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Movement-Related Neuronal Activity Selectively Coding Either Direction or Muscle Pattern in Three Motor Areas of the Monkey MICHAEL
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SUMMARY



AND



CONCLUSIONS



I. Movement-related neuronal activity in the supplementary motor area (SMA), primary motor cortex (MC), and putamen was studied in monkeys performing a visuomotor tracking task designed to determine 1) the extent to which neuronal activity in each of these areas represented the direction of visually guided arm movements versus the pattern of muscle activity required to achieve those movements and 2) the relative timing of different types of movement-related activity in these three motor areas. 2. A total of 455 movement-related neurons in the three motor areas were tested with a behavioral paradigm, which dissociated the direction of visually guided elbow movements from the accompanying pattern of muscular activity by the application of opposing and assisting torque loads. The movement-related activity described in this report was collected in the same animals performing the same behavioral paradigm used to study preparatory activity described in the preceding paper. Of the total sample, 87 neurons were located within the arm region of the SMA, 150 within the arm region of the MC, and 2 18 within the arm region of the putamen. 3. Movement-related cells were classified as “directional” if they showed an increase in discharge rate predominantly or exclusively during movements in one direction and did not have significant static or dynamic load effects. A cell was classified as “muscle-like” if its directional movement-related activity was associated with static and/or dynamic load effects whose pattern was similar to that of flexors or extensors of the forearm. Both directional and muscle-like cells were found in all three motor areas. The largest proportion of directional cells was located in the putamen (52%), with significantly smaller proportions in the SMA (38%) and MC (4 1%). Conversely, a smaller proportion of muscle-like cells was seen in the putamen (24%) than in the SMA (41%) or MC (36%). 4. The time of onset of movement-related discharge relative to the onset of movement (“lead time”) was computed for each cell. On average, SMA neurons discharged significantly earlier (SMA lead times 47 t 8 ms, mean t SE) than those in MC (23 k 6 ms), which in turn were earlier than those in putamen (-33 ? 6 ms). However, the degree of overlap of the distributions of lead times for the three areas was extensive. 5. The directional neurons appeared to code for movement direction per se, independent of the pattern of muscle activations required. Thus, in all three areas, there was evidence of neural processing related to “high-level” aspects of motor control that are logically antecedent to the final specification of muscle activations. The evidence that movement-related neurons in the SMA tend to discharge earlier than their counterparts in MC and these in turn earlier than those in putamen suggeststhat there is some degree of sequential processing from the SMA to the MC and thence to the putamen. On the other hand, the existence of both directional neurons and neurons with muscle-like activity patterns in each of these areas and the significant overlap in the timing of movement-related activity of these cells strongly suggest 0022-3077/90
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that multiple levels of motor processing proceed in parallel within all three motor structures. INTRODUCTION



Many investigations of single-cell activity in central motor structures have described movement-related discharge that was correlated with the direction of limb movement. In most of these studies, however, no attempt was made to dissociate the direction of limb movement from the accompanying pattern of muscle activity. Consequently, the pattern of muscle activity covaried with the direction of limb movement, because of the inherently directional nature of muscle activations. A few early studies did dissociate these variables, however, by using opposing and assisting loads (Conrad et al. 1977; Evarts 1967, 1968, 1969). Each of these studies stressed the relation of neuronal activity to force or muscle pattern. In fact, there have been many studies of central motor structures that, although not addressing the issue of direction versus muscle pattern directly, have described relations of single-cell activity to muscular force (Cheney and Fetz 1980; Evarts et al. 1983; Fromm 1983b; Kalaska and Hyde 1985; Liles 1985; Schmidt et al. 1975; Smith 1979; Smith et al. 1975). As a result, a widespread impression has emerged that certain motor structures, particularly the primary motor cortex, may be essentially concerned with controlling either force or the pattern of activity of different muscle groups. Recently, studies of single-cell activity in two components of the basal ganglia-thalamocortical “motor circuit,” the putamen (Crutcher and DeLong 1984a) and globus pallidus (Mitchell et al. 1987), of primates have been carried out with the use of motor tasks that dissociated the direction of limb movement from the pattern of muscle activity. In both areas the activity of substantial proportions of movement-related neurons was found to depend on the direction of limb movement independent of the associated pattern of muscle activity. In the present study monkeys were trained to perform similar tasks in which visually guided elbow movements were made with opposing and assisting loads that dissociated the direction of elbow movement from the pattern of muscular activity required to make the movement. Task-related neuronal activity was recorded from the supplementary motor area (SMA), primary motor cortex (MC), and putamen. As discussed in the preceding paper (Alexander and Crutcher 1990), all three areas are important components of the basal ganglia-thalamocortical motor circuit (Alexander et al. 1986).
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The present study was designed to determine whether representations of movement direction and/or muscle pattern were distributed evenly across these three motor areas or whether there was evidence for functional specialization within the different regions. Because this experiment involved recording in all three areas by the use of the same paradigm and animals, it permitted a more direct comparison of movement-related activity in SMA, MC, and putamen than could be accomplished by comparing data obtained in different laboratories with different experimental paradigms. This made it possible to address the additional issue of whether there were significant differences in the timing of movement-related activity among these three areas, as had been suggested by earlier comparisons of physiological data from different laboratories (Anderson et al. 1979; Crutcher and DeLong 1984a; Georgopoulos et al. 1982, 1989; Murphy et al. 1982; Tanji and Kurata 1982; Thach 1978). Some of these results have been presented in preliminary form (Crutcher and Alexander 1987, 1988).
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METHODS



The behavioral paradigms, recording techniques, and data collection procedures were described fully in the first paper of the series (Alexander and Crutcher 1990). Additional details regarding the methods of data analysis are described below.



Analysis of variance The principal data analysis was done with the use of a 3-way analysis of variance (ANOVA) with repeated measures (because of the repeated presentation of each trial type). The three factors were epoch within the trial, direction of movement, and load. (In some casesloads were not applied, in which casea 2-way ANOVA was used.) Four epochs within each trial were analyzed: the preinstruction hold period prior to the first lateral target presentation, the first movement period, the postinstruction hold period prior to the presentation of both side targets, and the second movement period. The movement periods were defined as the time from 100 ms prior to the onset of movement to the end of movement. However, if the change in activity of a movement-related cell began early in the reaction time and was relatively brief, the reaction time rather than the movement period was used as the epoch for measuring movement-related activity. The dependent variable was the average discharge rate during each of these epochs for each trial. Two directions of movement (extension and 1. Sensorimotorfields of cells with movement-reluted activity



TABLE



SMA’ Elbow Shoulder Distal Active arm Negative Total tested Not tested Grand total
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25 (30) 17 (20) 6 (7) 28 (33) 8 (10) 84 (100) 67 151



MC



Putamen



69 (5 1) 14 (10) 16 (12) 29 (22) 7 (5)



90 (57) 9 (6) 4 (3 38 (24) 16 (10)



135 (100) 45



157 (100) 83



180



240



Numbers in parentheses are percentages of cells tested by examination of the animal outside the task. SMA, supplementary motor area; MC, primary motor cortex. *Includes cells with combined preparatory and movement-related activity.
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Task-related EMG activity recorded from the biceps muscle. Average EMG activity is shown for 10 trials of each class, and single-trial velocity records are shown for 1 class. Trials are aligned on the onset of movement. The activity pattern shows the typical static load effect (increased tonic activity with a constant flexor load) during the hold period that preceded visually triggered elbow movements. There was also a dynamic load effect during the movement interval. Like other prime flexors (or extensors) of the elbow, this muscle showed increased activity with opposing loads and reduced activity with assisting loads. An upward deflection of the velocity trace represents extension. FL, flexor load; EL, extensor load. FIG.
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flexion) and three levels of load (0.1 Nm opposing extension, 0.1 Nm opposing flexion, and no load) were used. Several other significance tests were carried out in conjunction with the main ANOVA. Three orthogonal comparisons between epoch means were performed to clarify the source of significant epoch effects (Keppel 1973). These included comparisons between the hold and the movement epochs, between the preinstruction hold and postinstruction hold periods, and between the first and second movement periods. In addition, the simple main effects for direction and load were calculated if the main effect (for direction or load) or the main effect X epoch interactions were significant (Keppel 1973). This analysis permitted us to identify the source of significant main effects and interactions. For example, if the main effect for direction was significant in the main 3-way ANOVA, it might be the result of significant relations to direction in one or both of the two movement periods, or the postinstruction period, or all three. By calculating the simple main effects for direction for each of the four epochs, we were able to determine which epochs of the task exhibited directional activity. We also calculated the simple main effects for load to determine whether there were significant static load effects in the preinstruction hold period, dynamic load effects during the flexion or extension movement periods, or load effects during the preparatory (postinstruction) period prior to extension or flexion movements. For all of the above tests, a significance level of P < 0.00 1 was used. This rather conservative significance level was chosen for the following reason. We carried out a seriesof preliminary analyses on data from 20 cells, using several different significance levels: 0.05, 0.01, and 0.00 1. A 3-way ANOVA on 60 trials with
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four epochs per trial is extremely sensitive. We found that using 0.05 or 0.0 1 yielded “significant” results on responsesthat were so subtle that they were difficult (and, in some cases,impossible) to detect by eye. The significance level of 0.00 1 was therefore chosen so that only relatively clear responses would be found significant, and this level was then used for all cells.



Analysis of cross cIassijications On the basisof the above analyses, each cell from each area was classifiedaccording to whether it showed movement-related activity, preparatory activity, or both and whether the movement-related activity was “directional” or “muscle-like.” Each of the resulting contingency tables of the frequencies of cells of different categories in the SMA, MC, and putamen was then analyzed by the use of three X* tests of homogeneity: one comparing each pair of structures. If any of the X* tests were significant, the contingency table was broken up into multiple 2 X 2 tables, and log odds ratios were calculated (Reynolds 1977).



Latencies of task-related activity The latencies of task-related changes in neural activity were determined for each cell on a trial-by-trial basis, with the use of the following techniques. Two different algorithms were used to detect increases and decreases in cell activity. These same algorithms were also used to detect the onsets and offsets of preparatory activity reported in the preceding paper (Alexander and Crutcher 1990).
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For excitations, each spike in the trial was assigned the value of one and then decayed exponentially with a time constant of 50 ms. All of the decaying exponentials were then summed to produce a continuous spike function for that trial where bursts in activity would be represented by a scalloped increase in the function. Next, the mean and the standard deviation of the value of the spike function at 1-ms intervals were calculated for 1 s prior to the target presentation. High (P < 0.00 1) and low (P < 0.1) thresholds for the spike function were calculated, and the period from 50 ms after the stimulus to the end of the movement was then scanned for a significant increase in activity. If the function stayed above the high threshold for at least 10 ms and above the low threshold for at least 75 ms, the onset of the response was taken as that point at which the function first exceeded the value of the low threshold. For inhibitions, the same basic procedure was used except that the spike train was converted into an interspike interval function, such that decreasesin cell activity were represented by an increase in the spike function, and the mean and standard deviation of the interspike intervals in the prestimulus period were used to determine the high and low thresholds. For cells with movement-related activity, the “lead time” was calculated on a trial-by-trial basis as the amount of time by which the onset of neural activity preceded the onset of limb movement. The median value for all trials in the preferred direction was used as the time of the onset of the response for each cell. The procedure for determining the time of the first change in electromyographic (EMG) activity for the 39 muscles studied was
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FIG. 2. Raster displays of 2 cells with movement-related activity recorded within the motor cortex. Each small tick indicates the occurrence of a single action potential, and each row represents the neuronal activity recorded during 1 trial. Large ticks indicate the times of occurrence of the target shifts that triggered the elbow movements. Trials are aligned on the onset of movement and sorted by reaction time. The rasters are sorted according to class, using the same conventions as in Fig. 1. The directional cell on the Ze@showed increased discharge in relation to extension movements that was independent of the loading conditions. The cell also showed a reciprocal reduction in activity during flexion movements. In contrast, the muscle-like cell whose activity is presented on the right showed increased discharge during extension movements that was characterized by a dynamic load effect (the movement-related activity was increased with loads that opposed extension and decreased with loads that assisted extension). The cell also showed a comparable static load effect during the hold period prior to the onset of movement. The overall pattern of activity in this cell was the mirror image of the activity of the biceps muscle shown in Fig. 1.
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FIG. 3. Activity of 2 movement-related cells in the SMA. Left: activity of a directional cell that showed a selective increase in discharge in relation to flexion movements that was independent of the loading conditions. The cell also showed a reciprocal reduction in activity in relation to extension movements. The muscle-like cell on the right showed dynamic and static loading effects similar to those of the biceps muscle shown in Fig. 1. Conventions are the same as in Fig. 2.
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FIG. 4. Activity of 2 movement-related putamen neurons. The directional cell whose activity is shown on the left discharged selectively in relation to flexion movements, irrespective of the loading conditions. The muscle-like cell on the right showed a pattern of dynamic and static loading effects that was similar to the EMG activity of the biceps muscle illustrated in Fig. 1. The static load effect for this cell is more subtle than that of the muscle-like cells shown in Figs. 2 and 3, but is still significant at the 0.00 1 level. Conventions are the same as in Fig. 2.
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the same as for neuronal excitations except for three differences. First, the EMG activity was not smoothed with the exponential decay procedure. Second, because of this the onset found by the algorithm occasionally had to be manually corrected. Third, only unloaded trials were used. RESULTS



Locations of recorded cells



EMG activity One of the goals of this study was to determine whether there were cells in each of these motor structures whose activity was related to the direction of limb movement independent of the required muscle activations. To do this, we applied constant loads (0.1 Nm) to the monkey’s arm via the torqueable manipulandum (Alexander and Crutcher 1990). These loads either opposed or assisted the 2.



Categories of movement-related activity SMA



MC



Putamen



Directional Muscle-like Other



33 (38) 36 (41) 18 (21)



61 (41) 55 (36) 34 (23)



114 (52) 52 (24) 52 (24)



Total



87 (100)



150 (100)



218 (100)



1 1 SMA vs. MC Directional
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Load effects in muscle-like ceI1.s SMA



MC



Putamen



Dynamic and static Dynamic only Static only



23 (64) 4 (11) 9 (25)



24 (43) 13 (24) 18 (33)



23 (44) 21 (41) 8 (15)



Total



36 (100)



55 (100)



52 (100)



NS



1



Cells with movement-related activity were recorded throughout the respective “arm” areas of the SMA, MC, and putamen. The locations of all cells with movement-related activity for each of the three structures were shown in the first paper of this series (Alexander and Crutcher 1990). The location of each cell within an area of arm representation was confirmed by the somatotopic features of I) local neuronal responses to a sensorimotor examination and/or 2) the movements evoked by microstimulation (Alexander and Crutcher 1990). The sensorimotor fields of cells with movement-related activity are shown in Table 1. Cells were classified on the basis of their responses to a sensorimotor examination of the animal outside the task (see Alexander and Crutcher 1990). The majority of cells were related to elbow movements. Significantly fewer cells were related to movements of the distal arm or shoulder. Cells were classified as active arm only if their activity was related to active arm movements outside the task and that activity could not be attributed confidently to a specific joint. Cells were classified as negative if their activity was not modulated during the sensorimotor examination.
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Complexity in Neuronal Networks 

Figure 1: Schematic levels of spatial integration in the nervous system. ... the global computation realized at a more integrated level [4], without ... and neurons); 2) intrinsic excitability properties of neurons, i.e. their electrical reactivity t
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ACTIVITY PROGRAMME 

Aug 21, 2011 - about in class. It depends on the weather but it could be football, volleyball, tennis, arts and crafts, drama, table tennis, basketball or swimming.
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about anti-reaches? Reference frames selectively aVect ... - CiteSeerX 

Nov 13, 2010 - cate that reach planning can be achieved in a combination of multiple reference frames ... These previ- ... Reaction times. (RTs), in contrast, cannot be inXuenced by motor control ... task-specific cognitive strategy or selective avai










 


[image: alt]





7th Annual Activity Report 

No State submitted a report at the 15th session. 9. ... French and French inspired Law and the Development of Lawâ€� on 13 May ..... 238 61 2137 (Residence).
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cONTRACTING & pRoCUREMENT aCTIVITY rEPORT 

Staff Housing 13/15. Atiilu Real Estate. IQALUIT. Iqaluit. NO. NO. NO. YES. 73,200.00. RENEWAL. 45. Staff Housing 13/16. Terry Ma and Lynn Kilabuk. OTTAWA.
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Enhancer Activity by ... .fr 

crease the binding of nuclear proteins to the NF- B site. These data suggest that ... the downstream portion of the iNOS 5-flanking sequence. ( 85GGGACTCTCC .... to IL-1ÃŸ stimulation. Localization of IL-1ÃŸ-responsive Elements within the iNOS.
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17 - activity-report.alstom.com 

aux passagers et protéger les systèmes d'information. L'offre d'Alstom ... embarquée, Alstom améliore l'efficacité de ses systèmes ferroviaires sur ..... et le renforcement de nos expertises juridiques en raison de l'inflation réglementaire mondiale.
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Family Activity Guide 

Just as tourists in the capital of France now look forward to seeing la ... French Numbers ... moon through a telescope that made it look like it was only forty-six.
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Fundamentals of Water Activity 

The water activity (aw) concept has served the microbiologist and food technologist ... solutes, usually sugars or sodium ... Hurdle technology improves food preservation. ... new hurdles such as gas packaging, .... water-soluble components).
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Business Activity Monitoring - Sofrecom 

360Â° sur vos flux mÃ©tiers sensibles, nous proposons une ... des flux clÃ©s tels que les chaÃ®nes de provisioning ... et optimiser votre gestion du risque. 2. 4. 3. D ro.
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Activity Report FY2008 

31 dÃ©c. 2008 - 3% des APE d'AXA Life en 2008) augmentent de 15% au cours des ..... Lloyds TSB, HBOs et RBS au Royaume-Uni, Fortis en Belgique, ING ...
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True Colours Activity 

______. Mes amis me dÃ©criraient comme une personne spontanÃ©e et amusante. ______. Je suis un peu rebellÃ©(e) â€“ gÃ©nÃ©ralement je ne respecte pas l'autoritÃ©.
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automated analysis of neuronal morphology - Daniel RACOCEANU 

Mar 24, 2015 - Reconstruction Algorithm. Step 1. â€¢ Adjacency matrix with MPP objects as nodes; edge weights as. Euclidean distance. â€¢ MST (Kruskal's).
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Neuronal processing delays are compensated in 

Nov 11, 2003 - sponses had to be inhibited until target offset such that visual processing, but at a late stage when retinotopic the average time from target offset ...
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