Finally, separate paired t-tests revealed significantly more errors ON %2 compared
to OFF medication in the ePD group (tis =2.710, p = 0.017) but in neither the IPD (t
=1.144, p = 0.889) nor HC (t17=-0.666, p = 0.514) groups across the total session (see
Figure 2.3a). Recall that HCs were not actually treated with exogenous dopamine,
though their data were analyzed to correspond to the OFF-ON order of the PD
patients to whom they were matched to control for order, practice, and fatigue.
Cohen’s d was 0.700, suggesting a medium-to-large effect size for the worsening
of stimulus-reward reversal learning in ePD patients in ON Y2 session. Examining
the acquisition phase, we found significantly more errors ON % relative to OFF
medication only in the ePD group (t14=2.685, p = 0.018; see Figure 2.3b). A similar
OFF-ON Y2 pattern was found for stimulus-reward reversals in ePDs, however this
did not reach significance (14 = 1.868, p = 0.083; see Figure 2.3c). No OFF-ON Y2
differences were observed for either the IPD (acquisitions: ts = 0.557, p = 0.591;
reversals: to = 0.858, p = 0.413; see Figure 2.3b-c) or HC (acquisitions: ti7 = -0.078, p
= 0.939; reversals: tiz = -0.910, p = 0.375; see Figure 2.3b-c) groups during either
phase.

Win-Stay and Lose-Shift probabilities

In the OFF session, a one-way ANOVA revealed significant group differences with
respect to Win-Stay probability (F242 = 3.725, p = 0.033; see Figure 2.4a), but not for
Lose-Shift probability (F24=1.203, p = 0.311; see Figure 2.4b). Pairwise
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Figure 2.4: Mean (A) win-stay and (B) lose-shift probabilities for each Group (ePD vs.

IPD vs. HC) and Session (OFF vs. ON %2). * indicates p <.05. Error bars represent
standard error.
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comparisons showed that IPDs tended towards less win-stay choices compared to
ePDs (p = 0.069) and significantly less so compared to HCs (p = 0.010), but no
differences were found between ePD and HC groups (p =0.383). Planned contrasts
of Lose-Shift probability did not reveal any significant between-group differences

(all p > 0.05).

In the ON Y2 session, we again found a significant Group effect for Win-Stay
probability (F2«2 = 6.786, p = 0.006; see Figure 2.4a), but not for Lose-Shift
probability (F242=0.932, p = 0.402; see Figure 2.4b). Simple effects analyses showed
that IPDs (p = 0.002) and ePDs (p = 0.036) were significantly less likely to stay
following reward feedback compared to HCs but did not significantly differ from
one another (p = 0.200). Planned comparisons of Lose-Shift probability found no

significant group differences in lose-shift choices (all p > 0.05).

Using separate paired t-tests to explore within-subject, OFF-ON differences, we
did not observe medication effects for ePD (tis = -1.502, p = 0.155), IPD (tr =-0.212,
p =0.837), or HC (ti7 = 1.281, p = 0.217) groups in terms of Win-Stay probabilities
(see Figure 2.4a). We did find, however, significant OFF-ON Y2 differences in
terms of Lose-Shift behaviour but only in ePD patients (tu =-2.906, p = 0.012), and
in neither 1PD (t7=-0.528, p =0.610) nor HC (t17=0.306, p = 0.763) groups (see Figure
2.4b). This reflected less frequent response shifting following punishment
feedback in ePD patients tested ON %2 relative to OFF medication. We estimated
a medium-large effect size with Cohen’s d as 0.750 for this significant OFF-ON

difference.

Bayesian analysis of predicted null effects
Given the absence of apparent medication effects on reversal learning in the 1PD

group, Bayesian paired t-tests were used to evaluate the likelihood of these data
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given the null versus alternative hypotheses. In the IPD group, we found BFo: of
3.238 and 3.156 for total errors and Win-Stay probability, respectively, strongly in
tavour of the null hypothesis that performance in IPD is equivalent OFF and ON
Y2 dose dopaminergic therapy. Evidence in support of the null over alternative
hypothesis for Lose-Shift probability did not reach the level of strong support but,
rather, was considered anecdotal (BFo: = 2.848). For stimulus-reward acquisition
and reversal errors, we found BFu of 2.838 and 2.385, respectively, providing
anecdotal evidence in favour of the null hypothesis of no within-subject
differences in IPD. In contrast, for the ePD group, BFo of 0.276 for total errors and
0.210 for Lose-Shift probability offered strong support for the alternative
hypothesis, further bolstering significant OFF-ON effects from our frequentist
analyses described above. Support in favour of the alternative hypothesis was
found during the acquisition (BFo: = 0.287) but not reversal (BFo1 = 0.955) phases.
Finally, anecdotal-level evidence for within-subject medication effects on Win-

Stay behaviour was in favour of the null hypothesis in ePD (BFa = 1.721).

2.4 Discussion

24.1 Summary

In the present study, we provide a critical test of the dopamine overdose
hypothesis and the notion of baseline dependency. Stimulus-reward reversal
learning was examined in early- versus late-stage PD patients, OFF versus ON V2
medication, compared to healthy controls. We found evidence for an emerging
deficit in reversal learning related to disease severity. At baseline, in the OFF
session, ePDs and HCs performed equally well whereas IPD patients were more

prone to errors and less likely of win-staying after reward outcomes compared to
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both ePD patients and HCs. This pattern was found when examining errors in the
total learning session and during stimulus-reward reversals, but not at the time of
initial acquisition. We also found evolving effects of dopaminergic therapy on
reversal learning in PD. In the ON % session, both ePD and 1PD patients learned
more poorly than HCs, indicated by increased errors and decreased win-stay
behaviour. Medication-related worsening of learning in ePD compared to HC was
evident whether examining the total session or in the reversal phase, but not
during stimulus-reward acquisitions. That reversal learning in ePD patients was
comparable to HCs at baseline but impaired when tested on dopaminergic
medication to a degree equivocal to IPD patients is consistent with the dopamine
overdose hypothesis. Direct OFF-ON contrasts for each group separately revealed
more error-prone learning and reduced lose-shifting in the ON 72 relative to the
OFF session for the ePD group only, partially supporting the overdose account.
Critically, reversal learning performance was equivalent across sessions in both
the IPD and HC groups. This pattern was observed whether examining errors
across total sessions, during acquisitions, or during reversals. Dopaminergic
therapy, even when administered as a partial dose, failed to remedy baseline
learning impairments in IPD despite a developing endogenous dopamine deficit
in initially-spared VTA-innervated brain regions. Complementary analyses based
on Bayesian statistics provided support for the null medication effect on reversal

learning observed in IPD patients.

We frequently observed effects of disease severity and dopaminergic therapy on
error rates when examining overall sessions and during reversal phases, but less
so in the acquisition phases. Although this might suggest a selective effect of PD
and medication on stimulus-reward reversals, it is more likely the case that initial

stimulus-reward learning was not sufficiently tested in order to observe a
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behavioural effect. Recall that reward feedback during the PRL task was delivered
on a 90:10 reinforcement probability. During early learning trials before the first
reversal, participants would have encountered few probabilistic and no reversal
errors, resulting in near ceiling performance across groups. Only after participants
successfully completed initial stimulus-reward acquisitions and began the reversal
phase was learning adequately challenged. In addition, we found contrasting
disease severity and dopaminergic therapy effects depending on whether
between- or within-group differences, respectively, were examined. Maximizing
between-group differences in disease severity (i.e., at baseline in the OFF session)
versus within-group differences in dopaminergic therapy (i.e., direct OFF-ON %2
session contrasts) revealed specific effects on win-staying and lose-shifting. We

discuss these patterns in the following sections.

Patient groups differed in disease severity, confirmed by greater UPDRS scores in
the IPD compared to ePD group in both the OFF and ON ¥z sessions. This was
mirrored by larger doses of dopaminergic therapy used to treat IPD compared to
ePD group, which is to be expected given these medications are titrated in
proportion to greater motor symptom severity in IPD patients. Given advanced
PD is often associated with presence of mild cognitive impairment or dementia,
we ensured our patient groups were cognitively “normal” with careful screening
using cognitive and psychiatric tests. No participants met the cut-off criteria for
cognitive impairment on the MoCA and these scores did not differ between
groups. We also found a disease-related increase in self-reported depression and

anxiety in patients compared to HCs that neither improved nor worsened with

medication.
24.2 Parkinson’s disease severity worsens reversal learning at
baseline
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As PD progresses, continued degeneration of SNc and worsening DS-mediated
motor symptoms is expected. Motor symptom severity, as measured by UPDRS
scores, was greater in IPD compared to ePD patients. Also predicted with
increasing disease severity is the development of dopamine deficiency within
initially-spared VTA-innervated brain regions (Morrish et al, 1996). This
prediction was supported by our finding of poorer learning in IPD compared to
ePD patients and HCs, but comparable performance between ePD patients and

HCs.

Increased errors in IPD patients at baseline corresponded with decreased win-
staying. This reduction in sensitivity of reward outcomes on choice behaviour
likely reflects a decline in endogenous dopamine levels associated with increasing
disease severity. Cools et al., (2006) tested such an influence of dopamine levels
on reward- and punishment-based learning in PD. Using a task in which PD
patients learned to associate stimuli with positive and negative outcomes, the
authors found that patients off medication showed reduced reward- relative to
punishment-based learning. This bias was reversed when patients were tested on
medication. In a separate study using PET imaging, Cools and colleagues (2009)
found that individuals with lower dopamine synthesis capacity in the striatum
learned more poorly from unexpected rewards relative to punishment feedback,
whereas the reverse pattern was seen in those individuals with high dopamine
levels. Taken together, lower baseline dopamine levels related to PD and PD
severity, as well as individual differences in endogenous dopamine, appears to

reduce reward-based learning.

24.3 Dopaminergic therapy impairs reversal learning in early- but
not late-stage Parkinson’s disease

We found that dopaminergic therapy impaired stimulus-reward and reversal
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learning, replicating previous findings in PD patients (Cools et al., 2001; 2006;
Cools, Barker, Sahakian, & Robbins, 2003; A. A. MacDonald, Monchi, et al., 2013a;
Swainson et al., 2000) as well as in healthy volunteers (Mehta, Swainson, Ogilvie,
Sahakian, & Robbins, 2001; Vo, Seergobin, Morrow, & MacDonald, 2016). Both
within- and between-subject analyses revealed that learning in ePD patients was
better than IPD patients and comparable to HCs at baseline, but worsened with
medication to an extent comparable to baseline impairments in IPD patients. This
pattern reflects an initial sparing of VT A-innervated functions in ePD that are
impaired by overdose of this region by dopaminergic therapy. Such an overdose
effect was specific to the ePD group, as baseline reversal learning impairments in
IPD patients neither improved nor worsened when tested on medication,
replicating previous results (A. A. MacDonald, Monchi, et al., 2013a). This was
supported with Bayesian analysis. We discuss this finding in greater detail in

Section 2.4.4.

Medication-related reversal learning deficits in ePD patients were marked by more
errors and less probability of shifting choices after receiving ‘loss’ feedback. These
tindings suggest that dopaminergic therapy might disrupt learning by reducing
sensitivity to punishment feedback. It is well established in the reinforcement
learning literature that midbrain dopamine neurons signal reward and
punishment outcomes, especially when this feedback is surprising or unexpected
(Bayer & Glimcher, 2005; Robinson, Frank, Sahakian, & Cools, 2010), via phasic
bursts and/or pauses in firing (Bayer & Glimcher, 2005; Schultz, 1997). Exogenous
dopamine is hypothesized to increase tonic dopamine levels in the striatum such
that transient dips in dopamine levels critical for signalling punishment could be
occluded (Frank, 2005). Impaired punishment-based learning by dopaminergic

therapy has been demonstrated in a number of studies in both PD patients (Bodi
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et al.,, 2009; Cools et al., 2001; 2007; Frank, Seeberger, & O'Reilly, 2004; Swainson et
al., 2000) and healthy volunteers (Mehta et al., 2001; Moustafa, Cohen, Sherman,
& Frank, 2008; Vo et al., 2016).

A small literature has investigated the effects of dopaminergic therapy on learning
using neuroimaging in early PD (Aarts et al., 2014; Cools et al., 2007; Hiebert et al.,
2019; Kwak, Miiller, Bohnen, Dayalu, & Seidler, 2012; van Eimeren et al., 2009).
Cools et al., (2007) showed that dopaminergic therapy specifically disrupted VS
activity during a PRL task in a sample of early PD patients, though it should be
noted that no behavioural effect of dopaminergic therapy was found. To
elaborate, VS activity during final reversal errors that preceded an appropriate
response shift (i.e., lose-shift) was reduced on relative to off medication in early
PD patients. This effect was specific to VS, as examination of activity in DS among
other control regions did not reveal any treatment effects. Similarly, Kwak et al.
(2012) examined explicit motor sequence learning in PD patients tested off and on
medication with fMRI. Patients were required to learn a sequence of key-presses
over repeated training blocks, with reduced error rates and response times over
time used as a measure of learning efficiency. The authors found that medication
impaired learning during the early phase of training and this deficit corresponded
with reduced signal change in VS. In a recent study by Hiebert et al. (2019), the
effects of dopaminergic therapy on stimulus-response learning were investigated
in PD patients compared to healthy controls. Participants learned to associate
abstract stimuli with specific key-presses through trial-and-error via feedback.
The authors found that learning rate of stimulus-response associations was
correlated with activity in VS and this signal was attenuated when patients were
tested on relative to off dopaminergic medication. Collectively, these studies

demonstrate that medication-related worsening of learning performance is related

75



CHAPTER 2. COGNITION AND RESPONSE TO DOPAMINERGIC THERAPY IN PARKINSON’S DISEASE

to reduced activity in VT A-innervated brain regions, VS in particular. Others have
reported overdose effects in ventromedial PFC. Argylan et al., (2018) tested the
effects of dopaminergic therapy on reward learning in early-stage PD compared
to healthy controls with fMRI. Participants performed stimulus-reward selections
during an anticipation phase before being presented with either reward or
punishment outcomes in a feedback phase. During feedback processing, the
authors found reduced BOLD responses in the bilateral putamen of PD patients
tested on relative to off medication. When anticipating feedback, a medication-
related decrease in activity within the ventromedial PFC was reported in PD

patients.

244 Testing the dopamine overdose hypothesis

The dopamine overdose hypothesis posits that whether dopaminergic therapy
improves or impairs a given brain region function is dependent on the baseline
endogenous dopamine levels within that region. In PD, dopaminergic neurons in
SNc are significantly degenerated whereas those in VTA are relatively spared.
This results in a baseline impairment of SNc-innervated DS functions and less
affected VTA-innervated brain functions. Dopaminergic therapy titrated in
response to DS-mediated motor symptom severity overestimates the modest
degree of dopamine-depletion to VTA-innervated areas, leading to impaired
functions. Support for this overdose account, however, relies to a significant
extent on studies in early-stage PD patients tested off versus on dopaminergic
therapy either using behavioural results alone (Cools et al., 2006; Feigin et al., 2003;
Frank & Claus, 2006; Graef et al., 2010; Jahanshahi et al., 2010; Kwak, Miiller,
Bohnen, Dayalu, & Seidler, 2010; A. A. MacDonald, Monchi, et al., 2013a; A. A.
MacDonald, Seergobin, et al., 2013b; P. A. MacDonald et al., 2011; Seo, Seo, Beigi,
Jahanshahi, & Averbeck, 2010; Shohamy et al., 2006; Swainson et al., 2000; Tomer,
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Aharon-Peretz, & Tsitrinbaum, 2007; Torta, Castelli, Zibetti, Lopiano, &
Geminiani, 2009; Tremblay et al., 2010; Vo et al.,, 2014) or behavioural results
correlated with changes in neural activity assessed with neuroimaging (Aarts et
al., 2014; Argyelan et al., 2018; Cools et al., 2007; Hiebert et al., 2019; Kwak et al.,
2012). To a lesser extent, this hypothesis has also been investigated in healthy
volunteers following a dopamine challenge (Breitenstein et al., 2006; Gallant, Vo,
Seergobin, & MacDonald, 2016; Mehta et al., 2001; Pizzagalli et al., 2008; Santesso
et al., 2009; Vo et al., 2016; Vo, Seergobin, & MacDonald, 2017; 2018; Yang, Glizer,
Vo, Seergobin, & MacDonald, 2016).

Progressive degeneration of SNc and concordant worsening of DS-mediated
motor symptoms is expected in later stages of PD. Also predicted is the emergence
of a dopamine deficiency in initially-spared VTA-innervated brain regions.
Dopaminergic therapy continues to reliably improve DS functions and might
similarly be expected to benefit now impaired VT A-innervated brain functions at
later-stages —although empirical support for this prediction is lacking at present.
MacDonald and colleagues (2013a) compared reward learning in early versus late
PD patients tested off versus on medication. At baseline, they found spared
learning in early PD patients but impaired learning in late PD compared to healthy
controls. This finding suggested there was a developing dopamine deficit in
initially-spared brain regions. Dopaminergic therapy worsened learning in early
PD patients but neither improved nor worsened baseline learning impairments in
late PD, only partially supporting the dopamine overdose hypothesis. We
replicated this pattern of behavioural findings in the present study though PD
patients were tested on %2 their usual dose of dopaminergic therapy, which we
expected would more closely parallel the dopamine deficiency in the VTA-

innervated brain regions at later-stages of PD.
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Two competing explanations are offered for understanding the lack of apparent
medication effects on VTA-innervated brain function despite a developing
endogenous dopamine deficit in late PD. Dopaminergic therapy is titrated to
worsening DS-mediated motor symptoms that occur in proportion to the
advancing DS dopamine depletion. Such doses of medication might continually
exceed the degree of dopamine deficiency in VT A-innervated brain regions and
consequently persistently overdose functions performed by these brain regions.
Alternatively, VT A-innervated brain regions like VS might simply not be adapted
to benefit from exogenous dopamine. In contrast to DS, VS is composed of smaller
more widely-spaced medium spiny neurons that respond in a graded fashion to
stimulation (Wickens et al., 2007; Zhang et al., 2009). This finely-tuned, gradient,
and more slowly-integrating response in VS would be more susceptible to boluses
of exogenous dopamine that could alter the tonic-to-phasic dopamine ratio at
synapses in a way that does not reflect psychological events and experiences. DS,
on the other hand, features maximal receptor stimulation across a wide range of
tiring frequencies that might tune this region to benefit from a broader range of

dopamine concentrations.

Here we attempted to distinguish between these opposing predictions by testing
early- versus late-stage PD patients on a half dose of their usual dopaminergic
medication. If VT A-innervated brain functions are persistently overdosed by doses
of dopaminergic therapy titrated to DS-mediated motor symptoms, a half dose
was predicted to (i) overdose and impair spared functions in early PD but (ii)
improve baseline deficits in late PD. If instead VT A-innervated brain regions do
not benefit from exogenous dopamine, we predicted that a half dose would (i)
disrupt spared functions in early PD but (ii) fail to improve or even further worsen

baseline deficits in late PD. We show that even after reducing medication dosages
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by half, learning was still impaired by dopaminergic therapy in early-stage PD
patients. Further, a reduced dose of dopaminergic medication that should better
approximate the VTA-dopamine deficiency did not benefit baseline impairments
in late-stage PD patients. This finding is at odds with the notion that persistent
overdose of VTA-innervated brain regions by dopamine medication doses
determined by levels of DS dopamine impairments explains previous findings (A.
A. MacDonald, Monchi, et al., 2013a). Our results seem more in line with the view
that VTA-innervated brain regions, VS and potentially OFC in light of previous
studies of the brain regions underlying PRL, are not adapted to benefit from
exogenous dopamine even once dopamine depletion occurs. Of course, this is
only a first step toward exploring these competing hypotheses. Future studies that
compare different doses of dopamine within-subject in both early and later-staged
PD patients would clarify this issue further. Lack of relation across dosing ranges
and performance in these groups of PD patients would provide strong support.
Correlating these behavioural findings with brain activation using neuroimaging

would also be elucidatory.

It is possible that our analyses on performance of the IPD group was simply
underpowered to reveal true, significant medication effects on reversal learning
using frequentist statistics. To test this possibility, we used a Bayesian approach
to assess the OFF-ON differences. Mirroring our findings with frequentist
statistics, our Bayesian analyses strongly supported the null hypothesis that there
were no performance differences between learning in the OFF and ON Y2 dose
sessions. Further, our null finding in the IPD group could not have resulted from
inadequate medication effects more generally because DS-mediated motor
symptoms, measured by UPDRS scores, were significantly improved by

dopaminergic therapy.
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2.4.5 Conclusions
We offer a critical investigation of the dopamine overdose hypothesis. We tested

straightforward predictions regarding the role of baseline endogenous dopamine
levels on cognitive function and responses to dopaminergic therapy. First, we
compared PD patients at different stages of the disease course to test how
progressive decline in baseline dopamine levels affect brain region function.
Second, we tested PD patients OFF and ON %2 medication to contrast competing
theories regarding exogenous dopamine effects in later disease stages, discussed

in detail below.

EPD patients learned equally well to HCs at baseline but this learning was
impaired when tested on half-doses of dopaminergic medication. This supports
the dopamine overdose hypothesis. Examining the effect of disease progression
and dopaminergic medication in IPD patients revealed a less tidy scenario than
would be predicted by the overdose account, however. At baseline, IPD patients
learned more poorly compared to ePD patients. This baseline impairment in
learning for IPD relative to ePD patients and healthy controls is consistent with
the predicted degeneration of VTA with PD progression, producing impaired
function in VTA-innervated brain functions. However, there was no improvement
in reward learning upon introducing a reduced dose of dopaminergic therapy that
was expected to more closely resemble the dopamine-deficiency in these brain
regions and to avoid persistent overdosing. In fact, dopaminergic therapy had no
effect on learning in the IPD group. These findings call into question whether
VTA-innervated brain regions like VS can benefit from exogenous dopamine.
Unlike DS, whose functions improve with broad ranges of dopaminergic therapy
at all stages of PD, distinct dopamine signalling and regulation properties in VS

and other VT A-innervated brain regions might be intolerant to effects on tonic-to-
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phasic dopamine ratios created by boluses of oral exogenous dopamine at any

point along the disease course.

With increasing life expectancies, the prevalence of PD among other age-related
neurodegenerative diseases is expected to rise. With improving pharmacological,
surgical, and rehabilitative interventions, more patients will live longer and
progress into advanced disease stages. Later in the PD course, cognitive
impairments and overt dementia become the significant hindrance to quality of
life and greatest predictor of institutionalization (Aarsland, Larsen, & Tandberg,
2000; Aarsland, Zaccai, & Brayne, 2005). This research contributes to a growing
literature on the underlying causes of cognitive decline in PD, which will help
guide future care and management of these complex symptoms. This line of
research along with future studies intended to explore ranges of dopaminergic
therapy doses within-subject in early and late-stage PD patients could inform
treatment strategies in the clinic, prompting clinicians to consider cognitive profile

and disease stage when prescribing treatment.
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