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Shoulder joint-related motor cortex cells show continuously graded changes in activity, centered on a preferred movement direction, during active arm movements in 8 directions away from a central starting position (Georgopoulos et al., 1982). We demonstrate here that many of these cells show similar large continuously graded changes in discharge when the monkey compensates for inertial loads which pull the arm in 8 different directions. These load-dependent discharge variations are typically unimodal, centered on one load direction called the cell’s load axis, and are often sufficiently continuous, symmetric, and broad as to show a good fit to a sinusoidal curve. A vectorial representation of cell activity indicates that the pattern of load-dependent activity changes in the population forms a signal whose direction is appropriate to compensate for the loads. The responses of single cells to different combinations of movement and load direction are often complex. Nevertheless, the mean activity of the sample population under any condition of movement direction and load direction can be described reasonably well by a simple linear summation of the movement-related discharge without any loads, and the change in tonic activity of the population caused by the load, measured prior to movement. The strength of the load-dependent discharge variation differs among cells. Cells can be sorted into 2 phasic and 2 tonic groups that show differing degrees of sensitivity to loads. In particular, it was found that the greater the degree of cell discharge variation associated with different actively maintained limb postures, the greater the activity changes caused by loads. No similar correlation was found for the degree of discharge variation during movement. Preliminary evidence suggests that phasic and tonic cell groups may be spatially segregated in the motor cortex. These observations are consistent with the idea that there exists in the motor cortex activity encoding aspects of movement kinematics, as well as movement dynamics. Received June 28, 1988; revised Oct. 19, 1988; accepted Oct. 24, 1988. This work was supported by Medical Research Council of Canada Grant MT7693 and an establishment grant from the Fonds de la recherche en Sam6 de Quebec (to J.F.K.). M.L.H. was supported by the H. H. Jasper Postdoctoral Fellowship in Neurosciences. We gratefully acknowledge the expert assistance of Richard Bouchoux, Marc Bourdeau, Robert Cartier, Gilbert Duhau, and Jean Jodoin, who built the task apparatus and electronic components, Daniel Cyr and Claude Gauthier for photography, and Feliciana Faraco-Cantin for histology. Giovanni Filosi prepared Figure 1. Correspondence should be addressed to John F. Kalaska at the above address. Copyright 0 1989 Society for Neuroscience 0270-6474/89/062080-23$02.00/O



These observations are in agreement with studies of more distal arm joints, showing that the activity of certain motor cortex cells varies with the patterns of muscle activity and output forces required to produce a movement. These experiments extend the description of the control of the direction of movement of a multiple degree-of-freedom joint into the spatial (direction) domain to a greater extent than previously achieved.



One important parameterof movement is its direction. Primates are capable of making a vast range of reaching movements toward targets in different spatial locations. Yet the largemajority of neurophysiologicalstudiesof motor cortex function have used tasks constrained to one dimension, opposite directions of movement of a singlejoint (Evarts, 1968, 1969; Thach, 1978; Cheney and Fetz, 1980; Evarts et al., 1983; Fromm, 1983a,b). Observations from theseexperiments might be sufficient to explain the control of movement at a simple hingejoint, but they are inadequatefor multiple degree-of-freedomjoints suchasthe wrist and shoulder.To make more generalstatementsabout the control of normal movement by the motor cortex, tasks must be usedthat involve movements of multiple degree-of-freedom joints in 2 or more dimensions. Furthermore, most previous studieshave usedmovements of distal joints. Differences may exist in the neural control mechanismsfor proximal and distal arm movements(Phillips and Porter, 1964; Clough et al., 1968; Lawrenceand Kuypers, 1968a,b; Kuypers and Brinkman, 1970; Humphrey, 1979; Lemon, 1979). This study is part of an ongoing investigation of the cortical control of the shoulderjoint during whole-arm reaching movements. A previous report demonstratedthat the direction of radially dispersedwhole-arm movements away from a central starting position was encodedin the activity of shoulder-relatedmotor cortex neuronsasa broadly tuned pattern of discharge,centered on one particular preferred direction (Georgopouloset al., 1982). Different cellshad different preferred directions. The directional tuning of many cells was sufficiently broad, continuous, and symmetric as to show a good fit to a sinusoidalcurve. Qualitatively similar observationswere made for cell dischargewhile the monkey actively maintained 9 different arm postures(Georgopoulos et al., 1984a). This broad symmetric tuning implies that eachcell contributes a signalwhosestrengthis continuously graded with movement direction, to the motor command for a broad range of movements or postures.It further implies that the information unambiguouslyencodingthe intended direction
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of movement resides in the pattern of discharge of the population of active neurons (Georgopoulos et al., 1982, 1983, 1986, 1988). Evarts (1968, 1969) was the first to study directly whether motor cortex cell activity was related primarily to movement dynamics (i.e., direction and level of forces or torques, etc.) or to movement kinematics (i.e., direction of movement, velocity, etc.). Many subsequent studies of one-dimensional movements have confirmed his observation that the discharge of many motor cortex cells varies with the level of muscle contractile activity, output force or torque, and their temporal derivatives (Humphrey et al., 1970; Humphrey, 1972; Smith et al., 1975; Conrad et al., 1977; Hepp-Reymond et al., 1978; Thach, 1978; Cheney and Fetz, 1980; Hoffman and Luschei, 1980; Evarts et al., 1983; Fromm, 1983a, b). The data obtained from the 2-dimensional reaching study of Georgopoulos et al. (1982) did not permit a conclusion as to whether the broadly tuned pattern of movement-related activity of proximal-arm cells was signaling changes in the direction and level of forces, the direction of movement per se, or some combination. However, the contractile activity of shoulder muscles showed similar broad directional tuning (Georgopoulos et al., 1984a, b). It was proposed that the cortical activity could be converted to movement direction-related variations in the level of torque exerted across the shoulder joint at a particular angle determined by the muscle or muscles whose contractile activity is influenced by that cell (Georgopoulos et al., 1983). This angle of torque causes the limb to move along a path corresponding to the cell’s preferred direction. The differing preferred directions of different cells would therefore reflect the control of muscle activity exerted across the joint at an angle unique to each cell. The variation of cell activity with movement direction suggests that each cell contributes to the control of movement direction by continually varying the level of muscle contractile activity as a function of the difference between the angle of torque of the cell’s peripheral “muscle field” and the net angle of torque required to produce the desired movement. The total torque output required to produce the movement results from the vectorial summation of all the single-cell outputs across the shoulder joint (Georgopoulos et al., 1983). This hypothesis can be tested by applying loads to the arm in different directions. This causes changes in the level and direction of the net torque output required to make the same movements. Motor cortical neurons should demonstrate continuously graded changes in activity while the monkey compensates for different directions of load. The present experiments were designed to test this prediction. Although this interpretation has been expressed in terms of the control of a specific parameter of movement dynamics, output torque, it is still not certain what specific aspects of movement dynamics, movement kinematics, or muscle contractile activity are controlled by the motor system (Polit and Bizzi, 1979; Stein, 1982; Hogan, 1984, 1985, 1988; Hollerbach and Atkeson, 1987; Soechting and Terzuolo, 1988). Some of the results of these experiments have been reported previously in preliminary form (Hyde and Kalaska, 1984; Kalaska and Hyde, 1985; Kalaska et al., 1985, 1987).



Materials



and Methods



Tusk apparatus. Monkeys were trained to make visually guided arm movements in 2 dimensions between targets on a target board identical to one used in previous studies (Fig. 1; Georgopoulos et al., 1982;
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Experimental apparatus used in this study.



Kalaska et al., 1983). It contained 9 LEDs, one at the center and 8 arranged equidistantly on the circumference of a circle of 8 cm radius. However, several important modifications have been made to the apparatus (Fig. 1). The target board is horizontal, rather than inclined 15” toward the monkey. The manipulandum has beenchangedto a 1-mlong pendulum that is suspended over the target board and can be moved freely above it in 2 dimensions. The X-Y position of the manipulandum is measured to 0.1 mm resolution 100 times/set by a sonic digitizer (ScienceAccessories Corporation model G/P-3) whose energy source is installed at the moving end of the pendulum. A PDP 1l/73 minicomputer controls the target sequence of each trial, monitors the monkey’s performance, and digitizes and stores all data on-line. A 1-m-long radial-arm and pulley are mounted above the upper end of the maninulandum and can Divot 360” about its fulcrum uoint (Fig. 1). By means of this device, an inertial load can be apphed to’ the manipulandum at a point % the distance from its fulcrum point. The radial arm can be locked into 1 of 8 different positions, corresponding to each of the 8 directions of movement. The load pulls the manipulandum away from the target board toward the pulley. For any given position of the radial arm, the direction of the applied load remains nearly constant wherever the manipulandum is held over the target board, varying by a maximum of k 1S3”for movements directed toward
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Table 1. Number of penetrations from which data were collected for this study, and the number of cells recorded in each animal Monkey



Penetrations



Cells



1 2 3 4 5



33 16 10 37 10



77 35 16 95 39



1 i /



II I I those targets perpendicular to the direction of the applied load. The monkey must exert a continuous counterforce to the handle to restore the manipulandum over the target board in order to make the required movements between the LEDs. In this way, the direction of the displacement trajectory of the arm is partly dissociated from the muscular force or torque trajectory. The inertial loads used are large enough to produce large changes in EMG activity but small enough to be tolerated by the monkeys for extended periods of time. For 3 monkeys, the effective static load was 0.8 1 N m (250 gm weight, 3: 1 mechanical advantage). For 2 large males, the load was 1.14 N m (350 gm weight). Tusk design. Two spatial parameters were controlled experimentally in this task. The first was the direction of movement and the different actively maintained arm postures prior to and after each movement. The second was the direction of applied loads. The 2 parameters were controlled in a “split-plot” design (Snedecor and Cochran, 1980). The monkey began each trial by moving the manipulandum over the central LED when it was illuminated. The monkev held its limb in this posture for a variable period of time (mean, 2.0 se& range, 1.2-2.8 set). At the end of this period, the central LED was extinguished and 1 of the 8 target LEDs was illuminated at random. The monkey rapidly moved the manipulandum over the new LED and held its arm in that posture for a further 2 set before receiving a liquid reward. The 8 peripheral target LEDs were presented in a randomized-block design with 5 replications of each target, for a total of 40 trials. During each block of 40 trials, the monkey performed the task while encountering 1 of the 9 possible load conditions, either no load (control block) or a load applied continuously in 1 of the 8 directions (load block). A complete data set comprised 9 blocks of 40 trials each. The “split-plot” design derives from the fact that the load-direction parameter was tested across blocks (“plots”), which were “split” into 40 trials to permit the testing of the movement-direction parameter with replications within each block. A split-plot ANOVA was used to evaluate changes in cell activity dependent on either spatial parameter (Snedecor and Cochran, 1980). One consequence of this split-plot design is that the load-direction parameter is tested sequentially, without replication, over a period of l-2 hr. As a result, any slow temporal variation in cell responsivity across blocks would be statistically indistinguishable from activity changes dependent on the load treatments. To minimize this problem, the following strategy was used. Once a cell was isolated and identified, it was quickly tested with all 8 loads to obtain a qualitative estimate of its task behavior. Blocks of data were then collected, starting with a control block. Next, a load block was collected, followed by another load block in the direction opposite to that of the first. These were followed by a second pair of opposite loads in directions orthogonal to the first pair, and so on. After every 2 or 4 load blocks, a control block was collected to test the temporal stability of cell activity. The exact sequence of load directions varied from cell to cell. The data for a cell were accepted if there were no marked changes in the cell discharge during the repeated control blocks. For analysis, only one of the control blocks was used, usually the block collected after the first 4 load blocks. Because of the large number of trials required to study one cell, it was usually not possible to collect more than 1 or 2 data sets in each daily recording session. Data collection. Monkeys were trained until they performed the task under all load conditions at 80-95% success rates. Monkeys were then prepared for data collection by surgical implantation of a recording cylinder over a trephine hole made in the skull overlying the proximal arm representation ofthe motor cortex. The cylinder and a head restraint
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Figure 2. Example of data collected from a single trial. Top truce is the velocity of movement (differential of X-Y position of pendulum). Below it is a series of vertical lines representing the discharge of the cell during the trial. To the left of the vertical dashed line, the monkey is holding the pendulum over the central LED. At the vertical dashed line, the target LED is illuminated. The monkey moves the handle to the LED and holds it there. A recursive algorithm determines the onset (BM) and end (EM) of movement. The trial is divided into 4 epochs: center-hold time (CHT), reaction time (RT), movement time (MT), and target-hold time (THT). Note that only the last part of the CHT and first part of the THT are shown.



device were secured to the skull with neurosurgical screws and acrylic, under aseptic conditions. Standard recording techniques were used (Georgopoulos et al., 1982). For a cell to be included in the data set, its activity had to vary significantly with the direction of movement in the task, and it had to be related to movements of the shoulder joint or girdle. The normal search procedure was to advance the electrode slowly while the monkey worked, isolating cells that were active in the task. Each active neuron was then tested to determine whether it was related to movements of the shoulder joint or shoulder girdle. Three criteria were used. The first was that the activity of the cell outside of the task was temporally related to movements of the whole arm and to movements of the shoulder joint/girdle in isolation, but not to more distal joints. The second was evidence of responses to passive shoulder movements or palpation of muscles of the shoulder joint/girdle. The third was movement or signs of muscle contractions in the shoulder joint/girdle region in response to lowthreshold microstimulation of the cortex through the recording electrode at the site of the neuron under study. When the consensus of these 3 criteria was that the cell was related to movements of the shoulder joint/ girdle, it was then subjected to detailed quantitative study. The purpose of this procedure was to produce a data sample that was as homogeneous as possible, and comparable to that collected in previous studies (Georgopoulos et al., 1982; Kalaska et al., 1983). Attempts were made to record cells from all cortical depths, but the requirements of stable isolation over an extended period of time led to a bias for neurons with large-amplitude spikes in intermediate depths of the cortex. Small electrolytic lesions (5-10 PA, 5 set) were made in selected penetrations to mark the location of particular cells or to indicate the trajectory of the penetration. Records of EMG activity during the task were recorded from 3 monkeys. In 2 animals, muscles were implanted percutaneously with pairs of Teflon-insulated 50 Nrn stainless steel wires. In the third monkey, sets of chronically implanted 100 pm multistranded stainless steel wires were used. Multiunit EMG activitv was amnlified. half-wave rectified. and integrated (0.02 set time constant), and the EMG envelope digitized on-line at 100 Hz. On a few occasions, single motor units were discriminable in the signal and were recorded like cells. The muscles studied were the deltoids (3 heads), pectoralis (2 heads), latissimus dorsi, teres
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Figure 3. Surface maps of the precentral cortex of the left hemisphere of monkeys l-3 and the right hemisphere of monkeys 4 and 5, indicating the location of penetrations from which data were collected for this study. AS, arcuate sulcus; C’S, central sulcus; A, anterior; M, medial.



major, infraspinatus, supraspinatus, subscapularis, triceps (3 heads), bicens (2 heads), trauezius (2 heads). and rhomboids (2 heads). Ai the end of the-experiment, the monkeys were anesthetized with barbiturates and perfused with buffered saline and formalin. The motor cortex was sectioned to permit localization of the marked penetrations. Data analysis. Each trial was divided into 4 behavioral epochs (Fig. 2). The velocity of arm movement was calculated by differentiation of the manipulandum X-Y position data. A simple recursive algorithm determined the onset and end of each movement from the velocity trace. Movement onset was defined as the first 10 msec interval during which a significant increase in velocity was observed, provided that the velocities of 3 of the 5 subsequent 10 msec intervals were also significantly above background. The 4 behavioral epochs were (1) Center Hold Time (CHT) from the time the monkey positioned the manipulandum over the central LED to the time the target LED appeared, (2) Reaction Time (RT) from the appearance of the target LED to the onset of movement; (3) Movement Time (MT) from the onset to the end of movement; and (4) Target Hold Time (THT) from the end of the movement to the end of the trial. Data were analyzed for the 4 epochs individually and for the combination RT + MT. The basic datum for analysis was the mean discharge rate of the cell during each behavioral epoch or combination. By treating the cell discharge as a quasi-tonic signal, information is lost about details of the complex temporal variation of discharge during any given epoch. However, it was chosen as the most conservative measure of cell activity, showing less intertrial variability than other measures such as peak instantaneous frequency. Analysis of data such as peak instantaneous and median frequency showed qualitatively similar results. The analysis of movement-dependent discharge variation of a cell



during each data block has been described in detail previously (Georgopoulos et al., 1982; Kalaska et al., 1983). Briefly, an analysis of variance (F test, p < 0.05) identified which cells showed a significant variation of discharge with the direction of movement. Each cell’s preferred direction for movement (the center of its movement direction-dependent discharge pattern) was calculated using trigonometric moments (Mardia, 1972). The Rayleigh test (p < 0.05; Mardia, 1972) identified which cells showed a directional preference. This test is based on a measure of the concentration of the pattern of cell discharge about the preferred direction, and tests whether a cell shows a significant unimodal discharge variation with movement direction, against the null hypothesis of a uniform (i.e., nondirectional) pattern of activity. Finally, a regression of the mean discharge on a sinusoidal curve indicated those cells whose movement direction-related variation was sufficiently continuous and broadly tuned to show a good fit (coefficient of determination R2 > 0.7) to a sinusoidal function of the form y = b, + c,cos(e - epd), where b, is the grand mean of the neural activity across all of the 8 directions of movement predicted by the best-fit movement-direction sinusoid (and thus its offset from 0) and c, is the slope of the cosine function (the half-wave amplitude of the sinusoid), 0 is the intended direction of movement, and OPdis the cell’s preferred direction of movement. The analysis of load direction-dependent discharge variation was essentially the same. The split-plot ANOVA identified those cells which showed a significant variation in discharge with the direction of load across data blocks. Each cell’s “load axis,” the center of its load direction-dependent discharge pattern, was calculated using trigonometric
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Table 2. Tests of the movement direction-dependent discharge variation of shoulder movement-related cells in a 2-dimensional reaching task Test F



RT



MT



THT



RT+MT



229 33 87.4



244 18 93.1



237 25 90.4



250 12 95.4



218 11 95.2



234 10 95.9



217 20 91.6



235 15 94.0



test



sig (p < 0.05) non-sig % Rayleigh sig (p < 0.05) non-sig % Sinusoid sig (I? > 0.07) non-sig %



165 53 75.7



177 57 75.6



173 44 79.7



191 44 81.3



moments of the variation of the grand mean discharge across load blocks. The Rayleigh test identified those cells whose variation in discharge with load direction showed a significant unimodal deviation from uniformity. Finally, a sinusoidal regression indicated those cells whose load direction-dependent discharge variation showed a good fit to a sinusoidal function of the form Y = bo + c,c&#J - Aa), where b, is the grand mean of the best-fit load-direction sinusoid and c, its half-wave amplitude, 4 is the direction of applied load, and $J,,is the cell’s load axis. Simple measures of the strength of movement direction- and load direction-dependent discharge variation are the movement-direction range and the load-direction range. These are defined as the difference between the strongest and weakest mean discharge observed among the 8 directions of movement or load, during a particular behavioral epoch. These measures can be used to test whether there is a relation between the intensity of discharge of a cell during movement, during postural maintenance, and during load compensation. To study this quantitatively, while normalizing for the differing level of discharge among cells, we devised 2 other useful measures of cell activity, the position/movement index and load/movement index. The position/movement index is the log of the ratio of the movement-direction range recorded during THT to that during RT, MT, or RT + MT, all recorded in the control block. This gives a measure of the strength of the signal contributed by a cell for active postural maintenance as a ratio of that for movement in different directions. The load/movement index is the log of the ratio of the load-direction range recorded during CHT in load blocks, and the movement-direction range durina RT. MT, or RT + MT in the control block. This gives a measure of the strength of the signal contributed by a cell during load compensation before movement relative to that for movement without external loads. The log of the ratio was chosen to normalize the highly skewed distribution inherent in ratios.



Results Data base Usable data sets were 106 penetrations in adolescent monkeys and 2 male Macaca



collected from 262 cells (Table l), during the motor cortex of 5 hemispheres in 5 (3 male Macaca fascicularis, 2.5-3.5 kg, mulatta, 4.5-5.5 kg). These animals also



wereusedfor other studiesto be describedin subsequentarticles. The majority of penetrationswere confined to the cortex in the anterior bank of the central sulcus and at its crown (Fig. 3). Only a few were made more than 3 mm rostra1to the sulcus. The penetrations were also confined to the shoulder representation locatedmedialto the largedistal arm representation(Kwan et al., 1978).



Data were collected from the contralateral cortex while monkeys l-3 used their right arm. Monkeys 4 and 5 usedtheir left arm, and these results were normalized to the right arm by a mirror-image inversion of the data about the 90”-270” axis. Variation of cell discharge with movement direction As describedpreviously (Georgopouloset al., 1982, 1983),many cells related to shoulder movement were broadly tuned for movement direction in the control blocks. Cell activity typically varied in a continuously graded fashion with movement direction, centered on a preferred direction (Fig. 4). The distribution of preferred directions of the data sample included the entire range of movement



directions



away from tie central



start po-



sition (data not shown). All 262 neurons showed a significant variation of activity during at least one of either RT, MT, or THT, and frequently during all 3 epochs (Table 2, F test, p < 0.05; a significant variation was an a priori criterion to study the cell). For most of these (91-95% in different epochs), the modulation varied unimodally with direction (Table 2, Rayleigh test, p < 0.05). Finally, 75-8 1% of the unimodally tuned cells showeda good fit to a sinusoidin different epochs(R2 > 0.7). Cellsthat passed the Rayleigh test but showedpoor regressionswere usually too skewedor sharply tuned with movement direction to show a good fit to a sinusoid.The few cells that failed the Rayleigh test also generally had poor regressionfits since most showed a bidirectional or erratic pattern of dischargewith movement direction during that behavioral epoch. Thus, the large majority of shoulder-related cells showed significant unimodally tuned activity changeswith movement direction, which was approximately sinusoidalfor a somewhatsmaller subsetof cells. Variation of cell discharge with load direction General description The cell illustrated in Figure 4 had a preferred direction oriented at 122” toward the upper-left quadrant, that is, for movements of llexion, adduction, and inward rotation of the right shoulder joint. A load directed at 3 15”, i.e., approximately opposite to the cell’spreferred direction for movement, produced a marked increasein its dischargein the task (Fig. 5A). The most striking change from the control condition was a large increasein the overall level of activity of the cell. For instance, the tonic rate during CHT increasedfrom 8.4 imp/set in the control block to 32.4 imp/set, asindicated by the radius of the circle in the polar plot of Figure 5A. The cell continued to show graded changes in activity



with movement



direction,



superimposed



on the in-



creasedtonic rate. In contrast, a load at 135”, approximately correspondingto the cell’spreferred direction, resultedin a sharp reduction in cell dischargein the task, again most evident by the reduction in CHT tonic rate to 0.5 imp/set (Fig. 5B). The responsesof the cell under all 9 load conditions are summarized in Figure 6A. The dischargeof the cell in the control block (Fig. 4) is representedby the polar plot at the center of the figure. The remaining 8 polar plots illustrate the response of the cell during the 8 load blocks, with the position of the polar plot correspondingto the direction in which the handle is pulled away from the center of the target panel by the load. Thus, the “opposing” load of Figure 5A is at the lower right, 315”, and that of the “assisting” load at 135” at the upper left. The loads produced large changesin cell activity that were con-
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Figure 4. Discharge pattern of a shoulder joint-related area 4 cell in the control block, displayed in raster (left) and polar-plot form (right). Eight rasters illustrate cell activity during 5 trials to each of the 8 targets. Raster position corresponds to the direction of movement away from the center LED. Data are oriented to the onset of movement (arrow below each raster). The heavy line to the left of the arrow in each raster line indicates the time the target LED appeared, and the heavy line to the right of the arrow indicates the end of movement. Note that only the last part of the CHT and the first part of the THT are shown. The radius of the circle in the polar plot corresponds to the grand mean of the tonic rate during CHT for all 40 trials of the control block, while the length of each axis of the polar plot represents the mean discharge during the epoch RT + MT, for 5 replications of the corresponding direction of movement. The cell shows continuously graded changes in activity with different directions of movement, centered on movements to the upper left. The cell’s activity during the epoch RT + MT showed an excellent fit (I? = 0.94) to a sinusoidal curve of the form y = 20.80 + 18.1 Scos(B - Q,), where Opdwas the cell’s preferred movement direction, 122”.



graded with the direction of the load. This load direction-dependent dischargevariation showed an excellent fit to a sinusoid (coefficient of determination, R2 = 0.92498 for different epochs), and was centered on one direction of load, called the cell’s load axis (Fig. 6A, dot-dashed line). The load axis was approximately opposite to the cell’s preferred movement direction (Fig. 6A, dashedline). Figure 6, B, C, emphasizes the fundamental qualitative similarity of the cell’s relation to movement direction (Fig. 6B) and to load direction (Fig. 6C). Cell dischargetendsto vary asa cosinefunction of the difference between the cell’s preferred direction and the intended movement direction (Fig. 6B), and as a cosine of the difference between its load axis and the direction of applied load (Fig. 6C). For this particular cell, both spatial parametersalso produce quantitatively similar activity changes. Continuous gradation of dischargewith the direction of load was seenfor many cells in the task. However, different cells showedthis effect to varying degrees(Fig. 7). Many cells were strongly affected by the direction of applied loads (Fig. 7A). Others were somewhatmore moderately affected (Fig. 7B). Still otherswere strongly related to movement direction but showed weak changesin dischargeunder different load conditions (Fig. 7C). The differing load sensitivity of cells did not suggestthe existenceof distinct cell types. Rather, there appearedto exist a continuum of differing sensitivity, with the examplesin Figure 7 illustrative of cells at different points along this continuum.



tinuously



Quantitative analysis The task wasdivided into epochsduring which the monkey held its arm in different posturesover the LEDs (CHT and THT) and epochsduring which the monkey initiated and executed a movement between the LEDs (RT and MT). While holding the pendulum over the central starting position (CHT), 248/262 (94.7%) of the cells showedsignificant variations in tonic dischargewhile the monkey compensatedfor loads in different directions (Table 3, split-plot ANOVA, F test, p < 0.05). Ofthose 248 cells,the load direction-dependentdischarge variation of 164 cells (66.1%) showed a significant unimodal deviation from uniformity centered on a load axis (Table 3, Rayleigh test). Finally, for the largemajority of theselatter cells (156/;64, 95.10/o),the load direction-dependentdischargevariation was sufficiently broad and continuous as to show a good fit to a sinusoid (Table 3; Figs. 6; 7, A, B). It is interesting to note that unlike the casefor movement direction, 41/84 (48.8%) of the cellsthat failed the Rayleigh test for loadsneverthelessshowed a good fit to a sinusoidfor load direction. In other words, 197/&8 (79.4%) of the cells with significant F tests for load direction during CHT showedbroadly tuned, continuously gradedchanges in tonic rate. This is comparableto the proportion of cellsshowing approximately sinusoidalvariations with movement direction (Table 2). However, for only 15%s, (79.2%) of thesewasthe load direction-dependent variation of sufficient amplitude to
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Figure 5. Effectof inertial loadsat 315”(A) and 135”(B) on the discharge of the cellin Figure4.



representa significant unimodal deviation from a uniform distribution. This suggeststhat load direction tended to produce smallerchangesin cell activity during CHT than did movement direction in subsequentepochsof the trial. Very similar resultswere observed for all subsequentbehavioral epochs in the trial (Table 3). The analysis presented in Table 3 for RT, MT, THT, and RT + MT is basedon the load direction-related variation of the grand mean of cell discharge measuredacross all 8 directions of movement in each load block. When a comparableanalysisis done for eachindividual



direction of movement, essentially the sameresults were obtained (data not shown). The resultsof this experiment are summarizedschematically in Figure 8, which illustrates the mean dischargeof our total sampleof cells. This figure is a 3-dimensionalvisual representation of the ANOVA structure of this task, including 8 directions of movement relative to the preferred direction of each cell plotted along one horizontal dimension and 8 load directions relative to the ioad axis plotted along the other horizontal dimension. The isolated curve plotted to the right along the
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Figure 6. A, Polar-plotrepresentation of the response of the cellin Figures4 and 5 to all 8 directionsof load. Loadsproducelarge,continuously gradedchanges in celldischarge, in particularin tonic rate.Thisloaddirection-dependent variationshowsanexcellentfit (R2= 0.98)to a sinusoidal curve of the form y = 22.97+ 17.48cos(+ - I#+,),where& isthe cell’sloadaxis,330”.Dashedline,preferredmovementdirectionin controlblock; dot-dashed line, load axis.B, Variation of the meancell discharge for differentdirectionsof movementrelativeto the preferreddirection,in the functiony = 20.80+ 18.15cos(B - e,,). C, Variation of the grandmeanof cell activity control block. Dashed line, best-fitmovement-direction averagedacrossall 8 directionsof movementin eachloadblock(i.e.,meanof the 8 axesof eachpolarplot), asa functionof the differencebetween - @,,). loaddirectionandthe cell’sloadaxis.Dashed line, best-fitload-directionfunctiony = 22.97+ 17.48cos(@



movement-direction dimension is the variation of mean cell dischargefor different directions of movement during the control block, centeredon the preferred direction of eachcell. This control movement-related curve representsthe activity of the motor cortex population when the monkey movesthe limb and pendulum without any external loads. This curve showsan excellent fit to a sinusoid(Table 4A). The horizontal dashedline representsthe mean tonic rate (12.42 imp/set) of the sample population during CHT in the control block. The isolatedcurve to the left in the figure representsthe variation of the meantonic dischargeof the samplepopulation recorded during CHT with different directions of load, relative to the load axis of eachcell. This CHT load-related curve representsthe tonic activity associated with load compensation while holding the arm over the central LED. This curve also shows an excellent fit to a sinusoidal function (Table 4B). It is not symmetric about the



Table 3. Tests of the load direction-dependent discharge variation of shoulder movement-related cells in a two-dimensional reaching task
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