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Abstract

Being willing to exert effort to obtain rewards is a key component of motivation. Previous
research has shown that boosting dopamine can increase the willingness to choose to exert
effort to obtain rewards for ourselves. Yet often we must choose whether to exert effort, not
for our own immediate benefit, but to be prosocial and obtain a benefit for someone else.
Pharmacologically increasing dopamine availability has been shown to change social
behaviours in experimental tasks, and dopamine degeneration in Parkinson’s Disease (PD)
impacts a range of socio-cognitive processes. However, the neuromodulators involved in
deciding whether to exert effort to benefit others are unknown. Does dopamine modulate the
willingness to exert prosocial effort? Here, male and female PD patients (n=37) ON or OFF
their dopaminergic medication completed a task where they chose whether to put in effort for
larger reward, or rest and receive a smaller reward, on separate trials either to benefit
themselves (‘self’) or an anonymous other person (‘other’). PD patients were more willing to
exert effort to benefit themselves than another person, a pattern also observed in an age- and
gender-matched control group (n=42). However, crucially PD patients had increased
willingness to exert effort for other relative to self, ON compared to OFF medication. These
results suggest that dopamine augmentation in PD can increase levels of prosocial motivation,

highlighting a key role for dopamine in motivation beyond obtaining rewards for ourselves.



Significance Statement

Prosocial behaviours — acts that benefit other people — are fundamental for societal cohesion.
Often prosocial acts, such as helping a friend move home, are effortful. However, the
neurochemicals involved in choosing to put effort into prosocial acts are unknown. Dopamine
is involved in motivating people to exert effort to obtain themselves rewards, but does it also
make us choose to put more effort into prosocial behaviours? We find that dopamine depleted
Parkinson’s Disease patients are more willing to choose to put effort into prosocial acts ON
dopamine boosting medication compared to OFF. These results provide the first insight into
the neurochemicals underlying prosocial effort, and highlight dopamine as key to working hard

to help others.
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Introduction

Being willing to exert effort for reward is key component of motivation linked to health and well-
being (Le Heron et al., 2017; Husain and Roiser, 2018). Research in animal models, healthy
humans and in Parkinson’s Disease — a disorder characterised by dopaminergic degeneration
— has shown that boosting or depleting dopamine can lead to increases or decreases in the
willingness to exert effort to obtain ourselves rewards (Salamone et al., 2007; Chong et al.,
2015; Le Heron et al., 2017; Pessiglione et al., 2018; McGuigan et al., 2019; Westbrook et al.,
2020). However, often we have to make decisions about whether we are motivated and willing
to exert effort to be prosocial, and obtain rewards for others without an immediate benefit for
ourself (Lockwood et al., 2017, 2022). However, little is known about the neuromodulators that

underlie this ‘prosocial motivation’.

Parkinson’s Disease (PD) is typically characterised as a movement disorder (Forno, 1996)
attributed to dopaminergic degeneration. However, patients also exhibit a range of non-motor
symptoms (Schapira et al., 2017), that include changes to social cognition and behaviour.
Indeed, experimental tasks have revealed a reduced ability to perceive and understand social
stimuli (Kawamura and Koyama, 2007; Narme et al., 2013; Pell et al., 2014). Research has
begun to examine whether dopamine depletion in PD may alter prosocial tendencies with
economic games that measure sensitivity to one’s own and other people’s financial rewards.
However, results are mixed. PD patients have been shown to be more impulsively generous
(Amstutz et al., 2021), while others have suggested only limited differences in how willing
patients are to be prosocial compared to controls (Sparrow et al., 2021). Research in healthy
participants is similarly inconclusive, with higher dopamine levels associated with a prosocial
desire for equality (Saez et al., 2015), but also reductions in generosity (Artigas et al., 2019)
and an increased willingness to earn financial rewards at the expense of physical pain to

others (Crockett et al., 2015).

While economic games have been fruitful for understanding prosocial tendencies, the

limitations of existing approaches have not allowed us to learn what role, if any, dopamine has
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in prosocial behaviour. Specifically, as the tasks often focus solely on trading off financial
rewards for self versus other, they ignore the fact that prosocial behaviours often require effort
(Contreras-Huerta et al., 2020). In addition, existing paradigms can confound sensitivity to
one’s own and others’ rewards (Lockwood et al., 2020). In contrast, researchers have
developed paradigms that can measure prosocial motivation - the willingness to exert effort to
obtain rewards for others (Lockwood et al., 2017; Contreras-Huerta et al., 2022; Forbes et al.,
2023). These studies have shown that whilst people will exert effort for other’s benefit, they
are less willing to do so compared to when they will obtain the reward themselves. Moreover
decisions for self and other are associated with at least some neuro-anatomical differences in
the systems that guide them, with evidence of specialisation for prosocial effort processing in

anterior cingulate gyrus and ventromedial prefrontal cortex (Lockwood et al., 2022, 2024).

Here, we examined the role of dopamine in prosocial motivation by testing PD patients ON
and OFF their prescribed dopaminergic medication in a counterbalanced order — as well as a
group of age-matched controls — on a paradigm that measures the willingness to exert effort
for self or other (Lockwood et al., 2017). Participants made choices between a no-effort, low-
reward option and a high-effort, high-reward option, which varied independently on each trial
in terms of effort and reward on offer (Figure 1). On half the trials participants made the choice,
exerted the chosen effort and received rewards which increased their own bonus payment.
On the other half, they made the choice, exerted the effort, but the reward boosted the bonus
payment of an anonymous other individual. Using this design, we could adjudicate between
alternative hypotheses about whether dopamine might impact the motivation to exert effort to

benefit self, other, or both.

Methods

Participants

Forty participants with Parkinson’s disease were recruited via the University of Oxford

Cognitive Neurology participant database. Inclusion criteria included positive diagnosis of PD
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as per UK Brain Bank criteria and current treatment with levodopa. Exclusion criteria included
significant co-existent neurological or psychiatric disease, significant cognitive impairment, or
physical impairment which would otherwise limit performance on behavioural task. Two
participants withdrew from the study after the first session, and one participant missed over
50% trials and was excluded, leaving 37 patients (29 male) in the final analysis. Forty-two
healthy, age-matched controls (29 male) were recruited who had no underlying neurological
condition. All participants provided written informed consent. The study was approved by
Medical Sciences Division Research Ethics Committee of the University of Oxford.
Participants were renumerated at a basic rate of £10 per hour, plus an additional performance-
based payment of up to £5 based on credits won during the task. They were also told the
number of credits earned in the prosocial condition would translate into an additional payment

of up to £5 for the other participant.

Questionnaire measures

To ensure participants included in this study were not cognitively impaired to a degree that
might impact their understanding of the task instructions, participants undertook the
Addenbrook’s Cognitive Examination-Ill (ACE-Ill; Table 1). Participants also completed
validated screening questionnaires the Geriatric Depression Scale-15 (GDS-15), a rating
scale for depression (Yesavage and Sheikh, 1986), the Apathy Motivation Index (AMI) (Ang
et al., 2017) and Lille Apathy Rating Scale (LARS) (Sockeel et al., 2006) which quantify
symptoms of apathy and the Questionnaire of Cognitive and Affective Empathy (QCAE)
(Reniers et al., 2011), a score measuring cognitive and affective dimensions of empathy. We
note that no clear results were found relating these measures to task behaviour in patients ON
or OFF medication and so none are reported in detail in the results. To examine PD symptom

severity patients also completed the Unified Parkinson’s disease rating scale (UPDRS).
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Comparison between groups

PD and healthy control groups were not significantly different in terms of sex, age, cognitive
ability or years of education (Table 1). The Parkinson’s group ranked significantly higher on
guestionnaire scores of depression, as is common in PD (Remy et al., 2005; Aarsland et al.,
2011), but were not significantly more apathetic. Patients scored significantly higher in

affective empathy than healthy controls (Table 1).

Procedure

We examined whether dopamine deficiency in Parkinson’s disease, or enhancement of
dopamine signalling via dopaminergic medication, lead to differences in the willingness to
exert effort to obtain rewards for self or an anonymous other person. To achieve this we used
an established paradigm (Lockwood et al., 2017, 2021, 2022) that measures how willing
people are to exert physical effort (grip force) to reward self or other, and tested a group of
Parkinson’s disease patients who were taking prescribed dopaminergic medication. PD
patients were tested both ON and OFF medication in a counterbalanced within-subject design

and compared to an age-matched cohort of healthy controls.

We followed a protocol that has previously proved successful for examining the effects of
dopamine medication on motivation in PD (Chong et al., 2015; Le Heron et al., 2018). For the
‘ON'’ session, patients were instructed to take their usual medication on the morning of testing,
whilst for the ‘OFF’ session the same patients were instructed to omit all medications with
effects on dopamine transmission on the morning of testing. Prior to testing, patients had
provided a list of their medications and were instructed which they needed to stop (these
included the dopamine precursor levodopa in thirty-seven (100%) patients, the dopamine
agonists ropinirole and pramipexole in twelve (32%) patients, and the monoamine oxidase-B
inhibitor rasagiline in twelve (32%) patients). Participant testing sessions always began

between 8:30 and 10:30 in the morning. Thus, patients would be between 8 to 14 hours since
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their last dose in the off session but less than 4 hours during the on session (and therefore
dopamine would be close to peak plasma levels)(Hauser, 2009). Adherence to the protocol
was confirmed with patients on the day, with all reporting satisfactory adherence and UPDRS
part lll (motor exam) significantly improved in ‘ON’ versus ‘OFF’ conditions (Wilcoxson rank
sum p<0.001). Session order was randomised and counterbalanced in participants with PD.
Healthy participants were only tested in one session as they were not taking dopaminergic
medication. In all sessions participants and patients completed the task, followed by additional

tasks to be reported in separate publications.

Prosocial Effort Task

Participants made a series of decisions between two options; a ‘work’ offer that was higher in
physical effort but obtained greater reward, and a ‘rest’ offer that was equal in duration but
involved no physical effort and obtained a lower reward (Figure 1b). On half of the trials the
participants made these decisions, exerted the effort that they chose, and the rewards
obtained increased their own bonus payment proportionally. On the other half the participants
were presented with the same offers and exerted the same type of effort but were instructed
that rewards earned would be delivered to an anonymous other participant. Thus using this

design, we could measure how willing people were to work versus rest for self and other.

Physical effort was operationalized as the amount of force participants exerted on a handheld
dynamometer. On arrival and after consent, participants completed a calibration phase to
estimate their maximum voluntary contraction (MVC). They were instructed to squeeze the
handheld dynamometer as hard as they could during a 5s window. Participants were provided
with visual feedback whilst doing so of a red fill dynamically moving proportional to their grip
force up and down a white bar. Following this they performed two further trials and instructed
to squeeze hard enough to reach a line that was set as 110% of the previous maximum on

the first and 105% on the second. The maximum reached during this whole procedure - their
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Maximum Voluntary Contraction (MVC) — was used to calibrate grip force levels of the
experiment. Effort levels in the main experiment were between 30 and 70% of this MVC, in
10% increments. To succeed at an effort level in the main experiment participants had to
match or exceed the required percentage for a total of 1s out of a 3s period. After this
calibration procedure, and before any task instructions, participants were introduced to
another participant anonymously (see ‘role assignment’ procedure below). Before the main
task started participants practised each of those 5 effort levels three times in ascending
sequence and were awarded 1 credit if successful or O credits if not, to become familiar with

the effort required at each level of force.

Next, participants were required to choose between one of two offers on each trial. One option
allowed patrticipants to earn a low reward but required no effort (rest). The other presented a
variable higher-reward, higher-effort offer (work) of the same duration. The low-reward, no-
effort offer earned 1 credit and required no effort but offered 3s of rest. The higher-reward,
higher-effort offers varied from 2-10 credits (in 2-credit increments). Effort ranged from 30-
70% (in 10% increments) of the participants’ MVC. Participants were instructed that they could
win a bonus of up to £5 and that more credits earned corresponded to a greater bonus, but
were not made aware of the exchange rate while completing the task to ensure that they did
not try to compute a running total. Critically, each trial also varied in whether the outcome
would be delivered to the participant themselves (‘self’) or the receiver participant (‘other’,
prosocial). The level of effort required for each offer was represented using coloured portions
of a pie chart; blue for other and red for self (Figure 1c¢). Rewards (credits) on offer for each
option were written in colour below. Participants were allotted 3.5s to make a choice between
the rest and work offers. If they failed to choose an option, they were awarded O credits after
a full trial duration. After choosing, participants were shown a screen with a yellow horizontal
bar on an empty vertical box. The horizontal bar represented the level of effort required; the
box filled according to the force participants exerted on the dynamometer, providing feedback

in real-time in the color of who would receive the rewards. For a trial to be considered
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successful, and rewards obtained, participants had to accumulate at least 1s at or above the

required force level across the 3s force period.

There were 150 trials in total, 75 ‘self and 75 ‘other’ trials. Each of the 25 effort-reward
combinations were presented three times for each agent. The task was separated into three
blocks of 50 trials each with extended breaks offered in-between blocks at the participants

discretion to minimise the effects of fatigue (Mdiller et al., 2021).

Role assignment

To ensure participants believed their effort would influence the bonus payment of another
person, but that this person would remain anonymous, participants completed a role
assignment procedure (Lockwood et al., 2022). Participants were instructed not to speak and
wore a glove to hide any physical characteristics and to ensure they were anonymous to one
another (Figure 1a). A second experimenter brought the confederate to the other side of a
door who was also instructed not to speak and wore a glove. Participants only ever saw the
gloved hand of the confederate, but they waved to each other to make it clear there was
another person there. The experimenter tossed a coin to determine who picked a ball from the
box first and then told the participants which roles they had been assigned to, based on the
ball that they picked. Unbeknownst to participants, our procedure ensured that participants
always ended up in the role of the person performing the effort task and they were led to
believe the other participant would be performing separate tasks in another room. We
emphasized that the other participant would only perform experimental tasks that would result
in outcomes for themselves and would be unaware of the task performed by the other
participant, so any reward given would be anonymous. They would also never be introduced
or told who the other participant was to minimise any effects of reciprocity. In patients attending
the second testing session, the role selection process was repeated with participants informed

they would be playing in tandem with a new participant to minimise any inequity-aversion

10
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arising from the first session. We revealed the first name of the other participant, that was
always a common name matched to the gender of the participant performing the experiment,
to further emphasize the recipient of rewards on ‘other’ trials whilst at the same time minimising

the potential for bias (e.g. based on gender or prior personal association).

After finishing the task, participants completed a short debriefing questionnaire where they
were probed as to whether they believed they were earning rewards for another participant.

No participant reported a disbelief in the deception.

Statistical analysis

All analyses were carried out using R (The R Foundation, version 4.1). For each outcome
(choices, force exerted), we ran (generalised) linear mixed effects models (GLMM) starting
with a hypothesis-driven maximal model (Barr et al., 2013; Matuschek et al., 2017). This was
defined based on the main experimental hypotheses; that Parkinson’s disease or levodopa
therapy would influence prosocial motivation, potentially via enhancement of reward sensitivity
or effort aversion. Separate models compared patients ‘ON’ and ‘OFF’ medication (within-
subjects), unmedicated patients to healthy controls and medicated patients to healthy controls.
The maximal models therefore contained main effects and including all possible (up to three-
way) interactions of reward:recipient:group and effort:recipient:group. Between-subjects
models (‘group’ is HC vs. PD) included random slopes of reward, recipient, reward:recipient,
effort, and effort:recipient varying by subject and included a subject-level intercept. Within-
subjects models (‘group’ becomes ‘drug’: PD patients ‘ON’ vs ‘OFF’) also included three-way
interactions of reward:recipient:drug and effort:recipient:drug, to account for subject-level
variance caused by drug effects. Using the packages Ime4 and buildmer, a model for each
outcome was selected by ensuring convergence, then removing effects by backward stepwise
elimination based on change in log-likelihood. Fixed effects were specified to remain constant

in the model with only the random effects refined. Thus, in each case a parsimonious model

11
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was selected that tested the main experimental hypotheses whilst allowing for adequate

subject-dependent variance of the main experimental variables.

All numeric variables were scaled and mean-centred and the ‘recipient’ variable was factor-
coded with sum to zero contrast. The ‘group’ (or ‘drug’) variable was dummy-coded, with
healthy controls and the unmedicated state reflecting the reference group. Statistical reporting
of linear mixed models includes estimated odds-ratios with p-values based on Wald z scores
(summary function in R’s ImerTest package). Post-hoc pairwise comparisons (estimated
marginal means/least squares) are calculated using R's emmeans package. Analysis of
choices used the logit link function for binomial data and effort was quadratically-transformed

in line with previous studies (Lockwood et al., 2021).

Whilst not a primary hypothesis, we noted during exploration of the data that participants
behaviour changed over trials, and thus inclusion of trial number in models (incorporating
groupwise interactions between effort, reward, and recipient) resulted in significantly improved
model fit (on basis of AIC and BIC criteria). We include these results as exploratory analyses

to provide insights into dynamic choice behaviour including potential effects of fatigue.

Below shows specifications of linear models selected by stepwise elimination:

PD off vs PD on:

GLMM for choice:

Choice ~ 1 + Drug + Effort + Reward + Recipient + Drug:Recipient + Drug:Reward +
Recipient:Reward + Drug:Effort + Recipient:Effort + Drug:Recipient:Effort +

Drug:Recipient:Reward + (1 + Reward + Effort + Recipient + Drug + Drug:Effort)

GLMM for choice (incorporating session):

Choice ~ 1 + Drug + Effort + Reward + Recipient + Session + Drug:Recipient + Drug:Reward
+ Recipient:Reward + Drug:Effort + Recipient:Effort + Drug:Session + Recipient:Session +

Reward:Session + Effort:Session + Drug:Recipient:Reward + Drug:Recipient:Session +

12
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Drug:Reward:Session + Recipient:Reward:Session + Drug:Recipient:Effort  +
Drug:Session:Effort + Recipient:Session:Effort + Drug:Recipient:Reward:Session +
Drug:Recipient:Effort:Session + (1 + Recipient + Effort + Reward + Drug + Drug:Effort +

Drug:Reward | ID)

GLMM for choice (incorporating trial number):

Choice ~ 1 + Drug + Effort + Reward + Recipient + Trial number + Drug:Recipient +
Drug:Reward + Recipient:Reward + Drug:Effort + Recipient:Effort + Drug:Trial number +
Recipient:Trial number + Effort:Trial number + Drug:Effort:Trial number + Reward:Trial
number + Drug:Recipient:Reward + Drug:Recipient:Effort + Drug:Recipient:Trial number +
Drug:Reward:Trial number + (1 + Reward + Effort + Recipient + Drug + Trial number +

Drug:Trial number + Drug:Reward + Drug:Recipient | ID)

LMM for force:

Force ~ 1 + Drug + Effort + Reward + Recipient + Drug:Recipient + Drug:Reward +
Recipient:Reward + Drug:Effort + Recipient:Effort + Drug:Recipient:Effort +
Drug:Recipient:Reward + (1 + Effort + Reward + Recipient + Drug + Drug:Effort +

Drug:Reward | ID)

HC vs PD off

GLMM for choice:

Choice ~ 1 + Group + Effort + Reward + Recipient + Group:Recipient + Group:Reward +
Recipient:Reward + Group:Effort + Recipient:Effort + Group:Recipient:Effort +

Group:Recipient:Reward + (1 + Reward + Effort + Recipient + Recipient:Reward | 1D)

GLMM for choice (incorporating trial number):

13
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Choice ~ 1 + Group + Effort + Reward + Recipient + Trial number + Group:Recipient +
Group:Reward + Recipient:Reward + Group:Effort + Recipient:Effort + Group:Trial number +
Recipient:Trial number + Effort:Trial number + Group:Effort:Trial number + Reward:Trial
number + Group:Recipient:Reward + Group:Recipient:Effort + Group:Recipient: Trial number
+ Group:Reward:Trial number + (1 + Reward + Effort + Recipient + Trial number

+Reward:Trial number + Effort:Trial number | ID)

LMM for force:

Force ~ 1 + Group + Effort + Reward + Recipient + Group:Recipient + Group:Reward +
Recipient:Reward + Group:Effort + Recipient:Effort + « Group:Recipient:Effort +

Group:Recipient:Reward + (1 + Effort + Reward | ID)

HC vs PD on

GLMM for choice:

Choice ~ 1 + Group + Effort + Reward + Recipient + Group:Recipient + Group:Reward +
Recipient:Reward + Group:Effort + Recipient:Effort + Group:Recipient:Effort +

Group:Recipient:Reward + (1 + Reward + Effort + Recipient + Recipient:Reward | 1D)

GLMM for choice (incorporating trial number):

Choice ~ 1 + Group + Effort + Reward + Recipient + Trial number + Group:Recipient +
Group:Reward + Recipient:Reward + Group:Effort + Recipient:Effort + Group:Trial number +
Recipient:Trial number + Effort:Trial number + Group:Effort:Trial number + Reward:Trial
number + Group:Recipient:Reward + Group:Recipient:Effort + Group:Recipient: Trial number
+ Group:Reward:Trial number + (1 + Reward + Effort + Recipient + Trial number + Reward:

Trial number | ID)

LMM for force:

14
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Force ~ 1 + Group + Effort + Reward + Recipient + Group:Recipient + Group:Reward +
Recipient:Reward + Group:Effort  + Recipient:Effort + Group:Recipient:Effort +

Group:Recipient:Reward + (1 + Effort + Reward + Recipient | ID)

Results

Previous research suggests multiple alternative possible hypotheses for the role of dopamine
in prosocial behaviour. Boosting dopamine could (i) increase the willingness to exert effort for
self (Chong et al., 2015), (ii) increase the willingness to be prosocial (Saez et al., 2015), (iii)
reduce the willingness to be prosocial (Crockett et al., 2015) or (iv) any combination of the
previous three hypotheses. Moreover, this effect could impact either choices to exert effort, or
the actual energisation of the effortful acts. We used a task that could allow us to adjudicate
between these and examine how willing people were to exert effort for self and other
(Lockwood et al., 2017, 2021, 2022). We tested 37 PD patients in a within-subject design ON
and OFF their typical dopaminergic medication as well as an age-matched control group

(n=42).

Levodopa leads to greater willingness to benefit others

First, we examined choice behaviour within PD patients to assess the impact of dopaminergic
medication. We ran a generalised linear mixed model (GLMM; see Methods) to test the effect
of drug (ON/OFF dopamine medication) and how this interacted with the effort required (30-
70% MVC), reward available (2-10 credits), and the recipient (self/other). We found that
patients exerted less effort for other compared to self both ON and OFF medication (OR=2.45,
SE=0.59, CI: [1.53, 3.91], z=3.75, p<0.001; Figure 3a). However interestingly, this difference
between self and other was reduced ON medication compared to OFF (drug:recipient
interaction OR=0.74, SE=0.09, CI: [0.59, 0.93], z=-2.59, p=0.010; Figure 2a). Post-hoc tests

did not reveal any difference in mean acceptance rates ON vs OFF for self or other separately

15



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

(ps>0.05). However, qualitative examination suggests the effect was driven by increased
willingness to accept work offers for other when ON medication versus OFF, particularly when
the effort required was greatest (Figure 2b) and the amount of reward was higher (Figure
2c¢), with no overall change in the self-condition (Figure 2a). Thus, dopaminergic medication
boosted the willingness to decide to work in the prosocial condition relative to the self-

condition.

While previous studies have shown effects of dopamine state on reward and effort sensitivity
in PD (Chong et al., 2015; Manohar et al., 2015; Le Heron et al., 2018) there was no evidence
that sensitivity to reward or effort changed significantly ON versus OFF medication (Table 2).
In line with previous studies using this task in healthy populations (Lockwood et al., 2017) PD
patients accepted more work offers when they required lower effort (OR=0.27, SE=0.06, CI:
[0.18,0.40], z=-6.25, p<0.001), or larger reward (OR=5.63, SE=1.53, Cl: [3.31, 9.58], z=6.37,
p<0.001). That is patients were still showing a self-bias in motivation, being more willing to
exert effort for themselves than others, and this was the case both ON and OFF medication

(Figure 3).

Next, we ran several control analyses to establish the robustness of the finding that levodopa
increases motivation to exert effort for another person, compared to for oneself. Although ON
vs OFF drug was manipulated within-subject and session order was counterbalanced, it is
possible that order effects could impact choice behaviour. Incorporating session in the GLMM
reported above did provide some evidence that session order modulated choices — a
significant session:drug:recipient interaction (OR 0.61, SE=0.07, CI: [0.49, 0.77], z=-4.25,
p<0.001), with patients tested OFF medication first showing greater boosting of choices to
work for others by medication, while participants tested ON medication first displayed less
prominent changes in prosocial motivation. However, importantly, the drug:recipient
interaction outlined above was still significant (OR=0.74, SE=0.09, CI: [0.59, 0.92], z=-2.64,

p=0.008) indicating that even though session order may impact the effect of medication on
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prosocial motivation, there is still an overall effect of dopamine state on prosocial vs self

choices.

Another possibility is that the interaction between medication state and recipient is driven by
differences in successful executions of the chosen levels of force. However, overall success
at the effortful exertions by PD patients was very high (OFF medication: 95.1%, ON: 94.5%,
HC: 97.2%), with no significant difference in success comparing patients ON.versus OFF
levodopa (LMM of success p=0.19) and success did not predict choice behaviour in either
drug state (OFF: b=0.14 [-0.63, 0.91], t=0.37, p=0.71; ON: b=-0.17 [-0.83, 0.49], t=-0.53,
p=0.60). Thus, success was very high, and failures at exerting a chosen-effort did not predict
choices behaviour in PD patients. This suggests that decisions in all conditions were driven
by an aversion to effort, rather than to risk or reward probability (Birnbaum, 2008; Contreras-

Huerta et al., 2020).

PD patients and healthy controls show a reduced willingness to exert effort for other

versus self

Next, we tested for differences in choice behaviour between healthy controls and patients OFF
medication or healthy controls and patients ON medication. Across both contrasts, there were
no significant differences between patients and controls in overall willingness to work or how
recipient, effort, or reward affected choices (all ps>0.05; see Table 3 & Table 4 for full results).
Moreover, there were no significant differences in credits obtained between patients and
controls either ON or OFF medication (PDon vs PDoff; W=345, p=0.86; HC vs PDoff: W=842,

p=0.52; HC vs PDon: W=838, p=0.56).

Like the patients, healthy controls were less willing to work when it benefitted another person
(OR=2.12, SE=0.48, CI: [1.36, 3.30], z=3.33, p<0.001; Figure 3a) or required more effort
(OR=0.28, SE=0.06, CI: [0.18, 0.43], z=-5.85, p<0.001; Figure 3c) but more motivated to exert

effort for higher rewards (OR=7.82, SE=2.15, CI: [4.57, 13.40], z=7.49, p<0.001; Figure 3d).
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Thus, the effect of dopaminergic medication in PD patients seemed to influence the difference

in choices between self or other, but overall behaviour was similar to controls.

Patients incentivisation by reward changes over trials and is impacted by medication

Previous research has shown that people’s willingness to exert effort for reward declines over
time during a task, which may be linked to fatigue and dopaminergic function (lodice et al.,
2017; Mdller et al., 2021). We observed that incorporating trial number into the hypothesis-
driven GLMMs better accounted for the observed data, resulting in superior model fit. In
GLMMs comparing patients (both ON and OFF medication) to controls, a significant three-
way interaction between trial number, reward and group was observed (PDoff vs HC: OR=0.54
[0.30, 0.97], SE=0.16, z=-2.06, p=0.039), PDon vs HC: OR=0.57 [0.37, 0.89], SE=0.13, z=-
2.50, p=0.012). These interactions point towards differences in the ways rewards were viewed
over the course of the experiment, with healthy participants demonstrating a relative reduction
in the acceptance of low reward offers over time, while for patients this change over time was

less pronounced.

In all three groups (PDoff, PDon, HC), significant interactions between effort and trial number
showed participants chose fewer of the highest effort options over the course of the
experiment (PDoff GLMM interaction: OR=0.79 [0.69, 0.90], SE=0.05, z=-3.56, p<0.001; HC
GLMM interaction: OR=0.61 [0.47, 0.80], SE=0.08, z=-3.54, p<0.001; PDon post-hoc
interaction: F ratio=36.90, p<0.001). Reward by trial number interactions also showed that
unmedicated patients and healthy controls chose fewer of the lowest reward offers towards
the end of the task (PDoff: OR=1.23 [1.07, 1.41], SE=0.09, z=2.86, p=0.004; HC: OR=3.12
[1.97, 4.93], SE=0.73, z=4.87, p<0.001; PDon post-hoc interaction: F ratio=3.33, p=0.068). In
summary, both healthy controls and PD patients adapted their behaviour over the task to
prioritise options that required less effort or obtained larger rewards, with healthy controls

prioritising based on rewards to a greater extent than patients. Importantly we did not find
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evidence of any three-way interactions between group/dopamine state, recipient and trial
number. Thus, there was no evidence of either accumulated effort or reward causing

differences in inequity aversion-driven choices in our participant groups.

Levodopa invigorates motor responses

After participants made a choice, they were then required to exert the force that they chose.
Previous work suggests a degree to which people’s choices don’t align with their exertion of
force. Specifically, even when people choose to help others, they exertless force into prosocial
acts compared to self-benefitting ones (Lockwood et al., 2017). Moreover, dopaminergic
medication is known to increase movement vigor (Beierholm et al., 2013; Le Bouc et al., 2016;
Zénon et al., 2016). Thus, to examine whether dopamine administration influenced motor vigor
in work trials we performed LMMs on the force (defined as the area under the curve on each,
with force scaled to a participants’ maximum area under the curve in each session of the
experiment, controlling for overall differences in maximum force output), to examine effects of
disease or medication state on the exertion of effort. When comparing patients ON vs OFF
medication no main effect of drug was observed (OR=1.08, SE=0.08, CI: [0.92, 1.26], t=0.94,

p=0.35; Figure 4a; Table 5).

There was a significant drug:effort interaction (OR=1.05, SE=0.02, CI: [1.01, 1.10], t=2.55,
p=0.011; Figure 4b), corresponding to greater force at higher effort levels when ON
medication, a finding replicated in similar studies in which dopamine has shown to invigorate
motor responses (Zénon et al., 2016; Le Heron et al., 2018; Michely et al., 2020). There was
also a significant main effect of reward (OR=1.04, SE=0.01, CI: [1.02, 1.06], t=3.59, p<0.001),
with higher rewards leading to greater amounts of force produced, an effect observed in
previous similar studies (Lockwood et al., 2017). Moreover, the LMM also demonstrated a
significant effect of recipient (OR=1.02, SE=0.01, CI: [1.00, 1.04], t=2.58, p=0.010), indicating

that patients exhibited superficial prosociality, investing less force in choices that resulted in
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benefit for another person compared to themselves. There was a trend for this to depend on
medication state, but the drug:recipient interaction did not reach significance (OR=0.99,

SE=0.01, Cl: [0.97, 1.00], t=-1.77, p=0.077).

Comparing healthy controls and patients OFF medication, a significant main effect of group
was observed (OR=0.71. SE=0.10, CI: [0.53, 0.94], t=-2.40, p=0.017; see Table 6_for full
results), consistent with patients OFF medication producing significantly less force than
controls. There was again a group:effort interaction (OR=0.89, SE=0.04, CI: [0.82, 0.96], t=-
3.05, p=0.002), with patients not exerting the same levels of relative force as healthy controls
in tasks demanding greater expenditure of effort. Comparing healthy controls and patients ON
medication, there was a trend towards less force in patients (OR=0.77, SE=0.11, CI: [0.58,
1.01], t=-1.88, p=0.061; see Table 7 for full results) but otherwise the model indicated no
significant differences between controls and patients. Participants’ maximum voluntary
contraction, calibrated at the beginning of the experiment, importantly showed no overall
differences between patients and controls (HC vs PDoff; t=0.015, p=0.99; HC vs PDon; t=-
0.44, p=0.66) or between patients ON and OFF medication (PDon vs PDoff; t=-1.23, p=0.23).
Overall, these results show that PD patients were less able to produce higher levels of force,
even when this is adapted to an idiosyncratic MVC, when OFF medication compared to ON,

with some evidence of a difference between patients and controls.

Discussion

Every day we make decisions about whether to exert effort into prosocial acts that benefit
others. However, whether dopamine is associated with such prosocial decisions was
unknown. We tested the willingness to ‘work’ and exert effort for self and for an anonymous
other in PD patients tested ON and OFF their dopaminergic medication. We found an
interaction between medication state and recipient, such that patients were more willing to
choose to ‘work’ for other compared to self, ON versus OFF dopamine. This effect could not

be explained by ability to exert the required force or order of medication effects.

20



476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

Previous studies have painted a mixed picture on the effect of dopamine on prosocial
behaviours. Boosting dopamine can increase inequity aversion (Séez et al., 2015; Artigas et
al., 2019), a seemingly prosocial behaviour, and has been linked to increased generosity
(Amstutz et al., 2021). However, other studies suggested that dopamine blockage can make
people more prosocial (Soutschek et al., 2017), and dopamine boosting medication can lead
to increased selfishness (Pedroni et al., 2014; Crockett et al., 2015), with people more willing

to profit from other’s harm.

Our results provide evidence in support of the former set of studies, with increased levels of
prosocial choices when dopamine is boosted. However, our results go beyond existing
evidence by demonstrating an effect of dopamine when participants are neither trading off
their own immediate rewards against someone else’s, nor are they making this decision when
the cost is financial as in many existing studies (Lockwood et al., 2020). Rather we show that
dopamine boosts the willingness to exert effort for prosocial acts, which has not previously

been demonstrated in PD patients or in healthy people.

In previous research Parkinson’s disease has consistently shown to be associated with lower
willingness to invest physical effort for rewards, which is remediated by dopaminergic
medication (Chong et al., 2015; Le Bouc et al., 2016; Le Heron et al., 2018). Similar effects
have been observed in healthy participants undergoing pharmacological manipulation of
dopamine (Wardle et al., 2011; Michely et al., 2020). It is therefore somewhat surprising that
we did not find any difference in willingness to exert effort for self ON versus OFF medication
in- patients. In addition, it is highly unlikely that dopamine is a prosocially specific
neuromodulator, given the extensive body of research examining dopamine’s effects in non-
social settings, so why might we have found an effect putatively modulating prosocial but not

self-benefitting behaviours?

There are several possibilities: One is that boosting dopamine increases motivation to reach
more abstract goals over more extended periods of time, rather than simply reducing the cost

of effort or increasing the incentivisation by rewards. Thus, if patients wish to be very prosocial,
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and that is their more abstract goal while performing this task, boosting dopamine may have
boosted the motivation for this goal, translating into more choices to work in the prosocial
condition. Such an interpretation is consistent with recent evidence showing that i) dopamine
neurons can change their firing in a context dependent manner when the value of a higher-
order goal is changed (Batten et al., 2024), ii) can increase their firing when the value of reward
is reduced when an animal is sated and there is no longer a goal to seek more of that reward
(Papageorgiou et al., 2016; Han et al., 2021; Grove et al., 2022) and iii) that neural systems
can flip how they value actions depending on one’s goal (Fromer et al., 2019). All of this points
to the possibility that dopamine may have a role in motivating behaviours that serve higher
order goals (in this case, working for others as well as oneself), rather than specific effects on

the sensitivity to reward or effort.

Another possibility is that patients indeed found the costs of the effort higher OFF dopamine
medication compared to ON, and thus used ‘other’ trials as a rest when OFF medication.
Previous studies have consistently shown that dopamine depletion reduces incentivisation by
reward and heightens effort’'s costs (Chong et al., 2015; Manohar et al., 2015; Zénon et al.,
2016; Le Heron et al., 2018; Pessiglione et al., 2018; Michely et al., 2020; Westbrook et al.,
2020). A separate line of research suggests that motivation can be partially restored in effortful
tasks very similar to this, albeit without a social condition, by choosing to rest (Miller et al.,
2021; Matthews et al., 2023). Thus, it is plausible that patients were more selfish when OFF
dopaminergic medication as they used the ‘other’ trials as an opportunity to rest and ensure
they still maximised reward for themselves. In that sense they may appear more prosocial ON

medication as they feel less need to rest and thus can work harder for others.

It is important to note that regardless of which interpretation is more accurate, the findings
here point to dopamine depletion and medication having important impacts on prosocial
behaviour in everyday life in PD. Self-benefitting and prosocial choices are inherently
intermixed in the real world (Contreras-Huerta et al., 2020), with ongoing behaviours often

interrupted by opportunities to act prosocially or not (Gabay and Apps, 2021). As such, within
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the context of both explanations above, changes to dopamine levels will very likely have an
impact on decisions to exert prosocial effort. Future research could use variations of the

current design to directly compare these different explanations.

Notably we found choices to ‘work’ over the course of the experiment changed over trials
between patients and controls. It is plausible that this is because of fatigue. It is well known
that PD patients can suffer from higher levels of fatigue than healthy people (Havlikova et al.,
2008; Saez-Francas et al., 2014), and although this may manifest as overall reductions in
motivation, it might also be that this only develops dynamically during effortful tasks. Indeed it
has recently been shown that the willingness to exert effort can change considerably over time
during extended tasks as well as sensations of fatigue and that this may depend on dopamine
levels (lodice et al., 2017; Mdiller et al., 2021; Matthews et al., 2023). As such, patients may
show different changes to their motivation ON or OFF medication over time, and compared to
controls, due to a dynamic interplay between dopamine, sensations of fatigue and the impact
on motivation. Whilst we designed our task to minimise the influence of fatigue by making sure
participants did not encounter multiple high effort options in a row, including breaks, and
ensuring participants were never requested to exert force beyond 70% of their maximum,
future studies could measure the influence of fatigue parametrically on self and prosocial
motivation by using trial-by-trial subjective fatigue ratings or testing multiple clinical groups

where fatigue is'also common, such as in people with multiple sclerosis.

While this study provides important insights into the role of dopamine in the willingness to
exert effort into prosocial acts, it is important to note some limitations to our conclusions.
Firstly, we did not find any interaction effects between medication state, recipient and either
reward or effort level as has been found previously (Chong et al., 2015; Le Heron et al., 2018;
McGuigan et al.,, 2019; Westbrook et al., 2020). This may have been because the extra
conditions in the design (i.e. recipient of the reward) left us underpowered compared to
previous studies, or it could be that dopamine simply increased a bias in the willingness to

work and did not specifically change sensitivity to reward or effort (or exerted effects within
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the interaction of effort and reward, which the study was underpowered to test and therefore
this interaction term wasn’t included in mixed linear models). In addition it is well known that
neuromodulators are impacted in PD beyond dopamine (Maillet et al., 2016; Nobis et al.,
2023), but in this study we restricted our modulation to dopaminergic augmentation with
medication that is a frontline treatment in PD. However, there is also evidence that both
serotonin and noradrenaline are also depleted in PD. Both have been associated with reduced
motivation or apathy in PD (Maillet et al., 2016; Hezemans et al., 2022) with effort-based
decisions and the exertion of physical force (Varazzani et al., 2015; Husain-and Roiser, 2018).
In parallel, serotonin has also been implicated in social decision-making (Wood et al., 2006;
Crockett et al., 2015; Bengart et al., 2021). Thus, future work should examine how other
neurotransmitters influence prosocial motivation, including in PD. Lastly it is important to note
that we did not find any differences to controls in how willing patients were to put in effort for
self or other, either ON or OFF dopamine, which could have related to similar (low) levels of
apathy reported in both groups. While this means we cannot draw any strong links to
differences in social behaviour comparing PD to controls in existing research, it shows the
effects we observed were specifically due to the dopaminergic manipulation in the patients.

This highlights the importance of our within-subject repeated session design.

Here, we examined people’s willingness to exert effort for reward when either oneself or
another person can benefit. We show that PD patients ON dopamine medication are more
willing to exert effort for others relative to self, compared to when they are OFF medication.
This supports the idea that dopamine may play a role in motivating people to be more prosocial

when trying to obtain rewards for self and other.
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Tables

Table 1

Healthy controls | Parkinson’s disease Contrast
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769

770

Age 69.7 £ 5.7 67.9+6.7 t=1.27, p=0.21
Male sex 29 (69.0%) 29 (78.4%) X2=12.18, p=1
Right-handed 35 (83.3%) 33 (89.2%) Xx2=20.85, p=1
ACE total 96.5+ 2.6 95.2+44 W=883, p=0.30
AMI total 1.1+04 1.2+04 t=-0.83, p=0.41
Behavioural 1.0+£0.6 1.3+0.6
Emotional 1.1+£05 09+05
Social 1.3+£0.8 1.4+0.7
GDS total 1.1+14 27+3.0 W=534, p=0.013
Depression 06+1.0 15+20 W=542, p=0.012
Apathy 05+0.8 11+11 W=544, p=0.012
LARS total -28.7£ 3.0 -27.7+4.6 W=690, p=0.50
Action initiation -3.7x0.5 -3.3£0.8
Intellectual curiosity -25+0.9 -3.1+0.8
Emotional -34+04 -2.9+0.84
Self-awareness -28+1.6 -3.0+£13
QCAE total 87.8+£10.0 92.3+11.1 t=-1.86, p=0.067
Cognitive empathy 57.3+7.6 58.4+7.0 t=-0.66, p=0.51
Affective empathy 30.5+4.8 33.8+6.0 t=-2.74, p=0.0079
SRP total 415+ 8.6 40.7 £ 11.3 W=845, p=0.39
UPDS III (off) N/A 33.0+129 ON versus OFF,;
UPDRS III (on) N/A 27.9+115 W=623, p<0.001
Levodopa equivalent N/A 454 + 294 N/A
dose (mg/day)

Table 2
Parameter Coefficient SE Cl-low | Cl-high z p
Intercept 99.64 53.42 | 34.84 | 284.96 | 8.58 | <0.001
Drug 1.36 0.66 0.52 3.51 0.63 0.53
Recipient 2.45 0.59 1.53 3.91 3.75 | <0.001
Reward 5.63 1.53 3.31 9.58 6.37 | <0.001
Effort 0.27 0.06 0.18 0.40 -6.25 | <0.001
Drug : Recipient 0.74 0.09 0.59 0.93 -2.59 | 0.010
Drug : Reward 1.24 0.35 0.71 2.14 0.76 0.45
Recipient : Reward 1.14 0.16 0.87 1.49 0.96 0.33
Drug : Effort 0.96 0.21 0.62 1.48 -0.20 | 0.84
Recipient : Effort 1.03 0.07 0.90 1.17 0.37 0.71
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771

772

773

774

775

776

Drug : Recipient : Reward 0.90 0.09 0.74 1.09 -1.09 0.27
Drug : Recipient : Effort 1.06 0.10 0.89 1.26 0.63 0.53
Table 3
Parameter Coefficient | SE Cl- cl- z P
low upper
Intercept 81.67 37.40 | 33.28 | 200.37 | 9.61 | <0.001
GroupPD off 1.44 0.95 | 0.40 5.25 0.55| 0.58
Recipient 2.12 0.48 | 1.36 3.30 3.33 | <0.001
Reward 7.82 2.15 | 457 13.40 | 7.49 | <0.001
Effort 0.28 0.06 | 0.18 0.43 5 -85 <0.001
GroupPD off : Recipient 1.37 0.43 | 0.74 2.53 1.00 | 0.32
GroupPD off : Reward 0.82 0.32 | 0.38 1.77 0 '50 0.62
Recipient : Reward 1.46 0.19 | 1.13 1.89 2.87 | 0.004
GroupPD off : Effort 0.97 0.31 | 0.52 1.81 0 _09 0.93
GroupPD off : Recipient : Reward 1.01 0.17 | 0.73 1.42 0.08 | 0.94
GroupPD off : Recipient : Effort 0.97 0.09 | 0.82 1.16 0 '29 0.77
Table 4
Parameter Coefficient | SE ICI' Cl- z P
ow upper

Intercept 81.23 39.22 | 31.53 | 209.26 | 9.11 | <0.001
GroupPD on 1.49 1.03 | 0.39 5.77 0.58 | 0.56
Recipient 1.88 041 | 1.23 2.87 2.90 | 0.004
Reward 7.30 2.16 | 4.08 13.05 | 6.70 | <0.001
Effort 0.27 0.06 | 0.17 0.42 571 <0.001
GroupPD on : Recipient 0.96 0.27 | 0.55 1.68 0 '14 0.89
GroupPD on : Reward 0.92 0.39 | 0.40 2.09 0 '20 0.84
Recipient : Reward 1.32 0.17 | 1.02 1.70 2.11 | 0.034
GroupPD on : Effort 0.94 0.32 | 0.49 182 |, -18 0.86
Recipient : Effort 1.09 0.07 | 0.96 1.23 1.33| 0.18
GroupPD on : Recipient : Reward 0.82 0.13 | 0.60 1.12 1 '25 0.21
GroupPD on : Recipient : Effort 1.00 0.09 | 0.83 1.20 0.01 | 0.99

Table 5
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Parameter Coefficient | SE | Cl-low | Cl-upper t p
Intercept 0.98 0.12 | 0.77 1.25 -0.15 0.88
Drug 1.08 0.08 | 0.92 1.26 0.94 0.35
Recipient 1.02 0.01| 1.00 1.04 2.58 | 0.010
Reward 1.04 0.01 | 1.02 1.06 3.59 | <0.001
Effort 1.69 0.05| 1.60 1.78 19.69 | <0.001
Drug : Recipient 0.99 0.01 | 0.97 1.00 -1.77 | 0.077
Drug : Reward 1.00 0.01| 0.97 1.03 0.07 0.94
Recipient : Reward 1.00 0.01 | 0.99 1.01 -0.47 0.64
Drug : Effort 1.05 0.02 | 1.01 1.10 2,55 | 0.011
Recipient : Effort 1.00 0.01 | 0.99 1.02 0.86 0.39
Drug : Recipient : Reward 1.00 0.01 | 0.99 1.02 0.11 0.91
Drug : Recipient : Effort 0.99 0.01 | 0.98 1.01 -0.65 0.52
Table 6
Parameter Coefficient | SE | Cl-low | Cl-upper t p
Intercept 1.21 0.12 | 1.00 1.47 1.97 | 0.049
GroupPD off 0.71 0.10 | 0.53 0.94 -2.40 | 0.017
Recipient 1.00 0.01 | 0.99 1.02 0.62 | 054
Reward 1.04 0.01| 1.02 1.06 4.27 | <0.001
Effort 2.01 0.06| 1.91 2.12 25.51 | <0.001
GroupPD off : Recipient 1.02 0.01] 1.00 1.03 1.83 | 0.067
GroupPD off : Reward 1.00 0.01] 0.98 1.03 0.26 0.79
Recipient : Reward 0.99 0.01]| 0.98 1.01 -0.96 | 0.34
GroupPD off : Effort 0.89 0.04| 0.82 0.96 -3.05 | 0.002
Recipient : Effort 1.00 0.01 ]| 0.99 1.01 -0.56 | 0.58
GroupPD off : Recipient 1.00 |001| 099 | 102 | 044 | 066
Reward
GroupPD off : Recipient : Effort 1.01 0.01 ] 0.99 1.03 0.98 | 0.33
Table 7
Parameter Coefficient | SE | & cl- t P
low upper
Intercept 1.16 0.11 | 0.96 1.40 1.56 0.12
GroupPD on 0.77 0.11 | 0.58 1.01 -1.88 | 0.061
Recipient 1.01 0.01 | 0.99 1.02 0.68 | 0.49
Reward 1.04 0.01| 1.02 1.06 3.66 | <0.001
Effort 1.99 0.06 | 1.88 2.11 | 23.13 | <0.001
GroupPD on : Recipient 1.00 0.01 | 0.98 1.02 0.18 0.86
GroupPD on : Reward 1.00 0.02 | 0.98 1.03 0.32 | 0.75
Recipient : Reward 0.99 0.01| 0.98 1.00 -1.14 | 0.25
GroupPD on : Effort 0.94 0.04 | 0.86 1.02 -1.48 | 0.14
Recipient : Effort 1.00 0.01 | 0.99 1.01 -0.31 | 0.76
GroupPD on : Recipient : Reward 1.00 0.01 | 0.99 1.02 0.41 0.68
GroupPD on : Recipient : Effort 1.00 0.01| 0.98 1.02 0.20 0.84
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Figure legends

Figure 1. (A) To ensure participants believed they were making decisions that benefitted a
real other person, they first completed a role assignment procedure. Participants were
designated as ‘Player 1’ (self) and told that they would be making decisions that impacted
another player ‘Player 2’ (other) who they met at the beginning of the testing session with their
identity obscured. The procedure involved 4 people, two experimenters, EXP1 and EXP2, and
two participants, self and other. (B) Participants were presented on each trial with a choice
between a rest option which required no effort (0% maximum voluntary contraction (MVC),
corresponding to one segment of the pie chart) for a low reward of 1 credit, and a work option,
which required more effort (30%—70% MVC, corresponding to 2—6 segments in the pie chart)
yet also generated more reward (2—10 credits). These effort and reward magnitudes are
presented as levels between 2 and 6, with higher numbers representing greater effort/reward.
The offered reward and effort levels were orthogonal in the design. (C) The experimental
session began with participants being instructed to squeeze as hard as they could to measure
their MVC on a handheld dynamometer to threshold each effort level to their own strength.
After thresholding and practice, participants were asked to choose between resting for 1 credit,
or exerting effort for greater reward, with effort and reward manipulated as described above.
The recipient of the reward ('You' / self, or a common, gender-matched name assigned to
Player 2 / other) was displayed at each offer screen. After making their choice, participants
then had to exert the required force to receive the reward. Visual feedback of the amount of
force exerted was displayed on the screen. Participants were informed that they would have
to reach the required force level (marked by the yellow line) for at least 1s of a 3s window.
Participants then saw the outcome that corresponded to the offer they had chosen, unless
they were unsuccessful, in which case ‘0O credits’ was displayed. Crucially, on self-trials,
participants made the choice, exerted the effort, and received the reward themselves, whereas
on other trials (‘AMY” in this example), participants made the choice and exerted the effort, but

the other participant received the reward.
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Figure 2. Dopamine medication increases motivation to exert effort to help another person
relative to helping oneself in PD. (A) Mean difference between ‘ON’ versus ‘OFF’ in average
acceptance of high-effort high-reward ‘work’ offers split between self and other trials in PD
patients. Positive bars represent greater acceptance ON versus OFF. The same difference is
broken down into the different levels of (B) effort required and (C) reward available. Error bars

represent S.E.M.

Figure 3. (A) Mean proportion of accepted work offers in controls and patients. Healthy
controls and patients both ON and OFF dopamine show greater willingness to exert effort
when rewards are for themselves compared to another person. Errors bars represent S.E.M.
(B) Heat map showing ordinary marginal means reflecting percentage of work options
chosen, collapsed across levels of reward (levels 2-6, reflecting 2-10 credits), effort (levels 2-
6, reflecting 30%-70% maximum voluntary contraction) and recipient (self and other) for the
three groups (healthy controls, PD off, PD on). All three groups display aversion to effort (C),
and sensitivity to reward (D) (displayed plots show GLM-estimated conditional means + 95%

confidence intervals collapsed over self and other).

Figure 4 (A) Mean force — area under the curve during the force period — exerted on trials
where participants chose to work, collapsed across self and other. (B) Force LM-estimated
conditional means + 95% confidence intervals across effort levels in the three groups (HC,

PD on, PD off).

Table legends
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Table 1. Demographic information and mean/standard deviations for questionnaire scores in
each group. Contrasts between groups use the appropriate between-subjects test, either t: t-
test for data meeting normality assumptions, W: Wilcoxon rank sum test for continuous data
violating assumptions, x2: chi-square test for binary data. AMI = Apathy Motivation Index;
ACE-IIl = Addenbrooks Cognitive Examination-Ill; GDS = Geriatric Depression Scale; LARS
= Lille Apathy Rating Scale; QCAE = Questionnaire of Cognitive and Affective Empathy; SRP

= Self-Report Psychopathy Scale; UPDRS = Unified Parkinson’s Disease Ratings Scale.

Table 2. Statistical results from a GLMM on choices to work vs rest, comparing patients ON

and OFF dopaminergic medication. SE: Standard error; Cl: Confidence Interval.

Table 3. Statistical results from a GLMM on choices to work vs rest, comparing patients OFF
dopaminergic medication against healthy controls. SE: Standard error; CIl: Confidence

Interval.

Table 4. Statistical results from a GLMM on choices to work vs rest, comparing patients ON
dopaminergic medication against healthy controls. SE: Standard error; CIl: Confidence

Interval.

Table 5. Statistical results from a LMM on force exerted (Area under the curve of the force
period) on trials where work was chosen, comparing patients ON vs OFF dopaminergic

medication. SE: Standard error; Cl: Confidence Interval.
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Table 6. Statistical results from a LMM on force exerted (Area under the curve of the force

period) on trials where work was chosen, comparing patients OFF vs healthy controls. SE:

Standard error; Cl: Confidence Interval.

Table 7. Statistical results from a LMM on force exerted (Area under the curve of the force

period) on trials where work was chosen, comparing patients ON vs healthy controls. SE:

Standard error; Cl: Confidence Interval.
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