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Behavioral neurophysiology of the motor cortex
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The study of the motor cortex in behaving monkeys during the past 20 years has pro-
vided important information on the brain mechanisms underlying motor control. With
respect to reaching mevements in spoce, several aspects of mefor corical function
concerning the specification of the direction of movement have now been eluci-
dated and are reviewed in this article. The activity of single cells In the motor cortex is
broadly funed with respect to the direction of reaching, so that the discharge rate is
highest with movements in a preferred direction and decreases prograssively with
movements made In directions more and more away from the preferred one, Thus the
neural command for the direction of reaching can be regarded as an ensemble of
cell vectors, with each vector pointing In the cell's preferred direction and having a
length proportional fo the chonge in cell activity. The outcome of this population
code can be visualized as a vector that points in the direction of the upcoming
movement during the reaction fime, during an Instructed delay peried, and during a
memorized delay period. Moreover, when a mental fransfarmation is required for the
generation of a reaching movement in a different direction from a reference direc-
tion, the population vector provides a direct insight into the nature of the cognitive

process by which the
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ost of the brain deals with motor function.
A number of areas of the cerebral cortex
and a number of subcortical structures, in-
cluding the cerebellum and large portions of the basal
ganglia, brainstem, and spinal cord, are concerned
with the specification, control, and ongoing modifica-
tion of self-initated or stimulus-elicited movements.
The variety and complexity of the structures involved
and the intricacy of the aspects of motor function con-
trolled can be appreciated by considering the large va-
ricty of motor syndromes produced by disease pro-
cesses affecting motor struclures. The cardinal signs
of these defects are well known even o the general
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physician, For example, cerebellar lesions result in
dysmetria in reaching, usually overshooting the target;
basal ganglia lesions manifest in very slow move-
ments {45 10 Parkinson's disease) or in violent throw-
ing movements (as in hemiballismus); and  cortical
damage can bring out a variety of signs, ranging from
weakness and paralysis o oplic ataxia; 4 [ascinating
disorder of visually guided reaching. Practically all of
these arcas cooperate to produce smooth, graceful,
and apparently effortless movements such as reaching
to objects of interest, drawing, and handwriting. This
review deals with the workings of a particular brain
ared, namely the motor cortex,

O the lateral surface of the cerebral hemisphere,
the motor cortex lics anterior 1o the central sulcus and
comprises the precentral pyvrus. The effects of lesions
of the motor cortex can vary in severity, depending on
the extent of the lesion. Total disconnection of the
metor cortex from subcortical structures, as seen in a
stroke at the level of the internal capsule, leads o a
devastating hemiplegia, but localized destruction of
the motor cortex usually leads to weakness or paresis
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of & specific body part, depending on the location of
the lesion within the motor cortex. The production of
movements by electrical stimulation of the surface of
the motar cortex of dogs' and monkeys® established
the motor function of the precentral gyrus and led to a
series of detailed experiments by which the somato
lopic organization of the motor cortex was revealed,
These reached their height at the neurosurgical table at
which the effects of electrical stimulation of the motor
cortex of awake human subjects were observed during
aperations for the purpose of removing an epileptic fo-
cus.™ These studies confirmed for human subjects
what was known for animals, namely (1) that electri-
cal stimulation of the motor cortex elicits movements
af contralateral body parts and (2) that movements of
different body parts are represented in an orderly, so-
matetopic fashion in the motor cortex.

The motor function of the precentral gyrus and an
initial suggestion for a topographic organization were
postulated by Hughlings Jackson in the nineteenth
century on the basis of obscrvations of the spread of
grand mal or Jacksomian seizures.” Jackson specu-
lated about the functional organization of the motar
cortex (the “middle motor centre”), a subject still un
resolved to a good extent. He postulated three levels
of “motor centres™;

(1} The anterior spinal horns and their homologues higher
up (nuelel of motor crantal perves) are the lowest motor cen-
tres (both of the cerebral and cerebellar systems). These
lowest motor cenires, with the comesponding scnsory cen-
tres, make up the lowest level of evolution of the central
nervous sysiem. (2) The convolutions of the Rolandic region
are the middle motor centres, With the corresponding sen-
sory centres. they make up the second or middle level of the
central nervous system. (31 The prae-frontal lobes are the
highest motor centres of the cerchral system With the corre-
sponding sensory centres, they make up the thind or highest
level of the central nervous system, that is, the ‘organ of
mind' W7

He based the distinction among these levels on the
degree of combinatarial representation of muscles to
form complicated motor acts, He stated that

To speak figuratively, the central nervous svstem knows
nothing of muscles, it only knows movements. . . - There
are, we shall say, thirty muscles of the hand; these are rep-
resented in the nervous centres in thowsands of different
cambinafions— that is, a5 very many movements; it is just
as many chords, musicel expressions and tunes can be made
out of a few notes. | now speak of the representation of the
muscles of the hand in the three orders of motor centres just
spoken of. (1) In some lowest motor centres |, . these
muscles are represented in numerous different combinations,
a5 simple and very gencral movements, (2) In the middie
motor centres . . . the same muscles sre represented (re-
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represented) in sl more numerous different combinations,
as complex and special movements. (3 In the highest motor
centres - the same muscles are represenied (re-re-repre-
sented ) in innamerable different combinations, as most com-
plex and most special movements.”

Therefore, for Jackson “higher” meant # lareer
number of degrees of freedom in combinations and re-
combinations of motor elements. This idea 13 sull be-
ing actively investigated,

The findings summarized above from lesion and
electrical stimulation sudies, as well s from observa-
tons of motor seizares, provided o wealth of informa-
ton but fell short of addressing the question of func-
tion of the motor cortex at the cellular level, For that
purpose a new technique was needed. namely the pos-
sibility to record the activity of single cells during he-
havior, Indeed, this technique was developed in 1957
by Ricei et al.” and was perfected and applicd later to
mator cortex by Evarts,” In this combined behavioral-
neurophysiologic experiment, ammals; usually men-
keys, are trained to sit on a primate chair and perform
various tasks.” During electrophysiologic recording
sessions, microelectrodes are inserted into the brain
area ol nterest through the dura and the activity ol
single cells is recorded while the animal performs the
task, This setup provides a direct tool, one with fine
grain by which the brain mechanisms underlying per-
formance can be studied, Most of the results discussed
biere come from expeniments that investigated the ac-
tivity of single motor cortical cells and cell popula-
Liens during the generation of reaching movements.

REACHING MOVEMENTS

Reaching out towand objects of interest 15 very com-
mon in the behavioral repertoire of primates. Reach-
ng serves o position the hand at desired points in im-
mediate extrapersonal space, literally “within reach.”
It is accomplished by well-coordinated and tightly
coupled motions at the shoulder and clbow joints” and
15 usually directed 1o visual targets. Dunng reaching,
the hand is preshaped according to the characteristics
of the object that will be manipulated.'” Thus, behav-
iorally, reaching is a complex act that involves sen-
sory-motor integration and the concurrent preparation
for handling the object of mterest

The spatia] parameters of a reaching movement are
its direction and amplitude. The results of several
studies support the view that these two parameters re-
flect separate processing constramts. First, accuracy ol
poimting is much better for direction than for ampli-
tude.'" Second, when subjects are forced 1o make a
moter response before completion of the reaction
tirne, the direction and amplitude of the motor trajec-
tory are affected differently.’” And third, peripheral
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sensory neuropathy affeets differentially the direction
and amplitude of the movement,"” An important role
of propricceptive information in the specification of
the motor command for the movement vector is also
suggested by the finding that the pattern of electro-
myagraphic activity that initiates 2 movement reflects
bath the posture of the arm and the direction of move-
ment in space,'*

Finally, it should *hr: noted that the generation of
arm movements 15 nol 4 stereotvpic process but seems
instead to involve processing that s subject Lo interler-
ence by distracting sensory and cognitive loads'; this
15 1n contrast 1o visually evoked saccades that are un-
affected under such conditions. This susceptibility of
the arm movement-generating process to distracting
tor competing) processes underscores the complexity
of the central nervous processes involved in this fune-
ton. We now examine some of the neurophysiologic
aspects of the movement-generating processes.

DIRECTIOMAL TUNING OF SINGLE MOTOR CORTICAL
CELLS

The directional selectivity of metor cortical cells
was studied by traiming rhesus monkeys to point to vi-
sual targets in two-dimensional or three-dimensional
space. In the two-dimensional experiments, monkevs
moved an artieulated manipulandum toward visual tar-
gets on a planar working surface’®; in the three-di-
mensional studies, monkeys reached freely to target
buttons,'” The electrical activity (action potentials,
neural impulses) of single cells in the forelimb area of
the contralateral motor cortex were recorded extracel-
lularly: while the monkeys performed the task. The
main tinding from these studies was that the activiry
of single motor cortical cells 14 broadly tuned around a
“preferred direction™: cell discharge is highest with
movermnents in that direction and decreases gradually
with movements made in directions {farther and farther
away [rom the preferred one. This is illustrated
Figs. 1 and 2 for the two-dimensional and three-di-
mensional case, respectively. The directivmal tuning
can be described as a linear function of the cosine of
the angle formed between the direction of the move-
ment M and the cell’s preferred direction € (Fig. 2,
£y, The preferred directions of individual cells differ
among cells and range throughout the directional con-
tinuum'’ (Fig, 3).

CODING OF THE DIRECTION OF REACHING
BY THE NEUROMNAL POPULATION

The results summartacd above indicate that single
maotor cortical cells are engaged with reaching in dif
lerent directions throughout two-dimensional or three-
dimensional space. From this it follows that for a
mavement in a particufar direction. a population of
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cells with various preferred directions will be active.
How could such a newromal population  encode
uniquely a particular direction of reaching? We pro-
posed a code for that problem, first for two-dimen-
sional reaching'® and then for three-dimensional
reaching.'**" In brief, the motor corical command
for movement direction can be regarded as the
weighted sum of vectorial contributions of individual
cells: each eell “votes™ in the direction of 11s preferred
direction, and the vote is weighted, for a particular di-
rection or reaching, by the change in cell activity dur-
mg that movement. The vector sum of these contribu.
tions (the “population vector”) points in or near the
direction of reaching. Fig. 4 illustrates the results ob-
tained for three-dimensional reaching,

The vectorial representation of directional informa-
tion at the motor cortical level 15 a distributed code in
the sense thal each element (ie., a neuron) carrigs
only part of the information, wheress the neuronal
population delermines uniguely the direction of reach
ing, It s interesting that a population size of about
150 to 200 cells can provide a good estimate of the
direction of the population veetor, within 10 10 15 de-
grees.” With respeet to cortical location. it is note-
worthy that neuronal populations in different cortical
layers can provide adequate coding for movement di-
rectien: for example, the populition vectors caleulated
from cells located in layers 11 and I or in layers ¥
and Y1 of the motor cortex both predict well the diree-
tion of reaching.”" Given that cells in different lavers
project to different brain regions.™ this finding sug-
gests that the same directional information may be dis-
tributed to various brain areas.

MNEURAL EVENTS SIGNALING PREPARATION
FOR MOVEMENT

A common case of preparing to move is when a
movement s produced in response to a visual stimu-
tus: then some time intervenes between the occurrence
of the stimulus und the beginning of the movement,
which is the traditional reaction time. In other cases a
delay can be imposed so that the movement will be
initiated after a period of waiting, while the stimulus
is stiil present. These instricted delay paradigms
probe o step further the representatiopn of planned
movemaents, in the sense thal there is not an immedi-
ate motor output while the representation 15 bemng kept
active. Finally, a specific case of delayed tasks in-
volves movements that have to be produced on the ba-
sis of information kept in memoryv. The difference
[rom the instructed delay sk is that now the stimulus
definimg the divection of the movement s turned
off after a short period ot presentation and the move-
ment is triggered after a delay by o separate “oo™ sig-
il Thus information concerning the intended move-
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Fig. 1. Directional tuning in two-dimensiongl space. A, lmpulse activity during five trials in which diyual an-
plituds mavements were made in eight dircetions (rom the center of the waorking surface toward penpheral
bargets, as indicated by the dipram in the conter. The rsters wre aligned to the onser of movement (M),
Longer vertical bars preceding moverment onset denute the time of stimulus onsel (sarget) onset (T), B, The
average frequency of discharge during the time interval fron) the onset of the farget B the end of the move-
rent s plotted against the direction of the muevement. Points e mieans of five irials + SEM; the curve is a
fitted sinusoidal function. | From Gevrgopoulos et al, ] Neurosci |952:2:1527.17 By permission, )
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Fig. 2. Direcuonal wning in three-dimensional space; All duta are for oné motor corical cell, A Imipukse
activity (short bees) during movements in different directions feurriws). Rasters of five repeated trials for eviry
mavement direction are aligned with the onset of movement (M. Longer bars preceding and Tollowing the
mavernent anset indicate the onset of the target und the end of e movement, respectively. B, Mean dischirge
rate (= 513} from onser of targes tooend of movement is plotted sgainst the cosine of e amgle B formed
berween the direction of the muvement and the cell's prefecred direetion, €, Predicted tuning volume basedon
cosine uning function, P, Prefermed direction. (From Schwartz e al, J Newrosc: 1988-2:7913.37, By permis-
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ment has to be retained during the memorized delay.

In all three cases above the representation of infor-
malion ahout the intended movement can be studied
under different conditions that impose different con-
straints on the system. It would be interesting to know
whether this representation could be identified and vi-
sualized during the reaction time, the instructed delay
and the memorized delay periods, Because the infor-
mation assumed to be represented is about direction,
the neuronal population vector could be a useful tool
by which to identify this representation. For that pur-
pose the population vector was computed every 10 or
20 msee (1) during the reaction time,”™** (2) during
an instructed delay period,”™ and (3) during & memo-

rized delay period.™ The results were clear: in all
these cases the population vector pointed in the diree-
tion of the planned movement during the above time
periods, These findings underscore the wsefulness
ol the population vector analvsis as & 1wol lor visual-
izing representations of the planned movement and
show that in the presence or absence of an immediate
metor ourput, as well as when the directional informa-
tion has to be kept in memary, the direction of the
intended movement is represented in a dynamic Tform at
the ensemble level. These results also document the in-
volvement of the motor cortex in the representation
ol intended  movements under various  behavioral
conditions,
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Fig, 3. Preferred directions (unit vectors) of 475 motor cortical Celfs in three-diftlensions) spawce, {From

Schwarte ot al. J Neurosel (9585 91327 By pennission, )

Fig. 4. Population viding of movement directon. The e les fepresent the vectonal cometbutens of indi

vidwal cells m the population (0 = 4755 The movement direction (s i velfen i ol the popu-

latiom vector in ved. (From Schwarts et al ] Newroscr |958:8:39] 1.37 By permission, )
THE PROBLEM OF COGNITION: NEURAL OPERATIONS that its dircction was determined by the location of a
SUBSERVING MOTOR COGMITIVE TRAMSFORMATIONS

In the delayed tasks deseribed above the movement
to be made was unequivocally defined in the sense

generate the appropnate motor command o imple

stimulus relative to the starting point, In that situation
the visual information concerning direction is used to
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ment o movement in that direction; truly, this move-
ment direction has to be generated and kept available
during the delay period but it is defined from the he-
ginning, therelone, the direction of the movement is
the same throughout the various times considered
above. A very different situation was created in an ex-
periment™ in which the direction of the movement to
be made had to be determined freshly at every trial ac-
cording to a certain rule, namelv that the movement
direction be at an angle (counterclockwise or clock-
wise) from the stimulus direction, This experiment
takes us away rom the case of a fived motar intention;
wnstead, this intention has now to be derived as the so-
lution to the problem, In fact, there are many ways by
which this problem can be solved. For example, an
obvious way would be to form a look-up table that
contains the movement directions that correspond 1o
the stimulus directions. Using this strategy, one would
simply memaorize the corresponding directions in the
tuble and, given a stimulus direction, one would
search the ble to select the movement direction cor-
responding to the particular stimulus direction. OF
course, one would not have to use numbers, simply
imagined directed radii in a unit circle.

A different strategy would be to mentally rotate the
stimulus direction in the instructed departure {counter-
clockwise or clockwise) by an amount equal 1o the re-
guired angular shift. The look-up table and mental ro-
tation hypotheses  lead to  different  predictions
concerning how the reaction time would change, and
on this basis they can be distinguished. If the look-up
table strategy 15 followed, the reaction time would in-
crease becauwse of the time taken for the search, but
this increase should not be greater for larger ungles
because there is no reason o suppose that searching
the table in the case of u Jarge angle should take more
time than when searching the table in the case of a
small angle. In contrast, the mental rotation hypoth-
esis predicts an increase of the reaction time with the
angle because the time to be taken to rotate a radius
through an angle should be proportional to the angle
wsell. Indeed, the results of the experiments in human
subjects™ showed an increase of the reaction time
with the angle and therefore supported the mental ro-
tation hypothesis. The average rate of the hypoth-
esized rotation was approximately 400 degrees per
second. Remarkably, this is very cluse to the value
obtaied in experiments on mental rofation of visual
images.”" Another similarity between the motor rota-
ton™® and visual rotation®” studics is that there is ap-
preciable diversity in the rottion rates obtained
among different subjects, In fact, we used this feature
o test the idea that motor and visual menta) rotation
processes may be associated: indeed, a significant cor-
relation was found between the two rotation rates i a
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group of subjects who performed both tasks.** This
siggests that the two processes might share a common
processing stage, or that both processes mvolve con-
straints that result in the relation obtained.

The neural mechanisms underlying the process of
mental rotation in the movement domain were investi-
gated by training monkeys to perform 4 task in which
they made a movement in & direction 90 degrees coun-
terclockwise from a stimulus direction. We supposcd
that if & mental rotation of an imagined veclor was
taking place, it could be revealed by using the popula-
tion vector analysis, Indeed, the population vector -
tated during the reaction time from the stimulus to the
movement direction through the 90-degree counter-
clockwise angle (Fig. 5).7"7 It is interesting that the
rotation rates (direction of population vector versus
time) observed™ were very similar to the rates (in-
crease in reaction time versus angle) observed in the
human studies. ™ Thus the dynamic processing of a di-
rectional transformation was successfully visualized
by using the neuronal population vector analysis,

CONCLUDING REMARKS

The results of the experiments discussed above raise
several points concerning the representation of move-
menl i the motor cortex: The first point s that this
representation 15 not obligatorily connected with the
production of movement; that is. its presence does not
necessarily lead 10 motor cutput. This is i accond
with findings of psychophysical studies thist movement
planning and movement triggering are different pro-
cesses.”’ It is interesting that when a delay is intro-
duced, there seem to be at least two different subsets
of cells: one that is active during the delay and he-
comes further active after the movement trigeering
signal, and another that is not active during the delay
but becomes engaged after the “go™ signal.™ There-
tare, it seems that both the planning and the tniggering
processes involve the motor corex. It s possible that
moter cortical activity could be gated at segmental and
propriospinal ™" levels in the spinal cord, given the
extensive convergence of several supraspinal inputs on
these interneuronal systems. Therefore, engagement
af the motor cortex is not o sufficient condition for
triggering the movement. On the other hand. motor

ate planning of the movement. as suggested by the
disturbed reaching movements produced by reversible
inactivation of the motor cortex.™ The second point
concerns the nature of information that 1s represented.
It may not be appropriate to assign all of this informa-
tion to the upcoming movement, for it may very well
reflect processes subserving the translation of visual or
memorized imformation to motor output. The com-
plexity of potential explanatory factors [or motor cor-
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tical activity in behavioral tasks is suggested by the
results of studies where such factors were dissoci-
ated™ ™ and also by the results of the directional
trapsformation study™ ™ discussed ubove that showed
that motor cortical activity does reflect a process in-
volved 1n mental rotation. The third point concemns
the place of motor cortex among other motor struc-
tures. In this context, it is important to realize that un-
like primary sensory corlexes, motor cortex is the site
ol convergence from a large number of other areas,
both cortical and subcortical. For example, the large
extent of the convergence on the motor cortex, in con-
trast to that on the somatosensory cortex, can be ap-
preciated from the results of recent studies of the
thalamocortical projections 1o small motor cortical ar-
eas.”™ Therefore, the discharge patterns of motor cor-
tical cells are generated through this CONVETZENCE
rather than being the outcome of a faithful transmis-
ston through sensory lines, On the other hand. the mo-
tar corex is not the “final” motor path from the cere-
bral cortex. It has now been shown conciusively that
several premotor arcas possess direct and dense frro-
jections to the spinal cord.™ Tt seems that the motor
cortex and premotor areas might be concerned with
different but overlapping aspects of mator con-
trol ™ in that a padticular movement might he
the result of this parallel processing. These findings
have an important implication, among others, and that
is that the spinal motor mechanisms involved in the
production of voluntary movement can be properly
understood only if one takes into account (1) the con-
vergent patiern of influences from the motor and pre-
motor cortical areas. (2) influences from subcortical
structures such as the red nucleus and the reticular for-
mation: and (3) the organization and dynamic inter-
play of spinal interneuronal circuits involved in the
transmission of central commands,™™ the generation
of stereotypic motor patterns, ™™ and the control of
afferent inpul from the moving limb.* There is litle
doubt that understanding the interactions among the
vtrious motor areas. and in particular those between
the motor cortex and the spinal cord.* is now the hig-
gest challenge in deciphering the “natural intelligence™
of the motor svstem.
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IN SEARCH OF THE ELECTRICITY OF BEHAVIOR

In thas moenth’s sssue Dr. Apostolos Georgopoulos of the Minneapolis YA Medical Center re-
views developments of the last decade that shed light on the electnical events involved in carrying
out melor tasks,

AL reat, each motor neuren has a preferred electrical orientation: the electrical umit vectors of
475 neurons are shown plotted in three-dimensional space in the feff pane!. When motion s un
dertaken (in fact, a bit before motion begins), the pictere is quite @ bit different. As shown on the
right an blue, the individual cell vectors are now not rmdom; rather, there 15 a net population
voctor {shown in red) that is highly directional und eriented in close agreement with the direction
of the movement being made (shown in yellow)

The directionality of the population vector becomes established before the motor impulses are
sent #nd thus may be the electrical correlate of cognitive intent to carmy out the motion,

Phe cover reproduces Figo 3 and Fig. 4 from Dr. Georgopoulos' review: they are reproduced
with the kind permission of the Society for Newroscience (see wext of review for full citation)
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