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The studies reviewed in this paper describe the relations of single-cell 
activity in central motor structures to complex visuomotor tasks and 
document the fact that various cortical areas process visuomotor 
information in parallel. Moreover, the studies provide clear evidence that 
the map in the motor cortex is modifiable and dynamically maintained. 
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Introduction 

The search for an understanding of the cellular mecha- 
nisms underlying the cortical control of movement  has 
relied on two major techniques, namely recordings of  
single-cell activity during motor  performance, and mo- 
tor mapping by electrical stimulation. The first technique 
provides a direct link between cell activity and motor  be- 
havior, whereas the second describes the functional or- 
ganization and somatotopic arrangement of cortical ar- 
eas controlling motor  output. Significant new results have 
been obtained in both these fields during the past year. 

Recordings of single-cell activity and motor 
behavior 

Preparation, initiation and execution of movement 
A number of cortical and subcortical structures are in- 

• timately involved in motor  function, including the mo- 
tor cortex and various premotor  areas, the basal gan- 
glia, and the cerebellum. Do these areas function seri- 
ally and independently, each dealing with a particular as- 
pect of  motor control, or do they contribute in vary- 
ing degrees to all aspects of  movement? One way to an- 
swer this question is to record from these areas during 
the performance of the same motor  task. Alexander and 
Crutcher [ 1 " -3" ' ]  have examined the activity of  single 
cells in the motor cortex, the supplementary motor  area 
(SMA), and the putamen in the monkey during the per- 
formance of an instructed task that involved movements 
at the elbow. The monkey first moved the forearm in the 
direction (flexion/extension) indicated by a visual stimu- 
lus (right/left). Then, the forearm returned to the initial 
position and a preparatory period ensued at the end of 
which the stimuli at both positions (right and left) were 
turned on. The monkey was required to move the fore- 
arm in the direction of the previous movement. The task 
was performed in the presence of loads opposing flexion 

or extension; thus the same movement was produced by 
a different set of  muscles, and the effect of the intended 
direction of movement on neural activity was dissoci- 
ated from the effect of  the muscle pattern that was dic- 
tated by the loads applied. The authors found that many 
of the cells in the motor  cortex (37 %, n -- 202), the 
SMA (55 %, n = 222), and the putamen (33 %, n = 317) 
showed changes in activity during the preparatory period. 
These changes were selective, in anticipation of elbow 
movements in a particular direction (87 % in motor cor- 
tex, 86 % in SMA, and 78 % in putamen) and were inde- 
pendent of  the loading conditions (83 % in motor cortex, 
80 % in SMA, and 84 % in putamen). A relation of neural 
activity to visual signals was observed when the visually 
defined direction was dissociated from the direction of 
the upcoming joint movement  [2°°]. In the usual task, the 
visual instruction (target), and the monkey's cursor and 
forearm all moved in the same direction, whereas in the 
dissociation task the forearm moved in the opposite di- 
rection from that of the cursor (and target). It was found 
that the activity of a good proportion of cells in the motor  
cortex (40 %), SMA (36 %), and putarnen (38 %) showed 
selective discharge prior to all pre-planned movements 
of the cursor toward one or the other direction (right or 
left in the visual display), irrespective of  whether the limb 
movement involved extension or flexion of the elbow. 

The findings summarized above show that the changes in 
activity observed in central motor  structures during tasks 
that involve visually guided movements may not relate ex- 
clusively to upcoming peripheral motor  events (e.g. mus- 
cle contractions), but instead may reflect higher order 
processing of visuomotor information. The results also 
indicate that the three structures studied (motor  cortex, 
SMA and putamen) participate in parallel to visuomotor 
processing. 

The relations of  the motor  cortex and the SMA to upcom- 
ing motor  events have also been investigated in a study 
by Chen et al. [4 o] with regard to the preparation and 
execution of movements. They found that motor  cortical 
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cell activity is related more to the execution of movement, 
whereas activity in the SMA is related more to the prepa- 
ration of movement. It is remarkable, however, that qual- 
itatively, the two areas are concerned with both aspects 
of  movement, that is preparation and execution. These 
findings, together with those of  Alexander and Crutcher 
[ 1 . . -3" ,  ] suggest that the initiation of movement  is sub- 
served by a distributed system rather than a strictly hier- 
archical one. 

Coding of static force in precision grip 
A StUdy by Wannier et al. [5"] has compared in a rigorous 
and quantitative fashion the relations of single-cell activity 
in the motor and somatosensory cortices to static force 
levels exerted by monkeys in a precision grip. Record- 
ings in the motor cortex confirmed previous results [6]. 
A new finding was that although cells in the somatosen- 
sory cortex were active during the task, they did not seem 
to be concerned with force initiation; they could very well 
be participating in the fine control of  force exerted, how- 
ever. The problem of continuous isometric force con- 
trol is important, as is the role of  feedback. This is the 
first study to provide detailed information about the pos- 
sible cortical mechanisms underlying the control of  force 
through feedback. 

Directional coding 
A number of  studies [7"',8",9"'] have focused on the re- 
lations between single cell and neuronal population ac- 
tivity, and the direction of motor  output (movement  or 
static force). The quantitative studies of  the relations be- 
tween single-cell activity in cortical areas and direction of 
arm movement in space were initiated a decade ago using 
movements in a two-dimensional space [10]. These stud- 
ies were later extended to movements in three-dimen- 
sional space [11,12]. The main finding was that the ac- 
tivity of  single cells in the motor cortex was directionally 
and broadly tuned with respect to the direction of reach- 
ing; cell activity was most intense for reaching in a par- 
ticular direction (the cell's 'preferred direction') and de- 
creased progressively for movements made farther away 
from this direction. In addition, the changes in cell ac- 
tivity were found to relate to the direction and not the 
endpoint of the reaching movement [13]. The preferred 
directions differed for different cells and were distributed 
in the whole directional continuum. The activity of  a num- 
ber of  cells in the motor  cortex was also found to be 
tuned with respect to the direction of the static loads 
[14], whereas other cells showed no tonic activity dur- 
ing load application. It is interesting that the load effect, 
when present, was statistically additive to that of  move- 
ment [14]. 

These data indicate that a given cell participates in the 
generation of movements in various directions. It there- 
fore follows that, conversely, a movement in a particular 
direction will involve the activation of  a whole popula- 

tion of cells. A unique coding scheme of the direction of  
movement by the neuronal ensemble has been proposed 
that considers the motor  cortical command for the direc- 
tion of reaching as an ensemble of vectors [11,15,16], 
each of which represents the contribution of  a direc- 
tionally tuned cell. A particular vector points in the cell's 
preferred direction and has a length proportional to the 
change in cell activity associated with a particular move- 
ment direction. The vector sum of these weighted cell 
vectors (the 'neuronal population vector') then points at 
or near the direction of the movement  [11,15,16]. 

Three papers have extended these observations and 
ideas in several important ways [7o-,8,,9oo]. Caminiti et 
al. [7"]  have investigated the effect of the origin of  the 
movement on the preferred direction of motor  corti- 
cal cells. They trained monkeys to reach to eight targets 
placed at the comers  of three cubes located in different 
areas of  space, such that the centers of  the cubes were 
on a horizontal line in front of the animal. Each cell was 
then studied during each of the 24 (eight movement di- 
rections multiplied by three cubes) movements. It was 
found that the cell's preferred direction tended to shift 
by approximately 10-15" on average, in the horizontal 
plane. Remarkably, there was no systematic shift in the 
sagittal or frontal planes. As this shift in preferred direc- 
tion was similar to the shift in the orientation of the arm 
at the starting position, the results indicate an influence of 
the orientation of the arm on the preferred direction. Is 
such an influence observed for the direction of the pop- 
ulation vector as well? Interestingly, this is not the case. 
The population vector pointed in the appropriate direc- 
tion in all three cubes without being biased in any plane. 
Very similar results have been obtained from recordings 
in the premotor  cortex [8"]. 

In summary, the studies by Caminiti et al. [7o.,8 -] have 
documented an effect of  arm orientation on the cell's 
preferred direction and extended the directional coding 
analysis to the premotor  cortex. This coding has already 
been shown in area 5 of the parietal cortex [14,17], and 
in the cerebellum [18]. 

Kalaska et al. [9"'] have addressed the effect of  static 
loads on the steady.state cell activity of cells in parietal 
area 5. This effect had already been thoroughly investi- 
gated in the motor cortex [14], where it was found that 
a good proportion (66.1%) of cells were sensitive to the 
direction of applied static loads. In contrast, the effect 
was very weak in area 5 [9"] ,  in that both the proportion 
of cells showing the effect (11.1%), and the amplitude of 
modulation of their activity, were appreciably lower than 
those in the motor  cortex. Given that cells in both pari- 
etal area 5 and the motor cortex show directional tuning 
during movements, Kalaska et aL [9"]  have proposed 
that this directional modulation may reflect a kinematic 
(i.e. purely spatial) signal in area 5 and a mixture of  kine- 
matic and dynamic (i.e. torque-related) signals in the mo- 
tor cortex. This is an interesting idea that has a direct 
bearing on the planning and implementation of move- 
ment. 
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Complex visuospatial behavior 
A study by Hocherman and Wise [19 °'] has focused on 
the relations between single-cell activity in the motor cor- 
tex and premotor areas (including the SMA and dorsal 
and ventral premotor cortex) and aspects of memorized 
handpaths on a working surface. In this study, monkeys 
were required to reproduce a trajectory outlined on the 
plane by a series of light emitting diodes, after the diodes 
had been turned off. The trajectories were such that the 
same end position could be reached by a straight-line 
trajectory or by curved trajectories. A rich variety of pat- 
terns of cell activity were found in all areas studied. The 
important finding was that these patterns appeared to re- 
flect various influences, including the selection of a motor 
path from memory. These results add further weight to 
the view that precentral motor fields cooperate in motor 
planning and execution, and that, conversely, these func- 
tions are represented in a distributed fashion across the 
different cortical areas. 

Neural correlates of hand preshaping 
The relation of neuronal activity in parietal area 7 to pre- 
shaping of the hand during a task that involves reaching 
towards and manipulating an object has been addressed 
by Taira et al. [20-] .  The manipulation was controlled by 
using several kinds of manipulanda. The reaching move- 
ment was the same in all cases as the manipulanda were 
always placed in the same position in front of the animal. 
The monkeys had to reach towards the manipulandum 
and then perform a certain operation on it dictated by the 
shape and orientation of the manipulandum itself (e.g. a 
lever to be pulled by the hand, a button to be pushed, a 
switch placed within a groove to be pulled by the thumb 
and index finger, and a freely accessible switch to be 
pulled by all fingers). The major finding was that single 
cells showed preferential activation with certain manip- 
ulanda, although the activity was graded across the dif- 
ferent cases. Moreover, cell activity changed gradually as 
the orientation of the manipulandum, e.g. the lever, was 
changed, dictating a different shaping of the hand and 
forearm for the same basic operation (pulling the lever). 
It is interesting that 69 96 of  the cells related to hand pre- 
shaping in the dark further modulated their activity when 
the manipulandum was visible. This suggests that these 
parietal cells may be concerned with matching movement 
patterns to the characteristics of the objects that are to be 
manipulated. This is the first rigorous study of the neural 
mechanisms underlying visuomotor planning and coor- 
dination in the hand preshaping domain, and one that 
opens an exciting field for future investigations. 

Electrical stimulation and mapping 

Electrical stimulation of the motor cortex leads to mo- 
tor responses in corresponding parts of the body. This 
method has been used to construct somatotopic motor 
maps of the motor cortex, to study their organization and 

dynamic maintenance, and to effect changes in the map 
through repeated stimulation. 

Motor mapping 
A thorough re-evaluation of  the motor representation in 
the motor cortex of the baboon has been performed 
by Waters et  al. [21.]. They constructed a detailed cor- 
tical map by electrical microstimulation. There were two 
major findings: first, that movements are multiply repre- 
sented, confirming recent results from other studies on 
the multiple representation of muscles [22] and joint 
movements [23]; and second, that there are silent zones 
of the motor cortex, that is parts of the cortex from 
which microstimulation does not evoke a response. This 
is a novel finding that raises new questions about the pos- 
sible functions of cells in these zones with respect to in- 
tegrating motor function in the motor cortex. 

Re-organization of the motor map 
Although early studies suggested that motor representa- 
tion in the motor cortex might be flexible and change 
over time [24], it was commonly thought that the connec- 
tion between the motor cortex and target muscles was 
fixed [25]. The concept of a rigid organization of the mo- 
tor system has been at variance with observations on the 
plasticity of cortical representations in the visual [26], so- 
matosensory [27], and olfactory [28] systems, in which 
cortical reorganization has been shown following disrup- 
tion of sensory input during a critical period of develop- 
ment [29], or in the case of the somatosensory system, 
following manipulations in the neonate or adult animal 
[27]. 

Donoghue and Sanes [30,31] had previously demon- 
strated that motor cortical maps could reorganize in neo- 
natal rats following forelimb amputation. In a more re- 
cent series of studies [32.-,33 °°] the authors have exam- 
ined the motor cortical organization in adult rats follow- 
ing forelimb amputation or facial nerve transection. Nor- 
mal adult rats have distinct contiguous areas within the 
motor cortex which, when stimulated, cause movement 
of the contralateral forelimb, vibrissae or eye/eyelid. Stim- 
ulation 2-4 months after forelimb amputation showed 
that the representation of the contmlateml shoulder 
within the forelimb area had increased and that these 
movements were elicited at the same or at a lower thresh- 
old level than in normal animals [32"].  Areas of cortex 
that would have been associated with distal forelimb re- 
sponses in normal animals, yielded vibrissa movement 
in the treated animals. In animals that had had a facial 
nerve transection the normal vibrissal area was replaced 
by eye/eyelid and forelimb response areas. The authors 
studied the rapidity of the reorganization by recording 
the responses immediately before and for 10 h after fa- 
cial nerve transection [33"].  An electrode placed in the 
vibrissal area did not elicit any response when stimulated 
immediately after nerve section. However, within 4 h, and 
in some cases as early as I h after transection, stimula- 
tion in this area produced electromyographic responses 
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in the contralateral forelimb that were similar in magni- 
tude to responses obtained when stimulating in the fore- 
limb area. This response persisted for up to 10 h after 
section. Remapping of the forelimb motor  cortex area 
after transection showed that the boundary had shifted 
I mm into what had previously been identified as a vib- 
rissal area. 

These studies demonstrate that connections between 
motor cortical areas and muscles are not fixed, and that 
the connections are subject to modification not only in 
the developing animal but also in the adult. The rapid- 
ity with which the reorganization occurs is remarkable. 
These studies have changed our concept of  the motor 
system as a rigid anatomic structure into one in which 
various influences can change the functional pathways 
within the structure. It is not yet clear how these changes 
are modulated. 

Dynamic maintenance of the motor map 
It is now clear that new patterns of organization can oc- 
cur in the motor cortex within hours of  a peripheral 
nerve lesion [32"',33"']. Jacobs and Donoghue [34"'] 
proposed that this functional reorganization might be 
caused by a change in the balance between existing in- 
hibitory/excitatory intracortical connections; a prominent 
role of y-aminobutyric acid (GABA), the main inhibitory 
neurotransmitter within the cortex, has been demon- 
strated. The authors microstimulated the motor  cortex 
of adult rats to delineate the areas related to movement 
of the vibrissae and the forelimb. They then microstimu- 
lated in the vibrissal area while iontophoretically releasing 
the GABA antagonist bicuculline in the adjacent forelimb 
area. The electrical stimulation now elicited electromyo- 
graph responses in the forelimb in addition to the vibris- 
sae. The effect was reproducible, was maintained for the 
duration of the infusion, and diminished and then dis- 
appeared following the infusion. The bicuculline did not 
cause a general increase in cortical excitability, as judged 
by microstimulation thresholds, nor  did it spread more 
than 660 p.m from the release site. The hypothesis is that 
there is a system of excitatory intracortical connections 
between motor cortical output neurones. This connec- 
tion is not usually functionally expressed because the in- 
tracortical fibers also stimulate local inhibitory neurones. 
When the local inhibitory neurones are themselves inhib- 
ited by bicuculline, the excitatory connections become 
manifest. These studies show that the motor  map in the 
motor cortex is not the result of  a static permanent con- 
nectivity, but relies for its maintenance on a dynamic in- 
terplay between neurones in the local circuit. Inhibitory 
mechanisms appear to play a major role in this function. 

The functional nature of  the motor  map in the motor  
cortex has also been studied by Nudo et al. [35"]. In 
their study, the motor responses elicited by microstim- 
ulation changed over time, following a 3-4 h period of 
microstimulation in a particular locus. This procedure re- 
sulted in an enlargement of the field from which motor  
responses could be elicited that were similar to those 

evoked by stimulating at the locus. Thus, repeated mi- 
crostimulation results in a change of the boundaries of  
the somatotopic map, supporting the view that the motor  
cortical map is dynamically maintained. 

Concluding remarks 

It is clear from the studies discussed in this review that 
the motor  cortex is quite complex with respect to both 
the functional properties of  its cells and the mechanisms 
by which its motor  map is maintained. It is therefore 
more appropriate, and more useful, to regard this struc- 
ture in the whole behavioral-motor repertoire with the 
intricate plasticity mechanisms that govern its functional 
organization, rather than limit its role as a pure muscle 
controller. Moreover, the complexity of  the motor cortex 
should be regarded within the context of the complexity 
of premotor  and parietal areas. The challenge now is to 
understand visuomotor behavior in an integrated manner 
across the diverse cortical areas involved. 
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