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Abstract

Individual differences in dopaminergic tone underlie tendencies to learn from reward versus
punishment. These effects are well documented in Parkinson’s patients, who vacillate between low
and high tonic dopaminergic states as a function of medication. Yet very few studies have
investigated the influence of higher-level cognitive states known to affect downstream
dopaminergic learning in Parkinson’s patients. A dopamine-dependent cognitive influence over
learning would provide a candidate mechanism for declining cognitive integrity and motivation in
Parkinson’s patients. In this report we tested the influence of two high-level cognitive states (cost
of conflict and value of volition) that have recently been shown to cause predictable learning
biases in healthy young adults as a function of dopamine receptor subtype and dopaminergic
challenge. It was hypothesized that Parkinson’s patients OFF medication would have an enhanced
cost of conflict and a decreased value of volition, and that these effects would be remediated or
reversed ON medication. Participants included N=28 Parkinson’s disease patients who were each
tested ON and OFF dopaminergic medication and 28 age- and sex-matched controls. The expected
cost of conflict effect was observed in Parkinson’s patients OFF versus ON medication, but only in
those that were more recently diagnosed (<5 years). We found an unexpected effect in the value of
volition task: medication compromised the ability to learn from difficult a-volitional (instructed)
choices. This novel finding was also enhanced in recently diagnosed patients. The difference in
learning biases ON vs. OFF medication between these two tasks was strongly correlated,
bolstering the idea that they tapped into a common underlying imbalance in dopaminergic tone
that is particularly variable in earlier stage Parkinsonism. The finding that these decision biases are
specific to earlier but not later stage disease may offer a chance for future studies to quantify
phenotypic expressions of idiosyncratic disease progression.
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1 Introduction

Dopaminergic neurodegeneration in Parkinson’s disease not only manifests in difficulties
with motor execution, but also in related problems with volitional action selection, high-
level cognition, motivation and mood. Each of these related symptoms can cause understated
but significant distress. In this report we describe how some of these related symptoms could
be exacerbated by subtle but pervasive learning biases caused by low dopaminergic tone.
This aberrant learning may have implications in the day-to-day quality of life of patients,
and as it may differ depending on disease duration it may open novel avenues to quantify
disease progression.

1.1 Aberrant learning in Parkinson’s Disease

Dopaminergic tone influences the sensitivity of the competing cortico-striatal action
selection pathways. Phasic dopamine bursts in the cortico—striatal D1 receptor-mediated
direct pathway underlie the ability to learn from and seek reward, whereas dopamine dips in
the D2 receptor-mediated indirect pathway underlie the ability to learn from and avoid
punishment (Kravitz et al., 2010; Kravitz, Tye, & Kreitzer, 2012; Porter-stransky, Seiler,
Day, & Aragona, 2013; Tai, Lee, Benavidez, Bonci, & Wilbrecht, 2012). Reduced tonic
dopamine in Parkinsonism causes a lower dynamic range of phasic signaling and a loss of
synaptic plasticity in the direct pathway (Frank, 2005; Frank, Seeberger, & O’Reilly R,
2004), as well as opposite effects of more effective phasic signaling and enhanced long term
potentiation in the indirect pathway (Beeler et al., 2012; Wiecki & Frank, 2010). The
outcome of these systemic alterations include impaired reward-related learning and
motivation for action selection (diminished D1 effects) (Moon et al., 2010) but also
paradoxically boosted learning of active inhibition (enhanced D2 effects) (Kravitz et al.,
2012). This phenotype can be reversed with levodopa (L-dopa) treatment, causing
hypersensitivity to rewards and inability to learn from punishments (Cools, 2006; Frank,
Samanta, Moustafa, & Sherman, 2007; Frank et al., 2004). Given that L-dopa remains the
prevailing treatment for PD, there are clear clinical benefits for understanding how striatal
D1/D2 balance affects day-to-day life in Parkinson’s patients, in particular understanding the
emergence of gambling and impulse control disorders in some patients (Molina et al., 2000)
due to L-dopa “overdosing” of the ventral striatum (Cools, 2006; Ryterska, Jahanshahi, &
Osman, 2013).

While these overt biases to rewarded and punished outcomes are well defined, a tonic striatal
D1/D2 imbalance can lead to other subtle behavioral and decision-making biases (Foerde et
al., 2016; Sharp et al. 2015; Chong et al., 2015), suggesting valenced learning biases simply
scratch the surface of aberrant learning in Parkinson’s disease (Wiecki & Frank, 2010). In
this report we examine two extrinsic factors that have been shown to influence cortico-
striatal plasticity during learning: conflict costs and agency preferences. Similar to an effort
cost, conflict induces a cognitive demand during learning. Agentic decisions similarly
require higher-order decision making, yet this has a different influence on learning. Conflict
costs and agency preferences reflect ecologically relevant situations that have recently been
shown to contribute to learning biases as a function of striatal D1/D2 balance in healthy
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young adults (Cavanagh, Masters, Bath, & Frank, 2014; Cockburn, Collins, & Frank, 2014).
We postulate that an understanding of the influence of dopaminergic tone on learning under
the influence of these higher-level cognitive phenomena could lead to a better mechanistic
understanding of cognitive, motivational, and mood symptoms in Parkinson’s patients.

1.2 Cost of Conflict

It was recently shown that cognitive conflict can act as an implicit cost during learning,
similar to an effort cost (Cavanagh et al., 2014). Both effort and conflict costs are mediated
by dopaminergic tone and are amplified by a striatal D2>D1 imbalance (Cavanagh et al.,
2014; Denk et al., 2005; Drew et al., 2007; Salamone, Correa, Farrar, Nunes, & Pardo, 2009;
Simpson et al., 2011; Treadway et al., 2012). Cognitive conflict occurs when competing
response options compete for control of behavior, and it acts as a trigger of the need for
cognitive control (Botvinick, Braver, Barch, Carter, & Cohen, 2001; Cavanagh & Frank,
2014; Shenhav, Botvinick, & Cohen, 2013). Since control is effortful, it acts as a cost when
integrating action values in cortico-striatal circuits, and individuals with genetic striatal
D2>D1 sensitivities integrate these conflict-related action sequences with greater associated
cost (Cavanagh et al., 2014). To note, this effect can also be induced in healthy young adults
by administration of cabergoline, a selective D2 agonist which in low doses preferentially
acts on striatal D2-autoreceptors to boost indirect pathway function (Cavanagh et al., 2014).
This collective set of findings leads to the clear a priori hypothesis that Parkinson’s patients
off medication should have an enhanced cost of conflict effect due to striatal D2>D1
imbalance caused by low dopaminergic tone. We think this phenomenon might be
ecologically and clinically relevant, since an enhanced cost of conflict may act to increase
the intrinsic cost of goal-directed actions (Kool, McGuire, Wang, & Botvinick, 2013;
Shenhav et al., 2013). This would suggest a negative influence on the ability to instantiate
higher cognition, leading to poor executive function and low motivation (apathy) in
Parkinson’s patients.

1.3 Value of Volition

A different study recently explained why volitional choice can be associated with greater
value than a-volitional or instructed choice (Cockburn et al., 2014). People prefer options
based on previous volitional, agentic choices (Bown, Read, & Summers, 2003; Sharot,
Velasquez, & Dolan, 2010), particularly when they may be rewarding (Leotti & Delgado,
2014). Imaging studies have indicated an important role of basal ganglia in this value of
volition bias (Leotti & Delgado, 2014; Murty, DuBrow, & Davachi, 2015; Sharot, Shiner,
Brown, Fan, & Dolan, 2009), and individuals with a genetic striatal D1>D2 sensitivity show
an enhanced value of volition for rewarded options (Cockburn et al., 2014). This latter study
advanced the novel hypothesis that this value of volition is the result of a credit-assignment
process in the basal ganglia, where an obligatory boost of dopamine to a volitional action
increases plasticity in the striatal D1 pathway responsible for rewarded actions. Thus, the
“credit” for the reward is assigned to the responsible action selection routine following
volitional choice. Since instructed (a-volitional) choices are not as reliant on D1-mediated
pathways, they receive smaller obligatory boosts. In the current experiment, Parkinson’s
patients off medication were expected to have a diminished value of volition, suggesting that
they do not gain the de facto enhancement of the D1 pathway while learning new action-
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outcome pairings. Such a diminished value of volition would also be a candidate mechanism
for apathy in Parkinson’s patients.

1.4 The Current Study

This study aimed to collectively test these hypotheses of an enhanced cost of conflict and a
decreased value of volition in Parkinson’s patients. These effects were proposed to be
particularly potent off medication, and remediated or reversed when on medication. While
we did observe the expected cost of conflict effect in recently diagnosed Parkinson’s
patients, we found a different value of volition effect in these patients: an inability to learn
from more difficult reinforcement contingencies when they were based on instructed, but not
volitional choice. The difference in learning biases on versus off medication between these
two tasks was correlated, suggesting that they tapped into a common underlying striatal D1-
D2 imbalance that is particularly potent in early stage Parkinsonism.

2 Materials & Methods

2.1 Experimental Design

Participants included N=28 Parkinson’s disease patients recruited from the Albuquerque,
New Mexico community and an equal number of sex and age matched controls. Parkinson’s
patients visited the lab twice, seven days apart: once on medication and once after a 15-hour
overnight withdrawal from their individual prescriptions of dopaminergic medication used to
treat PD. Hereafter these conditions are referred to as ON or OFF. All patient and control
sessions were run at 9 AM. Patients were counterbalanced across sessions based on a
predefined randomized template; there were an equal number of Parkinson’s patients ON
versus OFF medication in their first session. Parkinson’s patients completed
neuropsychological and questionnaire assessments in their ON state. United Parkinson’s
Disease Rating Scale (UPDRS) motor scores were videotaped in each patient session and
were scored by a neurologist. All participants had Mini Mental State Exam (MMSE) scores
above 26. Parkinson’s and control participants did not differ on any measurements of
education or premorbid intelligence (see Table 1). The University of New Mexico Office of
the Institutional Review Board approved the study and all participants provided informed
consent. Participants were paid $20/hr for participation. Tasks were programmed in Matlab
using Psychtoolbox. Participants used left and right index finger trigger buttons on a
Logitech F310 gamepad for two alternative forced choice selections. All tasks used different
visual stimuli between the two sessions.

2.2 Cost of Conflict Task

This task was highly similar to the seminal study (Cavanagh et al., 2014), with minor
changes to make it faster and easier (more discriminating probabilities, fewer blocks) for our
patient population. In each training phase, a modified Simon task was utilized to elicit
response conflict during the presentation of four unique stimuli (Fig 1a). Each stimulus was
presented to the left or right side of the screen. Participants were instructed to press the left
gamepad button when the stimulus was yellow and the right button when it was blue. These
presentations were thus either spatially congruent (screen side = response hand) or
incongruent (screen side # response hand) as in a standard Simon task. Stimuli consisted of
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four randomly assigned unique shapes (termed ‘A’, ‘B’, ‘C” and ‘D’). Following an accurate
response, participants could gain points (rewarded trial; green +1) or not (punishing trial; red
0) according to a probabilistic schedule described below. Although these points were not
relevant for learning the Simon rule contingencies (which again were instructed),
participants were informed that some stimuli would be more often rewarding than others and
that they should learn which ones were better so they could identify them after the training
block (Fig 1b).

The four stimuli had different reinforcement rates: the ‘A’ stimulus was 100% rewarding
and the ‘D’ stimulus was 0% rewarding, each consisting of an equal number of rewards on
congruent versus incongruent trials (and also on yellow vs. blue colors and left vs. right
sides). In contrast, whereas stimuli B and C were equivalently reinforced at 50% rates each,
the ‘B’ stimulus was reinforced on 100% of congruent trials and 0% of incongruent trials;
whereas the ‘C’ stimulus was reinforced on 0% of the congruent trials and 100% of the
incongruent trials. Thus if conflict reduces the value of rewards, it should reduce the learned
positive value of C relative to B; conversely, if it amplifies the aversive value of negative
outcomes it should cause B to have a more negative value than C. Note that B and C stimuli
were also equally reinforced for each yellow and blue occurrence and in left and right
locations; the sole difference between them was in the consistent experience of conflict prior
to reward (“*C’) or punishment (‘B’).

There were 20 occurrences of each stimulus per training block. The inter-trial interval
consisted of a fixation cross for 1000ms. If participants did not respond by the response time
(RT) deadline (750ms) or if they made an error, they received informative feedback (‘No
Response’ or ‘ERROR!’, respectively) and the same trial was added to the end of the block.
The feedback yielded a deterministic reinforcement schedule for each stimulus within each
block: participants always experienced the exact reinforcement schedule regardless of errors
or delays. We anticipated that the 750ms response deadline may be too fast for some
patients, so following practice we allowed it to double (1500ms) if needed. There were four
Parkinson’s and one control participant who used the doubled RT deadline; Parkinson’s
patients all had the same RT deadline for their ON and OFF sessions.

Following each training phase, participants entered a forced-choice testing phase where they
were instructed to select “the most rewarding” stimulus from each unique pair of stimuli
(each pair occurred 4 times = 48 trials total, 3000ms response deadline, Fig 1c). This testing
phase provided the critical assessment of biased reinforcement learning. First, it was
expected that participants should be able to reliably select A>D. In contrast, the B and C
stimuli were equally reinforced at 50% rates. Thus, the perfectly crossed design eliminates
any chance of performance bias due to task demands unrelated to conflict, but it also
obviates an assessment of an aggregate conflict effect on choice preferences — that is, the
conflict cost effect reflects a relative reward vs. punishment sensitivity balance. Conflict
could diminish the value of reward (on ‘C’ specifically, leading to a B>C bias) or boost the
impact of punishment (on ‘B’ specifically, leading to a C>B bias). Previous research has
shown that in young adults, low-dose cabergoline administration led to a C>B bias
(Cavanagh et al., 2014), thus we expected the same effect here in patients OFF medication.
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Participants took four train-test blocks and the results were averaged together. The cost of
conflict task took an average of 38 mins (SD=7.3) to complete.

2.3 Value of Volition Task

This task was highly similar to the seminal study (Cockburn et al., 2014), with minor
changes to make it easier and faster (fewer stimulus pairs, more discriminating probabilities,
fewer blocks, easier threshold to move on from training). Participants completed an equal
number of free-choice (fc) trials and no-choice (i) trials. No-choice trials were yoked to free
choice selections to ensure identical reinforcement and behavioral selection. This forced the
stimuli to be experientially equivalent even in the context of idiosyncratic behavior, with the
sole exception of the nature of choice.

During the training phase the participants were presented with four stimulus pairs, where
each stimulus was a colored shape associated with a different probabilistic chance of
receiving reinforcing (green 1) or punishing (red 0) feedback. These stimulus pairs (and their
probabilities of reward) were termed Az /B (90% /10%) or Cy. /Dy (70% /30%) for the
free choice trials and Anc /Bnc or Chc /Dy for the identically reinforced no-choice trials (Fig
1d). All training trials began with an inter-trial-interval of 2000ms. First, an instruction
screen informed the participants if they would “Choose” or “Match” (500ms duration) then a
crosshair appeared for 800—1000ms (jittered). Then, the stimulus pairs were presented for a
maximum of 4000ms, and disappeared immediately after the choice was made. If the
participant failed to make a choice within the 4000ms, “No Response Detected” was
presented. The no-choice “Match” trials had a square outline around the stimulus that
participants were required to select; selection of the other option failed to register (Fig 1e).
Following a valid button press, the unselected stimulus disappeared from the screen while
feedback was presented centrally for 1250ms. Each training block had 20 presentations of
each stimulus pair. Participants completed between three and five training blocks depending
on accuracy (they could move to the test phase if both free choice pairs (A /B and C/ D)
were accurately selected >60% of the time).

During the testing phase all possible stimulus pairs were presented, with eight pairings of
each yoked free-choice / no-choice set (i.e. Asc Vs Ac) and four repetitions of all other
pairings (i.e. Apc VS. Bgc), leading to 128 test trials total (Fig 1f). Timing and RT deadlines
were the same as the training phase. No feedback was provided in the testing phase. The
value of volition task took an average of 24 mins (SD=3.57) to complete.

2.4 Statistical Analyses

The sample size was chosen to match our recent cabergoline challenge in N=27 healthy
young adults (Cavanagh et al., 2014), here we rounded up to N=28 to match
counterbalancing of medication (ON vs OFF) during the two experimental sessions. The
conflict of cost task consisted of four different training blocks, analyses of learning effects
were limited to blocks where the A>D test phase choice was correct at least 75% of the time.
This caused a discrepancy in the degrees of freedom for a single case of ON versus OFF
contrasts. Since all experimental hypotheses were on the difference between ON and OFF
sessions in Parkinson’s patients, control participant data were primarily presented for
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qualitative comparison that general task performance was not radically altered by
Parkinson’s disease (see Table S1 for statistical analyses consisting of null effects with one
set of significant findings which is detailed later on). It was expected that not all Parkinson’s
patients would show similar effects of medication withdrawal, thus motor UPDRS, L-dopa
equivalence dose (LED), and years since diagnosis were a priori candidate moderators of
medication effects on performance.

ANOVAs and planned comparison decompositions were used for data analyses. Medication
status (ON vs. OFF) was the only main or interaction effect of theoretical interest. For each
task, training phase behavior was first assessed to examine any difference in performance,
which could drive learning effects. Then, testing phase indicators of general learning were
assessed. Finally, each a priori novel effect was tested.

Patients did not differ from controls in any demographic or neuropsychological measure
except they had higher scores on the Beck Depression Inventory, which was expected (Table
1). Motor UPDRS scores did not significantly change between ON and OFF sessions
(t7)=-1.27, p=.22), suggesting limited utility as a moderator variable. Years diagnosed and
LED were strongly correlated (r(2g)= .53, p=.0035). Years diagnosed was thus used as a
moderator of performance, with groups split into <=median and > median. These groups did
not differ on any other demographic or neuropsychological measure, except LED and
percent of males (Table 2).

3.1 Cost of Conflict Results

There were no differences in training phase (Simon task) performance between ON and OFF
states (Fig 2a). RTs were longer OFF meds, but there was no main effect of medication
(F(1,26)=1.71, p=.20) nor an interaction with congruency indicating a difference in the
conflict effect (F(1 26)=-02, p=.90). Test phase A>D selection was at ceiling (partially due to
filtering of blocks with poor performance), demonstrating that the task was well learned.
There was no difference in the conflict cost effect due to medication (t<1), see Figure 2b.

The recency of diagnosis was included as a group-wise moderator variable. The interaction
between medication status and years diagnosed on the conflict cost effect was significant
(F@,25=7.5, p=.01), with simple effects for the early diagnosis group (t(14=2.46, p=.028)
but not the later diagnosis group (t(11)=—1.48, p=.17). In fact, one-sample t-tests revealed a
difference from chance for the earlier diagnosis group while OFF medication (t(14)=—2.14,
p=.05), but not while ON (t(15)=1.12, p=.28), see Figure 2c. There was no moderating effect
of years since diagnosis on training phase performance (Fig S1). Thus, the a priori
hypothesis that Parkinson’s patients OFF medication would be more sensitive to
experiencing conflict as a cost was confirmed, but only for earlier stage Parkinson’s patients.

3.2 Value of Volition Results

There was no difference in aggregate training accuracy due to medication, see Figure S2.
Since no-choice pairs were yoked to free-choice pairs during training, effective learning of
all stimulus pair discriminations must be assessed via test phase performance. We next tested
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the specific effects of medication status (ON vs. OFF) on volitional learning (s VS. nc) With
an additional split for trial difficulty (A/B vs. C/D) on the training phase pairs. This ANOVA
revealed a main effect of all variables and moderation by medication status of all variables
(medication F(y 27)=5.35, p=.029, volition F(; 7)=36.42, p=.000002, difficulty F(; »7)=10.15,
p=.004, medication * volition F(; 7y=5.90, p=.022, medication * difficulty F(; »7)=5.92, p=.
022, three-way interaction F(; 57)=5.49, p=.027). In a series of planned comparisons, only
the Cpc vs. Dpc condition had a significant effect of medication (t(27)=-3.58, p=.001, all
other pairs ts<1, ps>.33), see Figure 3a. To be clear: this effect was not expected. The
finding of an inability to effectively learn to discriminate the difficult, a-volitional trials
during training ON but not OFF medication precludes the ability to test for biased volitional
learning between difficulty conditions.

The a priori hypothesis that patients OFF medication would have a reduced value of volition
(i.e. Afc = Anc) was not able to be tested due to an unexpected inability for patients ON
medication to learn the C,¢ vs. Dy discrimination. Without effective discrimination of all
training stimulus pairs we cannot test for differences in the relative strengths of learning
between novel pairs. However we describe five reasons to consider this finding of altered
difficult a-volitional learning to be a real effect of the medication manipulation and not a
statistical aberration.

First, all other aspects of learning on this task were not affected by the medication
manipulation. In addition to normative training phase performance (Fig S2), the expected
value of volition (f:>,,c) was observed in all groups, as in the seminal study (Cockburn et al.,
2014), see Figure S3. A previously described interaction between medication status and
valenced learning (Frank, Samanta, et al., 2007; Frank et al., 2004) tested the free choice
trials in a valence (A/C vs. D/B) * medication (ON vs. OFF) ANOVA. The interaction was
non-significant but trended in the expected direction (F(1 27)=2.87, p=.10 see Figure S3),
demonstrating that medication led to slightly better reward learning (better A/C
discrimination) and abstention led to slightly better punishment learning (better D/B
discrimination).

Second, this finding was enhanced in the earlier stage diagnosis group, who were expected
to experience a greater effect of medication withdrawal. Following the aforementioned
findings of the cost of conflict effect, we examined if this Cpc vs. Dy effect was moderated
by recency of diagnosis. The medication * recency interaction was significant (F(; 26)=5.21,
p=.031), with a significant simple effect only in the earlier stage group t(15=4.29, p=.001,
but not the later stage group t(11)=—.83, p=.422, see Figure 3b. Neither of the A vs. B
contrasts were moderated by recency of diagnosis (Fs<1), yet Cs. vs. Df; had a significant
interaction (F(1,26)=5.99, p=.02) although no follow-up simple effects were significant (ts
<1.8, ps>.09). While this latter interaction was unexpected, it demonstrates that the earlier
stage diagnosis group had slightly better discrimination in the Cg vs. D¢ volitional
condition even in the context of a profound impairment in Cp,¢ vs. Dy discrimination,
demonstrating that the conjunction of high difficulty and a-volitional choice was required for
altered performance ON vs. OFF medication.
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Third, this effect was robust. To test the generality of this finding of altered learning for
difficult, a-volitional stimuli in the earlier diagnosed group, all other test phase pairs with
Cnc and Dy stimuli were contrasted. Supplemental Figure S4 shows how C,,c was
significantly undervalued and Dy was significantly overvalued in nearly all contrasts,
demonstrating the robustness of this finding of altered discrimination learning in the earlier
diagnosis group ON vs. OFF medication.

Fourth, only the OFF group was strongly differentiated from the control group. The only
differences between Parkinson’s patients and control participants in any aspect of any task
occurred in these contrasts (Table S2). Patients OFF medication were better at identifying
the optimal choice in all conditions (main effect of group: F(; 54)=5.80, p=.02) while patients
ON medication were better only in volitional conditions (group*volition interaction:
F(1,54=4.41, p=.04). Liberal use of follow-up t-tests indicate that the OFF group differed
from controls only in the Cy,c > Dy contrast (t(s4)=2.36. p=.02); the ON group was not
different from controls (t(s4)=—0.89. p=.38). Finally, one-sample t-tests indicate that only the
OFF group had significant Cpc > Dy discrimination above chance (t27)=7.58, p<.01)
whereas the ON group (t(27)=0.49, p=.63) and CTL group (t27)=1.63, p=.11) did not.

Finally, to test the hypothesis that a common underlying process of D1/D2 imbalance
contributed to this aberrant learning effect, the conflict cost effect and the value of volition
Cnc Vs. Dy contrast were plotted against each other as a function of change due to
medication (ON minus OFF). Figure 4 shows that these medication-induced learning
alterations were strongly correlated with each other: r7)=-.63, p=.4e=3. In summary,
abstention from medication caused an increased ability to learn from difficult a-volitional
choices; this effect was equivocated in the ON state and the size of this effect was correlated
with other indices of D1/D2 imbalance.

4 Discussion

In this report we described how dopaminergic dysfunction in Parkinson’s disease can affect
the influence of high-level cognitive states on reinforcement learning and action selection. In
more recently diagnosed patients, the implicit cost of conflict was enhanced off medication.
Yet in these same patients, medication compromised a heightened ability to learn from a-
volitional instructed choices. Below, we interpret these findings in the context of pervasive
decision biases that appear to be differentially expressed in Parkinson’s patients due to
dopaminergic dysfunction.

4.1 Effort and Agency

Individuals tend to balance the demands of effort and agency in predictable ways. People
implicitly seek cognitive efficiencies to reduce effort (Kool, McGuire, Rosen, & Botvinick,
2010; Zipf, 1949), yet they also generally prefer to make agentic choices when possible
(Bown et al., 2003). While complex choices may be avoided (lyengar & Lepper, 2000),
people prefer options they have volitionally chosen over other equally-valued assigned items
(Egan, Santos, & Bloom, 2007; Sharot et al., 2010) or novel items (Beggan, 1992;
Morewedge & Giblin, 2015). Striatal dopamine has been specifically implicated in the cost
of effort (Salamone et al., 2009; Westbrook & Braver, 2016), and more recently in the
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benefits of agency (Sharot et a/,, 2009; Cockburn et al., 2014; Leotti and Delgado, 2014).
Costs are associated with a diminishment of positive prediction error signaling in ventral
striatum (Croxson, Walton, O’Reilly, Behrens, & Rushworth, 2009; Hamid et al., 2015;
Kurniawan, Guitart-Masip, Dayan, & Dolan, 2013; McGuire & Botvinick, 2010; Walton,
Bannerman, Alterescu, & Rushworth, 2003) whereas volitional choices are associated with
increased striatal activity (Sharot et a/., 2009; Leotti and Delgado, 2014).

4.2 Enhanced Cost of Conflict in Parkinson’s

Parkinson’s patients display altered decision making (Narayanan, Rodnitzky, & Uc, 2013)
particularly in the context of seeking wins and avoiding losses (Brand et al., 2004; Foerde et
al., 2016; Frank et al., 2004; Mimura, Oeda, & Kawamura, 2006; Ryterska et al., 2013), but
the influence of Parkinson’s disease on effortful and agentic decisions remains understudied.
Chong et al. (2015) revealed how Parkinson’s patients are less willing to trade effort for
reward than control participants, and that dopaminergic medication reverses this bias. Both
effort and conflict costs are amplified by low dopaminergic tone and ameliorated by high
dopaminergic tone (Cavanagh et al., 2014; Denk et al., 2005; Drew et al., 2007; Salamone et
al., 2009; Simpson et al., 2011; Treadway et al., 2012), which in turn affect D2/D1 receptor
sensitivities (Frank et al., 2004). Here we found that earlier stage unmedicated Parkinson’s
patients had an increased cost of conflict and that this effect was ameliorated by medication.
It is likely that long-term systematic adaptation to fluctuating dopamine levels in later-stage
Parkinson’s patients causes a rebalancing of cortico-striatal plasticity, causing a relatively
insensitivity to subtle higher-level influences like effort costs and volition values. This
interpretation is most strongly evidenced by the increase in LED with disease duration,
suggesting that increasing insensitivity to medication may blunt these extrinsic effects on
learning.

4.3 Altered Value of Volition in Parkinson’s

We were not able to fully test the predicted value of volition effect, since medicated patients
displayed an unexpected alteration in the tendency to learn from the difficult a-volitional
instructed condition. The conjunction of difficulty and instruction here requires some
unpacking. First, the importance of high difficulty in this effect is likely due to the fact that
easy discriminations can be learned by the formation of an explicit rule in fronto-
hippocampal systems, whereas more difficult discriminations rely on long-term cortico-
striatal integration (Foerde & Shohamy, 2011; Frank, Moustafa, Haughey, Curran, &
Hutchison, 2007). These two learning systems rely on dissociable aspects of dopamine
function (Frank, Moustafa, et al., 2007), and Parkinson’s patients are specifically impaired in
cortico-striatal but not fronto-hippocampal learning (Foerde, Braun, & Shohamy, 2012;
Foerde & Shohamy, 2011). The novel aspect of the finding reported here is the a-volitional
instructed dimension: why do patients have a specific enhancement in a-volitional learning
off medication that is abolished with medication? The credit-assignment mechanism
underlying the value of volition effect motivated by Cockburn et a/. (2014) appears intact
(Fig S3a), so it is likely that the a-volitional aspect relies more on D2 indirect pathway
activities than previously appreciated. The fact that earlier stage patients have lower
accuracy on medication yet higher accuracy off medication would be in line with enhanced
sensitivity to a D2-mediated effect.
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4.4. Future Directions

The finding that the influences of high-level effort and volitional effects are specific to
earlier but not later stage disease offers a chance to quantify phenotypic expressions of
idiosyncratic disease progression. Yet years diagnosed is only one manifest predictor of the
latent systematic alteration suspected to contribute to aberrant learning in Parkinson’s
disease. While imprecise, years diagnosed is easily interpretable (suggesting
generalizability), it was correlated with LED (suggesting convergent validity), and it was the
most powerful and consistent predictor of experimental effects (Supplemental Table 2). A
longitudinal study of these findings in patients would be beneficial for directly testing the
hypothesis that these findings are sensitive to disease duration. Such a study would also
benefit from validation of test-retest reliability and variation of reinforcement outcomes (i.e.
medication effects when seeking rewards vs. avoiding punitive outcomes).

4.5 Conclusion

The hypothesis advanced in the introduction suggested that the enhanced cost of conflict and
decreased value of volition in un-medicated Parkinson’s disease would act as a “one-two
punchi’ in perverse synergy to diminish fluidity in action selection: difficult actions would be
actively hindered and beneficial actions would fail to be rewarded. The current findings
suggest more of a “damned if you do, damned if you don’t’ effect: with avoidance of
difficult actions off medication but abolished learning of difficult a-volitional actions on
medication. These subtle long-term learning alterations may contribute to quality of life
issues for Parkinson’s patients, above and beyond the more overt consequences of
dopaminergic neurodegeneration. An increased cost of conflict may bias patients to rely
more on habits and routines and be less likely to exert complex goal-adjustment decisions.
This phenomenon may mechanistically contribute to apathy in Parkinson’s patients.
Variation in the ability to learn from instructed actions aligns with other basic learning
alterations described in Parkinson’s patients, but implicates a new dimension of medication-
variable distress. A longitudinal study of these phenomena would offer a test of the
hypothesis that these findings reflect individual differences in striatal D1/D2 balance that
varies due to disease progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The two tasks used in this experiment. A) Each block of the cost of conflict task began with
a training phase, where four different stimuli were associated with different reinforcement
probabilities. The cost of conflict was manipulated on the B and C stimuli, where B was
only rewarded following easy congruent responses and C was rewarded following harder
incongruent responses. B) The colors of the stimuli indicated the response requirement of a
standard Simon task: when the color rule was congruent with the response side the choice
was easy (yellow = left button, stimulus on the left) yet when these were incongruent the
choice elicited response conflict (blue = right button, stimulus on left). C) In a subsequent
testing phase, participants chose the “most rewarding” stimulus from a series of two-

alternative forced choice scenarios. The B vs C contrast provides a test of the cost of conflict
on value learning. D) The value of volition task used four different pairs of stimuli with easy
(90%/10%) or harder (70%/30%) reinforcement rates and a free choice vs. no choice
dimension. E) Participants were informed whether they would ‘choose’ (make a free choice
to sample the reinforcement probabilities), or “‘match’, (select the stimulus with the box
around it). No-choice trials were yoked to free-choice trials, creating equal reward values
during training. F) In a subsequent testing phase, participants chose the “most rewarding”
stimulus from a series of two-alternative forced choice scenarios. A value of volition effect
is expressed by reliable selection of a free-choice>no- choice option in the context of equal
rewards (i.e. Aqc>Ang).
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Figure 2.
Cost of conflict task performance. Age and sex matched controls are presented for

qualitative comparison, but all analyses focused on ON versus OFF medication effects. A)
Error rate did not differ due to medication status. RTs showed a linear trend for slower RTs
OFF meds compared to ON, but this was not statistically significant. RT conflict
(incongruent RT — congruent RT) was similar ON and OFF medication. B) In a post-training
test phase, learning biases were assessed via two alternative forced choices. There was no
difference in the ability to discern the best>worst option (A>D). Contrary to predictions,
there was no effect of the medication manipulation in the cost of conflict effect (B>C). C)
When split by recency of diagnosis, the expected cost of conflict effect due to medication
manipulation occurred only in the recently diagnosed group. *p<.05 **p<.01
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Fig 3.

Value of volition test phase performance on stimulus pairs presented during training. A) An
ANOVA revealed main effects of medication, volition, and reward probability, with major
medication interactions driven by the C,; vs. Dy condition (see main text), where patients
were more effective at discerning the reinforcement probabilities in the OFF state. B) When
split by years diagnosed, there were significant interactions in the C¢ vs. Dgc and Cpc VS.
Dy conditions, with the latter difference driven by larger effects in the earlier stage
diagnosis group. *p<.05 **p<.01
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Fig 4.

Medication induced changes (ON minus OFF) in the cost of conflict effect (B vs. C) and the
value of volition effect (C,,c vs. Dyc) were correlated with each other, suggesting that these
two effects reflect a common D2>D1 imbalance. **p<.01
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Table 1

Patient and control participant demographics (mean +/- SD). All controls were age and sex matched to a
patient. Only BDI differed between groups. BDI = Beck Depression Inventory, MMSE = Mini Mental State
Exam, NAART = North American Adult Reading Test, UPDRS = United Parkinson’s Disease Rating Scale
(motor), LED = L-Dopa equivalence dose in mg.

PD CTL Statistic
Sex 17M,11F 17M,11F
Age 69.75 (8.59) | 69.21(9.23) | t(54)=-.23, p=.82
Years of Education 17.25(3.24) | 16.63(3.13) t(54)=-.72, p=.47
Parent’s Years Ed 12.49 (3.82) | 12.37 (3.41) | t(54)=-.23,p=.82
MMSE 28.64 (1.06) | 28.82(1.02) | t(54)=.64, p=.52
NAART 45.04 (10.20) | 47.00(7.36) | t(54)=.83, p=.41
BDI 7.64(5.23) | 4.93(4.69) | t(54)=—2.05, p=.046
UPDRS ON 22.14 (10.15)
UPDRS OFF 23.79 (8.71)
LED 703 (440)
Years since Diagnosis 5.54 (4.18)
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Parkinson’s patients split by years diagnosed into earlier stage (<= median) and later stage (>median) groups
(mean +/- SD). Group differences were limited to LED and a higher percent of males in the later stage group.
Other percentile differences were on the order of one or two patients.

| Earlier Stage

Later Stage

t statistic

N
Visit 1 ON (%)
% Male
Years since Dx
LED
Age
Yrs Ed
Yrs Ed Parents
UPDRS ON
UPDRS OFF
UPDRS DIFF
BDI
MMSE
NAART
Carbi/Levodopa
Pramipexole
Ropinerol
Azilect
Selegiline

Rotigotine

Amantidine

16
0.44
0.44
2.88 (1.26)
573.94 (390.34)
70.13 (10.03)
16.88 (3.24)
11.62 (4.39)
22.44 (9.19)
23.63 (8.44)
-1.19 (6.76)
6.44 (4.49)
28.44 (.96)
46.25 (7.86)
87.5%
12.5%
12.5%
6.25%
12.5%
6.25%

0%

12
058
0.83

9.08 (4.08)
876.50 (460.29)
69.25 (6.58)
17.75 (3.30)
13.64 (2.57)
21.75 (11.73)
24.00 (9.43)
-2.25(7.24)
9.25 (5.89)
28.92 (1.16)
43.42 (12.88)
100%
25%
25%
16.67%
16.67%
0%
8.3%

x2 (1)= 1.5, p=.22y2 (1)= 5.43, p=.02

1(26)=-5.77, p=4.5 e-6
(26)=-1.88, p=.07
(26)=0.26, p=.80
1(26)=-0.70, p=.49
1(26)=-1.48, p=.15
1(26)=0.17, p=.86
t(26)=-0.11, p=.91
(26)=0.40, p=.69
1(26)=-1.44, p=.16
1(26)=-1.19, p=.24
1(26)=0.72, p=.48
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