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sensory qualities of the stimulus and not by its behavioral significance. We will present data from
direction-selective cells in awake behaving macaque monkeys demonstrating influences of attention on

the sensory properties of these cells, such as their tuning characteristics and their sensitivity and

selectivity. These attentional effects are well matched to the effects of attention in psychophysieal
studies we conducted on human subjects and the two can be compared to demonstrate the behavioral

significance of the changes in neuronal responses. As one moves up in the processing hierarchy of visual

cortex the attentional influences observed physiologically become stronger and there is an increasing
shift from a sensory representation of the visual environment to a representation that reflects the current

state of behavioral significance of various aspects and elements of the sensory input. These attentional

modu-lations seem to use similar mechanisms (changes of response gain), as the ones employed in

sensory aspects of processing, most likely reflecting a tight link between sensory and attentional

mechanisms. Furthermore, the magnitude of the attentional modulation seems to be determined by the

similarity between the currently attended stimulus features and the features of the stimulus that the cell is

responding to, leading us to propose a ’feature-similarity gain model’ of attention. Although our

investigations have centered on visual motion processing, the effects seem general enough to be

applicable to other visual as well as non-visual domains.

Symposium 8: Primitives for the control of movement in space
Organized by F. Lacquaniti and R. Grasso

Symp 8/1

MODULAR ORGANIZATION OF THE MOTOR SYSTEM: IMPLICATIONS FOR MOTOR
CONTROL AND MOTOR LEARNING
E. Bizzi
Massachusetts Institute of Technology, Department of Brain and Cognitive Sciences, Cambridge, MA
02139, USA

The issue of translating the planning of arm movements into muscle forces is discussed in relation to the

recent discovery of modular structures in the spinal cord. Experiments conducted in decerebrated frogs,
revealed that these structures contain circuitry that, when activated, produce precisely balanced

contractions in groups of muscles. These synergistic contractions generate forces that direct the limb

toward an equilibrium point in space. The force outputs, produced by activating different spinal-cord

structures, sum vectorially. The basic elements with which the vertebrate spinal cord constructs one

complex behavior were identified by means of a computational analysis. This analysis extracted a small

set of muscle synergies from the range of muscle activations generated by cutaneous stimulation of the

frog hindlimb. The flexible combination of these synergies was ableto account for the large number of

different motor patterns produced by different animals.
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Symp 8/2

MOTOR PRIMITIVES FOR HUMAN GAIT
R. Grasso*, M. Zago, and F. Lacquaniti
Human Physiology Section ofthe Scientific Institute Santa Lucia and University ofRome
via ,4rdeatina 306, 00179 Rome, Italy

"Tor Vergata",

It is generally thought that the multi-segment motion of mammal locomotion is controlled by a network
of coupled oscillators (Central Pattern Generators or CPGs) controlling patterns of muscle activity.
Although it is often assumed that CPGs control patterns of muscle activity, an equally plausible
hypothesis holds that they control patterns of limb segment motion instead. According to this view, the
motor primitives for gait movements would as well belong to the domain of body geometry and
kinematics rather than to the domain of muscl activities and synergies. Here, we review recent findings
from our group showing that in response to kinematic referenc signals, the appropriate muscle synergies
are determined in a flexible manner to fit the current mechanical or behavioural constraints. Through a

variety of manipulations of human walking (reversal of the direction of progression, changes in the
postural attitude and in lower limb loading) we show that a particular class of kinematic segmental
patterns (the time course of the segmental elevation angles relative to a gravity-based reference) hold
invariant face of relevant adaptive changes in muscle activities and synergies. Through a tight coupling
of their respective temporal evolution, these basic kinematic patterns are organised into coordinated
multisgmental patterns. The intersegmental coupling accounts for a halving of the degrees of freedom of
the multisegmental chain of the lower limb. Since complete paraplegic patients who were made walk on

the treadmill during partial suspension revealed a reasonably good conservation of both the segmental
kinematics and the intersegmental coupling, we hypothesise that the described laws for gait movements
constitute motor primitives and are embedded into the spinal neural networks. According to the theory
previously proposed for neural CPGs, the spatio-temporal coupling of the basic kinematic patterns may
be subjected to a fine tuning by the supraspinal centres. Because in man the phase-shift between the
elevation angles from adjacent segments is correlated with the net mechanical power output over a gait
cycle, we argue that the control of the kinematic phase can be used by the nervous system for limiting the

overall energy expenditure and for setting the muscle activities and synergies suited to the behavioural

goal. The theory predicts that the sensory information as well as efference copies from motor commands
should be encoded in a gravity-based coordinate system at the spinal level. Recent neurophysiologieal
findings seem indeed to confirm this view.
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Symp 8/3

ARE THERE PRIMITIVES FOR MOTOR REPRESENTATIONS IN THE HUMAN BRAIN?
J. N. Sanes

Scientific Institute S. Lucia, Rome, Italy and Department of Neuroscience, Brown University,
Providence, R102912, USA

A fundamental issue in movement science concerns the nature of neural representations of voluntary and
involuntary movements and whether these representations remain static or exhibit dynamic properties.
Work beginning in the mid 20th century using relatively low intensity electrical stimulation to map output
functions of primary motor cortex (MI) revealed a somatotopically ordered representational map for
movements (or muscles) resembling a distorted cartoon of the body. This map commonly depicted body-
part joints or movements as a continuous representation laid out upon the surface of electrically excitable
MI. The principal organizing feature incorporated a general medial to lateral topography of the leg, arm,
and head and face. However, while data obtained from contemporary methods has upheld the
segregation within MI of functional sub-regions for the leg, arm, and head, newer findings soundly reject
the idea of a precise topography of a movement (or muscle) map upon the MI surface. Instead, the
internal organization of each sub-region is best described as a network having broadly distributed
functions involving large populations of neurons within a sub-region; a type of organization that likely
underlies cerebral cortical contributions to coordination. Similar representation schemes appear to exist

for non-primary motor cortical areas and for sub-cortical regions. These data suggest that if motor

primitives are manifested in brain representations they would be represented across a particular brain
area or in higher order motor variables, such as movement direction or movement distance. Another issue

to consider regarding brain primitives for motor control concerns whether motor representations exhibit

plasticity to mediate the remarkable flexibility in motor behavior exhibited by mammals. Early
investigations hinted that motor cortex could exhibit plasticity. Currently, there exist numerous examples
of motor cortical plasticity following pathology and trauma and related to activities more associated with

everyday experience. Substantial information exists to support an important role for motor cortical areas
in motor learning. Thus, if primitives for motor representations exist, they must be considered within the
context of a distributed and flexible neural organization for motor control.

Symp 8/4

GRASPING STRAWS AND OTHER VIRTUAL OBJECTS
J.F. Soechting*, M. Flanders, and M. Santello
Neuroscience Department, University ofMinnesota, Minneapolis, MN 55455, USA

Ever since the pioneering work of Napier, a variety of taxonomies have been proposed to describe the

shape of the hand in grasping objects. While the various suggestions differ in their details, all make a

basic distinction between "precision" and "power" grips and all propose additional refinements based on
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which fingers contact the object. We have measured hand kinematics while subjects shaped their hand as

if to grasp (and use) a variety of objects. Discriminant analysis showed that subjects did indeed produce
distinct and repeatable hand shapes for different objects. Principal component analysis showed that 2
principal components could account for more than 80% of the variance in the experimental data. There
was no evidence for clustering of postures in principal component space, rather postures were distributed

along a continuum. Furthermore, the higher order principal components, while small, nevertheless did

contribute information about the instructed object. Thus, these results did not provide any evidence for

discrete taxonomies for hand shapes, as suggested by previous investigators. Our results also suggest that

there are a few synergies (about 2) providing for a course coordination of all the joints of the hand.

Superimposed on this course control, is a finer level of control with the potential for an independent
control of the posture of each of the fingers.

Syrup
MODULARITY IN HUMAN MOTOR CONTROL
D. M. Wolpert
Sobell Dept. ofNeurophysiology, Institute ofNeurology, Queen Square, London WC1N 3BG, UK

Humans demonstrate a remarkable ability to generate accurate and appropriate motor behavior under

many different and often uncertain environmental conditions. Such an ability may reply on the principle
of "divide-and-conquer," the decomposition of complex tasks into simpler subtasks each learned by a

separate module. We review the behavioral evidence and benefits of such a modular approach and

propose a new architecture based on multiple pairs of inverse (controller) and forward (predictor)
models. Within each pair, the inverse and forward models are tightly coupled both during their

acquisition, through motor learning, and use, in which the forward models determine the contribution of

each inverse model’s output to the final motor command. This architecture can simultaneously learn the

multiple inverse models necessary for control as well as how to select the inverse models appropriate for

a given environment. Psychophysical evidence for such modular learning will be presented.
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