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Figure 1. Saccade task design and example eye-tracking traces. (a) Trial design: participants fixated on the centre, heard a cue for the condition

(Performance/Random/10 p/0 p), waited a delay (1400/1500/1600 ms) and then looked towards to the circle that lit up, and were given 10 p or 0 p

reward depending on the condition, along with feedback on their response time (fast/slow). (b) To measure contingent motivation, we compared

‘Performance’ trials, where participants had to be faster than their median RT to win reward (thus giving 50% trials rewarded on average), with ‘Random’

trials where a random 50% of trials were rewarded. To measure motivation by expected reward we compared ‘10 p’ trials where rewards were

guaranteed, with ‘0 p’ trials where no-reward was guaranteed. (c) Example eye-position traces for one participant and condition (different colours are

different trials). (d) Example mean velocity and acceleration profiles for all PD ON in the 10 p condition. (e) Example of the main sequence and velocity

residuals – the points show a subset of individual trials illustrating the ‘main sequence’ relationship where larger saccades have greater velocity, shown

Figure 1 continued on next page
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Figure 1 continued

by the regression line. The distance from each point to its line is the velocity residual, which we take as out main measure of response vigour. (f) Peak

velocity of individual saccades increases with the amplitude of movement – the ‘main sequence’; example showing the 10 p condition, for PD ON, OFF

and HC. Saccadic vigour, our measure of interest, was indexed by the residuals after regressing out amplitude from peak velocity, for each participant.
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Figure 2. Differential effects of dopamine on two types of motivation. The mean measures for the four conditions (Performance, Random, Guaranteed

10p, Guaranteed 0p) for each variable, with individual data points. The difference between Performance and Random shows the effect of Contingent

Figure 2 continued on next page
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Figure 2 continued

motivation, while the difference between 10p and 0p shows the motivating effect of reward expectation. (a) Peak velocity residuals indexed behavioural

vigour. When ON dopamine, patients were motivated to invigorate their saccades when reward depended on response time, but not when expecting a

guaranteed reward. In contrast, when OFF dopamine, vigour was driven by expectation of guaranteed reward, but not by contingency (F (1, 200) =

9.5190, p = .0023, h2

p
= . 0454). (b) HC were similar to PD ON dopamine (please note the different y-axis limits). (c–e) No dopaminergic effects were

observed for (c) saccade amplitude, (d) saccade RT, (e) endpoint variability, or (f) raw peak velocity, although PD patients had slower, smaller and more

variable saccades than HC. All measures are in visual degrees, except saccade RT (ms). Error bars show within-subject SEM. Statistics are presented in

Table 2. Data are available in Figure 2—source data 1.
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Figure 3. Motivational effects on instantaneous velocity and acceleration within a saccade. The top row shows the effects of contingent rewards (i.e.

measures in Performance conditions minus the Random condition), and the bottom row shows effects of guaranteed rewards (10 p condition minus 0 p

condition). The x-axis is % of normalised time where 0 indicates the start of a saccade, and 100 is the end. The instantaneous velocity (a and c) is

increased by contingent (a) and guaranteed (c) rewards, and PD patients OFF have an earlier and greater increase in velocity for guaranteed rewards

than PD ON. The orange bar shows time-points where PD OFF had velocity significantly greater than zero (cluster-wise permutation tests, p<0.05), the

black bar shows time-points where PD ON and OFF significantly differed (PD ON and HC did not differ from zero, so there are no blue or yellow bars).

Acceleration traces (b and d) showed this was due to guaranteed motivation increasing acceleration at the start of the movement for PD OFF (d;

significant cluster, p<0.05). Shading shows SEM. Source data are available in Figure 3—source data 1. Figure 3—figure supplement 1. Individual

participants’ velocity and acceleration traces.
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Figure 3—figure supplement 1. Individual participants’ velocity and acceleration traces. Individual data showing each participant’s mean effects of

contingent (Performance – Random) and guaranteed (10 p – 0 p) rewards on velocity and acceleration during saccades.
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Figure 4. Motivational effects on eye-position autocorrelation within saccades. Each image shows the effect of reward on mean correlation coefficient

between the eye-position at one (interpolated) time-point within a saccade with all other time-points in that same saccade. As noise accumulates

during the movements, the correlations increase over the time-points, while reductions in correlation can suggest negative feedback during

movements. The top row shows the effect of contingent rewards (Performance – Random) on the (Fisher transformed) autocorrelation coefficients, and

the bottom row shows the effect of guaranteed rewards (10 p – 0 p). Green areas mean that motivation increased correlation, while purple areas reflect

a decrease, and clusters significantly different from zero are outlined in black (cluster permutation testing, p<0.05). When examining the dopaminergic

effects (a and e: PD ON – OFF), a significant cluster was found, such that patients differed in their correlations early in the saccade when rewards were

guaranteed (e). This was due to guaranteed rewards increasing early correlation only for PD OFF (g). The time of this increase matches the time of

increased acceleration shown in Figure 3d. There was also a small cluster of significant difference between PD ON and OFF for contingent rewards (a),

but there were no clusters within ON (b) or OFF (c) separately. HC had no clusters of significant differences (d and h). Source data are available in

Figure 4—source data 1. Figure 4—source data 2. Individual data for autocorrelation. Figure 4—figure supplement 1. Motivational effects on

saccade time-time covariance within saccades.
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Figure 4—figure supplement 1. Motivational effects on time-time covariance within saccades. Each plot shows the effect of motivation (top

row = contingent, bottom row = guaranteed) on the signed log covariance matrix, for PD ON, OFF, HC, and the difference between PD ON and OFF.

Green means motivation increased covariance, purple means a decrease, and the significant clusters are outlined in black (cluster-wise permutation

testing, p<0.05). Cluster-wise permutation testing found that PD OFF had greater covariance early on when rewards were guaranteed, while PD ON

had greater covariance when rewards were contingent. Please note that covariance is contaminated by variance, such that these changes may be due

to higher or lower variance at particular time points, which is why we present the autocorrelation metric in the main Figure 4.
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Figure 5. No correlations between contingent and guaranteed rewards. Scatter plots of the effect of contingent and guaranteed rewards (i.e.

contingent effect = Performance minus Random trials, guaranteed effect = guaranteed 10 p minus guaranteed 0 p trials) on peak velocity residuals,

within each group (top row: PD ON, PD OFF, HC), and between medication conditions (bottom row). Dots show the mean values. No Spearman’s

correlations were significant (ON: r = �0.1549, p=0.4503; OFF: r = 0.3730, p=0.0614; HC: r = �0.2153, p=0.2609; Contingent ON vs OFF: r = �0.3429,

p=0.0869; Guaranteed ON vs OFF: r = 0.1432, p=0.4834; ON-OFF Contingent vs Guaranteed: r = �0.2438, p=0.2291).
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Figure 6. No effects of motivation on pupil dilatation. The effects of contingent (top) and guaranteed rewards (bottom) on pupil dilatation in the

different conditions up to 1400 ms after the reward cue. Pupil dilatation is baselined to the time of cue onset. There were no significant clusters of

difference between any groups (cluster-wise permutation testing: p>0.05), nor did a window-of-interest (1000–1400 ms) ANOVA find any significant

effects (Supplementary file 2A-C). Shading shows SEM. Source data are available in Figure 6—source data 1. Figure 6—figure supplement 1. No

correlation of pupil dilatation and motivational effects on velocity. Figure 6—figure supplement 2. Individual data for pupil dilatation.
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Figure 6—figure supplement 1. No correlation of pupil dilatation and motivational effects on velocity. Scatter plots of the effect of contingent and

guaranteed rewards (i.e. contingent effect = Performance minus Random trials, guaranteed effect = guaranteed 10 p minus guaranteed 0 p trials) on

pupil dilatation and peak velocity residuals, within each group (top row = Contingent effects, bottom row = Guaranteed effects; columns = groups). No

Spearman’s correlations were significant (Contingent ON: r = �0.2759, p=0.1720; OFF: r = �0.0182, p=0.9257; HC: r = �0.2123, p=0.2964;

Guaranteed ON: r = �0.3224, p=0.1085; OFF: r = �0.0813, p=0.6931; HC: r = �0.0990, p=0.6080).
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Figure 6—figure supplement 2. Individual data for pupil dilatation. Individual participants’ mean pupil dilatation traces for each condition, showing

the effects of contingent (Performance – Random) and guaranteed (10 p – 0 p) rewards.
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Figure 7. Proposed model for dopaminergic dissociation of reward expectation and contingent motivation. We propose that dopamine (in PD

patients) increases contingent motivation by acting on the caudate nucleus, which disinhibits the superior colliculus (via the basal ganglia output nuclei)

and affects the firing activity within the saccade, influencing vigour. Separately, high tonic dopamine impairs reward expectation motivation via the

nucleus accumbens and ventral pallidum, which also disinhibit the basal ganglia output nuclei to affect superior colliculus firing activity and thus vigour

within the saccade. Possible mechanisms for this dissociative dopamine influence include separate dopaminergic regions innervating the two pathways,

‘global’ vs ‘local’ signalling, or different expression of D1-like and D2-like receptors (see text for details).
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