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The dissociable effects of punishment and reward on motor learning
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Joseph M Galea1, Elizabeth Mallia2, John Rothwell2 & Jörn Diedrichsen3 A common assumption regarding error-based motor learning (motor adaptation) in humans is that its underlying mechanism is automatic and insensitive to reward- or punishment-based feedback. Contrary to this hypothesis, we show in a double dissociation that the two have independent effects on the learning and retention components of motor adaptation. Negative feedback, whether graded or binary, accelerated learning. While it was not necessary for the negative feedback to be coupled to monetary loss, it had to be clearly related to the actual performance on the preceding movement. Positive feedback did not speed up learning, but it increased retention of the motor memory when performance feedback was withdrawn. These findings reinforce the view that independent mechanisms underpin learning and retention in motor adaptation, reject the assumption that motor adaptation is independent of motivational feedback, and raise new questions regarding the neural basis of negative and positive motivational feedback in motor learning. Seeking reward and avoiding punishment are powerful motivational factors that shape human behavior1,2. Although previous research has focused on the response to reward and punishment during cognitive (decision making) tasks3–5, recent work has suggested positive and negative feedback to have dissociable effects on procedural6 or skill7 motor learning. Despite this, surprisingly little is known regarding the influence of reward- and punishment-based feedback on error-based motor learning (motor adaptation)8. Traditionally, motor adaptation has been thought as an implicit process that is unaffected by motivational feedback9–11. This view has had implications for how adaptation has been used during rehabilitation as a tool to improve motor deficits following an illness or injury12,13. Contrary to the assumption that motor adaptation is insensitive to motivational feedback, we hypothesized that punishment and reward would have dissociable effects on the learning and retention components of motor adaptation. Error-based motor learning depends on the cerebellum14,15, which encodes aversive stimuli16 and negative behavioral outcomes17 and which is essential for aversive conditioning18. Therefore, we predicted that error-based motor learning would be enhanced by the punishment of movement errors19. In contrast, the retention of a motor memory depends on the primary motor cortex (M1)14,20,21. Neurons releasing the neuromodulator dopamine, vital for reward-based learning22,23, have projections to M1 (ref. 24) that are crucial for long-term M1-dependent motor skill retention25,26. Consequently, we predicted that memory retention would be enhanced following reward27, possibly through reward-related dopaminergic signaling to M1 (ref. 28). To test for this double dissociation, we used a well-established motor adaptation task that required participants to update their reaching direction to compensate for a novel visuomotor rotation29. By providing participants with reward- or punishment-based monetary



feedback that was based on their ability to maintain movement accuracy, we were able to examine the influence of positive and negative feedback on the learning and retention components of motor adaptation. In support of our hypothesis, we found a striking double dissociation whereby punishment led to faster learning but reward caused greater memory retention. These results have implications for the understanding and optimization of motor adaptation. RESULTS Punishment enhanced learning during randomly alternating visuomotor rotations We first sought to investigate whether reward- or punishment-based monetary feedback influenced a motor adaptation task that is thought to be entirely automatic and nonstrategic30. In experiment 1, we therefore exposed participants to randomly alternating visuomotor rotations during a reaching task in which the aim was to strike through a visual target as accurately as possible (Fig. 1a,b). Although the perturbation on one trial did not predict the next, participants systematically adapted their next movement to the experienced error. To quantify trial-by-trial adaptation, we used a single-rate state-space model (SSM) that estimated how much behavior was adjusted on the basis of each performance error (learning rate; SSM parameter B) and the degree of memory decay on each trial (decay rate; SSM parameter A)30,31 (Online Methods). Within each block, trial-by-trial endpoint angular error was associated with graded monetary reward, punishment or null feedback (Fig. 1c). Participants earned money during reward blocks on the basis of the accumulated positive points and lost money during punishment blocks on the basis of the accumulated negative points. In contrast, during the null blocks, the graphical representations of these points were replaced by two uninformative horizontal lines7 (Online Methods). We observed a significantly greater learning
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rate during punishment blocks (SSM parameter B: F2,22 = 4.30, P = 0.027) relative to reward (t11 = 2.27, P = 0.045) or null (t11 = 3.67, P = 0.004) blocks (Fig. 1d). In contrast, reward blocks showed an equivalent learning rate to null blocks (t11 = 0.34, P = 0.74). There were no significant differences in reaction time (RT) (F2,22 = 0.26, P = 0.77; punishment, 521 ± 105 ms; reward, 479 ± 91 ms; null, 485 ± 84 ms), movement time (MT) (F2,22 = 0.84, P = 0.44; punishment, 223 ± 12 ms; reward, 216 ± 11 ms; null, 221 ± 9 ms), decay parameter (SSM parameter A: F2,22 = 0.21, P = 0.81; punishment, 0.833 ± 0.034; reward, 0.793 ± 0.072; null, 0.825 ± 0.035) or goodness of fit (R2; Supplementary Table 1). A partial correlation (controlling for block type) indicated that reaction times were not correlated with the rate of learning (z = 0.19, P = 0.31; two-tailed). This suggests that the increased learning rate was unlikely to be a result of participants using
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Figure 1  Experimental design. (a) Experimental apparatus. Participants made reaching movements toward visual targets presented on a screen. (b) Experimental task. Shooting reaching movements were performed with online (green) and endpoint (yellow) feedback. Reward and punishment feedback were represented by positive and negative points and based on endpoint error. (c) Experiment 1: one-target adaptation to randomly alternating visuomotor rotations; positive, 12° clockwise (CW); negative, 12° counter clockwise (CCW). Within each block (vertical black line: 100 trials), participants received reward (R), punishment (P) or null (N) motivational feedback. (d) Experiment 1 (n = 12). Punishment was associated with greater trial-by-trial learning relative to either reward or null (SSM parameter B). *P < 0.05. Error bars, s.e.m. (e) Experiment 2: eight-target adaptation to a fixed 30° CCW (negative) visuomotor rotation. Participants experienced 13 blocks (horizontal lines: 96 trials) that were separated by short rest periods ( 
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