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1.0 ,ug of UCN, n = 8) had 30-min access to water



(days 1 through 6, 8, and 10) or saccharin solution (days 7 and 9) daily for the duration of an 11-day multiple-pairing test conditioning procedure. UCN was administered ICV on days 7 and 9 immediately after access to the saccharin. On day 11, all rats chose between two choices (water or saccharin). A significant taste aversion was observed only at 1.0 ,ug of UCN. Mean + SEM milliliters of saccharin intake during the two-bottle test was as follows: vehicle, 16.4 + 4.5 ml; 0.1 p.g of UCN, 12.3 - 3.5 ml; and 1.0 of ,ug UCN, 1.1 + 0.6 ml. Water intake during the same two-bottle test was as follows: vehicle, 8.1 + 3.1 ml; 0.1 p.g of UCN, 9.6 + 2.3 ml; and 1.0 pLg of UCN, 20.3 ± 1.2 ml. Water intake baseline on days 1 through 6, when the animals had access only to water, was 19.1 + 1.3 (vehicle), 21.2 + 1.5 ml (0.1 ,ug of UCN), and 22.2 ± 1.8 ml (1.0 p.g of UCN). 15. The nose-poke apparatus consists of an acrylic plastic chamber and wire mesh floor (25 cm by 25 cm by 25 cm) enclosed within a sound- and light-attenuating box. Two holes, one for food and one for water, were made (2 cm above the floor) in two opposite side walls of the chamber. Each nose poke in either the food or water hole activated the delivery of a 45-mg pellet or 100 ,ul of water, respectively, into a food or water tray situated next to each hole. Nose pokes were recorded by photocell beam interruptions and a microcomputer. Rats (Wistar) were exposed to one session daily for 20 hours and trained during several days to obtain an appropriate baseline level (±20% total food intake from day to day). Six animals were injected ICV with UCN in a within-subjects design; for example, each rat received each dose (0.01, 0. 1, and 1.0 ,ug/2 ,u) and vehicle according to a Latin-square design with a minimum of 3 days between injections. Injections were made at 19:30 hours, 90 min after the onset of the dark cycle (12 hours, 6 p.m. to 6 a.m.). Water intake followed food intake on a prandial basis. Results showed that nose pokes for water showed the same decrease as food intake at the same doses of UCN. The data were analyzed at 3, 6, and 12 hours after the injections. Meals or bouts of feeding were defined as continuous sequences of nose-poking for 45-mg food pellets with no inter-poke interval greater than 60 s and a minimum inter-bout interval of 15 min. This analysis is similar to that reported by others, and meals or bouts corresponded to those of visual inspection of the event recorded. J. A. Grinker, A. Drewnowski, M. Enns, H. Kissileff. Pharmacol. Bio-



chem. Behav. 12, 265 (1980). 16. M. J. Burton, S. J. Cooper, D. A. Popplewell. Br. J. Pharmacol. 72, 621 (1981). 17. S. Pellow, P. Chopin, S. E. File, M. Briley, J. Neurosci. Methods 14,149 (1985); S. Heinrichs, E. M. Pich, K. A. Miczec, K. T. Britton, G. F. Koob, Brain Res. 581, 190 (1992). The plus-maze apparatus consisted of two open arms (50 cm long by 10 cm wide) and two enclosed arms of the same size with walls 40 cm high. It was elevated 50 cm above the ground. The two open arms were exposed to the same amount of light (1.5 to 2.0 lux). Rats were acclimated for 2 hours to the anteroom adjoining the quiet room where the plus-maze was placed. Each animal was injected ICV with one of the doses of UCN (0.01, 0. 1, or 1 ,ug/2 ,ul) or vehicle and placed back in its cage. After 5 min, it was placed onto the center of the plus-maze for the 5-min test. Time spent on each arm was recorded automatically by photocell beams and a computer program. The maze was carefully wiped with water with a damp sponge after each trial. Each animal was exposed only once to the maze. The experimental design for all of the studies was an independent group (between-subjects) design where each observation was made for a separate animal. All rats used in the plus-maze test were naive and had not received any behavioral testing before being tested with the plus-maze because activity on the plus-maze is very sensitive to prior handling. However, to save on animal use, rats received additional tests and treatments after exposure to the plus-maze. For the locomotor activity and food intake studies, separate animals were assigned to each dose and peptide within that dependent variable, but most of the animals had
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been tested previously with one of the peptides on another behavioral test. No animals received more than a total of three peptide injections, and at least 1 week separated each peptide administration. Previous work has shown no interaction of prior plus-maze testing on locomotor activity or the feeding response. 18. The locomotor apparatus consisted of 16 wire mesh cages (20 cm by 25 cm by 36 cm) with two horizontal infrared photocell beams located across the long axis of the cage 2 cm above the floor and 16 cm from one another. Beam interruptions and crossovers were recorded (beam 1 broken followed by beam 2 and vice versa) by computer and printed out every 10 min. Activity was recorded over 3 hours, and behavior was observed every 30 min. The day before the experiment, rats were habituated for 1 hour to the room and then for 5 hours to the testing cages. On the testing day, after a 90-min habituation period, rats were injected ICV with UCN (0.1, 1, and 10 p.g/2 ,u1) or vehicle, and the locomotor activity was monitored for the next 3 hours. 19. P. G. Henke, A. Ray, R. M. Sullivan, Dig. Dis. Sci. 36 (no. 11), 1633 (1991).



20. E. Potter et al., Proc. Natl. Acad. Sci. U.S.A. 89, 4192 (1992). 21. H. A. Baldwin, S. Rassnick, J. Rivier, G. F. Koob, K. T. Britton, Psychopharmacology 103, 227 (1991). 22. M. Spina et al., data not shown. 23. We thank P. Sawchenko, D. Coscina, E. De Souza, D. Grigoriadis, and G. Schulteis for their helpful comments on the manuscript. E.M.P. is currently a research scientist at Geneva Biomedical Research Institute, Glaxo-Wellcome R&D, Geneva, Switzerland. A.M.B. is supported by grant 1 F05 TW05262 from the Fogarty International Center (NIH). We also gratefully thank the Molecular and Experimental Medicine Word Processing Center for manuscript preparation. We thank R. Lintz and P. Griffin for their technical assistance. Supported by NIH Program Project grant DK 26741 to W.V. and project component Behavioral Significance of Neuroendocrine Peptides to G.K. The experimental protocols for animals and their care were approved by the Institutional Review Committee for the Use of Animal Subjects. 10 April 1996; accepted 16 July 1996



The Mental Representation of Hand Movements After Parietal Cortex Damage Angela Sirigu,* Jean-Rene Duhamel, Laurent Cohen, Bernard Pillon, Bruno Dubois, Yves Agid Recent neuroimagery findings showed that the patterns of cerebral activation during the mental rehearsal of a motor act are similar to those produced by its actual execution. This concurs with the notion that part of the distributed neural activity taking place during movement involves internal simulations, but it is not yet clear what specific contribution the different brain areas involved bring to this process. Here, patients with lesions restricted to the parietal cortex were found to be impaired selectively at predicting, through mental imagery, the time necessary to perform differentiated finger movements and visually guided pointing gestures, in comparison to normal individuals and to a patient with damage to the primary motor area. These results suggest that the parietal cortex is important for the ability to generate mental movement representations.



Prediction is essential to many aspects of motor behavior, from postural compensation to the tracking of moving objects and the planning of a complex trajectory. The capacity of the central nervous system to simulate and anticipate the behavior of the motor apparatus is a central issue not only in experimental and computational studies of motor control (1), but also in the study of mental processes. Humans can use this capacity to improve a motor skill or induce sensorimotor plasticity through mental rehearsal (2). Decety and his colleagues have shown that motor imagery can be used to predict the time needed to complete a movement, and that the mental reenactment of an effortful exercise causes the A. Sirigu, B. Pillon, B. Dubois, Y. Agid, INSERM U-289, 47 Boulevard de l'H6pital, 75013 Paris, France. J.-R. Duhamel, Laboratoire de Physiologie de la Perception et de I'Action, CNRS-College de France, 15, rue de l'Ecole de Medecine, 75006 Paris, France. L. Cohen, Hopital de la Salp6triere, 47 Boulevard de l'H6pital, 75013 Paris, France. *To whom correspondence should be addressed.
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same vegetative changes as its actual performance (3). Studies of cerebral metabolic activity have demonstrated that most of the regions that are active during overt movement execution such as the parietal and premotor cortices, the basal ganglia, and the cerebellum are active during mental simulation as well (4). These results suggest that motor impairments caused by, a cerebral lesion might also affect mentally simulated actions. We reported a case of a patient with motor cortex damage where the simulation of a movement with the affected limb produced a sensation of mental drag and matched that limb's reduced motor efficiency (5). Parallel impairments in imagined and executed movements were also observed in patients with basal ganglia dysfunction due to Parkinson's disease (6). This observation suggests that the excitatory output produced in the cortico-striatal pathways during motor imagery closely mimics what occurs during movement execution, and that it is accessible to conscious evaluation. Furthermore,
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the motor cortex and basal ganglia do not appear to be instrumental in forming or maintaining a mental image of a limb in action. In the present study we tested the hypothesis that the parietal cortex might be important for the ability to generate motor images. Parietal lobe lesions produce apraxia, an impairment of skilled movements, in the absence of elementary sensory or motor deficits. Apraxic patients have difficulties in performing symbolic gestures and pantomimes, where movements must be guided by stored representations rather than by contextual cues (7). Anticipatory shaping of the hand during grasping gestures can be inaccurate, indicating an impaired recall of finger grip patterns (8, 9). Parietal lesions can affect both motor production and ideation, because some patients with apraxia also have difficulty recognizing the meaning of gestures (10) or in judging their accuracy (9). These findings suggest that the parietal cortex might be important for storing or accessing motor representations, or both. We investigated mentally simulated hand movements in four patients with unilateral left or right parietal lobe lesions, and in one patient with a motor impairment associated with a lesion in the right rolandic area. All patients experienced movement difficulties that were restricted to the hand and fingers ( 11). In the first task, participants mentally simulated a continuous thumb-fingers opposition sequence with either the left or right hand to the sound of a metronome. They imagined touching each finger in turn, beginning with the little finger. The speed of the metronome beat, initially set at 40 beats per minute, was augmented every 5 s, until the individual reported that the imagined hand could no longer keep up with the imposed speed (Fig. IA). The movement sequence was subsequently executed according to the same procedure, and the actual performance break point was recorded. The results obtained for nine normal individuals showed excellent congruence between maximum imagined and executed movement speeds. In contrast, patients with parietal cortex lesions produced estimates that were systematically inaccurate (too fast or too slow) or that were inconsistent from one trial to the next. Three parietal patients made errors in predicting the break point of the impaired contralesional hand but were accurate in predicting that of the unaffected ipsilesional hand, and a fourth was impaired bilaterally (Fig. 1, B and C). The direction of the error varied among patients, showing either consistent overestimation (R.K.) or underestimation (J.J. and R.L.) of actual motor efficiency. For case J.J., the errors were smaller than for
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time elapsed between a go signal and the participant's report of having completed five consecutive cycles of the same movement pattern. Cumulating several cycles was necessary because of the short duration of a single movement and the coarse resolution of mental movement time measurements. Participants first completed the imagery task, then executed each movement according to the same procedure. In normal individuals, imagined and executed movements increased in parallel from the simplest posture to the most complex one (Fig. 2B). The patient with a primary motor impairment (C.P.) predicted the time necessary to execute each of the four postures with equal accuracy with either hand (Fig. 2, C and D). She showed asymmetric motor performance, with her affected contralesional hand being most slowed when executing postures 2 and 4. This had been accurately anticipated during the mental simulation trials, before she was allowed to try any of the movement sequences. In contrast, patients with parietal damage were unable to simulate the behavior of the contralesional hand. With patient J.D., executed movement duration increased steeply with posture complexity, but imagined movement duration did not reflect this accurately (Fig. 2E). In this particular example, imagined movements appear to underestimate the affected hand's slowness, which could suggest that the patient was in fact simulating a movement of



the other patients but showed trial-to-trial variations. These results are in contrast with those previously reported for patient C.P., who has degenerative right motor cortical damage, whose simulated movement speed on the metronome task mirrored exactly the asymmetric motor performance of the contra- and ipsilesional hands (5, 12). Thus, the ability to estimate manual motor performance through mental imagery is disturbed after parietal lobe damage. However, from the above results, one cannot distinguish whether the patients showed exaggerated positive or negative biases in estimating movement time but otherwise formed accurate mental motor images, or whether the content of the represented movements was altered. To address this issue, we evaluated how closely the imagined movements of patients with parietal lesions reflected the variation in motor performance associated with specific task factors; namely, (i) the complexity of the motor program and (ii) compliance to the perceptual demands of the task. If parietal lesions impair movement representation, a reduced parallelism between the timing of motor performance and imagery can be expected. In one task, four sets of postures were empirically selected on the basis of their degree of difficulty for a group of controls (Fig. 2A). In the imagery condition, the participant simulated one of the movement sequences with the prespecified hand. Movement duration was recorded as the A
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Fig. 1. (A) The task consisted of mentally rehearsing a finger opposition sequence to the increasing pace of a metronome. The maximum subjective speed achieved was later compared with the actual break point when the same procedure was physically performed. Imagined movement accuracy was estimated as the normalized difference between maximum speed achieved in the imagined and the executed movement conditions [(imagined executed)/executed]. Prediction errors in normal individuals ranged from -8% to 0% with a mean of -2.1%, reflecting a small, statistically nonsignificant tendency to underestimate actual movement speed. (B and C) The data are represented as scatter plots of executed versus imagined movement speed. Points lying on the 450 line represent a perfect match between the two movement conditions. The x symbols represent individual data points for the left- and right-hand performance of nine normal individuals. Other symbols represent the performance of two right (R.K. and J.D.) and two left (J.J. and R.L.) parietal lesion patients. All patients were able to execute the sequence accurately, although movement speed of the contralesional hand was generally less than the normal range. Each patient repeated the imagined-executed movement trials three times in nonconsecutive blocks during a single testing session. Each symbol thus represents the relation between imagery and execution for a single trial. Note the different accuracy and scatter of imagined movement speed for the contralesional and ipsilesional hands in patients J.D., R.K., and J.J. -
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the normal hand, disregarding the motor impairment. Comparison of the test results / 3 10 < < the two hands (Fig. 2, E and F) shows for 1 T 1 that this is not the case because the mean 4I XI t duration and variability differ for three of 5 the four postures, depending on whether the -IL movement duration accupatient was instructed to simulate a move0 rately predicts actual mo(2) (3) (4) (1) ment of the contralesional or the ipsilesional tor performance: Imag(1o344 (1) (2) (3) (4) hand. A similar pattern of results was obined and executed movement durations increase served in another patient with a right parias a function of posture Right motor cortex lesion (C.P.) etal lesion (R.K.). In the left parietal patient complexity [F(3,21) = 60 R.L., the motor imagery impairment was 60 D_psilesional Contralesional 34.4, P 
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