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The activity of 156 individual arm-related neurons was stud- 
ied in the premotor cortex (area 6) while monkeys made arm 
movements of similar directions within different parts of 
&dimensional space. This study was aimed at describing 
the relationship between premotor cortical cell activity and 
direction of arm movement and assessing the coordinate 
system underlying this relationship. 

We found that the activity of 152 (97.4%) cells varied in 
an orderly fashion with the direction of movement, in at least 
some region of the work space. Premotor cortical cells fired 
most for a given preferred direction and less for other di- 
rections of movement. These preferred directions covered 
the directional continuum in a uniform fashion across the 
work space. It was found that, as movements of similar di- 
rections were made within different parts of the work space, 
the ceils’ preferred directions changed their orientation. Al- 
though these changes had different magnitudes for different 
cells, at the population level, they followed closely the 
changes in orientation of the arm necessary to move the 
hand from one to another part of the work space. 

This shift of cells’ preferred direction with the orientation 
of tne arm in space has been observed with similar char- 
acteristics in the motor cortex (see Caminiti et al., 1990). 

In both premotor and motor cortices, neuronal movement 
population vectors provide a good description of movement 
direction. Unlike the individual cell preferred directions upon 
which they are based, movement population vectors did not 
change their spatial orientation across the work space, sug- 
gesting that they remain good predictors of movement di- 
rection regardless of the region of space in which move- 
ments are made. 

The firing frequency of both premotor and motor cortical 
neurons varied significantly with the position occupied by 
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the hand in space. These static positional effects were ob- 
served in 66.5% of premotor and 91.6% of motor cortical 
cells. 

In a second task, monkeys made movements from differ- 
ing origins to a common end point. This task was performed 
within 3 different parts of space and was aimed at dissoci- 
ating movement direction from movement end point. It was 
found that in both premotor and motor cortices virtually all 
cells were related to the direction and not to the end point 
of movement. 

These data suggest that premotor and motor cortices use 
common mechanisms for coding arm movement direction. 
They also provide a basis for understanding the coordinate 
transformation required to move the hand toward visual tar- 
gets in space. 

In the last 10 years, many neurophysiological studies have been 
devoted to the analysis of the relations between neuronal activity 
and direction of arm movement in the primary motor cortex 
(area 4). These studies (Georgopoulos et al., 1982, 1986; Schwartz 
et al., 1988) using 2- and 3-dimensional (2-D, 3-D) reaching 
tasks, have shown that when an animal makes arm movements 
of different directions in space, cell activity in the motor cortex 
varies in an orderly fashion with the direction of movement. 
Subsequent studies (Kalaska and Hyde, 1985; Kalaska et al., 
1989) have been centered on the inlluence of kinematic and 
dynamic aspects of movement on neural activity in area 4. While 
showing that in this area there exists an interaction between 
direction of movement and direction of force, the work of Ka- 
laska and his colleagues has also indicated how “resistant” the 
directional information is to differences in the amount of force 
exerted during arm movements. Other works have shown, in 
addition, that movement amplitude affects only cells possessing 
directional selectivity (Schwartz and Georgopoulos, 1987), with 
the specification of movement direction as a prerequisite for the 
coding of movement amplitude (Riehle and Requin, 1989). All 
these studies stress the importance of movement direction as a 
coded parameter of motor cortical cell activity. This raises re- 
lated questions concerning the coordinate system used by the 
frontal cortex to represent arm movement direction. In a pre- 
vious study (Caminiti et al., 1990) we have shown that when 
an animal makes arm movements of approximately parallel 
directions within different parts of a 3-D space the orientation 
of motor cortical cell preferred directions follows the changes 
in the orientation of the arm necessary to bring the hand within 
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different parts of the work space. This suggests that area 4 rep- 
resents arm movement direction within a coordinate system 
centered on the shoulder joint. This coding mechanism would 
be of more general importance if its existence could be dem- 
onstrated in other cortical areas, such as the dorsal premotor 
cortex, which, on other grounds, shows profound differences 
from the motor cortex (for a review, see Brinkman and Porter, 
1983; Wise, 1984,1985). The useofcommon mechanismscould 
be important for facilitating the transformation of direction- 
related information between different areas of the distributed 
cortical network of the frontal lobe. Furthermore, their existence 
may aid in the understanding of how information from different 
domains of representation are brought to a common frame of 
reference as is required for the performance of a reaching move- 
ment to a visual target in space. 

We studied the premotor cortex of monkeys using the same 
methodological approach adopted in a previous study of the 
motor cortex (Caminiti et al., 1990). The activity of individual 
neurons was recorded in area 6 while animals made approxi- 
mately parallel arm movements within different parts of space. 
Because these movement directions were parallel only in the 
Cartesian coordinates of extrapersonal space, and corresponded 
to different angles of the shoulder joint when considered in an 
intrinsic body space, the task was aimed at dissociating extrinsic 
from intrinsic coordinate systems. Other behavioral tasks were 
used to dissociate movement direction from movement end 
point and to assess the influence of static spatial factors con- 
cerning the orientation of the arm in space on cortical activity. 

Materials and Methods 
Behavioral apparatus. The behavioral apparatus consisted of 19 metal 
rods placed in front of and oriented toward the monkey (see Caminiti 
et al., 1990). Each rod was fitted on the end with a l-cm diameter 
transparent plastic push button. Each push button could be illuminated 
from behind by a red light emitting diode (LED). Sixteen of the push 
buttons were arranged in space so as to form 3 adjacent, contiguous 
imaginary cubes (Fig. 1). The remaining 3 push buttons were situated 
at the centers of these 3 cubes. The buttons at the vertices of each cube 
were placed 10 cm from one another and 8.7 cm from the center button 
of that cube. The center button of the center cube was located in the 
midsagittal plane at shoulder height and 25 cm from the animal (Fig. 
1). During recording sessions, the animal sat in a primate chair with 
the head fixed and thus made free arm reaching movements with limited 
motion of the torso. 

Animals and task. Two adult female Macaca nemestrina monkeys 
(3.2 and 3.5 kg body weight) were used in this study. Data concerning 
Task 2 and static positional effects in motor cortex (area 4) were collected 
during a previous study (Caminiti et al., 1990) where 3 female Mucucu 
nemestrina monkeys (3-4 kg body weight) performing various tasks 
were used. New data from the motor cortex were obtained from an 
additional monkey. The monkeys were trained to perform free-arm 
reaching movements to visual targets in 3-D space. Two distinct but 
similar tasks were used in this study. 

In Task 1 (Fig. l), reaching movements were made from common 
starting points to targets distributed in 3-D space. After a variable in- 
tertrial interval (ITI; l-l.5 set) a trial was initiated by the illumination 
of the center button of the central cube. The monkey was required to 
press and hold the illuminated button (control button) for a randomly 
variable control time (CT, 1.5-2.5 set) until the center LED was extin- 
guished and 1 of the target buttons at the vertices of the central cube 
was illuminated. Within specified upper limits of reaction time (RT; 
350 msec) and movement time (MT; 1 set) the animal was required to 
release the control button and then depress the target button. After a 
variable target holding time (THT, l-l.5 set) during which the animal 
was required to maintain pressing the target button, a liquid reward was 
delivered. Targets were presented in a pseudorandom sequence until 5 
movements were correctly performed to each of the 8 targets of the 
center cube. Movements were then repeated in the left and right cubes. 
The order of cube presentation was often changed. 

Thus, within any 1 cube, the monkeys made movements in 8 different 
directions. Because of the side-by-side arrangement of the cubes, the 8 
different directions in any 1 cube were parallel to the 8 different move- 
ment directions in both of the other cubes but occurred within different 
regions of extrapersonal space. 

In Task 2 (Fig. l), movements were made from varying starting po- 
sitions to common end points. Task 2 is the converse of Task 1 in that 
movements were made from push buttons at the vertices of a cube to 
the button at the center of that cube. After a variable ITI, a button at 
1 of the vertices of the central cube was chosen at random and illu- 
minated. The monkey was required to press and hold the illuminated 
button (control button) until it was turned off (control time) and the 
center LED was turned on. Within specified RT and MT the monkey 
was required to depress the center button. After the THT, a liquid reward 
was delivered. Similarly to Task 1, buttons were illuminated in a pseu- 
dorandom fashion until 5 movements from each of the 8 starting po- 
sitions were correctly performed. The movements were then repeated 
on the left and right cubes. The time limits on the various epochs of 
the task were the same as those used in Task 1. 

Trajectory recording. The movements in space of the arm were re- 
corded using an ultrasonic tracking system, as explained in detail else- 
where (Caminiti et al., 1990). 

Neural recording. The procedures used for neural recording have been 
reported previously (Caminiti et al., 1990). The electrical activity of 
premotor cortical neurons was recorded extracellularly. 

A qualitative examination of the animal was performed for each 
isolated action potential in an effort to determine whether the cell’s 
activity was related to arm movements at the shoulder and/or elbow 
joints and to determine the presence and quality of passive inputs to 
the cell from skin, deep tissues, muscles, and joints. The objective of 
the qualitative examination was to select for further study only those 
cells that were related to proximal arm movements. This was deemed 
appropriate because the task involves primarily proximal musculature 
(see Caminiti et al., 1990) and also to allow a direct comparison with 
proximal arm related cells recorded in the motor cortex. All recordings 
were made in the hemisphere contralateral to the performing arm. Data 
from the right hemisphere were mirror-transformed to allow the analysis 
of all cells as if they were recorded from the left hemisphere (right arm). 

Data acquisition. Control of the behavioral task and collection of all 
data, performed by a PDP 1 l/23+ minicomputer, were the same as 
reported in a previous study (Caminiti et al., 1990) to which the reader 
is referred for details. 

Quantitative data analysis. For the subsequent quantitative analyses, 
each trial was divided into 4 epochs: the control time (CT) was the last 
1 set that the animal held the control button prior to the presentation 
of the target; the reaction time (RT) extended from the presentation of 
the target until the release of the control button; the movement time 
(MT) was defined as the time from the release of the control button 
until the target button was depressed; the target hold time (THT) was 
the time from when the target button was pressed until the reward was 
delivered. A fifth epoch, the total experimental time (TET) was defined 
as the combination of the RT and MT. As measures of the activity of 
individual cells, for each cell and each trial, the mean firing frequency 
was calculated during each of these epochs. 

Analysis of the directional properties of neurons. For each cell-cube 
combination an ANOVA was performed on the mean firing frequency 
during the TET to determine whether the neuron varied its activity with 
movements of differing directions. Cells with significant direction effects 
(p -C 0.05) in a given cube were termed directional in that cube. Only 
those cells that were directional in more than 1 cube were used in the 
subsequent analyses of directional properties. 

The data from each directional cell-cube combination were then sub- 
jected to a linear regression in order to calculate the cell’s preferred 
direction vector in that cube (Georgopoulos et al., 1982, 1985; Schwartz 
et al., 1988; Caminiti et al., 1990). Cell-cube combinations with sig- 
nificant regressions (p < 0.05) were considered to be directionally tuned. 
To determine whether neurons changed their patterns of activity when 
movements were performed in differing parts of space, a 2-factor (move- 
ment direction and movement location) ANOVA was performed, as 
explained in detail in a previous study (Caminiti et al., 1990). Only cells 
that were directionally tuned in more than 1 cube were used in the 
subsequent population analyses. The distributions of preferred direction 
vectors in the left, center, and right parts of space were represented in 
3-D plots. 

Subsequent analyses were aimed at determining how the population 
of preferred direction vectors behaved as movements were made within 
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Figure 1. Apparatus and task. Top, 
layout of the work space in relation to 
the X, Y, and Z coordinates of space 
and to the animal’s body. Push buttons 
(target lights) are indicated by open cir- 
cles. The animal was seated on a pri- 
mate chair, 25 cm away from the front 
lights. The center ofthe center cube was 
aligned with the body midline at shoul- 
der height. In Task 1, the animal per- 
formed 3 sets of movement directions 
in the left, center, and right parts of the 
work space. Black dots indicate the 3 
movement origins within each part of 
space where monkeys made equal-am- 
plitude (8.7 cm) movements ofthe same 
origin in 8 different directions (arrows). 
Some push buttons are labeled by 2 
numbers (2, II; 12, 21; etc.) because 
they were targets of movements of 2 
different origins. Numbers also identify 
directions of movement. In Task 2, 
within each part of the work space, the 
animals performed 3 sets of move- 
ments of different directions (arrows) 
but with common end points. Certain 
push buttons are labeled by 2 numbers 
(32, 41; 42, 51) because they were the 
origin of movement in 2 different di- 
rections. 

5 6 15 16 25 26 
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3 4 13 14 23 24 

Task2 
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different parts of the work space. The spherical correlation coefficient 
of Fisher and Lee (1983) was calculated. A positive correlation between 
2 paired populations of vectors indicates that there is some rotation 
that tends to align the 2 populations. Significance levels for the corre- 
lation coefficients were calculated using statistical bootstrapping tech- 
niques (Efron, 1979). 

A significant correlation between 2 populations of vectors permits the 
calculation of the spherical regression (Jupp and Mardia, 1980). The 
spherical regression provides a least-squares estimate of the rotation 
matrix, R, which maximally aligns the 2 populations (see Caminiti et 
al., 1990). The angles of rotation q, 0, and % about the X-, Y-, and 
Z-axes (see Fig. l), respectively, were then computed from the rotation 
matrix, R, using standard equations of rotation. The positive direction 
of rotation about the Z-axis was defined as a clockwise rotation when 
viewed from above. Similarly, positive rotations about the X- and Y-ax- 
es were clockwise when viewed from the right of, and behind the animal, 
respectively. The angles of rotation were calculated such that they rep- 
resent the rotations necessary to bring the population of vectors from 
the leftmost region of space into alignment with the vectors of the 
rightmost region. Confidence intervals for the angles of rotation were 
calculated using statistical bootstrapping techniques (Efron, 1979). The 
rotations about the Z-axis of the preferred directions of individual neu- 

34 43 44 53 54 

rons were computed by projecting them into the horizontal plane. With- 
in this plane, angular differences between vectors of the different Darts 
of the work space were calculated by simple subtraction (Caminiti et 
al., 1990). 

Analysis of movement population vectors. Population vectors (Geor- 
gopoulos et al., 1983, 1986, 1988) were computed for all movement 
directions in each of the 3 regions of the work space where the animals 
performed the task. In this analysis we have used weighting function 
number 2 from Georgopoulos et al. (1988). Spherical correlations (Fish- 
er and Lee, 1983) and spherical regressions (Jupp and Mardia, 1980) 
were calculated between sets of population vectors from the left, center, 
and right parts of the work space. These calculations were performed 
using the same procedures as those used for the preferred direction 
vectors. 

Analysis of movement direction versus end point. The analysis of the 
changes in discharge frequency of premotor and motor cortical cells 
with the direction of movement was performed by using an ANOVA 
on cell firing frequency during the TET in both Tasks 1 and 2. In Task 
1 the presence of a significant variation of cell activity (F test, p < 0.05) 
with the 8 directions of movement in at least 1 of the 3 parts of the 
work space was considered as an indicator of a relation to the direction 
of movement. In Task 2 the presence of such a variation was used to 
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confirm that a cell was directional, while the lack of significant variation 
in the ANOVA was considered as an indicator of a relation of cell 
activity to movement end point. For each cell, this analysis was per- 
formed separately for each of the 3 parts of the work space where the 
animal performed. 

Analysis of static positional eficts. To assess whether cell activity in 
both premotor and motor cortices varied with the active holding of the 
arm in different positions of the extrapersonal space, an ANOVA (F 
test, p < 0.05) was performed on cell firing frequency during 2 different 
epochs of Task 1 and Task 2. In Task 1, the ANOVA was performed 
on cell activity while the monkey was holding his hand immobile on 
the different peripheral buttons during the THT, in Task 2, the same 
analysis was performed during the CT, which can be considered as 
equivalent, from the behavioral point of view, to the THT of Task 1. 

Histolonical data analvsis. Histoloaical urocedures for 1 of the 2 mon- 
keys were-identical to those reported in a previous study (see Caminiti 
et al., 1990). The other monkey, after the end of recording, was anes- 
thetized with Nembutal (20 mg/kg; i.p.), the dura was opened, and 
multiple pressure injections of anatomical tracers were made at known 
locations with respect to the recording chamber. After a 2-week survival 
period the animal was deeply anesthetized with Nembutal (45 mg/kg; 
i.p.) and transcardially perfused with saline followed by 4% parafor- 
maldehyde in 0.1 M phosphate buffer (pH, 7.4). Subsequent to postfix- 
ation in the same solution, the brain was photographed and then trans- 
ferred to a 30% sucrose solution and allowed to sink. The brain was 
then cut into 40-pm parasagittal sections on a freezing microtome. Sec- 
tions were mounted and stained with 0.25% thionine. The sections were 
then plotted digitally by means of a computer interfaced to potenti- 
ometers mounted on a microscope stage. The positions of gliosis and 
injected material at the injection sites, as well as the locations of giant 
pyramidal cells, were plotted onto each section. Computer software was 
then used to align the recording chamber map of penetration sites with 
the injection sites on the surface of the brain. From this alignment, the 
locations of penetrations within each section were then reconstructed. 

Results 
Trajectories of movement 
The layout of the behavioral apparatus was aimed at obtaining 
arm movements with similar “parallel” direction but within 
different parts of the work space. Because the monkeys were 
free to choose the trajectory between movement origin and end 
point, recording of movement trajectories was performed to 
determine whether the hand traveled along approximately par- 
allel paths across the work space. The trajectory records showed 
that this was indeed the case. A detailed description of move- 
ment trajectories in Task 1 can be found in a previous study on 
motor cortex (Caminiti et al., 1990) and will not be repeated 
here. 

Neurophysiological data base 

This study is based on the quantitative analysis of 156 arm- 
related cells collected during 63 microelectrode penetrations in 
the premotor cortex of 2 hemispheres in 2 monkeys. Penetra- 
tions were made in a cortical region of proximal limb represen- 
tation located caudally and medially to the spur of the arcuate 
sulcus and spanning part of the cortex medial to its medial limb 
(Fig. 2). The caudalmost of the penetration sites in both animals 
was 10 mm rostra1 to the central sulcus. In spite of the many 
studies addressing the issue of determining the cytoarchitectonic 
border between areas 4 and 6 (Sessle and Wiesendanger, 1982; 
Weinrich and Wise, 1982; Weinrich et al., 1984; Barbas and 
Pandya, 1987) the precise delineation of such a border remains 
difficult. Examination of the histological material in this study 
revealed that, moving rostrally from the crown of the central 
sulcus, giant pyramidal cell (soma diameter >29 Mm) density 
decreased gradually and in a variable manner from section to 
section (see Fig. 2C). Recorded task-related neurons, however, 
were found to be located in regions of significantly reduced giant 

Table 1. Directional composition of the populations of premotor 
cortical cells studied in the task 

Cell type Number 

Total all cells 156 (100%) 
Cells studied in 3 parts of space 103 (66.0%) 

Directional 102 (99.0%) 
in 3 parts of space 79 (77.4%) 
in 2 parts of space 11 (10.8%) 
in 1 part of space 12 (11.8%) 

Non-directional l(l.O%) 
Cells studied in 2 parts of space 38 (24.4%) 

Directional 37 (97.4%) 
in 2 parts of space 32 (86.5%) 
in 1 part of space 5 (13.5%) 

Non-directional 1 (2.6%) 
Cells studied in 1 part of space 15 (9.6%) 

Directional 13 (86.7%) 
Non-directional 2 (13.3%) 

Total directional 152 (97.4%) 

pyramidal cell density, when compared with the anterior bank 
and crown of the central sulcus. Only near the rostra1 bank of 
the precentral dimple did the electrode penetrations encroach 
upon regions of moderate giant cell density. Based upon their 
locations with respect to sulci and upon the density of giant 
pyramidal cells, the cortical regions from which task-related 
neurons were recorded in this study were judged to be coexten- 
sive with the premotor cortex (Weinrich and Wise, 1982; Wein- 
rich et al., 1984). 

Data from the motor cortex used for comparison came from 
the quantitative study of 207 cells collected in area 4. Of these, 
176 were part of a previous study (Caminiti et al., 1990), while 
the remaining 31 were collected in area 4 of 1 hemisphere of 
an additional monkey. The results obtained in area 4 while 
animals performed in Task 1 of the present study have already 
been published (Caminiti et al., 1990) and will only be cited 
here for comparison with premotor cortical data. In the pre- 
motor cortex, the large majority of neurons (70%) studied during 
the task did not respond to passive somatic stimulation of su- 
perficial receptors or to manipulations of deep tissues and/or 
joints. Those remaining showed varying degrees of modulation 
under these circumstances. In all cases neuronal modulation 
was by far more intense during active movement than during 
passive manipulations. 

Directional properties of premotor cortical neurons 

An ANOVA was performed to select those cells that changed 
their activity significantly (F test, p < 0.05; TET epoch) with 
the direction of movement in 1 or more regions of the work 
space. Table 1 shows that 1521156 (97.4%) neurons were di- 
rectional and in addition it provides a quantitative evaluation 
of the capability of these cells to maintain their directionality 
throughout the work space. As the purpose of this portion of 
the study was to examine the directional properties of neurons 
across space, only those cells that were directional in at least 2 
parts of the work space were used for subsequent quantitative 
analyses. 

Figure 3A shows the activity of a premotor cortical neuron 
collected during Task 1. This neuron was directional (ANOVA, 
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Figure 2. Locations of microelectrode penetrations in the 2 Macaca nemestrina monkeys. A, Surface of right frontal cortex of the first monkey. 
Small dots indicate entry points of electrode penetrations in which task-related cell activity was recorded. Shaded ovals show the locations of tracer 
injections at known coordinates. Arrowheads indicate the levels of the parasagittal sections shown in C. Shaded area in the inset indicates the 
region enlarged in the figure. B, Surface of the right frontal cortex of the second monkey. Format as in A. Open squares correspond to the locations 
of pins inserted into the cortex at known coordinates. C, Series of parasagittal sections from the first monkey. Arrows indicate reconstructed locations 
of microelectrode penetrations whose entry points are shown in A. SmaN dots represent the locations of giant pyramidal cells (>29 pm soma size). 
Shaded areas show the locations of the injected tracer. Numbers beside sections correspond to the arrowheads in A. Abbreviations: cs, as, ps, and 
ips indicate central, arcuate, principal, and intraparietal sulci, respectively; pcd indicates the precentral dimple. 
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Figure 3. A, Impulse activity of a premotor cortical cell (area 6) recorded during the task. Rasters of 5 replications for every movement direction 
within the left, center, and right parts of the work space were aligned to the movement onset (M). Target onset is indicated by T. Longer vertical 
bars indicate, from left to right, beginning of the trial, target presentation, movement onset, and beginning (H) and end of target holding time. 
Numbers on the vertical axes indicate directions of movement as labeled in Figure 1. This cell was directional in all parts of the work space and 
also changed activity for movements of similar directions performed across the work space. B, Spatial orientations of the vectors representing the 
preferred directions (PDs), in the left, center, and right parts of space, of the cell shown in A. PDs are represented within 3 Cartesian coordinate 
systems centered at the origins of the movements performed in the task. The signs of the X-, Y-, and Z-axes change when necessary to better 
illustrate the orientation of the PDs. Note the change in the orientation of this cell’s PD. 

p < 0.05) throughout the work space. In addition, the firing 
frequency of this cell changed in an orderly fashion with changes 
in movement direction (multiple regression, F test, p < 0.05) 
in all parts of the work space. Considering all the directional 
cells tested, such an orderly change (multiple regression, F test, 
p < 0.05) was observed in 93.2% of the cell-cube combinations 
(left, center, and right parts of space considered separately) while, 
for the remaining 6.8% of cell-cube combinations, the firing 
frequency of cells could not be predicted by the regression mod- 
el; therefore, these cell-cube combinations were not further an- 
alyzed. 

These data indicate that a large majority of the premotor 
cortical cells studied (97.4%) was directional and a large pro- 
portion of them (93.2% of cell-cube combinations) was direc- 
tionally tuned. These results are very similar to those obtained 
in the motor cofi~x under the same exp&mentil con&ions 
(Caminiti et al., 1990). 

Figure 3A also shows that movements of similar directions 
performed within different parts of space resulted in changes of 
firing frequency of this cell. For many triplets of movement 
directions (1- 1 l-2 1; 4- 14-24; 8-l&28), the frequency and time 
course of activity and/or the temporal relations to movement 
onset (3-13-23; 4-14-24; 8-18-28) changed notably. To deter- 
mine the number of cells showing similar changes in activity, 

a 2-factor ANOVA was performed on the firing rate of all cells 
that were directional in all 3 parts of the work space. Of 78 cells 
studied, 77 (98.7%) showed significant changes (interaction term, 
p < 0.05). This is very similar to what was observed in the 
motor cortex (Caminiti et al., 1990). It follows that changes in 
firing frequency observed when movements of similar directions 
were performed across space could result in a change of the cell’s 
preferred direction. This is shown in Figure 3B, which illustrates 
the spatial shift of the preferred direction of the cell shown in 
Figure 3A. The preferred direction of this cell undergoes an 
orderly shift as the animal works in the left, center, and right 
parts of the work space. Similar changes in the spatial orien- 
tations of the preferred direction vectors were observed, though 
with varying magnitudes, for most cells. This is shown in Figure 
4 for the preferred directions of 4 premotor cortical neurons. 
Due to this c&-to-ceU variabi1iQ, it was darned necessary to 
undertake a population analysis of cell preferred directions to 
assess whether an overall orderly change in their orientations 
was detectable under the conditions of the task. 

The spatial orientation of premotor cortical cell preferred 
directions across the work space 
This analysis was performed in 4 steps. First, the spatial dis- 
tribution of cell preferred directions was examined in each part 
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Fzgure 4. PDs in the left (L), center 
(CJ, and right (R) parts of the work space 
of 4 different premotor cortical cells. 
Note that for all of these cells the PDs 
changed orientation as movement of 
similar directions were made across 
space; this change had different mag- 
nitude for different cells. Conventions 
as in Figure 3B. 
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Fimre 5. Three-dimensional olots of the distributions of the soatial orientations of cells’ PDs obtained as the animals performed in the left, 
center, and right parts of the w&k space. 

significant changes of spatial orientation of the vectors occurred 
around these axes. Around the Z-axis (i.e., in the horizontal 
plane) significantly higher rotations were necessary to bring into 
coincidence the preferred directions from left to center (17.2”), 
center to right (17.6”), and left to right (42.0”) parts of space. In 
the premotor cortex, 95% confidence intervals (CIs) for rotations 
in the horizontal plane were [ 10.6”, 2 1 .P] and [ 14.0”, 2 1.7”] for 
regressions between left-center and center-right, and [34.2”, 47.91 
for regression between left-right parts of space. Data from the 
motor cortex were very similar. The rotations of premotor cor- 
tical cells’ preferred directions are shown in Figure 6. It can be 
seen that these shifts were different for different cells. However, 
at the population level, these shifts resulted in an overall rotation 
occurring mainly in the horizontal plane. 

Finally, to substantiate further the results of the spherical 
regression, angular differences in the horizontal plane (around 
the Z-axis) between preferred directions of individual cells in 
the 3 parts of the work space were computed and represented 
in the form of frequency distributions (Fig. 7). The results ob- 
tained were consistent with the spherical regression analysis. In 
the premotor cortex, the median angular difference was maximal 
in the horizontal plane (Fig. 7) and was 19” between preferred 
directions lying in adjacent parts of space and 43” between pre- 
ferred direction from the nonadjacent left-right parts of space. 
In the motor cortex, corresponding values of median angular 
differences were very similar (Caminiti et al., 1990). In both 
cortices the differences between the orientation of cell preferred 
directions show a common trend, though they are slightly small- 
er in the motor than in the premotor cortex. 

As a result of the side-by-side horizontal arrangement of the 
3 parts of the work space, in order to make arm movements of 
similar direction within different parts of space, the animals had 
first to bring the arm from one part of the work space to another. 
This caused a rotation of the shoulder joint mainly in the hor- 
izontal plane (around the Z-axis). Measurements of shoulder 
joint angles showed that horizontal rotations of approximately 
20” and 18” were necessary to bring the arm from the left to the 
center and from there to the right part of the work space, re- 
spectively. These values were consistent across animals, in spite 
of small individual differences due to arm length and shoulder 
width. We conclude that the horizontal rotation of the popu- 
lation of premotor and motor cortical cell preferred directions 
parallels a similar rotation ofthe shoulderjoint, the one imposed 
by the behavioral condition of the task. 

An additional question is whether the shift of preferred di- 
rections in the horizontal plane observed during the time from 

target presentation to the end of movement was present both 
before the onset of movement (i.e., during RT) and during the 
execution of the movement (during MT). The spherical regres- 
sion analysis showed that the angles of rotation had similar 
magnitudes during the reaction time and the movement time 
in both premotor and motor cortices. 

The neuronal movement population vector 

The broad relationship between cell activity and direction of 
movement has led to the concept that direction of movement 
is encoded by a neural population and that neuronal population 
vectors (Georgopoulos, 1983, 1986, 1988) can be used to rep- 
resent this code. The population vector is a sum of vectorial 
contributions made by individual neurons in the direction of 
their preferred directions. In many previous studies of various 
brain regions (see Georgopoulos et al., 1988, for a review) the 
neuronal population vector has proven to be a good predictor 
of movement direction. In the present study, population vectors 
were computed for the neuronal populations from both the pre- 
motor and motor cortices. In the premotor cortex the average 
angular differences between the population and movement vec- 
tors were 15.7”, 11.4, and 16.2” in the left, center, and right 
parts of the work space, respectively. Similar values were ob- 
tained from the motor cortex (Caminiti et al., 1990). To deter- 
mine any consistent shift in the orientation of the population 
vectors across space, the spherical correlation and spherical re- 
gression were calculated as for the populations of cell preferred 
directions. In the premotor cortex, the spherical correlation co- 
efficients between neuronal movement population vectors from 
left and center, and center and right parts of the work space 
were 0.9 15 and 0.970, respectively. The correlation coefficient 
between population vectors from left and right parts of the work 

Table 2. Spherical regression analysis on preferred directions of 
premotor cortical cells 

left-center 17.2” 0.4” 3.2” 
center-right 17.6” -3.3” -1.1” 
left-right 42.0 -2.2” 0.0 

G = rotation around Z-axis. 
0 = rotation around Y-axis. 
P = rotation around X-axis. 
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Figure 7. Frequency distribution of the angular difference between the spatial orientation of premotor cortical cell preferred directions across the 
work space. These differences were computed between PDs lying in the left and center, center and right, and left and right parts of the work space. 
TET = total experimental time. 

space was 0.836. In the motor cortex, corresponding values were 
0.986, 0.971, and 0.946, respectively. Thus, in both cortices, 
the spatial orientations of the population vectors are highly 
correlated across space. More interestingly, the spherical re- 
gression (Table 3) shows that in both frontal areas there were 
no significant rotations of the population vectors as the animal 
performed within different parts of space. The angles of rotation 
of the population vectors are all very small, independent of the 
spatial axis considered. The lack of any significant rotation of 
the neuronal movement population vectors in both premotor 
and motor cortices, when movements of similar direction were 
performed across space, is shown in Figure 8, where movement 
population vectors from different parallel movement direction 
were represented as “collapsed” to a single region of the work 
space to facilitate the comparison of their orientation. 

Movement direction versus movement end point 
In Task 1, movement direction and movement end point were 
confounded since the movements in different directions were 
also toward different end points. To dissociate these 2 variables 
we studied cell activity when animals made movements with 
differing origins and directions but converging to a common end 
point, as was the case in Task 2 (Fig. 1). Within each of the 3 
parts of the work space, monkeys made arm movements in 8 
different directions, from 8 different origins but having a com- 
mon end point. Figures 9 and 10 show the activity of a premotor 
and of a motor cortical cell, respectively, studied during Tasks 
1 and 2. Both cells were directional (ANOVA, F test, p < 0.05) 
in both tasks, suggesting that their activity relates to the move- 
ment direction and not to movement end point. In Task 2 we 
tested 37 premotor and 29 motor cortical cells that had also 
been studied in Task 1. The results showed that in the premotor 
cortex, when cells were studied in only a single part of space, 
4/18 (22.2%) were directional in both tasks, leaving open the 
possibility that the remaining 77.8% of cells might be related 
to either movement direction or end point. However, when 

t 

premotor cells were studied within a larger region of the work 
space, that is, in 2 or 3 cubes, the percentage of cells directional 
in some part of space in both tasks increased to 100% and to 
83.3%, respectively. This indicates that, in at least some part of 
the extrapersonal space, their activity was not related to the end 
point but to the direction of movement, thus pointing out the 
importance of spatial factors in determining cell properties in 
this area. 

In the motor cortex, 4/9 (44.4%) cells studied in a single part 
of space were directional in both Tasks 1 and 2, while 100% of 
those cells that could be studied throughout the entire work 
space displayed directionality in some part of space in both 
tasks. Here, as well as in the premotor cortex, spatial factors 
seem to play a crucial role in shaping cell properties and move- 
ment direction represents a much stronger signal than move- 
ment end point in influencing cell activity. 

Changes in cell activity with active holding at d@erent 
positions in 3-D space 
Previous studies (Caminiti et al., 198 1; Georgopoulos et al., 
1984) have shown that when a monkey holds its hand at various 
positions in a 2-D space, cell activity in motor cortex and area 
5 varies in a linear fashion with the position of the hand in 
space. These positional gradients have recently been described 
also in the motor cortex using a 3-D task (Kettner et al., 1988) 
but have not yet been analyzed in the premotor cortex. We 
studied cell activity in these areas while monkeys were actively 
holding their hand at the vertices of the 3 imaginary cubes that 
delimited the work space (Fig. 1). In each cube the hand oc- 
cupied 8 different positions. Because the 3 cubes were adjacent 
in the horizontal plane, 8 different positions (2- 11, 12-2 1, 4- 13, 
14-23, 6-15, 16-25, 8-17, 18-28) were common to 2 cubes. 
Therefore, the absolute number of spatial loci tested was 16. 
This analysis was performed in 2 ways. First an ANOVA was 
performed to determine the number of cells that showed a sig- 
nificant (F test, p < 0.05) change of steady-state frequency of 

Figure 6. Three-dimensional plots showing the rotation of the spatial orientation of premotor cortical cell preferred directions as movements 
of similar directions were made within different parts of space. Each red line represents the trajectory followed by the preferred direction vector of 
an individual motor cortical neuron, with the tail (darkest part) indicating the original position of the vector in the left part of the animal’s work 
space and the head (brightest part), its position in the right part of space. Rotations are viewed from 6 different angles: 0” (top left), 60” (top right), 
120” (center left), 180” (center right), 240” (bottom left), 300” (bottom right). In each plot brighter vectors indicate preferred directions lying in the 
portion of sphere nearest to the observer. In the 0” view, the observer’s perspective coincides with that of the monkey performing the task. 
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Figure 8. A, Neuronal movement population vectors calculated from cell activity in the premotor cortex during the performance of Task I. 
Colored vecmrs represent population vectors from the 3 regions of the work space (~&low from left, red from center, and blue from right cubes). 
Vectors from across the work space have been “collapsed” to a single cube and normalized to unit length in order to facilitate comparisons between 
population vectors of “parallel” movements. Thus. for example. the 3 vectors pointing to the upper right represent the population vectors for 
movement directions 6 (vellow), I6 (red), and 26 (blue). The axes correspond to the X, Y, and 2 coordinate axes of Figure I. Note how for this as 
well as for the remaining triplets of parallel movement directions, the spatial orientation of neuronal population vectors did not change notably. 
B, Ncuronal population vectors calculated from activity in the motor cortex during the performance of Task I. Conventions and symbols as in 
Figure 8A. Note how in the motor cortex the spatial orientation of the movement population vectors remains similar for the various triplets of 
parallel movement directions. 
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Fiaure 9. Imnulse activitv of a nremotor (area 6) cortical cell recorded during Task 1 and Task 2. This cell was directional in both tasks. Conventions 
a& symbols as in Figure 3,. - 

_ I  

discharge during the THT of Task 1, as the hand occupied 
different positions in space. This analysis was performed sep- 
arately for each of the 3 parts of the work space. Table 4 shows 
that in the premotor cortex, 138/ 156 (88.5%) cells tested showed 
significant static spatial effects and, therefore, were labeled as 
positional. These positional effects on cell activity can be clearly 
seen during the THT for the premotor cortical cells shown in 
Figure 3A and in Figure 9 (Task 1) and for the motor cortical 
cell shown in Figure 10 (Task 1). These effects were generally 
present throughout the work space and the probability of de- 
tecting them increased with the size of the spatial region where 
these cells were tested. In fact, 103/l 10 (93.6%) of the cells 
studied in 3 parts of space were positional. This percentage 
decreased to 83.3% for those cells that could be studied in 2 
parts of space, and dropped to 62.5% for the cells tested in only 
1 part of space. Qualitatively and quantitatively similar results 

Table 3. Spherical regression analysis on movement population 
vectors: comparison between premotor (P) and motor (M) cortices 

a 0 \k 

left-center P 0.5” 0.0” -2.0” 
M 1.8” -0.2” 0.1” 

center-right P -0.1” -0.2” 0.1” 
M 0.7” -1.5” -0.5” 

left-right P 0.6” -2.2” 0.3” 
M -0.1” -1.2” -1.0” 

+ = rotation around Laxis. 

8 = rotation around Y-axis. 
q = rotation around X-axis. 

were obtained in the motor cortex (Table 4), similar to what 
was observed by Kettner et al. (1988). This suggests that if all 
cells could have been studied throughout the entire work space, 
the percentage of positional ones probably would have been 
higher than that shown in Table 4. 

Since these results were obtained from cell activity studied 
during the holding phases following different movements, there 
is the possibility that the effects observed were in part carry- 
over effects from the preceding movements. To exclude this 

Table 4. Composition of the populations of premotor and motor 
cortical cells studied in Task 1 in relation to active holding 

Premotor Motor 

Total number of cells 156 (100%) 207 (100%) 
Cells studied in 3 parts of space 110 (70.5%) 171 (82.6%) 

Positional 103 (93.6%) 160 (93.5%) 
in 3 parts of space 55 (53.4%) 106 (66.2%) 
in 2 parts of space 32 (31.1%) 36 (22.5%) 
in 1 part of space 16 (15.5%) 18 (11.2%) 

Nonpositional 7 (6.4%) 11 (6.4%) 
Cells studied in 2 parts of space 30 (19.2%) 31 (15.0%) 

Positional 25 (83.3%) 28 (90.3%) 
in 2 parts of space 19 (76.0%) 19 (67.9%) 
in 1 part of space 6 (24.0%) 9 (32.1%) 

Nonpositional 5 (16.6%) 3 (9.7%) 
Cells studied in 1 part of space 16 (10.2%) 5 (2.4%) 

Positional 10 (62.5%) 2 (40.0%) 
Nonpositional 6 (37.5%) 3 (60.0%) 

Total positional 138 (88.5%) 190 (91.8%) 
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Task 1 

Task 2 

Figure 10. Impulse activity of a motor (area 4) cortical cell recorded during Task 1 and Task 2. This cell was directional in both tasks. Conventions 
and symbols as in Figure 3A. 

possibility, the same analysis was repeated by studying cell ac- 
tivity during the control time of Task 2, when the hand was 
actively positioned in different points in space at the beginning 
of the behavioral trial (Fig. 9, Task 2 and Fig. 10, Task 2). 
During Task 2 the percent of cells that could be studied through- 
out the entire work space and showing static spatial effects was 
75.0% in premotor and 88.2% in motor cortex. This is very 
similar to that which was observed during Task 1 where these 
percentages were 88.5% and 9 1.8%, respectively. 

These results indicate that in both premotor and motor cor- 
tices cell activity varies with the position occupied by the hand 
in space. Because each hand position was achieved by different 
combinations of angles at the shoulder and/or at the elbow joint, 
it can be concluded that a signal concerning the spatial position 
and orientation of the arm is present at the premotor and motor 
cortical levels. 

Discussion 
The aim of this study was to analyze the coordinate system used 
by the premotor cortex for representing arm movements to 
visual targets in 3-D space, and to compare it, in this respect, 
with the motor cortex. There are 3 main points to be discussed 
in this paper. First, the activity of premotor cortical neurons is 
broadly tuned around a preferred direction of movement. Sec- 
ond, the orientations of these preferred directions rotate with 
the arm in space, providing cues for interpreting the transfor- 
mation from extrinsic to intrinsic coordinates performed by the 
frontal cortex. Third, neuronal movement population vectors 
in both premotor and motor cortices continue to signal move- 
ment direction accurately in the presence of these shifts of in- 

dividual cell preferred directions. In addition, the hypothesis of 
coding of movement direction versus movement end point in 
premotor and motor cortices will be discussed. 

Relations of premotor cortical cell activity with direction of 
movement in 3-D space 
Our analysis was restricted to neurons related to arm move- 
ments at the shoulder and/or at the elbow joints for the reason 
that movements about these joints carry the hand along a desired 
path in space. The existence of neurons related to proximal joint 
movements in the dorsal part of premotor cortex is not new 
(Weinrich and Wise, 1982; Kurata and Tanji, 1986; see Brink- 
man and Porter, 1983, and Wise, 1985, for a review) and their 
directionality has also been described (Weinrich and Wise, 1982; 
Weinrich et al., 1984) as well as the directionality of the pre- 
motor neurons related to distal movements (Kubota and Ha- 
mada, 1978). These studies, however, did not provide a detailed 
description of the directional relations of premotor cortical cells 
because they were aimed at different questions. In our study, 
neurons showing significant variations in activity with move- 
ment direction made up the large majority (97.4%) of premotor 
neurons, similar to what was observed in the motor cortex (see 
also Schwartz et al., 1988; Caminiti et al., 1990). The relations 
of cell activity with movement direction were described by a 
tuning function for which cell activity was maximal in a given 
direction of movement and decreased in an orderly fashion with 
movement directions farther and farther away from the pre- 
ferred one. These directional properties are very similar to those 
of motor cortical neurons. In both areas they can be described 
through the same model and suggest the conclusion that in both 
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cortices the treatment of directional information is based on 
common principles. 

The directional properties of premotor cortical cells when 
movements of similar direction were performed within 
d@erent parts of space 
An objective of this study was to determine whether and to what 
extent the spatial orientation of premotor cortical cell preferred 
directions changed when movements of similar “parallel” di- 
rections were performed within different parts of space. The 
experimental data clearly showed a significant shift in the spatial 
orientation of cell preferred directions. This shift had different 
magnitudes for different cells, but at the population level had a 
clear spatial order, occurring mainly around the vertical axis 
and, therefore, in the horizontal plane. Moreover, the magnitude 
of this shift was very similar to the rotation of the shoulder joint 
necessary to bring the arm into the 3 horizontally adjacent parts 
of space where the animals performed the task. This modifi- 
cation of the spatial orientation of cell preferred direction was 
already present and with similar magnitude during the reaction 
time, suggesting that it might reflect a central process exhibiting 
congruence between planning and execution of movement. Fi- 
nally, the rotation of premotor cells’ preferred directions was 
qualitatively and quantitatively similar to that observed in the 
motor cortex, suggesting that both of these frontal cortical areas 
contain an internal representation of space where coding of 
movement direction occurs within a coordinate system centered 
on the shoulder joint. 

The subtle differences observed between these cortical areas, 
the higher correlations and the smaller rotations across the work 
space of motor as compared to premotor cortical cells’ preferred 
directions, could, however, be physiologically relevant. They 
seem to suggest a more remote link of premotor cortical cell 
activity with the “needs” of the peripheral motor apparatus. It 
is difficult to resist the conclusion that these subtle differences, 
though not substantiated on quantitative grounds, indicate that 
in the central representation of any process where a sensori- 
motor transformation of coordinates is required, the more one 
approaches the cortical areas closer to the peripheral motor 
apparatus, the more the relevant information is transformed to 
the coordinates that are proper for the effecters. 

These data can be used as a basis for interpreting coordinate 
transformations in the frontal cortex. When we make arm move- 
ments to a visual target in space, sensory information concerning 
the spatial location of the target must be transformed into an 
appropriate motor command. Recent behavioral studies on hu- 
man subjects (Soechting and Flanders, 1989a) have suggested 
that the visual system provides an accurate representation of 
the target location in space and that once the spatial location of 
the target is represented in an intrinsic body-centered frame of 
reference, motor commands that move the arm toward the target 
can be generated by mapping the target location into an appro- 
priate level of muscle activity for which knowledge of the initial 
orientation of the arm is essential (Soechting and Flanders, 
1989b). 

Our experimental data showed how in both motor and pre- 
motor cortices the spatial orientation of cell preferred directions 
shifted to “follow” the changes in orientation of the arm in 
space. These data are consistent with the hypothesis that pre- 
motor and motor cortical cells command muscle synergies, which 
can be represented by a vector (the cell’s preferred direction) 

the position of the arm. Because for both shoulder and elbow 
joints the vectorial effects of a cortical command addressed to 
the muscles will tend to be more constant in an arm-centered 
coordinate system than in an external reference frame, the ori- 
entation of the cell’s preferred direction will be more invariant 
in an arm-centered reference frame. We hypothesize (see also 
Caminiti et al., 1990) that the interaction of visually derived 
information concerning the direction of movement, with a pro- 
prioceptive one relative to the position of the arm in space, 
determines the rotation of the spatial orientation of premotor 
and motor cortical cell preferred directions. It is possible to 
show (Y. Bumod, P.B. Johnson, and R. Caminiti, in prepara- 
tion) that a bilinear combination of these 2 sensory inputs pro- 
vides an appropriate computation of the motor command in an 
arm-centered reference frame, when the visual information on 
the target is given in a body-centered reference frame. Further- 
more, this bilinear combination can simply be learned with the 
spontaneous movements of the arm. Our data do not show 
where, within the distributed motor system, this combination 
of inputs occurs and which are the processing steps. For instance, 
more elementary combinations between visual and somatic in- 
puts could first be performed in the parietal lobe, with properties 
similar to those of neurons combining visual inputs in retinal 
coordinates and eye position in the orbit (Andersen and Mount- 
castle, 1983; Andersen et al., 1985; Andersen and Zipser, 1988) 
to provide a code in craniotopic space. The premotor cortex 
could represent a critical processing step for the appropriate 
coordinate transformation because it receives both visuospatial 
(Kubota and Hamada, 1978; Godschalk et al., 198 1; Rizzolatti 
et al., 1981b; Weinrich and Wise, 1982; Weinrich et al., 1984; 
Godschalk et al., 1985; Kurata and Tanji, 1986; Okano and 
Tanji, 1987; Riehle and Requin, 1989) and somatic (Rizzolatti 
et al., 198 la; Kurata and Tanji, 1986; Hummelsheim et al., 
1988) information. The results of the present study, by showing 
a significant variation of cell activity as the hand occupies dif- 
ferent positions within the 3-D space, indicate that a signal 
concerning the orientation of the arm in space influences both 
premotor and motor cortical activity. The similarity of these 
mechanisms in premotor and motor cortices may facilitate the 
transformation of directional information between these frontal 
cortical fields allowing the motor cortex with its privileged access 
to the peripheral motor apparatus to select and activate those 
weighted combinations of muscles (see Georgopoulos et al., 1982 
and Schwartz et al., 1988, for a discussion) which will move the 
hand in the desired direction of space. 

Coding of movement direction in the premotor cortex: a 
population code 
Premotor cortical cells, similar to motor cortical, parietal (Ka- 
laska et al., 1983) and cerebellar (For-tier et al., 1989) ones, are 
broadly tuned around their preferred direction. Our ability to 
move our arms accurately in a given direction despite the coarse 
tuning of cortical cells implies the existence of a population 
code. Population codes have in fact been proposed for coding 
of movement direction in the motor (Georgopoulos et al., 1983, 
1985, 1986; Kalaska et al., 1989; Caminiti et al., 1990) and 
parietal (Kalaska et al., 1983) cortices and in the cerebellum 
(Fortier et al., 1989). The results obtained in this study indicate 
that in the premotor cortex as well the coding of movement 
direction is a function of the population. The experimental de- 
sign of this study permitted the evaluation of the ability of the 

corresponding to the global effect of the motor command on neuronal population vector to predict movement direction 
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throughout the work space. The directions of movements were 
similar in the 3 parts of the work space tested and, therefore, 
to remain good predictors of movement direction across space, 
the neuronal population vectors should not have changed their 
orientations. The results of the spherical regression analysis per- 
formed on the population vectors were in this respect unequiv- 
ocal. When the animals performed within different parts of space, 
despite the significant changes in muscular activity, joint angles, 
and even orientation of individual cell preferred directions, neu- 
ronal movements populations vectors did not change spatial 
orientation in either premotor or motor cortices. 

These results are consistent with the basic notion of a cortical 
population code for movement direction given that (1) the max- 
imum activity of each neuron corresponds to a preferred direc- 
tion that changes with the initial orientation of the arm, and (2) 
in each part of the work space all the cell preferred directions 
provide a uniform sampling of the 3-D directional continuum. 
Assuming that the level of activation of an individual neuron 
is determined by projecting the desired movement direction 
vector onto the cell’s preferred direction vector, any individual 
neuron will be activated differentially when the animal performs 
parallel movements within different parts of space. However, 
because the movement vector is projected simultaneously onto 
the entire population of preferred direction vectors, and the 
preferred direction vectors are distributed uniformly in space, 
the sum of all of these projections (i.e., the population vector) 
will always have the same orientation as the movement vector. 

It, therefore, seems that in all cortical areas of the distributed 
motor system so far studied and in the cerebellum as well given 
features are encoded by distributed representations very differ- 
ent from “local” representations (Feldman, 1981) where very 
few units with their connectivity would provide the basis of a 
given function. Finally, it is worth mentioning that coding mech- 
anisms based on distributed representations have been de- 
scribed not only in the different regions of the motor system but 
have been widely used to explain feature extraction in the visual 
system (Steinmetz et al., 1987; Vogels, 1990; for a discussion, 
see Sejnowski, 1986). 

Coding of movement direction versus movement end point in 
premotor and motor cortices 
The results of this study show that when the movement direction 
was dissociated from the movement end point, cell activity in 
both premotor and motor cortices was related to the trajectory 
of movement and not to final position in space. Trajectory of 
movement, here, is intended as a descriptive term, because the 
assessment of a relation of cell activity with the actual trajectory 
performed by the hand in space would require repetitions of the 
same trajectory under a variety of limb configurations and this 
was not attempted in this study. Our results are in agreement 
with those obtained in motor cortex and area 5 (Georgopoulos 
et al., 1985) and in the premotor cortex (Weinrich and Wise, 
1982; Weinrich et al., 1984; Hocherman and Wise, 1989) as 
well. In addition, our study, through the analysis of these re- 
lations across the entire work space, revealed that when 2 spatial 
variables are to be dissociated, the probability of correctly de- 
tecting the one to which cell activity is most closely related 
depends on the extent of the work space within which the animal 
performs. In fact, when cell activity was studied in a single part 
of space, the percentage of cells potentially coding movement 
end point was higher than that found when cell activity was 
analyzed throughout the entire work space. In this latter situ- 

ation, where the number of movement directions tested was 
significantly increased, only a minority of cells remained can- 
didates for coding only movement end point. Our results also 
make it improbable that the neuronal populations of the pre- 
motor cortex we recorded from in this study might relate to 
specific goal-directed motor acts (Rizzolatti et al., 1988) inde- 
pendent from the specification of the movement trajectory. The 
data from this population does not exclude, however, the pos- 
sibility of the existence of other populations of neurons in the 
premotor cortex which possess more complex response prop- 
erties in the context of a more complex behavioral paradigm. 
In this respect it is interesting that cells with target-related ac- 
tivity independent from the kinematic characteristics of arm 
movements have been described in supplementary motor cor- 
tex, motor cortex, and putamen (Alexander and Crutcher, 1990). 
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