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Changes in Motor Cortex Activity During Reaching Movements With Similar Hand Paths but Different Arm Postures STEPHEN H. SCOTT AND JOHN F. KALASKA Centre de Recherche en Sciences Neurologiques, Dk’partement de Physiologie, Montreal, Quebec H3C 3J7, Canada SUMMARY
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CONCLUSIONS



1. Neuronal activity was recorded in the motor cortex of a monkey that performed reaching movements with the use of two different arm postures. In the first posture (control), the monkey used its natural arm orientation, approximately in the sagittal plane. In the second posture (abducted), the monkey had to abduct its elbow nearly to shoulder level to grasp the handle. The path of the hand between targets was Sin&U in both arm pOSh.UX%, but the joint kinematics and kinetics were different. 2. In both postures, the activity of single cells was often broadly tuned with movement direction and static arm posture over the targets. In a large proportion of cells, either the level of tonic activity, the directional tuning, or both, varied between the two postures during the movement and target hold periods. 3. For most directions of movement, there was a statistically significant difference in the direction of the population vector for the two arm postures. Furthermore, whereas the population vector tended to point in the direction of movement for the control posture, there was a poorer correspondence between the direction of movement and the population vector for the abducted posture. These observed changes are inconsistent with the notion that the motor cortex encodes purely hand trajectory in space. INTRODUCTION



The activity of shoulder-related neurons in motor cortex during whole-arm reaching movements covaries with the direction of movement, typically in the form of broad symmetrical tuning curves centered on a preferred direction (Georgopoulos et al. 1988; Kalaska et al. 1989). With the use of a population vector model, the activity of these cells has been interpreted as defining a coordinate system that encodes the trajectory of the hand in space (Caminiti et al. 1990; Georgopoulos et al. 1988; Schwartz 1993, 1994). However, the interpretation of these data can be ambiguous because of the stereotypical coupling between extrinsic (i.e., hand trajectory) and intrinsic (i.e., joint angles or muscle activity) attributes of reaching movements (Mussa-Ivaldi 1988). Caminiti et al. ( 1990) addressed this question by training monkeys to make reaching movements with parallel hand paths from starting positions in different parts of the work space. The directional tuning of single cells in the motor cortex tended to rotate with the starting shoulder angle. This showed that single cells did not uniquely code the direction of movement of the hand from its present position toward that of the target. However, because the parallel hand paths in their task were in different parts of the work space, uncertainty remains about how to interpret the modulation of sin0022-3077/95
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gle cell activity with starting arm posture. It could signify processing of an extrinsic parameter, hand path in space that varies with starting arm position, or it could reflect intrinsic parameters of the movement. Nevertheless, even though single cells showed a rotation of their directional tuning with starting shoulder angle, the population vector was described as remaining aligned with the direction of hand movement throughout



the work



space



The present paper reports observations on the response properties of motor cortical cells in a monkey during reaching movements along similar hand paths to the same target locations, with the use of two different arm postures. This more fully dissociates the extrinsic and intrinsic attributes of the reaching movements. A majority of cells showed significant changes in their activity between the two arm postures, and there were significant differences in the directional signal generated by the cell population in the two postures. METHODS



A juvenile male rhesus monkey (Macaca mulatta; 4 kg) was trained to move a pendulum-like handle with its right arm from a central starting position to eight equally spaced light-emitting diode (LED) targets. The apparatus and task have been described elsewhere (Kalaska et al. 1989). However, for this experiment, the position of the handle grasped by the monkey on the manipulandum was at shoulder height. The monkey was trained to hold the manipulandum over the central target for a variable period of time ( l3 s), then to move it to one of eight peripheral targets and to hold it at the target for 2 s. The eight target lights were presented five times in a randomized-block design. The monkey performed the task with the use of two different arm postures. In the first posture (control), the monkey was allowed to perform the task in its preferred natural arm orientation (largely in the sagittal plane with the elbow suspended vertically below the level of the hand and shoulder). In the second posture (abducted), a barrier was attached to the manipulandum immediately below the handle, so that the monkey had to abduct its arm 430’ into the horizontal plane above the barrier to grasp and move the handle. Therefore the position and trajectory of the hand in external space were similar in both experimental conditions. In contrast, the intrinsic kinematics and kinetics of the movement were dramatically different. Hand trajectories to each target for the control and abducted tasks were recorded to verify that they were similar. Each movement was divided into 20 equidistant points along its trajectory. The mean and standard deviation of each point along the trajectory were computed across all trials for each posture. Conventional single-unit recording techniques were used to record the activity of single cells in the motor cortex during the motor
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tasks. The activity of the cells was analyzed for three different time periods in this study: / ) center hold time (CHT), 2) combined reaction and movement time (RT+MT), and 3) target hold time (THT). Statistical analysis of the cell data followed previously described techniques (Kalaska et al. 1989). As well, the WatsonWilliams test was used to determine whether there was a significant difference in the preferred direction of each cell between the control and abducted postures ( Batschelet 198 1). For this test the preferred direction of the cell for each of the five replication blocks ( 1 trial for each of the 8 movement directions) was calculated separately, to provide five estimates of the cell’s preferred direction in each posture. The Watson-Williams test evaluated the degree of difference in the spatial distribution of the five preferred direction estimates between the two postures. Vector notation was also used to determine the directional signal generated by the cell sample (Georgopoulos et al. 1988). The population vectors for a given posture were calculated with the use of the preferred direction of each cell in that posture. Cells unimodally tuned in either posture were included in the analysis. The population signals generated for the same movement direction in the two arm postures were compared, with the use of a statistical bootstrapping technique ( Georgopoulos et al. 1988 ) . One hundred estimates of the population vector were calculated during RT+MT for each movement direction in each arm posture separately, by random sampling with replacement from the data set. The WatsonWilliams test was used to determine whether the spatial distribution of the 100 population vector estimates for a given movement differed between the 2 postures. The 100 population vector estimates were also used to determine a 95% confidence interval for the population vector for each movement direction (Georgopoulos et al. 1988). The mean direction of the 100 population vectors was computed. The difference between the 100 bootstrapped population-vector estimates and their mean were rank ordered, and the 95th was used as the estimated 95% confidence interval. These were used to determine whether the vectorial signal generated by the sample population in each posture corresponded with the direction of movement between the start and target positions.



The activity of 144 proximal arm-related cells was recorded in the anterior bank of the central sulcus in the left ( contralateral) motor cortex. Each ccl1 had to be related to movements of the proximal arm (shoulder or elbow) and had to be directionally tuned during either movement (RT+MT) or posture (THT) in at least one of the two arm postures to be included in the cell sample. Many cells demonstrated significant differences in their responseproperties for reaching movements performed with the use of different arm postures, even though both hand paths and target endpoints were similar. In total, 130 ( 90.3%) and 131 (9 1.O%) cells studied showed differences in their activity (tonic activity or directional tuning, see below) between the 2 tasks during the RT+MT or THT epochs, respectively (F-test, P < 0.05). The most common effect of arm posture was a change in tonic firing rate before, during, and after the reaching movements (Fig. 1). For instance, during CHT, 1 15 (79.9%) cells showed a change in tonic activity between the 2 tasks (average absolute change in firing rate was 8.2 spikes/s). Approximately equal numbers of cells showed higher tonic firing rate in either control or abducted postures, so that the mean tonic rate of the total population during CHT in the two postures was not significantly different
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( 16.3 t 10.2 spikes/s for control and 15.5 5 11.4 spikes/ s for abducted, mean t SD; P > 0.10, paired t-test). Similar changesin overall activity level were seenduring movement (RT+MT) and during posture (THT). The change in arm posture could have three possible effects on the directionality of cell discharge. Cells could be directionally tuned in both postures and have the samedirectional preference. Alternatively, their preferred direction could change between the two postures. Finally, the cell could be dnectionally tuned in one posture but-not in the other. We found many examples of all three possible outcomes. For instance, during the RT+MT epoch, 49 cells (34.0%) were unimodally tuned during movement in one posture but not the other ( Rayleigh test, P < 0.05)) with similar probability for selective directional tuning only in the control (28 cells) or abducted (2 1 cells) posture. Eighty cells (55.5%) were directionally tuned in both postures (the remaining 15 cells were not unimodally tuned in either posture during RT+MT but were tuned during THT in at least 1 of the 2 postures). Of these unimodally tuned cells, 40/ 80 (50%) showed a significant change in directional tuning between the 2 postures (Watson-Williams test, P < 0.05, Fig. 1). Therefore the change in arm posture had a strong impact on the directionality of movement-related activity of 89/ 129 tuned cells (69.00/o), whereas only 40/ 129 cells (3 1.O%) showed no significant change in direction between arm postures.Similar results were found for the tonic activity related to holding the arm over the target endpoints after movement (THT epoch ) . The magnitude and direction of the change in preferred direction varied considerably from cell to cell, and there was no consistent trend for a rotation in one direction or the other (clockwise or counterclockwise). For cells unimodally tuned in both postures, whether or not they showed a significant change in directionality, the absolute mean difference in preferred direction during RT+MT was 27.8”, but the arithmetic mean change in preferred direction for the entire sample between abducted and control postures was only -2.3” (positive rotation is counterclockwise). Similarly, during THT, the absolute mean difference was 30.9’, and the arithmetic mean change in the preferred direction fi>r the entire sample was only -2.2”. Because the effect of’ arm posture on cell discharge was tested sequentially in two separatedata blocks, random temporal variability in ccl1 responsivenesscould have contributed to the observed changes. To evaluate the stability of cell activity, a second pair of data blocks were collected from nine cells. The responsesof the cell in the duplicate data blocks in the same posture could then be compared. There was a significant change in tonic activity during CHT in only 2/ 18 ( 11.1%) replicated files. Furthermore, the absolute change in tonic activity between original and repeat blocks across all 18 pairs of files was only 1.8 spikes/s, far smaller than the observed mean change in tonic activity between postures (8.2 spikes/s, seeabove). Of the 15 replicated pairs of files that could be tested with the use of the Watson-Williams test, none showed a significant difference (i.e., P < 0.05) in directional tuning between the original and duplicated files. Therefore the observed changesin tonic activity and directionality of the cells between the control
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HG. 1. Response of a motor cortex cell during 8 directions of movement using control (A) and abducted (B) arrn postures. Each raster illustrates the activity of the cell during 5 repeated trials to each target. Arrowheads denote the start of limb movement, whereas the heavier tick marks to the right and left of movement onset in each raster row denote the time of appearance of the target and the end of movement, respectively [i.e., reaction time (RT) and movement time (MT) epochs]. Note the change in tonic firing of the cell for center hold time (CHT) between control and abducted postures ( 36.6 and 7.0 pps, respectively; F-test, P < 0.01). Beside the raster displays are stick diagrams illustrating the preferred direction of the cell calculated for each replication of 8 movements to each target (short vectors) and the mean preferred direction for the 5 replications (long vectors). There was a significant difference (Watson-Williams test) in the directional tuning of the cell between the control and abducted postures during the RT+MT (41.5” clockwise; P < 0.05) and target hold time (43.2” clockwise; P < 0.01) .



and abducted postures cannot be explained simply by random variations in cell discharge between blocks of data. The effect of arm posture on the behavior of the ensemble of cells was evaluated with the use of the population vector method (Georgopoulos et al. 1988). There was a change



in the direction of the population vectors for movements performed in the two arm postures (Fig. 2, A and B). For the control posture, the vectors were of similar length and were distributed uniformly and oriented approximately in the direction of hand movement. In contrast, for the abducted
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seven of the eight mean movement directions were within the 95% confidence interval for the associated population vectors calculated with the use of the bootstrapping procedure, the exception being movement direction 225”. In contrast, only two of the eight mean movement directions (225 and 3 15’) were within the 95% confidence interval for the population vectors in the abducted posture. Therefore there were large differences in the correspondence of the vectorial signals with the mean direction of movement between the control and abducted postures, further suggesting that the population vector signals were not invariant with hand trajectory in spacewhen movements were performed with the use of different arm geometries. The trajectory of the hand was similar when the task was performed with the use of either arm posture (Fig. 2). The variability in the trajectory of the hand to a target for the control task overlapped extensively with the trajectories for the abducted task, with the least overlap of trajectories occurring for movements at 135 and 225”. Qualitative compariFIG. 2. Mean population vectors calculated from the activity of the son suggests that the small differences in hand trajectory motor cortex cells for movements to 8 targets for the control (A ) and abducted (B) postures (RT+MT epoch). The base of the vectors are at the between control and abducted postures cannot explain the center, whereas the tips of the vectors are joined together to form an 8- shifts in the mean population vectors. For instance, the popusided polygon. Below the polygons are the hand trajectories to each target lation vector for movements at 0” is significantly rotated for the control (A ) and abducted (B) postures. The center of each cross clockwise in the abducted posture compared with the control denotes the mean position of the hand computed from all trials recorded posture (Fig. 2, A and B), whereas the hand paths show the in this study. The length of each arm in the cross denotes 1 standard opposite direction of curvature in the two postures. In condeviation of the mean in the horizontal and vertical directions. C: comparison of the distribution of 100 population vector estimates for movements trast at 135”, the change in the direction of the initial hand at 45’, generated with the use of statistical bootstrapping techniques (see path and population vector from control to abducted postures text). Short vectors are the individual vector estimates, and long vectors are in the same directions. More definitive analysis awaits (with arrows) are their mean for the control ( -) and abducted comparison of the instantaneousmovement and neural-popu(- - - ) postures. lation vectors during movement. However, similar significant differences were likewise found between the mean popposture, the vectors varied more in length than in the control ulation vectors calculated from the activity during the THT posture, and their directions showeda poorer correspondence epoch (data not shown). This cannot be explained by any with the direction of movement. variation in the position of the hand, because the hand was To test whether the difference in the direction of the popu- being held stationary over the same target locations in the lation vectors in the two arm postures was significant, we two arm postures (Fig. 2). compared the spatial orientation of the distribution of 100 estimatedpopulation vectors calculated for each posture with DISCUSSION the use of the bootstrapping procedure (Fig. 2C). They were significantly different for seven of the eight movement direcThe present study analyzed the activity of cells in the tions (Watson-Williams test, P < 0.01)) the exception being motor cortex during reaching movements along similar hand for movements at 3 15” (direction is defined by trigonometric trajectories with the use of two different arm postures, to convention with 0” pointing to the right and angle increasing dissociate intrinsic from extrinsic attributes of movement. counterclockwise). The results demonstrate that cell activity in the motor cortex We next compared the correspondencebetween the direc- is highly sensitive to changes in arm posture even though tion of the population vectors calculated from the mean ac- hand trajectory remained similar. Many cells in this same tivity of the cells during the RT+MT epoch (Fig. 2, A and B) part of the motor cortex are also strongly modulated by the and the mean direction of movement. The mean movement presenceof external loads during reaching movements along direction for each hand path (the vector sum of the 20 equi- the same spatial hand paths (Kalaska et al. 1989). Both distant trajectory fragments in Fig. 2) is equivalent to the these findings are inconsistent with the notion that single vector drawn between the origin and end of each mean hand cells in that part of the motor cortex encode the direction of path and was essentially identical in the two postures. This displacement of the hand through space. comparison is valid, because the mean population vectors Previous studies have suggestedthat, independent of the in Fig. 2 are likewise the algebraic equivalent of the vector behavior of single neurons, the population activity of cells sum of a series of instantaneous population vectors during within motor cortex encodes the trajectory of the hand in RT+MT (the mean ‘ ‘neural trajectory’ ’ ) ( Georgopoulos et space (Caminiti et al. 1990; Georgopoulos et al. 1988; al. 1988; Schwartz 1993). If they were signaling the extrinSchwartz 1993). This hypothesis predicts that the population sic kinematics of the hand path, they should likewise be vector shouldremain constant for arm movements with identiessentially identical in the two postures and accurately pre- cal hand paths but different arm geometries. However, we dict the meandirection of movement. For the control posture, found statistically significant changes in the direction of the A Control
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population vector under these conditions. As well, in the abducted posture, several population vectors did not accurately predict the direction of movement. Although there was a slight variation in the hand paths when the monkey moved to a given target with the use of different arm postures,such variations do not appear to account for the observed shifts in the population vectors. A population analysis in this part of motor cortex has shown previously that the length and direction of the population vector was also altered by external loads and did not necessarilycorrespond with the path of the hand (Kalaska et al. 1989, 1990). Both of these findings are likewise inconsistent with the notion that the total population activity in that part of the motor cortex explicitly encodesthe spatial kinematics of reaching trajectories in a hand-centeredcoordinate frame (Schwartz 1993, 1994). This work was supported by the Medical Research Council Group Grant in Neurological Sciences, by an MRC Postdoctoral Fellowship to S. H. Scott, and by the expert technical assistance of L. Girard. Address reprint requests to J. F. Kalaska. Received 23 December 1994; accepted in final form 16 March 1995.
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