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Motor Learning as a Weighted Average of Past Experience 1 1,2 Andrew A.G. Mattar and David J. Ostry 1 2 McGill University; Haskins Laboratories Introduction How the nervous system represents learned skills over the long-term is an open question. Using robotic devices that modify the dynamic environment in which movements are made, researchers have shown that subjects can learn to predict and compensate for the actions 1-3 of the robotic device and can retain this learning over time . Some evidence has suggested that once consolidated, learned dynamics are represented in a state that is unaffected by subsequent 2 2 learning . That is, given sufficient time for consolidation (> ~5 hours ), retention of learning acquired in one dynamic environment was unaffected by further learning in a different environment. These results imply that distinct representations of consolidated motor learning are maintained by the nervous system. Other results, however, suggest that at no time are learned 3 dynamics protected from the effects of subsequent learning . Instead, new learning has been shown to completely disrupt retention of previous learning, even when separated by an interval sufficient for consolidation. These results imply that the nervous system maintains a representation of only the most recent learning. Here, we sought to more closely examine longterm retention of learned dynamics and found a pattern of empirical results that was consistent with neither of these previous ideas. Instead, both empirical and modeling results suggest that the nervous system represents motor learning as a weighted combination of past experience. Methods & Results We used a paradigm in which, after an initial practice day, subjects were trained on two successive days and were then retested one month later. On day 2 (the first training day), subjects learned to move in one of 5 velocity dependent force fields. The fields differed in terms of the direction in which loads were applied. Two loads were directed laterally with respect to movement trajectory (Clockwise & Counter-clockwise), one acted in the direction of movement (Assistive), and the remaining two had both assistive and lateral components (AssistiveCCW & AssistiveCW). On day 3, subjects were tested in a counter-clockwise field, and 30 days later (day 4) subjects returned for final testing in a clockwise field. Subjects made 100 movements (20 to each of 5 targets) each day. Performance was evaluated in terms of movement curvature (Perpendicular Deviation). On day 2 subjects learned to move in their respective fields (Figure 1a). On day 3, we saw a continuum of effects of previous training on performance in the CCW field that ranged from facilitation to interference (Figure 1b). On day 4, we saw differences in performance in the CW field (Figure 1c) that were not consistent with a representation of day 2 learning that was unaffected by day 3 training. Moreover, performance did not indicate that subjects maintained only Day 3 learning. Instead, performance could only be explained by a combination of the learning acquired on both days 2 and 3. To further explore the possibility that motor learning reflects a combination of past experience, we used a paradigm in which subjects learned one of the 5 fields on each of days 2 and 3 and were then tested in a CW field on day 4. We tested all possible combinations of fields on days 2 and 3. We again found that a combination of prior learning predicted performance on day 4. By varying the interval between days 3 and 4 (from 2 through to 14 days) we found that the relative importance of day 3 vs. day 2 in predicting later performance shifted towards equivalence. 4 We used a physiologically realistic model of limb control to simulate our experiment. Our model uses an iterative learning algorithm to update control signals on the basis the difference between desired movement trajectories and those that actually occur in the presence of load. We trained the model in one of five fields on ‘day 2’ (Figure 1d) and then used the adapted control signals as a starting point for learning the CCW field on ‘day 3’. As we saw empirically, control signals learned in each of the five fields caused a range of effects from facilitation to interference of performance in the CCW field (Figure 1e). ‘Day 4’ performance in a CW field (Figure 1f) could be simulated by taking as a starting point a weighted average of the control signals learned on ‘days 2 and 3’. This suggests that long-term neural representations of motor learning reflect a combination of previously acquired control signals for movement.



References 1 Brashers-Krug T, Shadmehr R & Bizzi E (1996). Consolidation in human motor memory. Nature 382:252-255. 2 Shadmehr R & Brashers-Krug T (1997). Functional stages in the formation of human long-term motor memory. J. Neurosci. 17:409-419. 3 Caithness G, Osu R, Bays P, Chase H, Klassen J, Kawato M, Wolpert DM & Flanagan JR (2004). Failure to consolidate the consolidation theory of learning for sensorimotor adaptation tasks. J. Neurosci. 24:8662-8671. 4 Gribble PL & Ostry DJ (2000). Compensation for loads during arm movements using equilibrium-point control. Exp. Brain. Res. 135:474-482.
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