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Significant advances have been made this past year toward understanding the 

anatomy and physiology of motor cortical regions. New anatomical tracing 

techniques have elucidated intrinsic cortical connections as well as inter-area1 

connectivity. Magnetic stimulation of human cortex has provided new insights 

about the pathways mediating movements in humans. Neural recording 

studies in animals have further explored the behavioral variables that may 

be coded in activity of single units and populations. Recent approaches 
to neural network modeling offer some hope of synthesizing this wealth of 

detail into working simulations of networks that mediate motor behavior. 

Current Opinion in Neurobiology 1993, 3:932-939 

Introduction 

Recent studies of cortical mechanisms controlling limb 
movement tend to reflect one of two contrasting views 
of the functional organization of the motor system. The 
traditional view sees the motor system as a serial hier- 
archy of functionally distinct regions, whereas the alter- 
native view stresses parallel distributed connectionistic 
processing. Indeed, most of the recent studies tend to 
further perpetuate, rather than resolve, this enduring 
dualism. Several reviews have addressed these issues, 
either explicitly or implicitly. A readable survey of the 
evidence that different cortical areas make distinguish- 
able contributions to movement tends to favor the hi- 
erarchical model Ill, i.e. that primary motor cortex is 
specialized for execution, whereas different premotor 
regions are preferentially involved in particular identifi- 
able aspects of motor programming. Similarly, a review 
of cingulate cortical areas argues for further anatomic 
parcellation of motor regions into distinguishable and, 
presumably, functionally separable subsets 121. 

In contrast, the connectionist view has been increas- 
ingly advanced in other reviews as a promising ap- 
proach toward incorporating recent experimental re- 
sults [3’,4”,5*-7’1. A broad-ranging discussion of con- 
troversial issues of motor control WI has produced 
several target articles that have challenged the use- 
fulness of traditional approaches to understanding 
motor mechanisms in terms of functionally distinct 
roles for anatomic sites or single cells. They have 
argued, for example, that “engineering-inspired, se- 
quential/algorithmic models of motor processing” are 
incompatible with neural data [5’1, and that the anal- 
ysis of firing patterns of single neurons is either to- 
tally hopeless 16Y or a dubious exercise in reading 
selected tea leaves 17’1. All three of these intentionally 

provocative critiques have reached the same hopeful 
conclusion, that the inherent impasse of traditional ap- 
proaches could be resolved by connectionist simula- 
tions of neural network operations. 

This review summarizes a selection of recent studies 
relevant to cortical control of limb movement. 

Cortical maps 

Both the hierarchical and connectionist approaches 
must ultimately incorporate the known anatomical con- 
nectivity between cortical regions. The nature of corti- 
cal representation of movements has been perennially 
investigated by mapping the movements evoked by 
electrical stimulation of cortical sites. These studies 
have generated nearly as many motor maps as the 
number of mapping experiments, and recent results 
remain consistent with this rule. Although motor maps 
are usually similar in general location and broad fea- 
tures, their details can differ drastically. One likely 
reason for the diverse motor maps is the consider- 
able variation between subjects, even when identical 
species and techniques are used [8*,9,10*, 111. Mapping 
the output sites for distal forelimb responses in anes- 
thetized owl monkeys, Nudo et al. [8’1 found consid- 
erable differences between cortical maps in different 
animals; furthermore, even within the same individu- 
als, statistical analysis revealed significant differences 
b.etween the forelimb representation in the dominant 
and non-dominant hemispheres. 

The precentral representation of fingers in the macaque 
motor cortex was recently ‘mapped’ with a novel 
technique based on the degree of single unit activity 
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recorded at different sites during relatively selective 
movements of the digits, rather than on the motor re- 
sponses evoked by cortical stimulation 1121. Computer 
analysis of the spatial location of the cells with the 
strongest relation to each digit indicates a large overlap 
of representation of the digits in the precentral gyrus, 
favoring the idea of distributed representation. 

The fact that the movements evoked by cortical stim- 
ulation can be modulated by sensory input has been 
demonstrated (again) in studies showing that the mus- 
cle responses evoked from rat motor cortex depend on 
the position of the limb 1131. The new interpretation of 
this phenomenon attributes the different output effects 
to a “reorganization of the cortical output map” 1131; 
alternatively, one could also imagine that the evoked 
responses could be changed by altered levels of ex- 
citability in the spinal cord, brain stem or other path- 
ways mediating the output from cortical stimulus trains. 
As repetitive stimulation may stir up multiple pathways 
through temporal summation, it seems preferable to 
map output effects with single-pulse stimuli 1141; this 
approach has recently shown the existence of two 
forelimb output sites in the rat motor cortex 1151. 

Several studies have combined electrophysiological 
mapping, using cortical microstimulation, with ana- 
tomical tracing techniques to elucidate the connectiv- 
ity between functionally identified motor cortex sites. 
Using localized injections of horseradish peroxidase 
(HRP) in macaques, Huntley and Jones 191 found pro- 
fuse reciprocal connections between sites for finger, 
wrist and arm movement, but no connections be- 
tween the face and forelimb movement regions. Sirni- 
larly, in the cat, Keller 1161 found intrinsic connections 
between forelimb sites, but negligible connectivity be- 
tween forelimb and hindlimb or face sites. With local- 
ized injections of HRP and fluorescent tracers in pri- 
mary motor cortex (Ml) of owl monkeys, Stepniewska 
et al. 110’1 found that intrinsic connections are strongest 
beween closely related zones; this study also described 
differences in the architecture and connections be- 
tween rostra1 and caudal Ml zones. A comparative 
study of local connectivity in different cortical regions 
found that the pattern and extent of the local spread 
of collateral fibers, as revealed by biocytin, have sim- 
ilar features across different cortical fields and species 
1171. 

In addition to inta-area1 connections, the connectiv- 
ity between cortical fields has been further elucidated 
12,18*,1%221. Several recent studies have distinguished 
the distal and proximal forelimb representations in the 
macaque motor areas with regard to location and 
extrinsic connections m~,23*1. The cortical inputs to 
distal and proximal forelimb sites in motor cortex 
(identified by microstimulation) were mapped with a 
double-labeling technique by Tokuno and Tanji 118’1. 
As illustrated in their summary diagram (Fig. 0, corti- 
cal neurons projecting to distal and proximal forelimb 
sites are largely separate in premotor cortex (PM), in 
primary and secondary somatosensory areas, and area 
5, but are intermingled in supplementary motor area 
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Fig. 1. Summary diagram of cortical areas containing neurons pro- 
jecting to proximal and distal movement sites in the ipsilateral Ml. 
The upper portion shows the medial surface as a mirror image; 
the lower portion is a lateral view. The filled, open and shaded 
areas indicate regions with labeled neurons that project to distal 
or proximal forelimb areas, or both. CMAc and CMAr: caudal and 
rostra1 cingulate motor areas; SI and SII: primary and secondary so- 
matosensory cortex. Courtesy of Tokuno and Tanji j18.1. 

@MA), cingulate motor areas, and adjacent precentral 
cortex. This was suggested to indicate that the latter 
regions may play a greater role in coordinating distal 
and proximal movements. 

The distinction between distal and proximal represen- 
tation was also a theme in anatomical studies of corti- 
cospinal projections. Using double retrograde labeling 
from upper and lower cervical segments, He et al. 123’1 
found that the pyramidal tract cells projecting to upper 
segments (containing primarily motoneurons of proxi- 
mal muscles) tended to be separate from cells project- 
ing to lower segments (with primarily distal motoneu- 
rons). Moreover, two foci of the latter group could be 
distinguished. 

The terminal distributions of corticospinal neurons 
were mapped with anterograde transport of wheat- 
germ agglutinin (WGA)-HKP and compared for two 
New World primates 1241; both the cebus and squirrel 
monkeys had corticospinal terminations in the interme- 
diate zone, but the cebus, which has greater ability to 
fractionate finger movement, had additional terrnina- 
tions among cervical motoneuron pools in the cervical 
and thoracic segments CS-Tl. 

Several new techniques have been developed for in- 
vestigating functional motor pathways beyond the im- 
mediate projection sites labeled by conventional trac- 
ing methods. One technique employs c-fos induction 
as a functional marker for neurons activated by micro- 
stimulation of identified sites 125**1. Microstimulation 
of distal forelimb areas in rat motor cortex produces 
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c-fos expression in many regions; some of these were 
expected to be activated (e.g. cerebellum) and some 
were unexpected (e.g. subthalamus). Simultaneous use 
of anterograde tracers (PHA-L and biocytin) confirmed 
fiber projections to directly connected sites; curiously, 
some of the directly linked sites (e.g. ventrolateral nu- 
cleus of thalamus) did not show c-fos labeling. 

A second method of labeling neurons in extended 
functional pathways utilizes transneuronal transport of 
markers. Alpha herpesviruses pass across synapses and 
replicate in synaptically linked populations of neurons, 
progressively increasing the signal with time 1261; this 
enhancement is an advantage over other transneuronal 
markers, such as WGA-HKP and tetanus toxin, which 
cross synapses in limited amounts. A recent description 
of the herpesviruses techniques summarizes the proce- 
dures and preliminary results of this approach 1261. 

Cortical stimulation in humans 

Whereas much has been learned from animal exper- 
iments, the functional organization of corticospinal 
pathways has also been relentlessly probed in humans 
by transcranial magnetic stimulation of cortex. These 
studies have provided new insights into conduction 
times of corticospinal pathways 127-301, interactions of 
cortically evoked responses with voluntary movements 
[31,32*,33,341 and with peripherally evoked responses 
135-381, as well as the development of the corticomo- 
toneuronal (CM) projections in infant macaques 1391. 

Despite the large and uncertain extent of cortical ex- 
citation, magnetic stimulation has been used to dis- 
tinguish differences in output sites in human cortex. 
Consistent with previous work, distal arm muscles had 
lower thresholds than proximal muscles for transcra- 
nially evoked electromyograph (EMG) responses, and 
could be activated from a larger and more laterally lo 
cated cortical region 140,411. Using the post-stimulus 
histograms of active single motor units to assess the 
nature of the cortically evoked postsynaptic potentials, 
Palmer and Ashby 1421 showed that distal motoneurons 
receive excitatory inputs larger than biceps or triceps 
motoneurons; many of the latter are unaffected or are 
inhibited from cortex. 

Magnetic stimulation has also been used to probe the 
changes in the excitability of corticospinal neurons 
131,32*,35, 431. Muscle stretch produces increases in 
cortical excitability, as revealed by increased reponses 
of single motor units to appropriately timed magnetic 
stimulation 1351. Increases in cortical excitability pre- 
ceding an active joint movement have been demon- 
strated by examining the enhanced effect on the H-re- 
flex of weak magnetic stimuli that were subthreshold 
at rest 132’1. The output effects prior to movement can 
be attributed to increased excitability of corticospinal 
neurons. This technique revealed pre-movement in- 
creases in the facilitation of the H-reflex of agonist 
muscles as well as decreases in the H-reflex of antag- 

onist muscles. The time course of this premovement 
excitability increase and its effect on different muscles 
agree well with the response patterns and connectivity 
of CM cells in monkeys 1141. 

Neural coding 

In addition to incorporating anatomical connectivity, 
theories of motor system organization must also ex- 
plain observations of neuronal activity. The behavioral 
variables potentially coded in the activity of cortical 
units have been further explored, for both primary 
and associational motor areas. The most direct coding 
of muscle force would be expected from the primary 
motor cortex cells that affect muscles, as confirmed by 
post-spike facilitation of muscle activity in spike-trig- 
gered averages 114,441. The contribution of these so- 
called CM cells to active force has been confirmed for 
the precision grip 1441; the activity of most CM cells ex- 
hibited the expected positive co-variation with active 
force, although a few showed an unexpected negative 
correlation with force, and with their target muscle ac- 
tivity. Most of these were ‘ramp’ CM cells whose activity 
increased during the static hold period, when activity 
of many motor units was decrementing. 

In cats, many motor cortex cells were found to mod- 
ulate their activity with muscles during treadmill walk- 
ing, and to show appropriately modified activity when 
the voluntary gait was altered during stepping over ob- 
stacles 1451. Most of these cells had definable recep- 
tive fields, which, interestingly, did not explain their 
responses during active movement, suggesting that 
central drive dominated over peripheral input during 
active walking. 

In the primate many Ml neurons exhibit responses to 
peripheral stimulation. In a reaction-time task cued by 
ipsilateral cutaneous stimulation, many motor cortex 
neurons exhibit unexpected short-latency responses 
to the ipsilateral vibratory cues 1461, confirming the di- 
versity of cell types in motor cortex, extending from 
sensory- to movement-related neurons. To determine 
whether the responses of motor cortex cells to torque 
pulse perturbation of ongoing movement are influ- 
enced by input from the SMA, Schmidt et al. 1471 cooled 
the SMA, but found relatively little effect on the evoked 
response of Ml neurons. 

The role of PM cells in coding aspects of delayed 
responses has been further explored in several stud- 
ies, with a particular effort toward distinguishing the 
functions of the dorsal and ventral components of this 
region (PMd and PMv, respectively). In a delayed re- 
sponse task in which instructions for the direction and 
amplitude of a subsequent movement were given sep- 
arately by sequential cues, Kurata 1481 found that all 
set-related PM neurons showed modulated activity af- 
ter both instructional cues had been presented, but 
only a third responded differentially after the first in- 
structional stimulus. Cells with set-related activity were 
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found predominantly in PMd, whereas movement-re- 
lated cells were seen in both PMd and PMv. This 
suggests that PMd is related to motor preparation “by 
supporting neural programs necessary for an intended 
action, whereas PMv may be more specialized for ex- 
ecution of a visually guided movement” 1481. 

Other studies used clever behavioral paradigms to re- 
solve the representation of sensory versus visuomotor 
signals in PM neurons 149-521. Experiments designed 
to dissociate ‘attentional’ versus ‘instructional’ cues in 
three cortical areas (PMd, PMv and prefrontal cortex) 
used identical stimulus configurations for each type of 
cue 151,521. The monkey fixated on a central stimulus 
while two visual cues were presented sequentially: a 
spatial-attentional mnemonic cue indicated where a 
subsequent motor-instructional/conditional cue would 
appear after a delay. This design allowed comparison 
of neural responses when identical stimuli, at the same 
retinocentric, craniocentric and allocentric spatial loca- 
tion, had different meanings. The experiment revealed 
that PM cells are more likely to code the motor sig- 
nificance of a stimulus than are prefrontal neurons 
1511. Separate analysis of signal-, set- and movement- 
related activity revealed that a larger proportion of 
PMd neurons showed activity dependent on the ac- 
tion instructed by the stimulus, rather than the stimulus 
features per se 1521. 

Unit recordings in the medial hemisphere have re- 
vealed properties of SMA neurons 1531, as well as 
cells rostra1 to SMA 1541. SMA neurons were found to 
be involved in early stages of externally cued reaching 
movements, and other cells fired only during self-gen- 
erated movements 1541. 

Population coding 

Studies of the coding of limb movements in popula- 
tions of cortical neurons were recently reviewed 13’,551, 
and the methods extrapolated to analysis of cognitive 
processes underlying motor activity 1551. The latter 
paper presented evidence that cortical neurons with 
similar directional preference had excitatory synaptic 
connections, whereas those with opposite preferences 
had inhibitory connections. However, the unconven- 
tional technique used to estimate the synaptic ‘interac- 
tions’ was strongly affected by response similarity, as 
demonstrated by simulations 1561. 

Several recent papers have provided further informa- 
tion about population coding. Fortier et al. 1571 com- 
pared the properties of cells in motor cortex and cere- 
bellum to whole-arm reaching movements in eight 
planar directions. Compared with cerebellar neurons, 
the motor cortex cells were more strongly related to 
maintenance of different arm postures; i.e. they more 
often showed different sustained discharge rates, and 
a greater proportion showed reciprocal changes rela- 
tive to opposite movement directions from the center 
hold; moreover, the motor cortex neurons exhibited 

less trial-to-trial variation in firing rates than cerebel- 
lar neurons. A similar contrast was found for thalamic 
cells receiving cerebellar input, which fired phasically 
and bidirectionally more often than motor cortex neu- 
rons 1581. 
Schwartz 1591 showed that the directional properties of 
a population of selected motor cortex neurons (respon- 
sive to passive shoulder and/or elbow movements and 
whose activity varied as a cosine function of direction) 
could be used to predict responses in a movement 
different from the center-out trajectories used to de- 
termine their spatial tuning. These cells generated a 
population vector that matched the tracing of sinu- 
soidal trajectories with the finger, and the increments 
in the traced trajectory were predicted by a population 
vector that preceded the trajectory increments by about 
120 ms. 
The relationship of motor cortex neurons to changes 
in force was re-examined in a task requiring ballis- 
tic movements in different directions WI. These be- 
havioral conditions favor the finding of relations to 
changes in force, which were duly emphasized in 
the paper. A newcomer to the field could well be 
baffled by seemingly contradictory claims that motor 
cortex neurons code direction of movement [55,57,591, 
active force 114,441, and now, changes in force 1601; the 
apparent discrepancies can be resolved by recogniz- 
ing the differences in experimental conditions of each 
study, as well as the interpretative emphasis of the ex- 
perimenters. 

Cortical oscillations 

In addition to the modulated firing rates of cortical neu- 
rons during movement, there appears to be another, 
orthogonal, mode of neural activity in sensorimotor 
cortex. As found in visual areas 1611, local field po- 
tentials (LPPs), as well as many neurons in motor and 
somatosensory cortex of awake monkeys, show inter- 
mittent episodes of oscillatory activity 162441. These 
oscillations occur in phase over remarkably large re- 
gions, indicating that the activity of widespread pop- 
ulations of neurons becomes transiently synchronized. 
Coherent oscillations have been documented between 
pre- and post-central cortex [621, Ml and PM 1631, 
and bilaterally, between hemispheres 1641. Although 
synchronous oscillatory activity can be robust and 
widespread, its functions, if any, remain to be proven. 
During free limb movements, the oscillations increase 
during tasks that require attention to fine sensorimotor 
control, such as retrieving raisins from unseen loca- 
tions 162,641. In human subjects the epicortical elec- 
trocorticogram can show high frequency 40Hz oscil- 
lations at specific sites during a two-dimensional video 
tracking task 1641. In a conditioned delay task, LPP os- 
cillations also regularly precede movement, becoming 
desynchronized with movement onset 1631. These ob- 
servations are consistent with a role of sensorimotor 
cortex oscillations in facilitating associations between 
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large populations of cells, analogous to the binding 
function proposed for visual cortex neurons 1611. The 
occurrence of oscillatory episodes and the strength of 
the correlations between LFPs at different sites do not 
appear, however, to be closely linked to behaviors that 
involve neurons at the two sites 1641. Cortical oscilla- 
tions may also be concomitant with increased attention 
or arousal, and may either be an epiphenomenon of in- 
creased excitability or used to recruit larger groups of 
neurons into associated activity. 

Neural modeling 

The expanding wealth of experimental detail about 
anatomical connections and neural activity during 
movement must ultimately be synthesized into plau- 
sible models of motor system function that consist 
of more than descriptive conceptual schemes. The 
proof that a particular model actually works is pro- 
vided by the demonstration of its efficacy through 
simulation. Simulations with dynamic neural networks 
can provide important insights into computation in dis- 
tributed populations of interconnected neural elements 
[65,66’,67,68’1. 

Several papers have modelled the processes underly- 
ing transformation of vector representations from vi- 
sual to motor coordinates. A relatively abstract model 
described circuitry that could combine visual vectors 
indicating target location with proprioceptive vectors 
representing limb position to calculate movement vec- 
tors indicating direction to move 1691. The mediating 
‘units’ represented cortical modules with sophisticated 
computational capacities. How the neurons compris- 
ing the column modules performed their intrinsic op- 
erations remains largely unanswered. A more explicit 
neural network model was explored by Kettner et al. 
1701 who simulated the transform of sensory to motor 
vectors with a feedforward network of sigmoidal units, 
using backpropagation to derive the connections. The 
hidden units had spatial tuning functions resembling 
those encountered in cortical neurons, and the num- 
ber of cells in the intermediate layers clearly affected 
the variety of representations. The steady-state activity 
in directionally tuned cells can be sustained with con- 
nections between units that are directly proportional to 
the similarity in their directional preference 1551. 

Perhaps one of the most exciting demonstrations of 
how dynamic recurrent networks can elucidate neural 
mechanisms involves simulations of short-term mem- 
ory 168’1. Networks can be trained, purely on the basis 
of examples, to retain arbitrary analog input values 
that occur at the times of intermittent gating pulses. 
The mediating units have distinctive discharge patterns 
during the input and the delay period that resemble 
the patterns of cortical neurons recorded in monkeys 
performing analogous short-term memory tasks. Dis- 
tinct corresponding classes of cortical cells and hid- 
den units can be identified [68*1. The function of the 

cells in mediating input and the retention phase of the 
sample-and-hold operation can be clarified by reduc- 
ing the networks to their minimal configuration [661. 
Unlike the situation in monkeys, in which the func- 
tion of cortical cells remains a matter of speculation 
in the absence of information about their connectiv- 
ity, the function of the network units can be explicitly 
analyzed, as their contribution to the network opera- 
tions is clear from their connections and activity. 

Besides providing complete network solutions simulat- 
ing normal behavior, neural network models can also 
be readily manipulated; for example, investigators can 
create lesions to determine whether the absence of cer- 
tain units leads to a functional deficit [6&l. Such lesions 
can even be used to mimic certain clinical situations 
1711. 

Concluding comments 

These recent studies of the connectivity and activity of 
motor cortex neurons provide further support for both 
hierarchical and connectionist views of the organiza- 
tion of motor systems. The separate output areas iden- 
tified by microstimulation are heavily interconnected, 
yet with some functionally significant restrictions. The 
activity of cortical cells has been shown to correlate 
with particular response features; yet neurons with 
similar properties are widely distributed. Our best hope 
of synthesizing the inherently selective anatomical and 
physiological data about portions of the nervous sys- 
tem may come from neural network modeling. By in- 
corporating known connections and activation patterns 
into simulations of behavioral performance, neural net- 
works can provide a valuable bridge between cellular 
and systems levels, and significantly elucidate the neu- 
ral mechanisms of behavior. 
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