Claude Ghez

Sensory Information Is Necessary for the Control
of Movement

-Sensory Information Is Used to Correct

~Errors Through Feedback and
Feed-forward Mechanisms

Patients with Impaired Sensation in the Limbs
: Show Deficits in Both Feedback and
~Feed-forward Control of Movement

There Are Three Levels in the Hierarchy of
Motor Control

The Spinat Cord, the Brain Stem, and Cortical
Motor Areas Are Organized Hierarchically and
i Parallel

The Cerebellum and Basal Ganglia Control the
ortical and Brain Stem Motor Systems

tor Neurons in the Spinal Cord Are Subject to
erent. I_I_lput and Descending Control

P’fﬁal_Motpr Neurons Are Topographically
'{;:)_I_gamzed into Medial and Lateral Groups That
1mervate Proximal and Distal Muscles

‘mitée:-Terminations of Medial and Lateral
._:emeuzon_s and Propricspinal Neurons Have
ifferent Distributions

T he Control ot Movement

The Brain Stem Modulates Motor Neurons
and Interneurons in the Spinal Cord Through
Three Systems
Medial Pathways Control Axial and
Proximal Muscles

Lateral Pathways Control Distal Muscles

Aminergic Pathways Modulate the Excitability
of Spinal Neurons

The Motor Cortex Acts on Motor Neurons
Directly via the Corticospinal Tract and Indirectly
Through Brain Stem Pathways

The Corticospinal Tract Is the Largest
Descending Fiber Tract from the Brain
Cortical Control of Movement Is Achieved
Only Late in Phylogeny

Lesions of the Cortical Motor Areas and Their
Projections Cause Characteristic Symptoms

Muscle Weakness May Result from
Disturbances in Descending Motor Pathways
or in the Spinal Motor Neurons Themselves

Parallel Control of Motor Neurons Allows
Recovery of Function Following Lesions

An Overall View



534 Part VI. Moter Systems of the Brain

T he sensory systerns provide an internal representa-
tion of the outside world. A major function of this
representation is to extract the information necessary to
guide the movements that make up our behavioral reper-
toire. These movements are controlled by 2 set of motor
systems that allow us to maintain balance and posture, to
move our body, limbs, and eyes, and to communicate
through speech and gesture. In contrast to the sensory
systems, which transform physical energy into neural in-
formation, the motor systems transform neural informa-
tion into physical energy by issuing commands that are
transmitted by the brain stem and spinal cord to skeletal
muscles. The muscles translate this neural information
into a contractile force that produces movements.

As our perceptual skills are a reflection of the capabil-
ities of the sensory systems to detect, analyze, and esti-
mate the significance of physical stimuli, so our agility
and dexterity are reflections of the capabilities of the mo-
tor systems to plan, coordinate, and execute movements.
The beautifully executed pirouctte of a ballet dancer, the
powered backhand of a tennis player, the fingering tech-
nique of a pianist, and the coordinated eye movements of
a reader all require a remarkable degrec of motor skill that
no robot approaches. Yet once trained, the motor systems
txecute the motor program for each of these skills with
€ase, almost aufomanically.

‘Fhe movements of which our motor Systems arc capa-
ble can be divided into three broad, overlapping classes:
volantary movements, reflex responses, and rhythmic
motor patterns. These movements differ in their complex-
ity and degree of voluntary control.

Voluntary movenments, reading, manipulating an ob-
ject, or playing the piano, represent the most complex ac-
tions. These movements are characterized by several
features. First, they are purposeful. They may be initiated
in response to a specific, external stimulus o1 to the will.
Second, voluntary movements are goal directed, Pinally,
movements are largely learned and their performance im-
proves greatly with practice. As these skiiled INOVenents
are mastered with practice, they require less or ultimately
no conscious participation. Thus, once vou have learned
to drive 2 car you do not think through the actions of
shifting gears or stepping on the brake before performing
them,

Reflex responses, the knee jerk, the withdrawal of a
hand from a hot object, or coughing are the simplest motor
behaviors and are least affected by voluntary controls. Re-
flexes are rapid, somewhat stereotyped, and involuntary
responses that are usually controlled in g graded way by
the eliciting stimulus.

Rhythmic motor patterns, walking, running, chewing,
combine features of voluntary and reflex acts. Typically
only the initiation and termination of the seguence are
voluntary. Once initiated, the sequence of relatively ste-
reotyped, repetitive movements may continue almost ag-
tomatically in reflex-like fashion,

Muscles relax and contract in each of these classes of
movements. Most movements oceur at Joints, where two
or more bones form a lubricated contact point with low

friction. Since individual muscles can only puli {they can-

not push}, separate sets of muscies are required at the op-
posite side of the joint, and use it as a fulerum {Figure
36-15). Each movement at a joint thus brings into play
two opposing sets of muscles: Agonists, the prime moveys,
are counterbalanced by the antagonists, which help to de-
celerate the moving limb.

Beyond simply contracting and relaxing, the motor sys-
tems need to canry out three additional tasks, First, the
Imotor systems must convey accurately timed commands
not only to one muscle group but to many groups, since
even a simple movement, such as raising the arm, in-
volves many different joints: the wrist, the elbow, as well
as the shoulder. Second, the motor systems must consider
the distribution of body mass and make postural adjust-
ments appropriate for the particular movements to be ex-
ecuted. For example, while standing, our leg museles must
contract before we raise an arm, otherwise the arm move-
ment would shift our center of gravity, causiag us to fall.
Finally, the motor systems must take into account the
motor plant: the mechanical arrangernent of the muscles,
bones, and joints. With cach mevement the motor sys-
tems must adjust their commands to compensate for the
mnertia of the limbs and the mechanical arrangement of
the muscles, bones, and joints being moved.

To integrate these three features into voluntary and
reflex acts, the motor systems rely on two important and
imterrelated organizational features. One, the motor sys-
tems have available to them a continuous flow of secnsory
information about events in the envirenment, the posi-
tion and orientation of the body and limbs, and the degree
of contraction of the museles. The motor systems use this
information to select the response that is appropriate and
to make adjustinents in angoing movement. Two, the com-
ponents of the motor systems are organized as a hierarchy
of control levels and each level is provided with that sen-
sary information that is relevant for the functions it con-
trols. Thus, higher levels concerned with strategic issues,
such as the selection of a response appropriate to a specific
goal, need not monitor the moment-to-moment Sensory
details of the response. This detailed SENSOTY Imonitoring
goes on at a lower level of the moter hierarchy.

1n this chapter we introduce the study of movement hy
observing how different classes of movement arc governed
by these two organizational features—the flow of Sensory
information and the hierarchy of control levels. In Jater
chapters we shall examine in detail the individual com-
ponents of the metor systems and the pathways through
which they act on' motor neurons and muscles to produce
purposeful metor activity. In addition, we shall also see
how the mator systems function cooperatively to contol
the major classes of movements,

Sensory Information Is Necessary
for the Control of Movement

The functioning of the motor systems is intimately re-
lated to that of the sensory systems. Experiments con-



ducted in the 1950s by Richard Held and Allan Hein
showed that when young kittens were passively moved
about and not allowed to actively interact with their
environment, they failed to develop the capacity w dis-
criminate important visual cues. The proper moment-to-
moment functioning of motor systems depends on a
continuous inflow of scnsory informatien, First, vision,
hearing, and receptors on the body surface inform us about
where objeets are in space and our own position relative to
them. Second, proprioceptors in the muscle, joints, and
the vestbular apparatus inform the motor systems about
the length and tension of muscles, the angles of the joints,
and the pesition of the body in space. Both types of infor-
mation are essential for planning movements and refining
those that arc in progress.

Sensory Information Is Used to Correct Errors
Through Feedback and Feed-forward Mechanisms

When we reach for an object, the arm may initially be off
course, but we can correct the end of its trajectory by a
feedback process. Many man-made devices, such as ther-
mostats and power steering, use stmilar feedback pro-
cesses. How do these {feedback mechanisms work? Both
natural and man-made systems that use feedback mecha-
nisms have seasors that menitor the cutputs. These sen-
so1s provide a feedback signal, which is compared to a
reference signal that indicates the desired output value
(Figure 35-1A). With negative feedback, the feedback signal
is subtracted from the reference signal by a device called a
comparator, and the resultant error signal acts on a device
called a controller to increase or decrease the output of the
controlled system. Thus, in reaching for an object the con-
trolled system is the arm and the difference between the
actual position of the hand {feedback signal) and the posi-
" tion we intend for it reference signal) shoutd be broughtto
zerc. If we do not reach the target, perhaps because an
: pbstaclc uncxpectedly deflects the hand {disturbance), an
erTor signal is sent to the controller, which issues another
- tommand to continue further in the same direction. If we
~9vershoot, a command is emitted to move in the opposite
. direction.
7 Feedback can be used either to maintain or to modulate
~avariable such as position or force. When the varisble is to
be maintained around a sct value, the reference signal re-
Mains constant, a process termed regulation. An example
ot regulation is the continued maintenance of a standing
. BOsture on a moving boat. Here motion of the support
- surface {the deck of the boat) is scnsed in the feet and
. ankles and is used by postural mechanisms to maintain
g the body in 4 vertical position. In the nervous system feed-
-back is Jimited to slow movements and te the control of
Stquential acts because the time taken to process sensory
1mbuts is relatjvely long. For example, it may take several
hundreg milliseconds to respond to a visual cue {sce Chap-
ter 40} whilc a quick movement itself may last only 150-
- 200 ms. It is therefore impossible to rely on feedback to
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catch a hall, or to reach for a rapidly moving object. In
addition, when the cffeet of a feedback loop is very pow-
erful--a condition referred to as a high gain—and there are
long time delays, the system can readily be driven into an
undesirable stare of oscillation. This phenomenon is dis-
cussed in Chaprer 37 in the context of spasticity.

Sensory events can often control motor action more
effectively by providing advance rather than feedback in-
formation. Advance information can then be used to ad-
just the controlled variables before events occur that
would influence them. This feed-forward control is essen-
tal in a wide varicty of movemenss {Figure 35-1B). Con-
sider the task of catching a ball. To catch the ball it is
necessary to predict its trajectory and to place the hand at
a point that will intercept its path. As is apparent in the
example of catching a ball, the feed-forward control sys-
tern must interpret visual cues correctly to tense the mus-
cles in anticipation of impact and to set the position
feedback correctly. This requires dynamic representarions or
internal models of both the bail’s trajectory and the proper-
ties of the musculoskeletal system. {See Chapter 301,

These representations are updated by information from
additional sensors that monitor changes in the state of the
controlled system {labeled as srate variables in Figure 35—
1B}, Proprioceptors in muscles and joints, which sense the
length and tension of muscles and the angles of joints, are
critical in providing state information to the motor sys-
tem. However, vision and vestibular inputs are also guite
important.

Although the same sensors may provide information
for both fcedback and feed-forward control, the way in
which the infermation is processed is quite different. With
feedback, error signals are computed continuously and
contrel the ongoing response from moment to moment,
As a resule of the long conduction delay of ncural im-
pulses, biological feedback processes generally operate
relatively slowty and are therefore used primarily to main-
tain posture and regulate slow movements. In catching a
ball even the most rapid feedback responses would not
prevent us from dropping it if we have incorrectly esti-
mated the foree of impact. On the other hand, such feed-
back is crucial for stabilizing the hand once the ball has
been caught. In contrast, feed-forward systems, which are
not affected by loop delays, operate more quickly. In con-
trast to feedhack contrel, which operates continuously,
teed-forward control is often triggered intermittently, and
the resulting state is then reevaluated after the response is
completed.

Patients with Impaired Sensation in the Limbs
Show Deficits in Both Feedback and Feed-forward
Contral of Movement

The importance of proprioceptive inputs in the feedback
and feed-forward control of posture and movement can be
demonstrated dramatically by the motor deficits of pa-
tients with impaired proprioception. This occurs in a con-
dition known as large-fiber sensory neuropathy in which
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FIGURE 35-1
Feedback and feed-forward control circuits.

‘A. In a feedback system a feedback signal is compared to a ref-
erence signal by a comparator. In reaching slowly for an object,
the arm is the controlled system and the intended position of
the arm is the reference. The difference between the position of
the hand angd the reference should be brought to zezo to execute
the action properly. If the hand is unexpectedly disturbed, an
error signal is sent te the controller and a command to con-
tinmie in the direction of the target is issued. In a feedback sys-
tem, error signals are monitored continuously to control the
action from moment to moment. Feedback control is usuaily
used for slow movements and to maintain posture.

the large afferent fibers that carry proprioceptive and tac-
tile inputs degenerate. Unless they can see their limbs
these patients cannot sense their position nor can they
detect motion of their joints, because these sensations are
mediated primarily by receptors in muscles and joints sup-
plied by large-diameter fibers. Tendon reflexes are also
absent because information from muscle spindles that

B. Peed-farward congo! is essential for rapid movements and
relies on advance information to adjust controlied variables. in
catching a ball, advance infermation on the ball's trajectory and
possible placenient of the hand are advance information re-
ceived by sensors and fed forward by the controiler. Feedback
control comes intoe play to position the hand propesly after the
ball is caught. Feed-forward control also monitors the system (0
deal with changes that take place over time, such as fatigue,
through the mechanism of the adaptive controller.

triggers these reflexes does not reach the spinal cord. Fi-
nally, tactle sensation is impaired. Tactile feedback al-
lows one to estimate contact with objects more precisely
than does visual monitoring of the hand. When this fecd-
back system does not function, manual dexterity is 8¢
verely impaired even in such habitually performed taSlfs
as writing or buttoning clothes. On the other hand, pat



and temperature sensation are preserved since these mo-
dalitics are carried by small-diameter afferent fibers.

Without propricceptive feedback, patients can maintain
their limbs in a steady position only when they can see
them. When the patient attempts to hold the arm our-
stretehed while closing the eves, the arm starts to drift ran-
domly after a few sceonds (this is termed pseudo-athetosis),
Similarly, if large axons are affected in the sensory nerves of
the legs, the patient is unsteady when walking and falls if
the eves are closed {Romberg’s signl Proprioceptive feed-
hack from the ankles is crucial for the control and mainte-
nance of a standing posture {sec Chapter 39

Because loss of proprioceptive inputs provides the state
information {including the angle and orientation of the
joints} needed for feed-forward control, rapid movements
to targets in space are profoundly inaccurate. Whereas nor-
mal subiccts move their hands straight to a target even if
they are prevented from monitoring the movement visu-
ally, patients with large-fiber neuropathy make large er-
rors in both the direction and amplitudes of their
movements. In addition, at the end of movement their
hands do not stop in a stable position; their hands drift
away even though the patients believe them to be station-
ary {Figurc 35-2}.

Vision can compensate for the loss of proprioceptive
sensation through feed-forward as well as through feed-
back mechanisms. Thus, if the patient 1s allowed to see
the limb before making the movement, the errors in di-
rection and extent are much reduced, even when the pa-
tient is then prevented from seeing the limb during the
mavement itself. This inaccuracy therefore reflects defee-
tive feed-forward control. The errors in direction arise be-
cause the motor systems lack a precise representation of
the state of the limb [its position in space and the tension
of the different muscles! and its current propertics. As a
resutt they cannot select the muscles that are appropriate
to move the limb in the desired direction.

The defects in feedback and feed-forward regulation
also impair the ability to use vision cfectively, even to
control sjow movement of the limmbs. While normal sub-
jects can make deliberate movements at a slow speed,
stopping preciscly at the desired end point, patients with
large-fiber sensory neuropathy cannot {Figure 35-2C).
These patients are unable to sense the resistance of the
surface on which their hand is moving or the tension that
13 being developed by their muscles, and thus their move-
ments are jerky. Errors in dircetion are improperly cor-
rected because by the time visual feedback occurs the
hand is in a new and unexpected position. i

These deficits can be explained by means of the model
illustrated in Figure 35--1B. In the deafferented patient the
feed-forward controller receives incomplete information
about the state of the limb. The nervous system therefore
cannet construct an accurate internal model of the limb
and cannot set the characteristics of cither the feed-for-
ward or the feedback controller, This resules in errors in
bath the feed-forward control of direction, as a result of an
Incorrect sclection of the muscles to be activated, and in
the initial acceleration of movement. Once movement is
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in progress, crrors in proprioceptive feedback produce os-
cillations and irregular movements.

There Are Three Levels in the Hierarchy of
Motor Control

The Spinal Cord, the Brain Stem, and
Cortical Motor Areas Are Organized
Higrarchically and in Parallel

How do the moter systems integrate motor comumands
with ongoing sensery information 0 as to control the
complicated mechanical machinery of musculoskeletal
systems! This is achieved by disuibuting feedback, feed-
forward, and adaptive mechanisms among three levels of
motor control: the spinal cord, the descending systems of
the brain stem, and the motor areas of the cerebral cortex
{Figure 35--3}). These different levels of the motor systems
are orgamized both hierarchically and in parallel. The
lower levels have the capacity to generate complex spa-
tiotemperal patterns of muscle activation in the form of
reflexes and rhythmic motor patterns. The hierarchical
organization enables higher centers to glm
cral commandd withoutl having to specify the details of
the motor action.

By means of their paraliel organization, the motor sys-
tems can issuc commands that can act directly on the
lowest level of the chain to adjust the operation of refley
circuits. For example, the corticospinal tract controls
pathways descending from the brain stem but, in addition,
it also controls spinal interneurons and motor nearons
directly. The combination of parallel and hierarchical
mechanisms results in an overlap of different functional
components of the motor systems, similar te that which
we encountered in the sensory systems. This overlap is
also important in the recovery of function after focal lo-
sions.

The lowest level of the hicrarchy, the spingl cord, con-
tains neuronal circuits that mediate a variety of automatic
and stereotyped reflcxes. These reflexes can function even
when (he cord 15 d1SCORIcs rom the rest of the brain.
The Beginning of this century Sherrington demaosi-
strated that virtually all reflexes involve the integrated
activation and inhibition of activity in different muscle
groups. He suggested that many of thesc actions are coos-
dinated by spinal interneurons. For cxample, both reflex
withdrawal from noxious stimuli and the alternating ac-
tivity in flexors and extensors during locomotion are o1-
ganized by networks of spinal interncurons, Even simpic
descending commands can produce complex effects through
these interneurens. It is now known that the same not-
works of interneurons that organize reflex W
IEGmvolved Tn voluntlary movements. Ultimately, how”
ever, all interneuronal controls converge on the motor
neurens that innervate the skeletal muscles. To stress the
importance of this convergence, Shemrington called the
motor neurons the final common path.

The next level of the motor hicrarchy, the brain stem,
contains three neuronal systems [(medial, lateral, and
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Patients with large-fiber sensory neuropathy make large errors correctly aims and carries out each movement without either
in aiming and controlling their movements unless they can see viewing the screen cursor or his hand and maintains a stable posi-
their hands. tion at the end of movement. The sensory-impaired patient shows
Ty
A. The subject is seated facing a computer sereen and moves a tarked vartation in movement direction and extent and his hand
hand-held cursor on 2 digitizing tablet. The position of the cursor drifts ac the end of the movement. The dircctional errors and
on the tablet is displayed on the computer screen as 2 cross hair, drifts are reduced if the patient can see the hand between trials. A
Cireular targets or lines to be traced are alse displayed on the similar degree of reduction occurs when the sereen cursor remains
screen. Vision of the arm is made possible by tuming on 2 lamp visible.
under the two-way mirror. C. Slow movements with visual feedback in normai and deaffer-
B. Accuracy of rapid arm movement made without visuzl feed- ented patient. The subjects are told to move the cursor slowly and
back in a normal subject and deafferented patient. The subject regularly along a straight horizontal line on the screen (between
is told to move the cursor rapidly from a start circle to a target, the two parallel lines} while viewing the cross hair on the screcn,
both shown on the screen. The sereen cursor is blanked just before The subject with intact sensation makes a slow movement and
the subjecr’s movement and shown again at the end of moverment. maintains his speed close to a steady value, whereas movements
Although target locations were varied randomly, movements to made by the deafferented patient are jerky, indicating multiple
only one location are illustrated here. The small circles indicate adjustments to errors in direction.

successive positions of the hand every 20 ms. The normal subject




aminergic) whose axens project to and regulate the seg-
mental networks of the spinal cord. The brain stem sys-
tems integrate visual and vestibular imformation with
somatosensory inputs and play an important role in mod-
ulating spinal motor circuits in the control of pesture
{Chapter 39}, In addition, brain stem nuclei control eye
and head movements {Chapter 44).

The highest level of motor control consists of three
areas of cerebral cortex: the primary motor cortex, the
lateral premotor area |or premotor cortex, and the
supplementary motor area. Each area projects directly to
the spinal cord through the corticospinal tract as well as
indirectly through the brain stem motor systems. The pre-
motor and supplementary motor areas also project to the
primary motor cortex. The lateral premotor and supple-
mentary motor areas are important for coordinating and
planning complex seqaences of movement. Both areas re-
ceive information from the posterior parictal and prefron-
tal association cortices. We shall consider these areas in
Chapters 40 and 53.

Three organizational features of the motor hierarchy
are important. First, cach component of the motor system
contains somatotopic maps—spatial relations are pre-
served so that neureons that influence adjacent body parts
are adjacent to each other. Moreover, this organization is
important in the interconnections between different lev-
els. Thus, regions of primary motor cortex that control the
arm receive input from arm-control areas in the premotor
cortex and, in turn, influence corresponding arm-contrel
areas of the descending brain stem pathways. Second, each
level of control receives information from the periphery,
o that sensory input can modify the action of descending
cornmands. Third, higher levels can contrel the informa-
tion that reaches them by facilitating or suppressing the
transmission of afferent input in sensory relay nuclei.

The Cerebellum and Basal Ganglia Control
the Cortical and Brain Stem Motor Systems

In addition to the three hierarchical levels—spinal cord,
brain stem, and cortex—two other parts of the brain alse
regulate motor function—the cerebellum and basal gan-
giia. The cerebellum improves the accuracy of movement
by commlg TTOTOT TOMmands With Tnforma-
m,g motor_action, The cerebellum
does this by acting on the brain stem and on the cortical
motor areas that project directly to the spinal cord, mon-
itoring both their activity and the sensory feedback signals

they receive from the periphery. We shall examine this
turther in Chapter 43.

The basal ganglia receive inputs from all cortical areas

and project principally to arcas of frontal cortex that arc
concerned with motor planning. Discases of the basal gan-
glia produce a range of motor abnormalities including loss
of spontanecus movements, abnormal involuntary maove-
ments, and disturbances in posture. We shall discuss the
physiology and diseases that affect the basal ganglia in
Chapter 42.
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FIGURE 35-3
The motor system consists of three levels of control vrganized
both hierarchically and in paraliel. Thus, the motor areas of the
cerebral cortex can influence the spinal cord both directly and
through the brain stem descending systems. All three levels of
the motor systems receive sensory inputs and are also under
the influence of two independent subcortical systems: the basal
ganglia and the cercbellum. Both the basal ganglia and cerebel-
lum act on the cerebral cortex through relay nuclei in the thal-
armus.

We now turn to consider each of the three levels of the
motor hierarchy.

Motor Neuarons in the Spinal Cord Are Subject
to Afferent Input and Descending Control

Spinal Motor Neurons Are Topographically
Organized into Medial and Lateral Groups
That Innervate Proximal and Distal Muscles

The cell bodies of motor neurons that innervate individual
muscles are chustered in motor nuclel, or motor neuron
poals, which form longitudinal columns extending over
one to four spinal scgments. The spatial organization of
the different mozor nuclei follows two important anatom-
ical and functional rules: a proximal-distal rule and a
flexcr—extensor rule.

According t¢ the proximal-distal rule the motor neu-
rons innervating the most proximal muscles are located
most mediaily, while thsTmaervating more distal mus-
cles are located progressively more laterally. The motor
nuclei of axial muscies, innervating muscles of the neck
and back, form a distinct group in the most medial part of
the vengzal horn that extends throughour the entire length
of the spinal cord. In the lower cervical and lumbosacral
spinal cord segments there is also a larger cluster of motor
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Course of afferent fibers

FIGURE 354

The motor nuclei of the spinal cord are grouped func-
tionally in distinct medial and lateral positions. The
medial group contains the motor neurons innervating
axial muscles of the neck and back. Within the lateral
group, the most medial motor neurons innervare
proximal muscles while the most lateral innervate
distal muscles. Ventrally located motor neurons in-
nervate extensors while dorsal ones innervate flexors.
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nuclei in the lateral part of the ventral horn. Within these
groups, motor neurons innervating the proximal girdle
muscles {the shouider and pelvis) are medial, while those
innervating the distal hand and foot muscle are lateral.

According to the flexor—extensor rule, motor neurons
that innervate extensor muscles lie ventral to those inner-
\?ﬁng TIesor mnscies (Ligufe o5-4). lhese anatomical
Telationships aecount for an important functional distine-
tion: Proximal muscles (especially the extensor muscles
of the legs) are predominantly used to maintain equilib-
rium and posture, whereas distal muscles {especially those
of the upper extremity} are used for fine manipulatory ac-
tivities. We will now see that the medial and lateral motor
neurons are controlied by separate populations of local
interneurons, propriospinal neurons, and descending path-
ways.

The Terminations of Medial and Lateral
Interneurons and Propriospinal Neurons
Have Different Distributions

The fact that the most medial motor pewrons innervate
the proximal muscles and the most lateral moter neurons
the distal muscles is also reflected in the organization of
local interneurons and propriospinal neurons that termi-
nate in more than one segment. The local interneurons in
the most medial parts of the intermediate zone project to
the medial motor nuclei that control axial muscles on
both sides of the body, both ipsilaterally and contralater-
ally. More laterally located interneurons project only ipsi-
laterally to the motor neurons innervating girdle muscles,
while the most lateral ones synapse on motor neurons
that innervate the most distal ipsilateral muscles (Figure
35-5).

The axons of propriospinal neurons run up and down
the white matter of the spinal cord and terminate both on
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interneurons and on motor nevurons located several seg-
ments away from the cell bodies [Figure 35-5}1" Axons of
medial propriospinal neurons run in the ventral and me-
dial columns, are longer, and may even extend the entire
length of the spinal cord; more laterally placed propric-
spinal neurons interconmect a smaller number of seg-
ments and are topographically less diffuse. This pattern of
organization allows the axial muscles, which are inner-
vated from many spinal segments, to be coordinated dur-
ing postural adjustment. In contrast, distal limb muscles,
which tend to be used independently, are controlied by the
maore highly focused lateral propriospinal systems.

The Brain Stern Modulates Motor Neurons
and Interneurons in the Spinal Cord Through
Three Systems

Many groups of neurons in the brain stem project to the
spinal gray matter. Based on their location and distribu-
tion in the spinal cord, Hans Kuypers classified these pro-
jections into two main pathways (sec Figure 35-6). The
medial pathways terminate in_the ventromedial part of
the spinal gray matter and thus influence motor neureons
that 19T cial and proximal muscles. The lateral
pathways terminate in the dorsolateral part of the spinal
gray matter and influence motor neurons that control di-
mof the extremities. A third system made up of

the amipergic pathways, originates in nuclet in the brain
stem and branches diffisely throughout the spinal cord,

I'The term internenron is used here to indicate a spinal neuron whose
main branches are confined to the same or adjacent spinal segment. Pro-
priospinal neurons are spinal ncurons whose main axon brenches termi-
nate in distant spinal segments. Some propriospinal neurons have hranches
that ascend outside of the spinal cord like the projection neurons of sensory
and spinocerebellar tracts,



Dorsolateral
cell group

Long

) Veni ial
propriospinal - entromedia

cell group

Short
propriospinal

Wotor nuclet

{to limb muscles)
Motor nuclei

{to axial muscles)

FIGURE 35-5 .

Medial motor nuclei are interconnected by long propriospinal
neurons whereas lateral motor nuclel are interconnected by
short propriospinal neurons.

Medial Pathways Control Axial and
Proximal Muscles

The medial system has three major components: the ves-
tibulospinal tracts {medial and lateral), the reticulospinal
tracts {medial and lateral), and the tectospinal tract. These
pathways descend in the ipsilateral ventral columns of the
spinal cord and terminate predominantly on interneurons
and long propriospinal neurons in the ventromedial part of
the intermediate zone, They alsc terminate directly on
some motor neurons, particularly those of the medial cell
group, which innervate axial muscles {Figure 35-6A).
The medial and lateral vestibulospinal tracts originate
in the vestibular nuclei and CarTy 1miormation ior the ye-
Hi&contral of halance and posture from the vestibular
[abyTmth{see Chapter 40).
~ The medial and lateral reticulospinal tracts originate
from several nuclei located primarily in the reaealar Tor-
ination of the pons and medulla {sce Chapter 40}, These
SYSICTIIE hiave both cxcitatory and inhibitory connections
with spinal interneurons and motor nevrons. The reticu-
lospinal systems are important for the maintenance of
posturc. They integrate information from a variety of in-
puts, notably the vestibular nuclei and cerebral cortex.
Axons originating from the primary motor and premotor
cortex synapsc with reticulospinal neurons to form a
cortico-reticelospinal pathway. This pathway is particu-
farly important for the suppression of spinal reflexes and
activity by motor cortical areas (see Chapter 39).

The tectospinal tract originates in the superior collic-

ulus of ffic midbraimand s the only medial brain stem
T ey
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pathway to project contralaterally. However, it does not
project TOWLT THan the cervical segments of the spinal
cord. This system is important in coordinating head and

eve movements and can be controlled from the cerebral

cortex by means of a cortico-tectospinal pathway.

Lateral Pathways Control Distal Muscles

The column of fibers descending in the lateral quadrant of
the spinal cord terminates in the lateral portion of the
intermediate zone and among the dorsolateral groups of
motor acurons innervating more distal imb muscles (Fig-
ure 35-6B}. The main lateral descending pathway from the
brain stem is the rubrospinal tracr, which originates in
the magnocellular portion of (R red nucleus in the mid.
brain. Rubrospinal fibers descend through the medulla to
the dorsal part of the lateral column of the spinal cord.

The ditference in the distributions of the lateral and
medial systems corresponds to their fundamentally dif-
ferent roles in motor function. The medial system is phy-
logenetically the oldest component of the descending
motor systems. It 1s important in maintaining balance and
posture, both of which rely on proximal and axial muscles.
The wide arca of termination of individual axons is im-
partant in distributing control to a variety of different mo-
tor nuclei that are functionally related. The medial
pathways provide the basic postural control system upon
which the cortical motor areas can organize more highly
differentiated movements. The lateral pathways function
i more varied ways by controlling distal muscles used in
a variety of fine movements, sach as reaching and manip-
ulating objects with the fingers and hand. In anthropoid
apes and humans, where the rubrospinal system is small
and vestigial, this function is largely assumed by the cor-
ticospinal system.

Aminergic Pathways Modulate the Excitability
of Spinal Neurons

Two sets of aminergic pathways send axons to the entire
spinal cord. One, the ceruleospinal svstem, is noradrener-
gic. It originates i the locus ceruleus and from some neu-
rons in the pontomedullary reticular formation and
descends in the ventrolateral part of the lateral column.
The other, the raphe—spinal sysiem, is serotoncrgic. It
originates from nuclei in the raphe of the brain stem and
projects through both lateral and ventral columns (Chap-
ter 44} Axons of both systems terminate in the interme-
diate zone and on motor nuclei throughout the spinal
cord. Individual neurons send collaterals to many, and per-
haps all, segments. The raphe-spinal system also projects
to the outer layers of the dorsal horn, where it modulates
the transmission of painful stimuli to projection neurons
and spinal mterneurons.
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Two groups of descending brain stem pathways contral differ-
ent groups of neurons and different groups of muscles.

A. The main components of the medial pathways are the retic-
ulospinal, the medial and lateral vestibulospinal, and the
tectospinal tracts that descend in the ventral eolumns. Thesc
terminate in the shaded portions of the gray spinal matter.

The Motor Cortex Acts on Motor Neurons
Directly Via the Corticospinal Tract and
Indirectly Through Brain Stem Pathways

The ability to organize complex motor acts and to execute
fine movements with precision depends on control signals

B. The main lateral pathway is the rubrospinal tract, which
originates in the caudal, magnocetlular portion of the red nu-
cleus. The rubrospinal tract descends in the contralateral dorso-
lateral column wrminating in the shaded area of the spinal gray
matter,

transmitted from the motor arcas in the cerchral cortex
through the corticobulbar and corticospinal tracts. The
corticobulbar fibers control the cranial motor nerve nu-
clei, and thus the facial muscles, while the wj
fibers control the motor neurons inncrvatwn,_al
SCEMENTS. Corticosplnal axons act directly on motor neu-
ety




rons and interneurons. They also influence motar activity
indirectly through the descending brain stem patlrways,
notably through cortico-reticulospinal and cortico-rubro-
spinal projections and other corticobulbar projectians.

The Corticospinal Tract Is the Largest Descending
Fiber Tract from the Brain

The corticospinal tract is a massive bundle of fibers con-
taining asout one million axons. About a third of these
originate from the primary motor cortex located in the
precentral gyrus of the frontal lobe (Brodmann's area 41,
Electrical stimulation of the primary motor cortex evokes
movements of different contralateral muscle groups, An-
other third of the corticospinal fibers originate from the
Premotor motor areas {area 6], a larger zone that lies tos-
tral to area 4 in the frontal lobe. The remaining third orig-
inate in areas 3, 2, and 1 in the somatic sensory cortex and
regulate the transmission of afferent input to control
structures. ‘

The corticospinal fibers course through the posterior
limb of the internal capsule together with corticobulbar
fibers to reach the ventral portion of the midbrain. As they
descend through the pens the corticospinal fibers separate
into small bundles of fibers that course between the pon-
tine nuclei. The fibers regroup in the medulia to form the
medullary pyramid, a conspicuous landmark on the ven-
tral surface of the medulla. Because of this regrouping, the
corticospinal tract is sometimes referred to as the pyrami-
dal tract. This usage is incerrect, however, because some
fibers leave the medullary pyramids to terminate in brain
stem nuclei, such as the dorsal column nuaclei.}

At the junction of the medulla and the spinal cord
about three-quarters of the corticospinal fibers cross the
midline in the pyramidal decussation. The crossed fibers
descend in the dorsal part of the lateral columns {dorso-
lateral column) of the spinal cord, forming the loteral
corticospinal tracts. The uncrossed fibers descend in the
ventral columns as the ventral corticospinal tracts {Figare
35-7].

The lateral and ventral corticospinal tracts terminate
in approximately the same regions of spinal gray matter as
do the lateral and medial descending brain stem systems
{Figure 35-7}. The lateral corticospinal tract projects pri-
marily to the motor nuclei of the lateral part of the ventral
horn and to interneurcns in the intermediate zone. The
ventral corticospinal tract projects bilaterally to the ven-
tromedial cell column, which contains the motor neurons
that innervate the axial muscles and to adjoining portions
of the intermediate zones.

The corticobulbar fibers that control muscles of the
head and face terminatc in both motor and sensory cranial
herve nuclei in the brain stemn. In humans there are mono-
Synaptic connections between corticobulbar fibers and
IRotor neurons in the trigeminal, facizl, and Irypoglossal
tuclei. The projections ta the trigeminal motor nucleus
are bilateral and approximately equal in size. Although
the projection to the facial nucleus is also bilateral, the
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motor neurens innervating muscles of the lower face re-
ceive predominantly contralateral fibers. As a result, uni-
lateral damage to corticobulbar fibers on one side produces
weakness only of the muscies of the contralateral lower
part of the face.

Cortical Control of Movement Is Achieved
Only Late in Phylogeny

Phylogenctically, the corticospinal and cordecbulbar
pathways first appear in mammals. In the most primitive
mammals the motor cutflow from the cortex first appears
as a mechanism that controls and adjusts sensory inflow
to spinal interneurons and projection neurens. In the
hedgehog the corticospinal tracts arce located in the dorsal
columns and terminate exclusively in the dorsal hom.
Moreover, in hedgehogs and other primitive mammals the
somatic sensory representations of the body surface in the
cerebral cortex overlap with the motor representation.

Higher mammals have distinct sensory and motor rep-
resentations of the body in the cortex and have additional
corticospinal terminations within the intermediate zone
of the spinal cord. With still further phylogenetic devel-
epment, there is a gradual increase in the number of cor-
ticospinal fibers distributed to more ventral regions of the
spinal cord, so that corticospinal neurons make direct con-
nections to motor nesrons in the lateral motor nuclei that
control distal limb muscles and later, phylogenetically,
also in medial motor nuclei. Thus, in the phylogeny of
primates the number of corticespinal axon terminals end-
ing on spinal motor neurons increases progressively from
prosumians to monkeys, anthropoid apes, and finally to
humans. In the more primitive primates direct connec-
tions are present only in the most dorsolateral cell groups
innervating the most distal muscles, but in monkeys the
entire lateral group of motor nuclei receives corticospinal
input; in higher apes and humans, the medial motor nu-
clei also receive dense corticospinal terminations, In most
carnivores corticospinal fibers terminate exclusively in
the dorsal horn and dorsobateral parts of the intermediate
zone and do not make any direct connections with motor
neurons {Figure 35-8).

Lesions of the Cortical Motor Areas and Their
Projections Cause Characteristic Symptoms

Lesions of cortical-motor areas or their projections are es-
pecially common in neurological practice. This is easy to
understand because of the large size of these areas and
because corticospinal axons extend from the cerebral cor-
tex through the brain stem to the spinal cord, and can be
damaged by lesions at any of these locations. The most
comumon cause of the lesions is vascular occlusion pro-
ducing cerebral infarction, neuronal cell death. The blood
supply of the brain is discussed in Appendix B. Especially
common are occlusion of the middle cerebral artery
{whose branches supply the lateral surface of the cortex
and the internal capsule} or of the vertebrobasilar system
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The descending cortical pathways to the spinal segments.

A. The crossed lateral corticospinal tract originates from
Brodmann's areas 4 and 6, and sensory areas 3, 2, and 1. The
tract then crosses at the pyramidal decussation, descends in the
dorsolateral column, and terminates in the shaded area of spi-
nal gray matter. Corticorubral neurons are mainly located in
area 6. The principal area of termination of the corticospinal

{supplying the brain stem). Tumor, trauma, and demyeli-
nating diseases are cther common causes of damage to the
corticospinal system.

Johin Hughlings Jackson first recognized that lesions of
the nervous system give rise to two kinds of abnormal
function, which he defined as negative and positive. Neg-

neurens originating from the sensory cortex is the medial por-
tion of the dorsal horn. Collaterals project to dorsal column
nuelei.

B. Uncrossed pathways {ventral corticospinal tract} originate
principally in Brodmann's area 6 and in zones controlling the
neck and trunk in arca 4, Terminations are bitateral and collat-
erals project to the medial brain stem pathways.

ative signs reflect the loss of particular capacities nor-
mally controlied by the damaged system, for example,
weakness or loss of strength. Positive signs represent
stereatyped abnormal responses that may emerge after the
lesion. These release phenomena are explained by the
withdrawal of inhibitory influences on normal interneu-
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Cortical motor neurons in different species have different pat-
terns of termination in the spinal cord. In the cat the cortico-
spinal fibers terminate principally on neurons in the ventral
parts of the dorsal horn and in the spinal intermediate zone. In
lower primates, such as the rhesus monkey, most terminations
remain in the intermediate zone but a small pumber also reach
the motor neurons. In the more highly evolved primates, such
as the chimpanzee and humans, where lateral brain stem path-
ways recede, there are extensive terminations throughout the
contralateral intermediate zone and both medial and lateral
motor peuren groups. A substantial ipsilateral fiber trace is also
present and terminates primarily on proximal muscles impor-
tant for postural control. {Adapted from Kuypers, 1985 )

ronal networks that mediate the responses. Examples of
positive signs are the pathological reflexes seen with le-
sions of descending pathways or the involuntary move-
ments that occur with certain lesions affecting the basal
ganglia.

Normal plantar response

FIGURE 35-9

The Babinski sign 1s diagnostic of a lesion of
the corticospinal tract. When the scle of the
toot is stroked firmly along the path indicated,
the nermal response is flexion of the foot and
toes. The Babinsk: sign is extension of the big
toe and fanning of the others.
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The extensor plantar reflex is an important positive
sign of corticospinal damage and is widely used in clinical
neurclegy. The sign was discovered in 1896 by the nen-
rologist Joseph Babinski, then in charge of a ward of syph-
ilitic patients at the Piti¢ Hospital in Paris. A form of this
disease, meningovascular syphilis, produces vascular le-
stons of the brain that often affect the corticospinal tract,
Babinski noted that the reflex response, elicited by strok-
ing the lateral aspect of the foot with a sharp obiect, was
different in patients with lesions of the corticospinal tract
than in patients without such lesions. This stimulus nor-
mally produces flexion of all the toes, including the large
one. In affected patients, however, there is a reflex exten-
sion of the big toe, which may be accompanied by fanning
of the others {Figure 35-9). ) :

William Landau and others have demonstrated that the
extensor plantar response is actually an enhanced with-
drawal reflex and is part of a larger family of responses to
noxious stimuli that are released by pyramidal jesions.
The appearance under pathological conditions of a reflex
response that is normally absent illustrates clearly that
central lesions can lead to both negative and positive
signs: to the loss of some specific functions and to the
release of others that are otherwise inhibited.

Muscle Weakness May Result from Disturbances
in Descending Motor Pathways or in the Spinal
Motor Neurons Themselves

Some pathological processes affecting motor nerves and
central motor systems can cause muscle weakness by in-
terfering with the output of spinal motor neurons. When
diagnosing the cause of weakness clinicians must first de-
termine whether the disturbance is at the level of the mo-
tor neuron or whether it reflects an abnormality in the
balance of excitatory and inhibitory inputs to motor neu-
TORS, as may arise with lesions of descending pathways. As
we have scen in Chapter 17, in clinical literature the mo-
tor neurons in the spinal cord and brain stem that inner-
vate skeletal muscles of the body and head are often called
lower motor neurons. The signs of direct damage to motor
neurons (the lower motor neuron syndrome) differ from
those produced by damage to descending pathways that
clinicians call upper motor neurcn syndrome.

The lower motor neuron syndrome results from dis-

Exiensor plantar response
{Babinski sign)

- Up

Fanning
of 1oes
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cascs or lestons affecting the motor neuron at the level of
the cell bedy or its axon. An example is poliomyelitis, a
viral disease that attacks motor neurons in localized arsas
of spinal cord, causing weakness of small groups of mus-
cles while nearby muscles may remain normal. Affected
muscles often exhibit fasciculation (twitches of muscle
fascicles under the skin) and atronhy (loss of muscle vol-
ume}. The affected muscles always show decreased tone,
and tendon reflexes are reduced or absent (sce Chapter 181,

In the upper motor neuron syndrome there is damage or
interfercnce with the central excitatory drive to the motor
ncurons. Typically, the disturbance results from dysfune-
tion of descending motor systems ather than the cortico-
spinal tract {sce Chapter 40} In the upper motor neuron
syndrome groups of muscles {synergists} arc invariably all
affected, atrophy is rare, and there are no fasciculations. In
addition there is spasticity, a condition in which muscie
tone and deep tendon reflexes are both increased {sce
Chapter 39).

Parallel Control of Motor Neurons Allows
Recovery of Function Following Lesions

In primates the corticospinal system provides the only
dircct descending control over distal limb motor neurons.
These connections endow higher primates with the ability
to control individual muscles independently, a capacity
known as fractionation of movement. This ability is com-
pictely and irretrievably fost following lesions of the cor-
ticospinal fibers in the medullary pyramid. Monkeys
whosc corticospinal tracts have been interrupted cannot
grasp small objects between two fingers (the so-called pre-
cision grip} or make isclated movements of the wrist or
clbow. When attempting to grasp s small object, the ani-
mal uses its hand as a shovel or contracts all che digits
simultancously around the objeet. These animals are able
to maintain balance and can control axial and girdic mus-
cles, however; therefore, they can walk and climb without
difficulty.

The fact that several levels of control (segmental inter-
ncurons, brain stem, cortex} act on MOtor NCUrons con-
tributes to the recovery of function that may occur after
lesions of one or another component of the descending
motor systems. For example, in monkeys, scction of the
medullary pyramids is immediately followed by severe
weakness, With time, strength recovers; however, the an-
imals are unable to move as rapidly as before. The weak-
ness is much more severe if, in addition to damage of the
primary motor area, the outflow from the premotor arcas
to the brain stem and spinal cord is also damaged.

Younger paticnts typically recover more muscle
strenigth than do older ones. Several factors contribute to
the amount of strength recovered, including the transfer of
some of the functions of the corticospinal system to de-
scending brain stern pathways, as well as the sprouting of
other axons into the synaptic arcas vacated by the degen-
erating corticospinal axons. If the connections from the
primary motor cortex to lateral brain stem pathways are

spared, the cerchral cortex can contrel limb rmuscles
through cortico-rubrospinal and cortico-reticulospinal
pathways. This anaromical rcorganization is also much
greater in neonatal and young animals than in adults, In
higher primates the number of axons in the rubrospingl
tract decreases substantially relative to that of monkeys
and other species, and the degree of functional recovery
toliowing cortical lesions is correspondingly smaller,

An Overall View

Behavior involves the contraction of many muscles con-
currently and is controlled by motor systems. These sys-
terms are hicrarchically organized, so that spinal circuits
for automatic reflex behaviors are subiect to control from
the brain stem and motor cortex. These three compo-
nents—spinal cord, brain stem, and cortex—also function
in parallel, so that any one sct of controls can to some
extent control movement independently of the other two.

Different parts of the motor system carry out distinct
but interrelated functions. Thus, while the spinal cord and
brain stem mediate reflexive and simple avtomatized vol-
untary responscs, the cortical motor arcas initiate more
complex voluntary movements. The prefrontal motor cor-
tex and basal ganglia arc thought to be invalved in the
planning of movement and in large-scale coordination be-
tween bady parts, The cerchellum is responsible {or coor-
dinating precisely timed activity by integrating intended
motor output with ongoing sensory feedback.

Sensory information influences motor output in many
ways and at all levels of the motor system. Sensory input
ta the spinal cord dircetdy eriggers reflex responses. It is
also cssential for determining the parameters of pro-
grammed voluntary respenses. Finally, sensory input, es-
pecially proprioceptive information, is integral to both
feedback and feed-forward moechanisms, which provide
flexibility in the control of motor cutpat.

Thiree distinct groups of pathways from the brain stem
descend in the medial spinal cord to influence the activity
of spinal motor circuits: the vestibulospinal, reticulospi-
nal, and tectospinal pathways. The first two originate in
the vestibular nuclei and reticular formation, respectively,
and are involved in the contrel of posture and balance,
which arc mediated by meotor neurons of axial muscles.
The tectospinal pathway descends only as far as the cer-
vical spinal cord and coordinates head and eye move-
ments.

The corticospinal tract originates primarily in the fron-
tal and parictal cortex. Pathways from the motor and pre-
motor cortex and red nucleus descend in the lateral spinal
cord to control the motor neurons that innervate distal
muscics that arc used in fine independent movements.
These fibers pass through the internal capsule and make
their way to the medullary decussation, where three
fourths cross the midline and become the lateral cortico-
spinal tracts, whilc the remaining one-fourth becomes the
ipsilateral medial corticospinal tract. The lateral tracts in-
nervate distal motor neurons, while the fewer medial fi-
bers innervate axial motor neurons.



Paraliel descending motor pathways offer the advantage
that if one pathway 18 lesioned, the remaining ones can to
some extent take over its functions. For exarnple, lesions
in the corticospinal tract produce both negative signs {loss
of function} and positive signs {release of function). Some
of the deficits can, with time, be recovered by the remain-
ing cortico-rubrospinal and cortico-reticulospinal tracts.
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Claude Ghez

Voluntary Movement

The Motor Areas of the Cerebral Cortex Are
*Organized Somatotopically

The Primary Motor, Supplementary Motor, and
Premotor Areas Contrzbutc the Majority of
Axons in the Corticospinal Tract

Inputs to Motor Areas from the Periphery,
Cercbelium, and Basal Ganglia Are Mediated by
Other Areas of Cortex and the Thalamus

Corticospinal Axons Influence Segmentai
Motor Neurons Through Direct and
Indirect Connections

Neurons of the Primary Motor Cortex Encode the
Direction of the Force Exerted

individual Corticospinal Neurons Control Small
Groups of Muscles

Neurons in the Primary Motor Cortex Encode
the Amount of Farce to Be Excrted

Movement Direction Is Encoded by Populations
of Neurons, Not by Single Cells

Neurons in the Motor Cortex Are Informed of
the Consequences of Movements

Premotor Cortical Areas Prepare the Motor
Svstems for Movement =

Motor Preparation Time Is Longer Than the
Response Time to Stimuli

Lesions of the Premotor Cortex, Supplementary
Motor, and Posterior Parictal Areas Impair the
Ability to Execute Purposeful Movements

The Supplementary Motor Area Is Important in
Programiming Motor Sequences and in the
Coordination of Bilateral Movements

The Premotor Cortex Controls the Proximal
Movements that Project the Arm to Targets

The Posterior Parietal Lobe Plays a Critical Role
in Providing the Visual Information for
Targeted Movements

An Overall View

V oluntary movements differ from reflex movements
in several important ways. First, the motor systems
can use different strategies in different circamstances to
idchicve the same end. For example, when writing on a
picce of paper we use primarily the fingers and wrist, but
writing on a blackboard we use the ammn and shoulder.
Donald Hebb called this flexibility of strategy motor
equivalence. Second, the effectiveness of voluntary move-
ments improves with experience and learning, Thus, the
PICCISIOn Of 4 reach of @ thIow increases and its variability
decreases with practice. The muscle contractions of suc-
cessive responses become more efficient as co-contraction
and movement time decrease. Third, although voluntary
movements may be evoked by sensory stimuli as are re-
flexes, an external stimulus need not precede them. Thus,
the trajectory of our hand is the same when we reach fora
real target or to its remembered or imagined location. The
higher levels of our motor systems can therefore dissoci-
ate the information content of a stimulus—which tells us
where or how to move—from its capacity to trigger move-
ment—which tells us when to move. Moregver, many
movements arc initiated by thoughts or emotions as acts
of will.

The neural events leading even to s simple voluntary
movement, such as reaching for a glass of water, involve
three complex processes. First, the glass is identified and
its position located in space. Second, a plan of action is
selected that will bring the glass to the mouth. To specify
which body parts are needed and in what direction they
are to he moved, the location of the glass must be assessed
in relation to the position of the hand and body. This
information allows the motor systems to determine the
hand’s trajectory. Finally, the response is executed. Com-
mands are conveyed by the cortical and brain stem de-
scending pathways to the final common pathway, the
motor neurons. These commands specify the temporal se-
quence of muscle activation, the forces to be developed,
and the changes in joint angles. In addition, while reach-
ing, the hand and fingers are oriented to fit the contours of
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the glass, coordinating movements of the shoulder and
arm with those at the wrist and digits so that the glass will
be grasped on contact withont delay.

These three phascs, target identification, planning of
action, and execution are governed by distinct regions of
the cerebral cortex: the posterior parietal cortex, the pre-
motor areas of the frontal cortex, and the primary motor
cortex. We shall begin by considering the organization of
the premotor and primary motor areas, There are distinct
somatotopic motor maps within each of these motor ar-
eas. Then we examine how the primary motor cortex en-
codes the features of movements and how the premotor
and association arcas participate in planning movement
and programming its various components.

The Motor Areas of the Cerebral Cortex Are
Organized Somatotopically

In 1870 Gustav Fritsch and Eduard Hitzig provided the
first direct evidence that distinct areas of the brain control
movement on the contralateral side of the body. They dis-
covered that electrical stimulation of different parts of the
cortex of dogs produces contractions of different contra-
lateral muscles. These observations were soon extended to
monkeys by David Ferrier, who elicited movements of
contralateral limbs by stimulating the precentral and post-
central gyri and movements of the eyes by stimulating the
posterior parietal cortex, Alfred Leyton and Sherrington
next discovered that in primates, motor effects are elicited
most readily from the precentral gyrus. This region corre-
sponds to Brodmann’s area 4 and is now called the primary
MOLCr cortex.

e discovery that different areas of cerebral cortex
control movements of different parts of the body had im-
mediate clinical relevance, It explained why damage of
different areas of the contralateral frontal lobe results in
weakness of the face, arm, or leg. It also enabled clinicians
to understand the mechanism of focal motor seizures. For
example, the Jacksonian seizure, described by Hughlings
Jackson, typically begins with a series of tonic and clonic
involuntary contractions of muscles on one side, com-
monly the finger fiexors. The contractions then gradually
spread proximally to the wrist, then to the elbow, shoulder,
trunk, and other muscles. The abrupt, intense muscle
jerks that accur during the seizure resemble those clicited
by cortical stimulation. Jackson correctly surmised that
the sequential activation of different muscle groups during
the seizure results from the progressive spread of abnor-
mal neural activity from a site in the cortex controlling
distal extremity muscles to ones that control more prox-
tmal ones. Frequently, these focal seizures are triggered by
tumors, scars, or other abnormalities in nearby areas of
the brain. The heurosurgeon Wilder Penfield used cortical
stimulation, a technique he learned from Sherringron, in
patients undergoing brain surgery to identify functional
areas that had to be spared when excising abnormal tissue
in the brain,

Penfield’s work in patients and similar studjes by
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FIGURE 40--1

Comparison of the SOmatotopic representation in the primary
Imetor cortex in chimpanzees {A) and humans {BY. This se-
quence of representation is similar, with the ankles being me-
dial, and the face, mouth, and muscles of mastication lateral.
But the buman motor cortex has a much larger representation
of the face and digits. (Part A from Leyton and Sherrington,
1917; part B adapted from Penfield and Rasmussen, 1950.]

Clinton Woolsey in monkeys showed that the primary
motor cortex contains a motor map of the body. The head
1s represented close to the lateral sulcas; above it are rep-
resentations of the arms, trunk, and legs (Figure 40-1A).
As with the sensory maps, not all body parts are repre-
sented egually in the motor map. The parts of the body
used in tasks requiring precision and fine control, such as
the face and hands, have a disproportionately large repre-
sentation in the motor map (Figure 40-18}.
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©. FIGURE 40-2
© Lecations of the primary and premotor cortical areas in humans
{A} and the macaque monkey (B). Behind the primary motor
areas lic the somatic sensory cortex, Brodmann’s areas 3, 1, 2,
and the posterior parietal cortex, areas 5 and 7.

The studies by Penfield and Woolsey also revealed

that stimulation in Brodmann’s area G, anterior to the pri-

»mary motor corteX, could also produce motor effects.
These areas are called the premotor areas. The axons of
neurons in the premotor arcas project to the primary mo-
tor cortex, as well as to subcortical structures and to the
spinal cord. While the size of the primary motor cortex
remains constant across prirnate phylogeny in proportion
. tobody weight, the premotor areas increase in size sixfold
. from the macaque m onkey to humans. There are two prin-
c¢ipal premotor areas: the gupplementary motor area
{sommetimes referred to as the secondary motor cortex, or
-+ MH}, located on the superior and medial aspects of the
“hemisphere, and the premotor cortey, located on the lac
-eral surface of the hemisphere (Figure 40-2). Movements
Prodaced by stimulation of the supplementary motor
Or premotor arcas are more complex and require larger
stimulus currents than those produced by stimulation of
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the primary motor cortex. Stimulation of the premotor
areas typically cvokes coordinated confractions of mus-
cles at more than one joint and, in the case of the supple-
mentary motor area, on both sides of the body as well. The
supplementary motor and premotor areas are also orga-
nized somatotopically. Anatomical studies have identified
additional premotor arcammn“&Q
Cingulate gyrus larea 24} which may be important 10 al-
OWITIE Tvath : te motor planning direcily.

The Primary Motor, Supplementary Motor, and
Premotor Areas Contribute the Majority of Axons
in the Corticospinal Tract

The cywoarchitecture of the three cortical motor areas dif-
fers from that of the sensory areas behind them and the
prefrontal areas in front, Layer 4, the major input layer for
sensory cortices, is absent in the motor areas. Since layer
4 is called the internal granular layer, these motor arcas
are referred to as agranular cortex (Figure 40~-3A). Layer 5
in the primary motor cortex contains a distinctive popu-
lation of giant (5080 min in diameter| pyramidal neurons,
the Betz cells, named after their discoverer Vladimir Betz.
The axons of these cells run in the corticospinal tract. The
30,000 Betz cells represent only one of several populations
of nerve cells contributing to the one million axons that
make up the corticospinal tract. The tract originates from
neurons of all sizes in layer 5 (Pigure 40-3B). About half of
the axons in the tract come from the primary motor cortex
{Brodmann’s area 4}, Most of the others come from cells in
area 6, mainly from the suppiementary motor area; a
smaller proportion arises from the lateral premotor area
and somatic sensory cortex (areas 3, 2, and 1). As noted in
Chapter 35, axons of the corticospinal tract originating
from the motor cortex terminate in the intermediate and the
ventral zones of the spinal cord, while those from the so-
matic sensory corteX terminate primarily in the dorsal hom.

Inputs to Motor Areas from the Periphery,
Cerebellum, and Basal Ganglia Are Mediated
by Other Areas of Cortex and the Thalamus

The motor areas of the cerebral cortex receive input from
three sources. First, they receive information from the pe-
riphery. This input 1§ fransniitted either directly to the
primary motor cortex from the thalamus (nucleus VPLo)
and the primary somatosensory cortex, or indirectly to the
premotor areas from the sensory association argas, Sec
ond, the motor areas receive input from the cerebelium,
This TPt~ principally distributed 0 the primary and
premotor cortex by way of the thalamus {the oral part of
the ventral posterolateral nucleus, VPLo, the caudal part
of the ventrolateral nucleus VL, and a recently identified
subdivision of the thalamus referred to as area X). The third
source of input is the basal ganglia. This input is also
refayed through the thalamus, BoWwever, from an area sit-
nated more anteriorly (the oral part of the ventrolateral
nucleus V94o, and the ventral anterior nucleus VA] than
the cercbellar relay {Figure 40-4A).
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FIGURE 40-3

In the Primary motor cortex, layer 4 (also called the internal
granular layer) is reduced or absent, and layer 5 containg large
and small pyramidal neurons. As a resuly, the motor COrtex is
called the agranula; cortex, {From Murray and Coulter, 1981
Bright-field (A} and dark-fieid (B) photomicrographs of Nissi-
stained monkcey Primary motor cortex with corticospinal ney-
rons retrogradely laheled foliowing horseradish peroxidase

The motor cortical areas also receive important input
from the somatic sensory cortex and sensory association
areas. In the menkey there are significant connections ro
the primary motor cortex from the primary somatic sen-
SOT i I0GMATN's arca 7, and the posterior parictal

SOINALIC AS50CIAtinn area, Brodmanan’s arca 5. {hesc con-
L

REeCUGNE are organized in a homotopic fashion [i.c., the
same parts of the body map are interconnected), Moreover,
areas of motor cortex representing a given body part ye-
ceive sensory input from the portion of SCNSOrY cortex
representing the same body part. In addition, intracortica]
input to the Primary motor cortex arises in the lateral,
premotor, and supplementary motor arcas, which are in
turn influenced by primary input from posterior parictal
and prefrontal association cortices (Figure 404},

Corticospinal Axons Influence Segmental Maoror
Neurons Through Direct and Indirect Connections

How do corticospinal neurons act on the spinal motor
neurons! By stimulating the primary motor cortex and

i
H
i
i

BOum

injection into the contralateral Iumbar spinal cord. The Iabeled
bewrons are better visualized under dark-ficld illumination (B)
In both photographs arrows point to the same branch of the
blood vessel. A cluster of three corticospinal neurons of differ-
ent sizes are locared in layer 54C). These DEUTONS were retro-
gradely labeled from the contraiateral spinal cord.

recording synaptic potentials m spinal motor neurons,
lames Preston and Charles Phillips scparately discovered
that corticospinal gurons in primates make direct and
powerful excitatory conmections with alpha motor new-
Jons. Lorticospinal axons also EXCite gamma motor neus
rons through polysynaptic pathways. As we have seen,
this coactivation of alpha and gamma motor neurons al-
tows muscle spindles to sense changes in muscle length,
cven when limb movement produces muscle shertening
isec Chapter 37},

Besides direct connections, corticospinal neurons influ-
enee motor neurons indirectly. Anders Lundberg and his
co-workers have found that one important indirect path-
way to the motor nearons innervating the muscles of the
arm involves propriospinal neurons in the upper cervical
segments of the spinal cord that project to motor nuclei
located two or more segments below. A second indirect
path involves the Iz inthibitory interneuron that mediates
the disynaptic corticospinal inhibition of motor neurens.

Although the corticospinal tract proicets to motor nu-
clei contzolling proximal and distal muscles, the cortico-
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The motor areas receive hoth subcortical and corticocortical
input.

A. Subcortical input from thalamic nuclei. Vo 2nd Vie are,
respectively, the oral {rostral} and caudal portions of the ventro-

spinal tract is the only pathway that controls the distal
muscles of the fingers. Indeed, the synaptic potentials pro-
duced by cortical stimuli are fargest in motor neurons in-
nervating distal muscle. Destruction of the primary motor
cortex abolishes not only all effects on distal muscles that
normally result from stimulation of the motor cortex, but
also abolishes the distal effects produced by stimulation of
premotor and supplementary motor arcas. Thus, both the
supplementary motor area and the premotor cortex act on
distal muscles principally through their projections to the
Primary motor cortex.

The motor cortical arcas also exert indirect control
Over spinal motor neurons through parallel projections to
brain stem neurons. For example, neurons in the primary
motor cartex and premoter and supplementary motor ar-
€8s terminate on reticulospinal and other brain stem neu-
rons that project to the spinal cord. These various
POlysynaptic connections allow motor cortical areas to
control complex patterns of muscle activation whose de-
tails are organized in the brain stem (Sce Chapter 38).

Neurons of the Primary Motor Cortex Encode
the Direction of the Force Exerted

Individual Corticospinal Neurons
Control Small Groups of Muscles

The discavery of somatetopic motor map in the primary
motor cortex led Hiroshi Asanuma and his colleagues in
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B Primary
motor cortex Primary somatic
Supplementary sensory cortex
motor area Posterior
== parietal
Premaotor cortex

Prefrontal
coriex

lateral nucleus and thalamus VPLo is the oral portion of the
ventral posierolateral nucleus and X represents nucleus X,

B. Corticocortical connections. Although the arrows are unidi-
rectional, the interconnecting pathways are reciprocal.

the 1960s to ask: How finely detailed is this map!
Asanuma inserted microclectrodes into the motor cortex
and stimulated small groups of neurens. Using low-cur-
rent stimuli that activate only about a dozcm}@_
was able to prodUeE The fElETed coniracton of individaal
MUSCies. ASANUma NCXt disCoVercd Thar T sites where
stimulation produces contraction of a given muscle are
arranged in radial arrays, similar to the columns of nen-
rons found in the somatic sensory and visual cortices,

Despite this fine localization, detailed mapping studies
with microelectrodes have shown that certain muscles,
aotably distal muscles, are represented at more than one
site. Converscly, cortical stimuli that activate a given
Tuscle frequently also influence several other muscles.
More importantly, Eberhard Fetz and Paul Cheney discov-
ered that individual corticospinal axons frequentlv diverge
to influence monosynaptically the motor neurons that in-
nervate several muscles. This divergence has now beon
confried anatomically {Figure 40-5). It is, however,
smaliest for the most distal muscles of the fingers, and
greater for the more proximal mucles.

Neurons in the Primary Motor Cortex Encode
the Amount of Force to Be Exerted

While ablation and stimulation studies show that specific
cortical motor arcas control movements of contralateral
body parts, they provide no clues as to how these areas
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Corticospinal axons have multiple branches within ;
the spinal cord, A single axon identified physiolog- ;
icaily was injected with horseradish peroxidase |
and its course was reconstrucred, i
A. Longitudinal view showing branches terminat- !
ing at several levels. :
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might participate in its initiation or contiol. In order to
address this question we would have to know how neu-
ronal discharge is modulated during the performance of a
motor task itself. Edward Evarts was the first to investi-
gate this issuc by recording from single neurons in the
primary motor cortex of monkeys trained to perform var-
lous simple tasks. He studied how cortical neurons in the
wrist area of primary motor cortex arc modulated during
flexion and extension of the wrist {Figure 40-6Bj. He
found that Mﬁmns of neyrons were active
during flexion and during cxtension and that the moda.

Tation in_their activity typically occurred before the con-

traction_of the relevant muscies, Ths provided dircct
evidence that the primary motor cortex actually partici-
pates in the initiation or wiggering of movement,

What aspect of movement is controlied by the activity
of individual corticospinal tract neurons? is it the extent
of the limb movement (that 18, 4 change in position} or the
degree of force exerted by the muscles of the limb? if these
neurons encode an intended change in position, without
regard to force, then their discharge should have the same
firing pattemn for the same movement against different
loads. Bug, if the celis encode the force exerted, neuronal
activity should change with the load and not be affected by
the change in position.

Evarts determined that the discharge frequency of cor-
ticospinal tract neurons encodes the amount of force used

B

c7

ce

to move the limb rather than the change in the position of
the limb. For example, the firing rate of 2 neuron that
becomes active during wrist flexion increascs with the
flexor load. When the weight is shifted to assist flexion
and oppose extension, flexion occurs passively by the re-
laxation of the antagonist {extensor) mruscles and the neu-
ron no longer fires (Figure 40-6R).

T1

In addition to neurons that encode the amount of force
exerted, some neurons in the primary motor cortex on code
the rate of change of Torce, These neurons arc likely to
‘C’OW{Wncm. They arc assisted by ney-
rons in the rubrospinal system, whosc activity is princi-
pally related to the dynamics of foree and to limb velocity
{Figure 40-71,

Movement Direction Is Encoded by
Populations of Neurons, Not By Single Cells

The obscrvation that flexion and extension of wrist or
elbow are associated with the firing of different popula-
tions of cortical neurons fit with the idea of a muscle-like
map in primary motor cortex. However, since individual
neurons in primary motor cartex can influence multiple
muscles, the question arises of how the direction of typi-
cal multijoint arm movements might be encoded by cor-
tical neurons, This question was addressed by Apostolos
Georgopoulos and his colleagues by studying how neu-
ronal activity varies when monkeys move a handie to one
of several targets arranged around a central starting posi-
tion. They found that activity of individual neurons did
indeed vary with the dircction of the movement: they
fired most briskly for movements in 2 preferred direction
and fell silent during movements in the opposite direc-
tion. Moreover, the preferred directions of neurons located
within a column of cortex were quite similar. The di-
rectional tuning of all recorded neurons was, however,
surprisingly broad. Individual neurons contribute predom-
inantly to movements in a preferred direction but also to

lesser degrees to movements in other directions (Figure
40-8).
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The activity of motor cortical neurons codes the direction of force of antagenist
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A. Setup for recording specific corticospinal tract neurons in
the motor cortex of an awake monkey. The apparatus permits B. Records of a corticospinal tract neuron {CTN) that increases
the animal alternately to flex and extend its wrist. To ascertain its activity with flexjon of the wrist. Note that the cell starts fir-
that the neuron being recorded projects through the corticospi- ing before movement. Electromyograms of fiexor and extensor
nel tract, corticospinal fibers are stinmilated through a separate muscles and discharge records of a corticospinal tract neuron
electrode implanted in the ipsilateral medullary pyramid to pro- are shown under different load conditions. Absence of neuronal
duce antidromic action potentials, thus activating output neu- activity with extensor load indicates that the neuron codes for

ons in the motor cortex at a short and consistent latency.

FIGURE 40-7

Dynamic, static, and mixed neurons have distinctive
Patterns of firing during voluntary isometric contrac-
tion in the cat. dF/dt = rate of change of force. Broken
line denotes onset of movement. {Adapted from Ghez

and Vicario, 1978, and Vicario, Martin, and Ghez,
1983.)
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during movement in cight directions. A monkey was trained to
move a handle to eight different locations, represented by

light-emirting diodes, arranged radially in one plane arcund 4
central starting position. Each row of tics in cach raster plot

How can movement direction be coded precisely by
neurons that are so broadly tuned? Georgopoulos proposed
that movement in a particular direction is determined not
by the action of single neurons but by the net action of a
broad population of neurons. Furthermore, he suggested
that the contributions of each HDEUIon to movement in a
particular direction could e represented as a Vector whose
length depended on the degree of activity during move-
ments i that partiear dTecion THe contributions of
individual cells could then be added vectorally to produce
a population vector. Geargopoulos has proposed that the
direction of the population vector would determine the
direction of movement.

To test this idea and to determine the relationship be-
tween the direction of the population vector and the ensuing
movement, Georgopoulos analyzed the activity of neurons
in monkeys reaching toward targets in different directions
and found that the directions of the computed population
veetors closely match the directions of movement {Figure
40-91. This finding is evidence for the idea that this vol-
Untary behavior is determined by the activity of a zather
large population of neurons and carnot be predicted from
the disCharge patterns of a0y one neuton. This Situation con-
trasts with that Th THotion detection where small popula-
tions of cells seem to he critically important for perception.

-
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FIGURE 40-8 onset
individual cortical neurons are broadly tuned to the direction of Tepresents activity in a single trial. The rows are aligned at zero
movenment. Raster plots show the firing pattern of a single neuron time {the onset of movement). The center diagram shows the

directions of the eight movements. It can Lo seen that the cell
fives at relatively high rates during movements made in 2 1ange
of directions from 90° to 225°. {From Georgopoulos et al., 1982}

Although neurons in the primary motor cortex encode
direction and force exerted during movement, their con-
tribution is not invariant and depends on the nature of the
task being performed. For example, Roger Lemon found
that neurens that fire when a monkey squeczes a small
transducer precisely between the thumb and index finger
may remain silent when the monkey excrts the same force
by grasping a rod with ali fingers together, Similarly, while
neurons in the motor cortex may govern an arm move-
ment performed to reach an object, a similar arm move-
ment made during an ontburst of anges o1 an emotional
upser may occur without a change in the activity of neu-
rons in the motor cortex. As still another example, corti-
cal neurons in the face area that are active during the jaw
movement of a trained biting responsc have been shown
to remain silent when the animal uses the same muscles
for chewing, which is a more automatic responsc.

Neurons in the Motor Cortex Are In formed
of the Consequences of Movements

Neurons in the primary motor cortex are kept informed
about the position of the limb and the speed of movement
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FIGURE 40-9

During movements in any given direction various cor-
tical nevrons with different preferred directions are
active but the direction of the population vector
closely matches that of the direction of movement.
Each cluster represents the activity of one pepulation.
The directions of the population vectors {dashed ar-
rows) closely match the direction of the tazgets.

through sensory input. Like neurons in the somatic sen- FIGURE 40-10

Sory cortex, neurons in the motor cortex have receptive Input-output orgamization of the cortical neurons controlling a

fields in the periphery. Some respond to tactile stimuli, flexor of a digit. The neurons are activated by cither stretch of

others to movements of the hands, and still others to the muscle or stimulation of the skin. A parallel mechanism,
E " . - :

stretch of individual muscles or rotation of joints, the spinal loop, is also shown. (Adapted from Asanuma, 1973.}

What is the relationship between the location of these
receptive fields on the body and the muscle groups con-
trolled by local sectors of motor cortex? Asanuma and his
colleagues found that some neurons in the motor cortex
receive proprioceptive input Irom the muscle fo Which
thiey project, While othcrs receive input [rom regions of
skin thatiend to be contacted during contraction of that
same muscle (Figure 40-10). This sensory input is trans
mitted to the motor cortex by both corticocortical fibers
from the somatic sensory cortex, and by direct pathways
from the thalamus.

The correspendence between the muscle TeCeptors pro-
viding proprioceptive input to cortical neuvrons and the
target muscles of these same neurons is similar to that of
muscle afferents and homonymous motor neurons in the
spinal cord. Phillips suggested that the motor cortex
might therefore function in parallel with the spinal
stretch reflex. He envisioned that transcortical circuits
convey afferent information from muscles and control
contraction of musecles by a long loop pathway through
the motor cortex (Figure 46-10). This feedback would YO~
vide assistance, supplementing the stretch reflex, when

Motor cortex

Spinal loop
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the moving limb encountered an unexpected obstacle: If
the movement were appreciably slowed, misalignment
would occur between the length of the muscle and its
spindies, causing the primary spindle afferents to fire, This
input would then boost the cortical output as well as act
directly on motor neurons through the stretch reflex arc.
A similar process might be set in motion from cutaneous
receptors that also influence motor cortical neurons.
Phillips's suggestion that the transcortical pathway
mediates kinesthetic inputs is supported by experiments
of Vernon Brooks, who trained monkeys to move a handle
between two target zones, flexing and extending the fore-
arm. Through a motor attached to the handle, a force op-
posing the movement could be introduced at any time

FIGURE 40-11

An unexpected load increases the activity of neurons in the motor
cortex. The monkey is trained to move a handie from an extension
to a flexion target. On random trials a load 1s introduced just after
movement begins. From top to bottem: position of the arm,
electromyograms of the triceps and biceps, typical records of
neuronal discharge during a single trial, and histograms of neu-
ronal activity over 20 trials. {Adapted from Conrad et al, 1974.!
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during the movement, so that the monkey would unex-
pectedly have to use more force to bring the handle into
the target zone. The sudden occurrence of an additional
load produced a marked change in the pattern of cortical
discharge. First, there was a burst of activity in response to
the additional load, and later a more prolonged response
during which the monkey repositioned the lever in the
target zone [Figure 40-11]. The early, short-latency burst
of cortical activity indicates that the motor cortex re-
sponds to muscle stretch in the same way as the alpha
motor neurons in the spinal cord, consistent with Phil-
lips’s hypothesis. The effect of the boost in cortical re-
sponse compensates only for relatively small disturbances.
Large disturbances trigger new voluntary responses based

A. Control moverent {flexion] of the arm between two target
zones {hatched rectangles).

B. Mavement opposed by a transient increase in opposing force
{at arrow). The two periods of increased neuronal activity fol-
lowing the application of the load reflect, first, the activation of
the neuron’s receptive field and then the execution of a second
motor command to overconie the load.
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on an updated computation of the new load opposing the
movement {Figure 40-11),

Premotor Cortical Areas Prepare
the Motor Systems for Movement

Motor Preparation Time Is Longer Than
the Response Time to Stimuli

Under optimal conditions of attention, we can respond to
a sensory stimulus in 120 to 150 ms {the shortest time is
for proprioceptive Of auditory stimuli, the longest for vi-
sual stimuli, because of extra retinal synapses). In con-
trast, the time needed to prepare for a spontaneoys
movement may take séveral hundred millisegonds {Figure
40127 This preparation Tmie increases with the antici-
pated complexity of the response and the degree of preci-
sion required for the task. It also depends on the amount of
processing needed to decide which response is appropriate
to a particular stimulus. The latency is shortest when the
subject knows in advance which stimulus will occur and
which response to make {simple reaction timel. Reaction
time is longer when the subject must anticipate several
different stimuli, each requiring a different response
[choice reaction time). Choice reaction time increases lin-
early with the number of alternative responses that are
available, a zelationship that reflects the added processing
needed to select and program the appropriate response.

Lesions of the Premotor Cortex, Supplementary
Motor, and Posterior Parietal Areas Impair the
Ability to Execute Purposeful Movements

Lesions of the latera] premotor, supplementary motor, and
posterior parietal areas cause more complex movement
disorders than do lesions of the primary motor cortex.
While lesions of the primary motor cortex cause weak-

ML TRIURy OF LIC primary MOtor COTiex cause weak

HGURE 40-12

Neurons in the lateral premotor area begin firing
about 800 ms before a voluntary finger movement.
Traces are based on recordings from the human
scalp over the frontal cortex. |Adapted from Decke
et al,, 1969.)

Chapter 40. Voluntary Movement 619

ness, lesions of premotor areas impair the ability to de-
velop an appropriate strategy for maovement. When
monkeys with [esions of these areas are presented with
food behind a transparent shield with an opening to the
side of the food, they do not reach through the opening but
instead aim directly for the food, bumping their hands into
the shield.

These symptoms in monkeys are similar to apraxias
that occur in humans with lesions of the frontal associa-
tion or posterior parietal cortices. Patients with apraxia
show neither weakness nor sensory loss and are able to
make simple movements accurately, but they are unable
to perform complex acts requiring sequences of muscle
contractions or a planned strategy such as combing their
hair or brushing their teeth (Figure 40-13.

The Supplementary Motor Area Is Important
in Programming Motor Sequences and in
the Coordination of Bilateral Movements

The supplementary motor area plays an important role in
programming complex sequences of movement. Move-
ments clicited by stimulating the supplementary motor
area require more intense and longer-lasting trains of
pulses than do movements evoked from the primary mo-
tor cortex. These include such complex patterns of move-
ment as orienting the body or opening or closing the hand.
Many of the movements are bilateral. Movements involv-
ing preximal muscles can be mediated through direct pro-
Jjections from the supplementary motor aréa 1o the spinal
Wmﬁ%isml muscles appear to be medi-
ated indirectly through connections to the motor coriex,
since they are abolished by lesions of the motor cortéx.
The1ole of the supplermentary motor area in program-
ming rather than executing complex movement se-
guences was discovered by Per Roland and his co-workers
while studying local cerebral blood flow in humans per-
forming motor tasks of increasing complexity, During

Precentral gyrus

Premotor positivity

Posteentral gyrus

|

A




620 Part VI. Motor Systems of the Brain

A Normal

Shoulder —m

FIGURE 40-13

Three-dimensional IeConstruction of
the motions of the hand and arm of a2
normal subject (A} angd apraxic subject
(B performing the gesture of winding
a window. The normal subject makes
repeated circular motions of the hand,
whereas the movements made by the
apraxic are tentative and irregular,
{(From Poizner, 1990,

simple tasks blood flow increased dramatically within the
contralateral hand arcas of both the primary motor and
Somatic sensory cortices but did not increase significantly
over lateral premotor areas {Figure 40-14C). During a
complex sequence of movements involving ail of the dig-
its, the increase in cercbral bicod flow extended to the
supplementary motor area, When subjects were told to
rehearse the sequence of finger movements mentally but
not o periorm the sequence, blood flow increased only in
the supplementary motor arca (Figure 40-14C.

‘Cobic Brin man found two major motor deficits fol-
lowing lesions of the supplementary motor area. These
findings also are consistent with the role of this area in
Programming and coordinating  complex movements,
First, monkeys are unable to orient their hands and digits
appropriately while reaching for a peanut in a smail well;
rather, the hand assumes awkward positions as it ap-
proaches the peanut. Sccond, monkeys are severely im-
paired in their ability to use both hands to retrieve g
morsel of foad stuck into 4 hole drilled in a transparent
plastic plate {Figure 40-154,

The supplementary motor arca also plays an mportant
role in coordinating posture and voluntary movement.
fean Massion and his colleagues asked subjects to main-
tain flexion of the elbow when a weight placed on their
wrists was suddenly removed. The ability to perform this
task depended on whether the weight was removed ac-
tively {by the subject] or passively (by the experimenter],
When subjects removed the weight with their free hands,
the biceps of the supporting arm relaxed concurrently and
without delay as the weight was removed. But if the ex-
aminer removed the weight, the subjects could not main-
tain flexion of the arm, even though they anticipated the
removal. Similarly, flexion could not be maintained when
the weight was removed passively with an electromechan-

nti

B Apraxic

ical device operated by the subject. The biceps relaxed
only after a delay, comresponding to a brief simple reaction
time following removal of the weight {Figure 40-16).

Patients with unilateral lesions of the supplementary
motar area are unable to coordinate muscle contractions
of their arms when the weight was placed on the affected
{contralateral) arm. Subjects invariably responded with 4
delay to both active and passive removal of the weight,
Task performance was normal, however, if the weight was
placed on the unaflected fipsilateral} limb. This result sup-
ports the ides that during the performance of a voluntary
movement, two relatively independent but coordinated
motor programs operate, One initiates the limb move-
ment; the other program generates a coordinated postural
response. This second program requires the integrity of
the supplementary motor ares.

The Premotor Coriex Controls the Proximal
Movements that Project the Arm 1o Targets

Although the lateral premotor cortex is the most poorly
understood of the cortical regions that project to the mo-
tor cortex, some preliminary insights into its functions
emerge from studies correlating anatomy, single-cell re-
cording, and behavior, The pPremotor cortex receives its
principal fnput from the posterior parietal cortex. It sends
abundant projections to regions of the brain stem that con-
tribute to the med;al descending systems {notably the re-
ticulospinaj system) and to the region of the spinal cord
that controls proximaj and axial muscles. These connec-
tions led Hans Kuypers to suggest that the premotor cor-
tex plays a primary role in the control of proximal and
éxiafEFsEIEs‘a‘s“WElTWﬁﬁWEé’é’éé'b? arjenting
the body and arm to 4 target. As first shown by Steven




Somatic sensory
cortex

FIGURE 40-14

Local increases in cerebral blood flow during a behavior indi-
cate which areas of motor cortex are.involved in the behavior.
{Adapted from Roland et al, 1980

A. When a finger is pressed against a spring, increased blood
flow is detected in the hand areas of the primary motor and
sensory cortices. The increase in the motor area was related to
the execution of the response whereas the increase in the sen-
sory area reflected the activation of peripheral receptors.

B. During a complex sequence of finger movements, the in-
crease in blood flow extends to the supplementary motor area.

C. During mental rehearsal of the same sequence illustrated in
B, blood flow increases only in the supplementary motor area.
Blood flow was measured by intravenously injecting radicactive
xenon dissolved in a saline solution and measuring the radioac-
tivity over different parts of cortex using arrays of detectors
placed over the scalp. Since local tissue perfusion varies with
neural activity, the measured radioactivity provides a good in-
dex of regional actvity in the surface of the brain.

FIGURE 48-15

A unilaterzl lesion of the supplementary motor area
resuits i a deficit in bimanual coordination. A nor-
mal monkey pushes food through the hole with ene
hand and catches it with the other. The lesioned ani-
mal uses both index fingers to push the food from top
and bottom. ({Adapted from Brinkman, 1984.)
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A “Active’’ unioading
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FIGURE 40-1¢6

The dependence of certain postural reficxes on voluntary move-
ment is demonstrated in this experiment. A weight is placed on
a force transducer resting on the right arm and a potentiometez
measures the elbow angle. The weight is removed by the sub-
ject with the left hand {active unloading) or by the experi-
menter (passive unloading). The records show recordings of
force, joint position of the elbow, and rectified and integrated

Wise, many neurons in the premotor cortex Sre when the
animal receives an instruction telling it to move to a par-
ticular location in response to a subsequent go-signal (Fig-
ure 40-17). Such ncurons have been termed sef-related by
Wise to indicate that their activity reflects what the ani-
mal is preparing to do and indicate a role for the lateral
premotor arez in the preparatory process itself,

“Passive” unloading
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myograms of the left and right biceps. Mean value of 15 trials.
Active and passive unloading result in different postural adjust-
ments. At the onset of active unjoading the elbow joint does
not change position and activity in the biceps is inhibited. In
contrast, with passive unloading the supporting biceps is not
inhibited and the arm rises. {From Hugon et al, 1982}

The Posterior Parietal Lobe Plays a Critical
Role in Providing the Visual Information
tor Targeted Movements

An important step in preparing for movement is the fo-
cusing of attention on salient stimuli, such as the spatial
relationships among obiects. Information about the exter-
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nal world conveyed through the various sensory modali-
ties meeds to be correlated with information about the
position of our body and limbs and our motivational state.
“There is now clear anatomical and physiclogical evidence
:that the posterior * parictal cortex plays a role in these pro-
sses {see also Chapter 52].
In menkeys the posterior parietal cortex comprises ar-
‘eas’5 and 7 {Figure 40-2). In humans it also includes the
- Supramarginal gyrus {area 39) and the angular gyrus (area
40}, which show a strong hemispheric specialization: The
eft posterior parietal cortex is specialized for processing
Inguistic information and the right posterior parietal cor-
¢x is specialized for processing spatial information. Pa-
_Hients with lesions in thesc areas have severe attentional
disturbances, referred to as neglect, of tactile or visual
stimuli on one side of their body. They also make peculiar
errars in locating objects in space, and their ability to rec-
Ognize or perform complex gestures is defective {see Chap-
ter 53). Somatic sensation may be almost normal,
_%It.hqugh these patients are unable to recognize complex
le?cts placed in the hand without vision. However, these
Patients typically do not use information from either the
-Sontralateral side of the body or the contralateral visual

eld. They synthesize the spatial coardinates of surround-
ng objects incorrectly. For example, when drawing a
clock, a patient with a posterior parietal lesion puts ali the

: Hu}nbcrs on one side and does not notice that the drawing
8 Inaccurate.

Area 5 receives its main input from the somatic sen-
50ty cortex, Brodmann'’s aress 3, 1, and 2 and relates this
-SOmatosensory nput to limb position. Area 5 is also-in-
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FIGURE 40-17

A set-related neuron in the lateral premotor area be-
comes active while the animal prepares itself 1o make
a movement to the left. An instruction signal, illumi-
nation of one of the four panels, tells the animal
which panel it will have to depress when the trigger
signal, illomination of the nearby light-emitting diode,
1s presented. Each dot on each line represents g spike
n the recorded neuron. Each Hne is one trial, and
successive trials are aligned on the enset of the in-
struction signal. The delay between the instruction
and trigger signals varied randomly among three val-
ues. In the figure the responses made with each delay
time are grouped to show that the discharge of the
neuren coincides with the instruction signal (18] and
lasts unti] the response is made after the trigger signal
(TS). [From Wise, 1985

formed by the vestibular system about the orientation of
the head in space, by the premotor areas about motor
plans, and by inputs from limbic cingulate cortices about
motivational state. Area 5 in turn projects both posteriorly
to area 7 and anteriordy to the premotor areas. Area 7 is
involved primarily in the processing of visual information
that relates to the location of objects in space {as opposed
to information about the features of the visual scene. In
area 7 visual information is Integrated with somatosen-
sory inputs from arca 5 and auditery inputs from area 22.
Area 7 directs movement by its projections to the premo-
tor areas and to the lateral cerebellum {see Chapter 41],

Major insights into the roles of posterior parictal asso-
ctation areas in motor controf have been obtained by
Vernon Mountcastle and his colleagues studying neuronat
activity in these regions during natural behaviors. They
found that the discharge of neurons in these areas is mod-
ulated by states of attention. Two classes of neurons in
area 5 arc of further interest for their possible role in the
initiation of movement. The first, called arm projection
neurons, fire only when a monkey reaches for a desired
object {food or reward-related stimuli) within its immedi-
ate surroundings. These neurons were otherwise unre-
sponsive to sensory stimulation and do not firc when the
animal moves its limb to the same region of space as when
the object of interest was absent. The second class of neu-
rons, in area 5, called hand manipulation neurons, be-
came active only when the animal manually explored
objects of interest. Neurons with similar movement-
dependent properties are found in area 7.

Thus, neurons in the posterior parietal cortex can be
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driven by sensory stimuli, but only in the coatext of spe-
cific behavioral responses. By integrating information
about the state of the animal with that of potential targets,
the posterior parietal areas are thought to create a context
or frame of reference for directing movement.

An Overall View

The discovery that the motor areas of the cerebral cortex
are clectrically excitable and organized somatotopically
has had tmportant implications for understanding neuro-
logical diseases, However, these motor areas are not sim-
pie distribution centers as was long believed. Rather, three
advances have given us new insight into the cortical
mechanisms subserving voluntary movement. First, the

motor areas have a modular organization. In the primary
motor cortex, Tocal Tiodules in the form of columnar ar-
rays of neurons contro} the direction of limb movements.
For the most distal movements such as those of the digits,
individual cortical neurons control direction by acting on
single muscles. For movements of more proximal body
parts, the directional signal is distributed both through
axon collaterals and spinal interneurons to produce facil-
itation and inhihition in multiple motor neurons. It seems
likely that this branching provides the elements of a fun-
damental motor vocabulary.

Second, the firing of individual cortical neurons co-
nt parameters such as the amount of force

or the rate of change of force that needs to be developed.

This intensity coding is nevertheless contintously mod-
ulated by feedback from the periphery. Thus, the distine
tion between sensory and motor processes 1s somewhat
blurred by the tight interactions that continuously take
place between these processes.

Finally, studies of premotor and parietal association
areas provide new and de intention 1
translated into action. In premotor and parietal associa-
tion areas, nédronal activity does not simply result from
external stimnulation, but also reflects the subject’s inten-
tions. Neurons in these areas do not encode the fine detail
of zctions to be executed; instead they are concerned with
more global aspects of motor tasks—the coordination of
posture and movements, particularly complex move-
ments or sequences of movements involving both the con-
tralateral and ipsilateral limbs.
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