
Overview

Skeletal (striated) muscle contraction is initiated by “lower” motor neurons
in the spinal cord and brainstem. The cell bodies of the lower neurons are
located in the ventral horn of the spinal cord gray matter and in the motor
nuclei of the cranial nerves in the brainstem. These neurons (also called α
motor neurons) send axons directly to skeletal muscles via the ventral roots
and spinal peripheral nerves, or via cranial nerves in the case of the brain-
stem nuclei. The spatial and temporal patterns of activation of lower motor
neurons are determined primarily by local circuits located within the spinal
cord and brainstem. Descending pathways from higher centers comprise
the axons of “upper” motor neurons and modulate the activity of lower
motor neurons by influencing this local circuitry. The cell bodies of upper
motor neurons are located either in the cortex or in brainstem centers, such
as the vestibular nucleus, the superior colliculus, and the reticular formation.
The axons of the upper motor neurons typically contact the local circuit neu-
rons in the brainstem and spinal cord, which, via relatively short axons, con-
tact in turn the appropriate combinations of lower motor neurons. The local
circuit neurons also receive direct input from sensory neurons, thus mediat-
ing important sensory motor reflexes that operate at the level of the brain-
stem and spinal cord. Lower motor neurons, therefore, are the final common
pathway for transmitting neural information from a variety of sources to the
skeletal muscles.

Neural Centers Responsible for Movement

The neural circuits responsible for the control of movement can be divided
into four distinct but highly interactive subsystems, each of which makes a
unique contribution to motor control (Figure 15.1). The first of these subsys-
tems is the local circuitry within the gray matter of the spinal cord and the
analogous circuitry in the brainstem. The relevant cells include the lower
motor neurons (which send their axons out of the brainstem and spinal cord
to innervate the skeletal muscles of the head and body, respectively) and the
local circuit neurons (which are the major source of synaptic input to the
lower motor neurons). All commands for movement, whether reflexive or
voluntary, are ultimately conveyed to the muscles by the activity of the
lower motor neurons; thus these neurons comprise, in the words of the great
British neurophysiologist Charles Sherrington, the “final common path” for
movement. The local circuit neurons receive sensory inputs as well as
descending projections from higher centers. Thus, the circuits they form pro-
vide much of the coordination between different muscle groups that is
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Figure 15.1 Overall organization of
neural structures involved in the control
of movement. Four systems—local
spinal cord and brainstem circuits,
descending modulatory pathways, the
cerebellum, and the basal ganglia—
make essential and distinct contribu-
tions to motor control.

essential for organized movement. Even after the spinal cord is disconnected
from the brain in an experimental animal such as a cat, appropriate stimula-
tion of local spinal circuits elicits involuntary but highly coordinated limb
movements that resemble walking. 

The second motor subsystem consists of the upper motor neurons whose
cell bodies lie in the brainstem or cerebral cortex and whose axons descend
to synapse with the local circuit neurons or, more rarely, with the lower
motor neurons directly. The upper motor neuron pathways that arise in the
cortex are essential for the initiation of voluntary movements and for com-
plex spatiotemporal sequences of skilled movements. In particular, descend-
ing projections from cortical areas in the frontal lobe, including Brodmann’s
area 4 (the primary motor cortex), the lateral part of area 6 (the lateral pre-
motor cortex), and the medial part of area 6 (the medial premotor cortex)
are essential for planning, initiating, and directing sequences of voluntary
movements. Upper motor neurons originating in the brainstem are responsi-
ble for regulating muscle tone and for orienting the eyes, head, and body
with respect to vestibular, somatic, auditory, and visual sensory information.
Their contributions are thus critical for basic navigational movements, and
for the control of posture. 

The third and fourth subsystems are complex circuits with output path-
ways that have no direct access to either the local circuit neurons or the
lower motor neurons; instead, they control movement by regulating the
activity of the upper motor neurons. The third and larger of these subsys-
tems, the cerebellum, is located on the dorsal surface of the pons (see Chap-
ter 1). The cerebellum acts via its efferent pathways to the upper motor neu-
rons as a servomechanism, detecting the difference, or “motor error,”
between an intended movement and the movement actually performed (see
Chapter 19). The cerebellum uses this information about discrepancies to
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mediate both real-time and long-term reductions in these motor errors (the
latter being a form of motor learning). As might be expected from this
account, patients with cerebellar damage exhibit persistent errors in move-
ment. The fourth subsystem, embedded in the depths of the forebrain, con-
sists of a group of structures collectively referred to as the basal ganglia (see
Chapter 1). The basal ganglia suppress unwanted movements and prepare
(or “prime”) upper motor neuron circuits for the initiation of movements.
The problems associated with disorders of basal ganglia, such as Parkinson’s
disease and Huntington’s disease, attest to the importance of this complex in
the initiation of voluntary movements (see Chapter 17).

Despite much effort, the sequence of events that leads from volitional
thought to movement is still poorly understood. The picture is clearest, how-
ever, at the level of control of the muscles themselves. It therefore makes
sense to begin an account of motor behavior by considering the anatomical
and physiological relationships between lower motor neurons and the mus-
cle fibers they innervate. 

Motor Neuron–Muscle Relationships

By injecting individual muscle groups with visible tracers that are trans-
ported by the axons of the lower motor neurons back to their cell bodies, the
lower motor neurons that innervate each of the body’s skeletal muscles can
be seen in histological sections of the ventral horns of the spinal cord. Each
lower motor neuron innervates muscle fibers within a single muscle, and all
the motor neurons innervating a single muscle (called the motor neuron
pool for that muscle) are grouped together into rod-shaped clusters that run
parallel to the long axis of the cord for one or more spinal cord segments
(Figure 15.2). 

An orderly relationship between the location of the motor neuron pools
and the muscles they innervate is evident both along the length of the spinal
cord and across the mediolateral dimension of the cord, an arrangement that
in effect provides a spatial map of the body’s musculature. For example, the
motor neuron pools that innervate the arm are located in the cervical
enlargement of the cord and those that innervate the leg in the lumbar
enlargement (see Chapter 1). The mapping, or topography, of motor neuron
pools in the mediolateral dimension can be appreciated in a cross section
through the cervical enlargement (the level illustrated in Figure 15.3). Thus,
neurons that innervate the axial musculature (i.e., the postural muscles of
the trunk) are located medially in the cord. Lateral to these cell groups are
motor neuron pools innervating muscles located progressively more laterally
in the body. Neurons that innervate the muscles of the shoulders (or pelvis,
if one were to look at a similar section in the lumbar enlargement; see Figure
15.2) are the next most lateral group, whereas those that innervate the proxi-
mal muscles of the arm (or leg) are located laterally to these. The motor neu-
ron pools that innervate the distal parts of the extremities, the fingers or toes,
lie farthest from the midline. This spatial organization provides clues about
the functions of the descending upper motor neuron pathways described in
the following chapter; some of these pathways terminate primarily in the
medial region of the spinal cord, which is concerned with postural muscles,
whereas other pathways terminate more laterally, where they have access to
the lower motor neurons that control movements of the distal parts of the
limbs, such as, the toes and the fingers.

Two types of lower motor neuron are found in these neuronal pools.
Small g motor neurons innervate specialized muscle fibers that, in combina-
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tion with the nerve fibers that innervate them, are actually sensory receptors
called muscle spindles (see Chapter 8). The muscle spindles are embedded
within connective tissue capsules in the muscle, and are thus referred to as
intrafusal muscle fibers (fusal means capsular). The intrafusal muscle fibers
are also innervated by sensory axons that send information to the brain and
spinal cord about the length and tension of the muscle. The function of the γ
motor neurons is to regulate this sensory input by setting the intrafusal mus-
cle fibers to an appropriate length (see the next section). The second type of
lower motor neuron, called a motor neurons, innervates the extrafusal mus-
cle fibers, which are the striated muscle fibers that actually generate the
forces needed for posture and movement.

Although the following discussion focuses on the lower motor neurons in
the spinal cord, comparable sets of motor neurons responsible for the control
of muscles in the head and neck are located in the brainstem. The latter neu-
rons are distributed in the eight motor nuclei of the cranial nerves in the
medulla, pons, and midbrain (see Appendix A). Somewhat confusingly, but
quite appropriately, these motor neurons in the brainstem are also called
lower motor neurons.

(B)(A) (C)
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Lower motor
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Figure 15.2 Organization of lower
motor neurons in the ventral horn of the
spinal cord demonstrated by labeling of
their cell bodies following injection of a
retrograde tracer in individual muscles.
Neurons were identified by placing a
retrograde tracer into the medial gas-
trocnemius or soleus muscle of the cat.
(A) Section through the lumbar level of
the spinal cord showing the distribution
of labeled cell bodies. Lower motor neu-
rons form distinct clusters (motor pools)
in the ventral horn. Spinal cord cross
sections (B) and a reconstruction seen
from the dorsal surface (C) illustrate the
distribution of motor neurons innervat-
ing individual skeletal muscles in both
axes of the cord. The cylindrical shape
and distinct distribution of different
pools are especially evident in the dor-
sal view of the reconstructed cord. The
dashed lines in (C) represent individual
lumbar and sacral spinal cord segments.
(After Burke et al., 1977.)
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Figure 15.3 Somatotopic organization
of lower motor neurons in a cross sec-
tion of the ventral horn at the cervical
level of the spinal cord. Motor neurons
innervating axial musculature are
located medially, whereas those inner-
vating the distal musculature are
located more laterally.

The Motor Unit
Most mature extrafusal skeletal muscle fibers in mammals are innervated by
only a single α motor neuron. Since there are by far more muscle fibers than
motor neurons, individual motor axons branch within muscles to synapse
on many different fibers that are typically distributed over a relatively wide
area within the muscle, presumably to ensure that the contractile force of the
motor unit is spread evenly (Figure 15.4). In addition, this arrangement
reduces the chance that damage to one or a few α motor neurons will signif-
icantly alter a muscle’s action. Because an action potential generated by a
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Figure 15.4 The motor unit. (A) Dia-
gram showing a lower motor neuron in
the spinal cord and the course of its
axon to its target muscle. (B) Each
motor neuron synapses with multiple
fibers within the muscle. The motor
neuron and the fibers it contacts define
the motor unit. Cross section through
the muscle shows the relatively diffuse
distribution of muscle fibers (red dots)
contacted by the motor neuron.
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motor neuron normally brings to threshold all of the muscle fibers it con-
tacts, a single α motor neuron and its associated muscle fibers together con-
stitute the smallest unit of force that can be activated to produce movement.
Sherrington was again the first to recognize this fundamental relationship
between an α motor neuron and the muscle fibers it innervates, for which he
coined the term motor unit.

Both motor units and the α motor neurons themselves vary in size. Small
α motor neurons innervate relatively few muscle fibers and form motor
units that generate small forces, whereas large motor neurons innervate
larger, more powerful motor units. Motor units also differ in the types of
muscle fibers that they innervate. In most skeletal muscles, the smaller
motor units comprise small “red” muscle fibers that contract slowly and
generate relatively small forces; but, because of their rich myoglobin content,
plentiful mitochondria, and rich capillary beds, such small red fibers are
resistant to fatigue (these units are also innervated by relatively small α
motor neurons). These small units are called slow (S) motor units and are
especially important for activities that require sustained muscular contrac-
tion, such as the maintenance of an upright posture. Larger α motor neurons
innervate larger, pale muscle fibers that generate more force; however, these
fibers have sparse mitochondria and are therefore easily fatigued. These
units are called fast fatigable (FF) motor units and are especially important
for brief exertions that require large forces, such as running or jumping. A
third class of motor units has properties that lie between those of the other
two. These fast fatigue-resistant (FR) motor units are of intermediate size
and are not quite as fast as FF units. They generate about twice the force of a
slow motor unit and, as the name implies, are substantially more resistant to
fatigue (Figure 15.5). 

These distinctions among different types of motor units indicate how the
nervous system produces movements appropriate for different circum-
stances. In most muscles, small, slow motor units have lower thresholds for
activation than the larger units and are tonically active during motor acts
that require sustained effort (standing, for instance). The thresholds for the
large, fast motor units are reached only when rapid movements requiring
great force are made, such as jumping. The functional distinctions between
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Figure 15.5 Comparison of the force
and fatigability of the three different
types of motor units. In each case, the
response reflects stimulation of a single
motor neuron. (A) Change in muscle
tension in response to a single motor
neuron action potential. (B) Tension in
response to repetitive stimulation of 
the motor neurons. (C) Response to
repeated stimulation at a level that
evokes maximum tension. The ordinate
represents the force generated by each
stimulus. Note the strikingly different
fatigue rates. (After Burke et al., 1974.)
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the various classes of motor units also explain some structural differences
among muscle groups. For example, a motor unit in the soleus (a muscle
important for posture that comprises mostly small, slow units) has an aver-
age innervation ratio of 180 muscle fibers for each motor neuron. In contrast,
the gastrocnemius, a muscle that comprises both small and larger units, has
an innervation ratio of ~1000–2000 muscle fibers per motor neuron, and can
generate forces needed for sudden changes in body position. More subtle
variations are present in athletes on different training regimens. Thus, mus-
cle biopsies show that sprinters have a larger proportion of powerful but
rapidly fatiguing pale fibers in their leg muscles than do marathoners. Other
differences are related to the highly specialized functions of particular mus-
cles. For instance, the eyes require rapid, precise movements but little
strength; in consequence, extraocular muscle motor units are extremely
small (with an average innervation ratio of only 3!) and have a very high pro-
portion of muscle fibers capable of contracting with maximal velocity. 

The Regulation of Muscle Force

Increasing or decreasing the number of motor units active at any one time
changes the amount of force produced by a muscle. In the 1960s, Elwood
Henneman and his colleagues at Harvard Medical School found that pro-
gressive  increases in muscle tension could be produced by progressively
increasing the activity of axons that provide input to the relevant pool of
lower motor neurons. This gradual increase in tension results from the
recruitment of motor units in a fixed order according to their size. By stimu-
lating either sensory nerves or upper motor pathways that project to a lower
motor neuron pool while measuring the tension changes in the muscle, Hen-
neman found that in experimental animals only the smallest motor units in
the pool are activated by weak synaptic stimulation. When synaptic input
increases, progressively larger motor units that generate larger forces are
recruited: As the synaptic activity driving a motor neuron pool increases,
low threshold S units are recruited first, then FR units, and finally, at the
highest levels of activity, the FF units. Since these original experiments, evi-
dence for the orderly recruitment of motor units has been found in a variety
of voluntary and reflexive movements. As a result, this systematic relation-
ship has come to be known as the size principle.

An illustration of how the size principle operates for the motor units of
the medial gastrocnemius muscle in the cat is shown in Figure 15.6. When
the animal is standing quietly, the force measured directly from the muscle
tendon is only a small fraction (about 5%) of the total force that the muscle
can generate. The force is provided by the S motor units, which make up
about 25% of the motor units in this muscle. When the cat begins to walk,
larger forces are necessary: locomotor activities that range from slow walk-
ing to fast running require up to 25% of the muscle’s total force capacity.
This additional need is met by the recruitment of FR units. Only movements
such as galloping and jumping, which are performed infrequently and for
short periods, require the full power of the muscle; such demands are met
by the recruitment of the FF units. Thus, the size principle provides a simple
solution to the problem of grading muscle force: The combination of motor
units activated by such orderly recruitment optimally matches the physio-
logical properties of different motor unit types with the range of forces
required to perform different motor tasks. 

The frequency of the action potentials generated by motor neurons also
contributes to the regulation of muscle tension. The increase in force that
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Figure 15.6 The recruitment of motor
neurons in the cat medial gastrocne-
mius muscle under different behavioral
conditions. Slow (S) motor units pro-
vide the tension required for standing.
Fast fatigue-resistant (FR) units provide
the additional force needed for walking
and running. Fast fatigable (FF) units
are recruited for the most strenuous
activities, such as jumping. (After 
Walmsley et al., 1978.)

occurs with increased firing rate reflects the summation of successive muscle
contractions: The muscle fibers are activated by the next action potential
before they have had time to completely relax, and the forces generated by
the temporally overlapping contractions are summed (Figure 15.7). The low-
est firing rates during a voluntary movement are on the order of 8 per sec-
ond (Figure 15.8). As the firing rate of individual units rises to a maximum
of about 20–25 per second in the muscle being studied here, the amount of
force produced increases. At the highest firing rates, individual muscle fibers
are in a state of “fused tetanus”—that is, the tension produced in individual
motor units no longer has peaks and troughs that correspond to the individ-
ual twitches evoked by the motor neuron’s action potentials. Under normal
conditions, the maximum firing rate of motor neurons is less than that
required for fused tetanus (see Figure 15.8). However, the asynchronous fir-
ing of different lower motor neurons provides a steady level of input to the
muscle, which causes the contraction of a relatively constant number of
motor units and averages out the changes in tension due to contractions and
relaxations of individual motor units. All this allows the resulting move-
ments to be executed smoothly. 
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Figure 15.7 The effect of stimulation
rate on muscle tension. (A) At low fre-
quencies of stimulation, each action
potential in the motor neuron results in
a single twitch of the related muscle
fibers. (B) At higher frequencies, the
twitches sum to produce a force greater
than that produced by single twitches.
(C) At a still higher frequency of stimu-
lation, the force produced is greater, but
individual twitches are still apparent.
This response is referred to as unfused
tetanus. (D) At the highest rates of
motor neuron activation, individual
twitches are no longer apparent (a con-
dition called fused tetanus).
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Figure 15.8 Motor units recorded
transcutaneously in a muscle of the
human hand as the amount of volun-
tary force produced is progressively
increased. Motor units (represented by
the lines between the dots) are initially
recruited at a low frequency of firing 
(8 Hz); the rate of firing for each unit
increases as the subject generates more
and more force. (After Monster and
Chan, 1977.)

The Spinal Cord Circuitry Underlying Muscle Stretch Reflexes 

The local circuitry within the spinal cord mediates a number of sensory
motor reflex actions. The simplest of these reflex arcs entails a sensory
response to muscle stretch, which provides direct excitatory feedback to the
motor neurons innervating the muscle that has been stretched (Figure 15.9).
As already mentioned, the sensory signal for the stretch reflex originates in
muscle spindles, the sensory receptors embedded within most muscles (see
the previous section and Chapter 8). The spindles comprise 8–10 intrafusal
fibers arranged in parallel with the extrafusal fibers that make up the bulk of
the muscle (Figure 15.9A). Large-diameter sensory fibers, called Ia afferents,
are coiled around the central part of the spindle. These afferents are the
largest axons in peripheral nerves and, since action potential conduction
velocity is a direct function of axon diameter (see Chapters 2 and 3), they
mediate  very rapid reflex adjustments when the muscle is stretched. The
stretch imposed on the muscle deforms the intrafusal muscle fibers, which in
turn initiate action potentials by activating mechanically gated ion channels
in the afferent axons coiled around the spindle. The centrally projecting
branch of the sensory neuron forms monosynaptic excitatory connections
with the α motor neurons in the ventral horn of the spinal cord that innervate
the same (homonymous) muscle and, via local circuit neurons, forms
inhibitory connections with the α motor neurons of antagonistic (heterony-
mous) muscles. This arrangement is an example of what is called reciprocal
innervation and results in rapid contraction of the stretched muscle and simul-
taneous relaxation of the antagonist muscle. All of this leads to especially
rapid and efficient responses to changes in the length or tension in the muscle
(Figure 15.9B). The excitatory pathway from a spindle to the α motor neurons
innervating the same muscle is unusual in that it is a monosynaptic reflex; in
most cases, sensory neurons from the periphery do not contact the lower
motor neuron directly but exert their effects through local circuit neurons. 

This monosynaptic reflex arc is variously referred to as the “stretch,”
“deep tendon,” or “myotatic” reflex, and it is the basis of the knee, ankle,
jaw, biceps, or triceps responses tested in a routine neurological examination.
The tap of the reflex hammer on the tendon stretches the muscle and there-
fore excites an afferent volley of activity in the Ia sensory axons that inner-
vate the muscle spindles. The afferent volley is relayed to the α motor neu-
rons in the brainstem or spinal cord, and an efferent volley returns to the
muscle (see Figure 1.5). Since muscles are always under some degree of
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stretch, this reflex circuit is normally responsible for the steady level of ten-
sion in muscles called muscle tone. Changes in muscle tone occur in a vari-
ety of pathological conditions, and it is these changes that are assessed by
examination of tendon reflexes.

In terms of engineering principles, the stretch reflex arc is a negative feed-
back loop used to maintain muscle length at a desired value (Figure 15.9C).
The appropriate muscle length is specified by the activity of descending
upper motor neuron pathways that influence the motor neuron pool. Devia-
tions from the desired length are detected by the muscle spindles, since
increases or decreases in the stretch of the intrafusal fibers alter the level of
activity in the sensory axons that innervate the spindles. These changes lead
in turn to adjustments in the activity of the α motor neurons, returning the
muscle to the desired length by contracting the stretched muscle and relax-
ing the opposed muscle group, and by restoring the level of spindle activity
to what it was before.

The smaller γ motor neurons control the functional characteristics of the
muscle spindles by modulating their level of excitability. As was described
earlier, when the muscle is stretched, the spindle is also stretched and the
rate of discharge in the afferent fibers increased. When the muscle shortens,
however, the spindle is relieved of tension, or “unloaded,” and the sensory
axons that innervate the spindle might therefore be expected to fall silent
during contraction. However, they remain active. The γ motor neurons ter-
minate on the contractile poles of the intrafusal fibers, and the activation of
these neurons causes intrafusal fiber contraction—in this way maintaining
the tension on the middle (or equatorial region) of the intrafusal fibers
where the sensory axons terminate. Thus, co-activation of the α and γ motor
neurons allows spindles to function (i.e., send information centrally) at all
muscle lengths during movements and postural adjustments. 

The Influence of Sensory Activity on Motor Behavior

The level of γ motor neuron activity often is referred to as γ bias, or gain, and
can be adjusted by upper motor neuron pathways as well as by local reflex
circuitry. The larger the gain of the stretch reflex, the greater the change in
muscle force that results from a given amount of stretch applied to the intra-
fusal fibers. If the gain of the reflex is high, then a small amount of stretch
applied to the intrafusal fibers will produce a large increase in the number of
α motor neurons recruited and a large increase in their firing rates; this in
turn leads to a large increase in the amount of tension produced by the
extrafusal fibers. If the gain is low, a greater stretch is required to generate
the same amount of tension in the extrafusal muscle fibers. In fact, the gain
of the stretch reflex is continuously adjusted to meet different functional
requirements. For example, while standing in a moving bus, the gain of the
stretch reflex can be modulated by upper motor neuron pathways to com-
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Figure 15.9 Stretch reflex circuitry. (A) Diagram of muscle spindle, the sensory
receptor that initiates the stretch reflex. (B) Stretching a muscle spindle leads to
increased activity in Ia afferents and an increase in the activity of α motor neurons
that innervate the same muscle. Ia afferents also excite the motor neurons that
innervate synergistic muscles, and inhibit the motor neurons that innervate antago-
nists (see also Figure 1.5). (C) The stretch reflex operates as a negative feedback
loop to regulate muscle length.
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pensate for the variable changes that occur as the bus stops and starts or pro-
gresses relatively smoothly. During voluntary movements, α and γ motor
neurons are often co-activated by higher centers to prevent muscle spindles
from being unloaded (Figure 15.10).

In addition, the level of γ motor neuron activity can be modulated inde-
pendently of α activity if the context of a movement requires it. In general,
the baseline activity level of γ motor neurons is high if a movement is rela-
tively difficult and demands rapid and precise execution. For example,
recordings from cat hindlimb muscles show that γ activity is high when the
animal has to perform a difficult movement such as walking across a narrow
beam. Unpredictable conditions, as when the animal is picked up or han-
dled, also lead to marked increases in γ activity and greatly increased spin-
dle responsiveness. 

Gamma motor neuron activity, however, is not the only factor that sets the
gain of the stretch reflex. The gain also depends on the level of excitability of
the α motor neurons that serve as the efferent side of this reflex loop. Thus,
in addition to the influence of descending upper motor neuron projections,
other local circuits in the spinal cord can change the gain of the stretch reflex
by excitation or inhibition of either α or γ motor neurons.

Other Sensory Feedback That Affects Motor Performance

Another sensory receptor that is important in the reflex regulation of motor
unit activity is the Golgi tendon organ. Golgi tendon organs are encapsu-
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Figure 15.10 The role of γ motor neu-
ron activity in regulating the responses
of muscle spindles. (A) When α motor
neurons are stimulated without activa-
tion of γ motor neurons, the response of
the Ia fiber decreases as the muscle con-
tracts. (B) When both α and γ motor
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and Kuffler, 1951.)
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lated afferent nerve endings located at the junction of a muscle and tendon
(Figure 15.11A; see also Table 9.1). Each tendon organ is innervated by a sin-
gle group Ib sensory axon (the Ib axons are slightly smaller than the Ia axons
that innervate the muscle spindles). In contrast to the parallel arrangement
of extrafusal muscle fibers and spindles, Golgi tendon organs are in series
with the extrafusal muscle fibers. When a muscle is passively stretched, most
of the change in length occurs in the muscle fibers, since they are more elas-
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Figure 15.11 Comparison of the function
of muscle spindles and Golgi tendon organs.
(A) Golgi tendon organs are arranged in
series with extrafusal muscle fibers because
of their location at the junction of muscle
and tendon. (B) The two types of muscle
receptors, the muscle spindles (1) and the
Golgi tendon organs (2), have different
responses to passive muscle stretch (top) and
active muscle contraction (bottom). Both
afferents discharge in response to passively
stretching the muscle, although the Golgi
tendon organ discharge is much less than
that of the spindle. When the extrafusal
muscle fibers are made to contract by stimu-
lation of their motor neurons, however, the
spindle is unloaded and therefore falls
silent, whereas the rate of Golgi tendon
organ firing increases. (B after Patton, 1965.)

Purves 15  5/14/04  10:16 AM  Page 383



384 Chapter Fifteen

Box A
Locomotion in the Leech and the Lamprey
All animals must coordinate body move-
ments so they can navigate successfully
in their environment. All vertebrates,
including mammals, use local circuits in
the spinal cord (central pattern genera-
tors) to control the coordinated move-
ments associated with locomotion. The
cellular basis of organized locomotor
activity, however, has been most thor-
oughly studied in an invertebrate, the
leech, and a simple vertebrate, the 
lamprey.

Both the leech and the lamprey lack
peripheral appendages for locomotion
possessed by many vertebrates (limbs,
flippers, fins, or their equivalent). Fur-
thermore, their bodies comprise repeat-
ing muscle segments (as well as repeat-
ing skeletal elements in the lamprey).
Thus, in order to move through the
water, both animals must coordinate the
movement of each segment. They do this
by orchestrating a sinusoidal displace-

ment of each body segment in sequence,
so that the animal is propelled forward
through the water. 

The leech is particularly well-suited
for studying the circuit basis of coordi-
nated movement. The nervous system in
the leech consists of a series of intercon-
nected segmental ganglia, each with
motor neurons that innervate the corre-
sponding segmental muscles (Figure A).
These segmental ganglia facilitate elec-
trophysiological studies, because there is
a limited number of neurons in each and
each neuron has a distinct identity. The
neurons can thus be recognized and
studied from animal to animal, and their
electrical activity correlated with the
sinusoidal swimming movements.

A central pattern generator circuit
coordinates this undulating motion. In
the leech, the relevant neural circuit is an
ensemble of sensory neurons, interneu-
rons, and motor neurons repeated in each

segmental ganglion that controls the local
sequence of contraction and relaxation in
each segment of the body wall muscula-
ture (Figure B). The sensory neurons
detect the stretching and contraction of
the body wall associated with the se-
quential swimming movements. Dorsal
and ventral motor neurons in the circuit
provide innervation to dorsal and ventral
muscles, whose phasic contractions 
propel the leech forward. Sensory infor-
mation and motor neuron signals are
coordinated by interneurons that fire
rhythmically, setting up phasic patterns
of activity in the dorsal and ventral cells
that lead to sinusoidal movement. The
intrinsic swimming rhythm is established
by a variety of membrane conductances
that mediate periodic bursts of supra-
threshold action potentials followed by
well-defined periods of hyperpolarization.

The lamprey, one of the simplest ver-
tebrates, is distinguished by its clearly
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(A) The leech propels itself through the water by sequential contraction and relaxation of the
body wall musculature of each segment. The segmental ganglia in the ventral midline coordi-
nate swimming, each ganglion containing a population of identified neurons. (B) Electrical
recordings from the ventral (EMGV) and dorsal (EMGD) muscles in the leech and the corre-
sponding motor neurons show a reciprocal pattern of excitation for the dorsal and ventral
muscles of a given segment. 
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segmented musculature and by its lack
of bilateral fins or other appendages. In
order to move through the water, the
lamprey contracts and relaxes each mus-
cle segment in sequence (Figure C),
which produces a sinusoidal motion,
much like that of the leech. Again, a cen-
tral pattern generator coordinates this
sinusoidal movement. 

Unlike the leech with its segmental
ganglia, the lamprey has a continuous
spinal cord that innervates its muscle
segments. The lamprey spinal cord is
simpler than that of other vertebrates,
and several classes of identified neurons
occupy stereotyped positions. This
orderly arrangement again facilitates the
identification and analysis of neurons
that constitute the central pattern genera-
tor circuit.

In the lamprey spinal cord, the intrin-
sic firing pattern of a set of intercon-
nected sensory neurons, interneurons
and motor neurons establishes the pat-
tern of undulating muscle contractions
that underlie swimming (Figure D). The
patterns of connectivity between neu-
rons, the neurotransmitters used by each
class of cell, and the physiological prop-
erties of the elements in the lamprey pat-
tern generator are now known. Different
neurons in the circuit fire with distinct
rhythmicity, thus controlling specific
aspects of the swim cycle (Figure E). Par-
ticularly important are reciprocal inhib-
itory connections across the midline that
coordinate the pattern generating cir-
cuitry on each side of the spinal cord.
This circuitry in the lamprey thus pro-
vides a basis for understanding the cir-

cuits that control locomotion in more
complex vertebrates. 

These observations on pattern gener-
ating circuits for locomotion in relatively
simple animals have stimulated parallel
studies of terrestrial mammals in which
central pattern generators in the spinal
cord also coordinate locomotion.
Although different in detail, terrestrial
locomotion ultimately relies on the
sequential movements similar to those
that propel the leech and the lamprey
through aquatic environments, and
intrinsic physiological properties of
spinal cord neurons that establish ryth-
micity for coordinated movement.
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tic than the fibrils of the tendon. When a muscle actively contracts, however,
the force acts directly on the tendon, leading to an increase in the tension of
the collagen fibrils in the tendon organ and compression of the intertwined
sensory receptors. As a result, Golgi tendon organs are exquisitely sensitive
to increases in muscle tension that arise from muscle contraction but, unlike
spindles, are relatively insensitive to passive stretch (Figure 15.11B).

The Ib axons from Golgi tendon organs contact inhibitory local circuit
neurons in the spinal cord (called Ib inhibitory interneurons) that synapse, in
turn, with the α motor neurons that innervate the same muscle. The Golgi
tendon circuit is thus a negative feedback system that regulates muscle ten-
sion; it decreases the activation of a muscle when exceptionally large forces
are generated and this way protects the muscle. This reflex circuit also oper-
ates at reduced levels of muscle force, counteracting small changes in muscle
tension by increasing or decreasing the inhibition of α motor neurons. Under
these conditions, the Golgi tendon system tends to maintain a steady level of
force, counteracting effects that diminish muscle force (such as fatigue). In
short, the muscle spindle system is a feedback system that monitors and
maintains muscle length, and the Golgi tendon system is a feedback system
that monitors and maintains muscle force. 

Like the muscle spindle system, the Golgi tendon organ system is not a
closed loop. The Ib inhibitory interneurons also receive synaptic inputs from
a variety of other sources, including cutaneous receptors, joint receptors,
muscle spindles, and descending upper motor neuron pathways (Figure
15.12). Acting in concert, these inputs regulate the responsiveness of Ib
interneurons to activity arising in Golgi tendon organs.

Figure 15.12 Negative feedback regula-
tion of muscle tension by Golgi tendon
organs. The Ib afferents from tendon
organs contact inhibitory interneurons that
decrease the activity of α motor neurons
innervating the same muscle. The Ib
inhibitory interneurons also receive input
from other sensory fibers, as well as from
descending pathways. This arrangement
prevents muscles from generating exces-
sive tension.
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Flexion Reflex Pathways 
So far, the discussion has focused on reflexes driven by sensory receptors
located within muscles or tendons. Other reflex circuitry mediates the with-
drawal of a limb from a painful stimulus, such as a pinprick or the heat of a
flame. Contrary to what might be imagined given the speed with which we
are able to withdraw from a painful stimulus, this flexion reflex involves
several synaptic links (Figure 15.13). As a result of activity in this circuitry,
stimulation of nociceptive sensory fibers leads to withdrawal of the limb
from the source of pain by excitation of ipsilateral flexor muscles and recip-
rocal inhibition of ipsilateral extensor muscles. Flexion of the stimulated
limb is also accompanied by an opposite reaction in the contralateral limb
(i.e., the contralateral extensor muscles are excited while flexor muscles are
inhibited). This crossed extension reflex provides postural support during
withdrawal of the affected limb from the painful stimulus.

Like the other reflex pathways, local circuit neurons in the flexion reflex
pathway receive converging inputs from several different sources,  including
other spinal cord interneurons and upper motor neuron pathways. Although
the functional significance of this complex pattern of connectivity is unclear,
changes in the character of the reflex following damage to descending path-
ways provides some insight. Under normal conditions, a noxious stimulus is
required to evoke the flexion reflex; following damage to descending path-
ways, however, other types of stimulation, such as squeezing a limb, can
sometimes produce the same response. This observation suggests that the
descending projections to the spinal cord modulate the responsiveness of the
local circuitry to a variety of sensory inputs. 

Spinal Cord Circuitry and Locomotion

The contribution of local circuitry to motor control is not, of course, limited to
reflexive responses to sensory inputs. Studies of rhythmic movements such as
locomotion and swimming in animal models (Box A) have demonstrated that
local circuits in the spinal cord called central pattern generators are fully
capable of controlling the timing and coordination of such complex patterns
of movement, and of adjusting them in response to altered circumstances
(Box B).

A good example is locomotion (walking, running, etc.). The movement of a
single limb during locomotion can be thought of as a cycle consisting of two
phases: a stance phase, during which the limb is extended and placed in contact
with the ground to propel humans or other bipeds forward; and a swing phase,
during which the limb is flexed to leave the ground and then brought forward
to begin the next stance phase (Figure 15.14A). Increases in the speed of loco-
motion reduce the amount of time it takes to complete a cycle, and most of the
change in cycle time is due to shortening the stance phase; the swing phase
remains relatively constant over a wide range of locomotor speeds.

In quadrupeds, changes in locomotor speed are also accompanied by
changes in the sequence of limb movements. At low speeds, for example,
there is a back-to-front progression of leg movements, first on one side and
then on the other. As the speed increases to a trot, the movements of the
right forelimb and left hindlimb are synchronized (as are the movements of
the left forelimb and right hindlimb). At the highest speeds (gallop), the
movements of the two front legs are synchronized, as are the movements of
the two hindlimbs (Figure 15.14B).

Given the precise timing of the movement of individual limbs and the
coordination among limbs that are required in this process, it is natural to

Lower Motor Neuron Circuits and Motor Control 387

Figure 15.13 Spinal cord circuitry
responsible for the flexion reflex. Stimu-
lation of cutaneous receptors in the foot
(by stepping on a tack in this example)
leads to activation of spinal cord local
circuits that withdraw (flex) the stimu-
lated extremity and extend the other
extremity to provide compensatory 
support.
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Box B
The Autonomy of Central Pattern Generators:
Evidence from the Lobster Stomatogastric Ganglion
A principle that has emerged from stud-
ies of central pattern generators is that
rhythmic patterns of firing elicit complex
motor responses without need of ongo-
ing sensory stimulation. A good example
is the behavior mediated by a small
group of nerve cells in lobsters and other
crustaceans called the stomatogastric
ganglion (STG) that controls the muscles
of the gut (Figure A). This ensemble of 30
motor neurons and interneurons in the
lobster is perhaps the most completely
characterized neural circuit known. Of
the 30 cells, defined subsets are essential
for two distinct rhythmic movements:
gastric mill movements that mediate
grinding of food by “teeth” in the lob-
ster’s foregut, and pyloric movements
that propel food into the hindgut. Phasic
firing patterns of the motor neurons and
interneurons of the STG are directly cor-
related with these two rhythmic move-

ments. Each of the relevant cells has now
been identified based on its position in
the ganglion, and its electrophysiological
and neuropharmacological properties
characterized (Figures B and C).

Patterned activity in the motor neu-
rons and interneurons of the ganglion
begins only if the appropriate neuromod-
ulatory input is provided by sensory
axons that originate in other ganglia.
Depending upon the activity of the sen-
sory axons, neuronal ensembles in the
STG produce one of several characteristic
rhythmic firing patterns. Once activated,
however, the intrinsic membrane proper-
ties of identified cells within the ensem-
ble sustain the rhythmicity of the circuit
in the absence of further sensory input. 

Another key fact that has emerged
from this work is that the same neurons
can participate in different programmed
motor activities, as circumstances
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to different pyloric muscles (except the AB neuron, which is an interneuron).
(C) Recording from one of the neurons, the lateral pyloric or LP neuron, in this circuit show-
ing the different patterns of activity elicited by several neuromodulators known to be
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Control

Dopamine

Proctolin

Serotonin

Pilocarpine

AB PD

VD

IC

PY LP

(B)

(C) Record

Purves 15  5/14/04  10:16 AM  Page 388



assume that locomotion is accomplished by higher centers that organize the
spatial and temporal activity patterns of the individual limbs. However, fol-
lowing transection of the spinal cord at the thoracic level, a cat’s hindlimbs
will still make coordinated locomotor movements if the animal is supported
and placed on a moving treadmill (Figure 15.14C). Under these conditions,
the speed of locomotor movements is determined by the speed of the tread-
mill, suggesting that the movement is nothing more than a reflexive
response to stretching the limb muscles. This possibility is ruled out, how-
ever, by experiments in which the dorsal roots are also sectioned. Although
the speed of walking is slowed and the movements are less coordinated than
under normal conditions, appropriate locomotor movements are still
observed. These and other observations in experimental animals show that
the basic rhythmic patterns of limb movement during locomotion are not
dependent on sensory input; nor are they dependent on input from
descending projections from higher centers. Rather, each limb appears to
have its own central pattern generator responsible for the alternating flexion
and extension of the limb during locomotion (see Box B). Under normal con-
ditions, the central pattern generators for the limbs are variably coupled to
each other by additional local circuits in order to achieve the different
sequences of movements that occur at different speeds.

Although some locomotor movements can also be elicited in humans fol-
lowing damage to descending pathways, these are considerably less effective
than the movements seen in the cat. The reduced ability of the transected
spinal cord to mediate rhythmic stepping movements in humans presum-
ably reflects an increased dependence of local circuitry on upper motor neu-
ron pathways. Perhaps bipedal locomotion carries with it requirements for
postural control greater than can be accommodated by spinal cord circuitry
alone. Whatever the explanation, the basic oscillatory circuits that control
such rhythmic behaviors as flying, walking, and swimming in many animals
also play an important part in human locomotion.

The Lower Motor Neuron Syndrome

The complex of signs and symptoms that arise from damage to the lower
motor neurons of the brainstem and spinal cord is referred to as the “lower
motor neuron syndrome.” In clinical neurology, this constellation of prob-
lems must be distinguished from the “upper motor neuron syndrome” that
results from damage to the descending upper motor neuron pathways (see
Chapter 16 for a discussion of the signs and symptoms associated with dam-
age to upper motor neurons).
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demand. For example, the subset of neu-
rons producing gastric mill activity over-
laps the subset that generates pyloric
activity. This economic use of neuronal
subsets has not yet been described in the
central pattern generators of mammals,
but seems likely to be a feature of all
such circuits.
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Damage to lower motor neuron cell bodies or their peripheral axons
results in paralysis (loss of movement) or paresis (weakness) of the affected
muscles, depending on the extent of the damage. In addition to paralysis
and/or paresis, the lower motor neuron syndrome includes a loss of reflexes
(areflexia) due to interruption of the efferent (motor) limb of the sensory
motor reflex arcs. Damage to lower motor neurons also entails a loss of mus-
cle tone, since tone is in part dependent on the monosynaptic reflex arc that
links the muscle spindles to the lower motor neurons (see also Box D in
Chapter 16). A somewhat later effect is atrophy of the affected muscles due
to denervation and disuse. The muscles involved may also exhibit fibrilla-
tions and fasciculations, which are spontaneous twitches characteristic of
single denervated muscle fibers or motor units, respectively. These phenom-
ena arise from changes in the excitability of denervated muscle fibers in the
case of fibrillation, and from abnormal activity of injured α motor neurons in
the case of fasciculations. These spontaneous contractions can be readily rec-
ognized in an electromyogram, providing an especially helpful clinical tool
in diagnosing lower motor neuron disorders (Box C).

Swing Stance(A)

(B)

(C)
LH

Flexors
EMG

WALK

LF
RH
RF

LH
TROT

LF
RH
RF

LH
PACE

LF
RH
RF

LH
GALLOP

LF
RH
RF

Time

Extensors

LH LFRH RF

FE3 E1 E2 E3 F

Stance

Extensors

Flexors

Swing

Level of transection
of spinal cord

Flexion Extension

Figure 15.14 The cycle of locomotion
for terrestrial mammals (a cat in this
instance) is organized by central pattern
generators. (A) The step cycle, showing
leg flexion (F) and extension (E) and
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phases of locomotion. EMG indicates
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spinal cord at the thoracic level isolates
the hindlimb segments of the cord. The
hindlimbs are still able to walk on a
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ity can be recorded from flexors during
the swing phase and from extensors
during the stance phase of walking.
(After Pearson, 1976.)
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Summary 

Four distinct but highly interactive motor subsystems—local circuits in the
spinal cord and brainstem, descending upper motor neuron pathways that
control these circuits, the basal ganglia, and the cerebellum—all make essen-
tial contributions to motor control. Alpha motor neurons located in the
spinal cord and in the cranial nerve nuclei in the brainstem directly link the
nervous system and muscles, with each motor neuron and its associated
muscle fibers constituting a functional entity called the motor unit. Motor
units vary in size, amount of tension produced, speed of contraction, and
degree of fatigability. Graded increases in muscle tension are mediated by
both the orderly recruitment of different types of motor units and an
increase in motor neuron firing frequency. Local circuitry involving sensory
inputs, local circuit neurons, and α and γ motor neurons are especially
important in the reflexive control of muscle activity. The stretch reflex is a
monosynaptic circuit with connections between sensory fibers arising from
muscle spindles and the α motor neurons that innervate the same or syner-
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Box C
Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is a
neurodegenerative disease that affects an
estimated 0.05% of the population in the
United States. It is also called Lou
Gehrig’s disease, after the New York
Yankees baseball player who died of the
disorder in 1936. ALS is characterized by
the slow but inexorable degeneration of
α motor neurons in the ventral horn of
the spinal cord and brainstem (lower
motor neurons), and of neurons in the
motor cortex (upper motor neurons).
Affected individuals show progressive
weakness due to upper and/or lower
motor neuron involvement, wasting of
skeletal muscles due to lower motor neu-
ron involvement, and usually die within
5 years of onset. Sadly, these patients are
condemned to watch their own demise,
since the intellect remains intact. No
available therapy effectively prevents the
inexorable progression of this disease.

Approximately 10% of ALS cases are
familial, and several distinct familial
forms have been identified. An autoso-
mal dominant form of familial ALS
(FALS) is caused by mutations of the

gene that encodes the cytosolic antioxi-
dant enzyme copper/zinc superoxide
dismutase (SOD1). Mutations of SOD1
account for roughly 20% of families with
FALS. A rare autosomal recessive, juve-
nile-onset form is caused by mutations in
a protein called alsin, a putative GTPase
regulator. Another rare type of FALS
consists of a slowly progressive, autoso-
mal dominant, lower motor neuron dis-
ease without sensory symptoms, with
onset in early adulthood; this form is
caused by mutations of a protein named
dynactin. 

How these mutant genes lead to the
phenotype of motor neuron disease is
uncertain. Defects of axonal transport
have long been hypothesized to cause
ALS. Evidence for this cause is that trans-
genic mice with mutant SOD1 exhibit
defects in slow axonal transport early in
the course of the disease, and that dyn-
actin binds to microtubules and thus that
mutant dynactin may modify axonal
transport along microtubules. However,
whether defective axonal transport is the
cellular mechanism by which these

mutant proteins lead to motor neuron
disease remains to be clearly established.
Despite these uncertainties, demonstra-
tion that mutations of each of these three
genes can cause familial ALS has given
scientists valuable clues about the molec-
ular pathogenesis of at least some forms
of this tragic disorder.
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gistic muscles. Gamma motor neurons regulate the gain of the stretch reflex
by adjusting the level of tension in the intrafusal muscle fibers of the muscle
spindle. This mechanism sets the baseline level of activity in α motor neu-
rons and helps to regulate muscle length and tone. Other reflex circuits pro-
vide feedback control of muscle tension and mediate essential functions
such as the rapid withdrawal of limbs from painful stimuli. Much of the spa-
tial coordination and timing of muscle activation required for complex
rhythmic movements such as locomotion are provided by specialized local
circuits called central pattern generators. Because of their essential role in all
of these circuits, damage to lower motor neurons leads to paralysis of the
associated muscle and to other changes, including the loss of reflex activity,
the loss of muscle tone, and eventually muscle atrophy.
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Overview

The axons of upper motor neurons descend from higher centers to influence
the local circuits in the brainstem and spinal cord that organize movements
by coordinating the activity of lower motor neurons (see Chapter 15). The
sources of these upper motor neuron pathways include several brainstem
centers and a number of cortical areas in the frontal lobe. The motor control
centers in the brainstem are especially important in ongoing postural con-
trol. Each center has a distinct influence. Two of these centers, the vestibular
nuclear complex and the reticular formation, have widespread effects on
body position. Another brainstem center, the red nucleus, controls move-
ments of the arms; also in the brainstem, the superior colliculus contains
upper motor neurons that initiate orienting movements of the head and
eyes. The motor and “premotor” areas of the frontal lobe, in contrast, are
responsible for the planning and precise control of complex sequences of
voluntary movements. Most upper motor neurons, regardless of their
source, influence the generation of movements by directly affecting the
activity of the local  circuits in the brainstem and spinal cord (see Chapter
15). Upper motor neurons in the cortex also control movement indirectly, via
pathways that project to the brainstem motor control centers, which, in turn,
project to the local organizing circuits in the brainstem and cord. A major
function of these indirect pathways is to maintain the body’s posture during
cortically initiated voluntary movements.

Descending Control of Spinal Cord Circuitry: General Information 

Some insight into the functions of the different sources of the upper motor
neurons is provided by the way the lower motor neurons and local circuit
neurons—the ultimate targets of the upper motor neurons—are arranged
within the spinal cord. As described in Chapter 15, lower motor neurons in
the ventral horn of the spinal cord are organized in a somatotopic fashion:
The most medial part of the ventral horn contains lower motor neuron pools
that innervate axial muscles or proximal muscles of the limbs, whereas the
more lateral parts contain lower motor neurons that innervate the distal
muscles of the limbs. The local circuit neurons, which lie primarily in the
intermediate zone of the spinal cord and supply much of the direct input to
the lower motor neurons, are also topographically arranged. Thus, the
medial region of the intermediate zone of the spinal cord gray matter con-
tains the local circuit neurons that synapse with lower motor neurons in the
medial part of the ventral horn, whereas the lateral regions of the intermedi-
ate zone contain local neurons that synapse primarily with lower motor neu-
rons in the lateral ventral horn.

Chapter 16
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The patterns of connections made by local circuit neurons in the medial
region of the intermediate zone are different from the patterns made by
those in the lateral region, and these differences are related to their respec-
tive functions (Figure 16.1). The medial local circuit neurons, which supply
the lower motor neurons in the medial ventral horn, have axons that project
to many spinal cord segments; indeed, some project to targets along the
entire length of the cord. Moreover, many of these local circuit neurons also
have axonal branches that cross the midline in the commissure of the spinal
cord to innervate lower motor neurons in the medial part of the contralateral
hemicord. This arrangement ensures that groups of axial muscles on both
sides of the body act in concert to maintain and adjust posture. In contrast,
local circuit neurons in the lateral region of the intermediate zone have
shorter axons that typically extend fewer than five segments and are pre-
dominantly ipsilateral. This more restricted pattern of connectivity underlies
the finer and more differentiated control that is exerted over the muscles of
the distal extremities, such as that required for the independent movement
of individual fingers during manipulative tasks.

Differences in the way upper motor neuron pathways from the cortex and
brainstem terminate in the spinal cord conform to these functional distinc-
tions between the local circuits that organize the activity of axial and distal
muscle groups. Thus, most upper motor neurons that project to the medial
part of the ventral horn also project to the medial region of the intermediate
zone; the axons of these upper motor neurons have collateral branches that
terminate over many spinal cord segments, reaching medial cell groups on
both sides of the spinal cord. The sources of these projections are primarily
the vestibular nuclei and the reticular formation (see next section); as their
terminal zones in the medial spinal cord gray matter suggest, they are con-
cerned primarily with postural mechanisms (Figure 16.2). In contrast,
descending axons from the motor cortex generally terminate in lateral parts
of the spinal cord gray matter and have terminal fields that are restricted to
only a few spinal cord segments (Figure 16.3). These corticospinal pathways
are primarily concerned with precise movements involving more distal parts
of the limbs. 

Two additional brainstem structures, the superior colliculus and the red
nucleus, also contribute upper motor neuron pathways to the spinal cord
(rubro means red; the adjective is derived from the rich capillary bed that
gives the nucleus a reddish color in fresh tissue). The axons arising from the
superior colliculus project to medial cell groups in the cervical cord, where
they influence the lower motor neuron circuits that control axial muscula-
ture of the neck (see Figure 16.2). These projections are particularly impor-
tant in generating orienting movements of the head (the role of the superior
colliculus in the generation of head and eye movements is covered in detail
in Chapter 19). The red nucleus projections are also limited to the cervical
level of the cord, but these terminate in lateral regions of the ventral horn
and intermediate zone (see Figure 16.2). The axons arising from the red
nucleus participate together with lateral corticospinal tract axons in the con-
trol of the arms. The limited distribution of rubrospinal projections may
seem surprising, given the large size of the red nucleus in humans. In fact,
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Figure 16.1 Local circuit neurons that
supply the medial region of the ventral
horn are situated medially in the inter-
mediate zone of the spinal cord gray
matter and have axons that extend over
a number of spinal cord segments and
terminate bilaterally. In contrast, local
circuit neurons that supply the lateral
parts of the ventral horn are located
more laterally, have axons that extend
over a few spinal cord segments, and
terminate only on the same side of the
cord. Descending pathways that contact
the medial parts of the spinal cord gray
matter are involved primarily in the
control of posture; those that contact the
lateral parts are involved in the fine
control of the distal extremities.

Figure 16.2 Descending projections from the brainstem to the spinal cord. Path-
ways that influence motor neurons in the medial part of the ventral horn originate
in the reticular formation, vestibular nucleus, and superior colliculus. Those that
influence motor neurons that control the proximal arm muscles originate in the red
nucleus and terminate in more lateral parts of the ventral horn.
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the bulk of the red nucleus in humans is a subdivision that does not project
to the spinal cord at all, but relays information from the cortex to the cere-
bellum (see Chapter 18).

Motor Control Centers in the Brainstem: Upper Motor Neurons
That Maintain Balance and Posture

As described in Chapter 13, the vestibular nuclei are the major destination of
the axons that form the vestibular division of the eighth cranial nerve; as
such, they receive sensory information from the semicircular canals and the
otolith organs that specifies the position and angular acceleration of the head.
Many of the cells in the vestibular nuclei that receive this information are
upper motor neurons with descending axons that terminate in the medial
region of the spinal cord gray matter, although some extend more laterally to
contact the neurons that control the proximal muscles of the limbs. The pro-
jections from the vestibular nuclei that control axial muscles and those that
influence proximal limb muscles originate from different cells and take dif-
ferent routes (called the medial and lateral vestibulospinal tracts). Other
upper motor neurons in the vestibular nuclei project to lower motor neurons
in the cranial nerve nuclei that control eye movements (the third, fourth, and
sixth cranial nerve nuclei). This pathway produces the eye movements that
maintain fixation while the head is moving (see Chapters 13 and 19).

The reticular formation is a complicated network of circuits located in the
core of the brainstem that  extends  from the rostral midbrain to the caudal
medulla and is similar in structure and function to the intermediate gray
matter in the spinal cord (see Figure 16.4 and Box A). Unlike the well-
defined sensory and motor nuclei of the cranial nerves, the reticular forma-
tion comprises clusters of neurons scattered among a welter of interdigitat-
ing axon bundles; it is therefore difficult to subdivide anatomically. The
neurons within the reticular formation have a variety of functions, including
cardiovascular and respiratory control (see Chapter 20), governance of myr-
iad sensory motor reflexes (see Chapter 15), the organization of eye move-
ments (see Chapter 19), regulation of sleep and wakefulness (see Chapter
27), and, most important for present purposes, the temporal and spatial
coordination of movements. The descending motor control pathways from
the reticular formation to the spinal cord are similar to those of the vestibu-
lar nuclei; they terminate primarily in the medial parts of the gray matter
where they influence the local circuit neurons that coordinate axial and prox-
imal limb muscles (see Figure 16.2). 

Both the vestibular nuclei and the reticular formation provide information
to the spinal cord that maintains posture in response to environmental (or self-
induced) disturbances of body position and stability. As expected, the vestibu-
lar nuclei make adjustments in posture and equilibrium in response to infor-
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Figure 16.3 Direct and indirect pathways from the motor cortex to the spinal
cord. Neurons in the motor cortex that supply the lateral part of the ventral horn
(A) to initiate movements of the distal limbs also terminate on neurons in the retic-
ular formation (B) to mediate postural adjustments that support the movement. The
reticulospinal pathway terminates in the medial parts of the ventral horn, where
lower motor neurons that innervate axial muscles are located.  Thus, the motor cor-
tex has both direct and indirect routes by which it can influence the activity of
spinal cord neurons.

▲
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Box A
The Reticular Formation
If one were to exclude from the structure
of the brainstem the cranial nerve nuclei,
the nuclei that provide input to the cere-
bellum, the long ascending and descend-
ing tracts that convey explicit sensory
and motor signals, and the structures
that lie dorsal and lateral to the ventricu-
lar system, what would be left is a cen-
tral core region known as the tegmentum
(Latin for “covering structure”), so
named because it “covers” the ventral
part of the brainstem. Scattered among
the diffuse fibers that course through the
tegmentum are small clusters of neurons
that are collectively known as the reticu-
lar formation. With few exceptions, these
clusters of neurons are difficult to recog-
nize as distinct nuclei in standard histo-
logical preparations. Indeed, the modify-
ing term reticular (“like a net”) was
applied to this loose collection of neu-
ronal clusters because the early neurohis-
tologists envisioned these neurons as
part of a sparse network of diffusely con-
nected cells that extends from the inter-
mediate gray regions of the cervical
spinal cord to the lateral regions of the
hypothalamus and certain nuclei along
the midline of the thalamus.

These early anatomical concepts were
influenced by lesion experiments in ani-
mals and clinical observations in human
patients made in the 1930s and 40s.
These studies showed that damage to the
upper brainstem tegmentum produced
coma, suggesting the existence of a
neural system in the midbrain and ros-
tral pons that supported normal con-
scious brain states and transitions
between sleep and wakefulness. These
ideas were articulated most influentially
by G. Moruzzi and H. Magoun when
they proposed a “reticular activating sys-
tem” to account for these functions and
the critical role of the brainstem reticular
formation. Current evidence generally
supports the notion of an activating func-
tion of the rostral reticular formation;

however, neuroscientists now recognize
the complex interplay of a variety of neu-
rochemical systems (with diverse post
synaptic effects) comprising distinct cell
clusters in the rostral tegmentum, and a
myriad of other functions performed by
neuronal clusters in more caudal parts of
the reticular formation. Thus, with the
advent of more precise means of demon-
strating anatomical connections, as well
as more sophisticated means of identify-
ing neurotransmitters and the activity
patterns of individual neurons, the con-
cept of a “sparse network” engaged in a
common function is now obsolete.

Nevertheless, the term reticular forma-
tion remains, as does the daunting chal-
lenge of understanding the anatomical
complexity and functional heterogeneity
of this complex brain region. Fortunately,
two simplfying generalizations can be
made. First, the functions of the different
clusters of neurons in the reticular for-
mation can be grouped into two broad
categories: modulatory functions and pre-
motor functions. Second, the modulatory
functions are primarily found in the ros-
tral sector of the reticular formation,
whereas the premotor functions are
localized in more caudal regions.

Several clusters of large (“magnocel-
lular”) neurons in the midbrain and ros-
tral pontine reticular formation partici-
pate—together with certain diencephalic
nuclei—in the modulation of conscious
states (see Chapter 27). These effects are
accomplished by long-range, dien-
cephalic projections of cholinergic neu-
rons near the superior cerebellar pedun-
cle, as well as the more widespread
forebrain projections of noradrenergic
neurons in the locus coeruleus and
serotenergic neurons in the raphe nuclei.
Generally speaking, these biogenic
amine neurotransmitters function as
neuromodulators (see Chapter 6) that
alter the membrane potential and thus
the firing patterns of thalamocortical and

cortical neurons (the details of these
effects are explained in Chapter 27). Also
included in this category are the
dopaminergic systems of the ventral
midbrain that modulate cortico-striatal
interactions in the basal ganglia (see
Chapter 17) and the responsiveness of
neurons in the prefrontal cortex and lim-
bic forebrain (see Chapter 28). However,
not all modulatory projections from the
rostral reticular formation are directed
toward the forebrain. Although not
always considered part of the reticular
formation, it is helpful to include in this
functional group certain neuronal
columns in the periaqueductal gray (sur-
rounding the cerebral aqueduct) that
project to the dorsal horn of the spinal
cord and modulate the transmission of
nociceptive signals (see Chapter 9).

Reticular formation neurons in the
caudal pons and medulla oblongata gen-
erally serve a premotor function in the
sense that they intergate feedback sen-
sory signals with executive commands
from upper motor neurons and deep
cerebellar nuclei and, in turn, organize
the efferent activities of lower visceral
motor and certain somatic motor neu-
rons in the brainstem and spinal cord.
Examples of this functional category
include the smaller (“parvocellular”)
neurons that coordinate a broad range of
motor activities, including the gaze cen-
ters discussed in Chapter 19 and local
circuit neurons near the somatic motor
and branchiomotor nuclei that organize
mastication, facial expressions, and a
variety of reflexive orofacial behaviors
such as sneezing, hiccuping, yawning,
and swallowing. In addition, there are
“autonomic centers” that organize the
efferent activities of specific pools of pri-
mary visceral motor neurons. Included
in this subgroup are distinct clusters of
neurons in the ventral-lateral medulla
that generate respiratory rhythms, and
others that regulate the cardioinhibitory
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mation from the inner ear. Direct projections from the vestibular nuclei to the
spinal cord ensure a rapid compensatory response to any postural instability
detected by the inner ear (see Chapter 13). In contrast, the motor centers in the
reticular formation are controlled largely by other motor centers in the cortex
or brainstem. The relevant neurons in the reticular formation initiate adjust-
ments that stabilize posture during ongoing movements.

The way the upper motor neurons of the reticular formation maintain
posture can be appreciated by analyzing their activity during voluntary
movements. Even the simplest movements are accompanied by the activa-
tion of muscles that at first glance seem to have little to do with the primary
purpose of the movement. For example, Figure 16.5 shows the pattern of
muscle activity that occurs as a subject uses his arm to pull on a handle in
response to an auditory tone. Activity in the biceps muscle begins about 200
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output of neurons in the nucleus
ambiguus and the dorsal motor nucleus
of the vagus nerve. Still other clusters
organize more complex activities that
require the coordination of both somatic
motor and visceral motor outflow, such
as gagging and vomiting, and even
laughing and crying.

One set of neuronal clusters that does
not fit easily into this rostral-caudal
framework is the set of neurons that give
rise to the reticulospinal projections. As
described in the text, these neurons are
distributed in both rostral and caudal
sectors of the reticular formation and
they give rise to long-range projections

that innervate lower motor neuronal
pools in the medial ventral horn of the
spinal cord. The reticulospinal inputs
serve to modulate the gain of segmental
reflexes involving the muscles of the
trunk and proximal limbs and to initiate
certain stereotypical patterns of limb
movement.

In summary, the reticular formation is
best viewed as a heterogeneous collection
of distinct neuronal clusters in the brain-
stem tegmentum that either modulate the
excitability of distant neurons in the fore-
brain and spinal cord or coordinate the
firing patterns of more local lower motor
neuronal pools engaged in reflexive or
stereotypical somatic motor and visceral
motor behavior.
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Figure 16.4 The location of the reticu-
lar formation in relation to some other
major landmarks at different levels of
the brainstem. Neurons in the reticular
formation are scattered among the axon
bundles that course through the medial
portion of the midbrain, pons, and
medulla (see Box A).

ms after the tone. However, as the records show, the contraction of the biceps
is accompanied by a significant increase in the activity of a proximal leg
muscle, the gastrocnemius (as well as many other muscles not monitored in
the experiment). In fact, contraction of the gastrocnemius muscle begins well
before contraction of the biceps.

These observations show that postural control entails an anticipatory, or
feedforward, mechanism (Figure 16.6). As part of the motor plan for moving
the arm, the effect of the impending movement on body stability is “evalu-
ated” and used to generate a change in the activity of the gastrocnemius
muscle. This change actually precedes and provides postural support for the
movement of the arm. In the example given in Figure 16.5, contraction of the
biceps would tend to pull the entire body forward, an action that is opposed
by the contraction of the gastrocnemius muscle. In short, this feedforward
mechanism “predicts” the resulting disturbance in body stability and gener-
ates an appropriate stabilizing response. 

The importance of the reticular formation for feedforward mechanisms of
postural control has been explored in more detail in cats trained to use a
forepaw to strike an object. As expected, the forepaw movement is accompa-
nied by feedforward postural adjustments in the other legs to maintain the
animal upright. These adjustments shift the animal’s weight from an even dis-
tribution over all four feet to a diagonal pattern, in which the weight is carried
mostly by the contralateral, nonreaching forelimb and the ipsilateral hindlimb.
Lifting of the forepaw and postural adjustments in the other limbs can also be
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induced in an alert cat by electrical stimulation of the motor cortex. After
pharmacological inactivation of the reticular formation, however, electrical
stimulation of the motor cortex evokes only the forepaw movement, without
the feedforward postural adjustments that normally accompany them.

The results of this experiment can be understood in terms of the fact that
the upper motor neurons in the motor cortex influence the spinal cord cir-
cuits by two routes: direct projections to the spinal cord and indirect pro-
jections to brainstem centers that in turn project to the spinal cord (see Fig-
ure 16.3). The reticular formation is one of the major destinations of these
latter projections from the motor cortex; thus, cortical upper motor neurons
initiate both the reaching movement of the forepaw and also the postural
adjustments in the other limbs necessary to maintain body stability. The
forepaw movement is initiated by the direct pathway from the cortex to the
spinal cord (and possibly by the red nucleus as well), whereas the postural
adjustments are mediated via pathways from the motor cortex that reach the
spinal cord indirectly, after an intervening relay in the reticular formation
(the corticoreticulospinal pathway).

Further evidence for the contrasting functions of the direct and indirect
pathways from the motor cortex and brainstem to the spinal cord  comes
from experiments carried out by the Dutch neurobiologist Hans Kuypers,
who examined the behavior of rhesus monkeys that had the direct pathway
to the spinal cord transected at the level of the medulla, leaving the indirect
descending upper motor neuron pathways to the spinal cord via the brain-
stem centers intact. Immediately after the surgery, the animals were able to
use axial and proximal muscles to stand, walk, run, and climb, but they had
great difficulty using the distal parts of their limbs (especially their hands)
independently of other body movements. For example, the monkeys could
cling to the cage but were unable to reach toward and pick up food with
their fingers; rather, they used the entire arm to sweep the food toward
them. After several weeks, the animals recovered some independent use of
their hands and were again able to pick up objects of interest, but this action
still involved the concerted closure of all of the fingers. The ability to make
independent, fractionated movements of the fingers, as in opposing the
movements of the fingers and thumb to pick up an object, never returned.
These observations show that following damage to the direct corticospinal
pathway at the level of the medulla, the indirect projections from the motor
cortex via the brainstem centers (or from brainstem centers alone) are capa-
ble of sustaining motor behavior that involves primarily the use of proximal
muscles. In contrast, the direct projections from the motor cortex to the
spinal cord provide  the speed and agility of movements, enabling  a higher
degree of precision in fractionated finger movements than is possible using
the indirect pathways alone.
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Figure 16.6 Feedforward and feed-
back mechanisms of postural control.
Feedforward postural responses are
“preprogrammed” and typically pre-
cede the onset of limb movement (see
Figure 16.4). Feedback responses are
initiated by sensory inputs that detect
postural instability.

Figure 16.5 Anticipatory maintenance
of body posture. At the onset of a tone,
the subject pulls on a handle, contract-
ing the biceps muscle. To ensure pos-
tural stability, contraction of the gastroc-
nemius muscle precedes that of the
biceps. EMG refers to the electromyo-
graphic recording of muscle activity.
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Figure 16.7 The primary motor cortex
and the premotor area in the human
cerebral cortex as seen in lateral (A) and
medial (B) views. The primary motor
cortex is located in the precentral gyrus;
the premotor area is more rostral.

Selective damage to the corticospinal tract (i.e., the direct pathway) in
humans is rarely seen in the clinic. Nonetheless, this evidence in nonhuman
primates showing that direct projections from the cortex to the spinal cord
are essential for the performance of discrete finger movements helps explain
the limited recovery in humans after damage to the motor cortex or to the
internal capsule. Immediately after such an injury, such patients are typically
paralyzed. With time, however, some ability to perform voluntary move-
ments reappears. These movements, which are presumably mediated by the
brainstem centers, are crude for the most part, and the ability to perform dis-
crete finger movements such as those required for writing, typing, or but-
toning typically remains impaired.

The Corticospinal and Corticobulbar Pathways: Upper Motor
Neurons That Initiate Complex Voluntary Movements

The upper motor neurons in the cerebral cortex reside in several adjacent and
highly interconnected areas in the frontal lobe, which together mediate the
planning and initiation of complex temporal sequences of voluntary move-
ments. These cortical areas all receive regulatory input from the basal ganglia
and cerebellum via relays in the ventrolateral thalamus (see Chapters 17 and
18), as well as inputs from the somatic sensory regions of the parietal lobe
(see Chapter 8). Although the phrase “motor cortex” is sometimes used to
refer to these frontal areas collectively, more commonly it is restricted to the
primary motor cortex, which is located in the precentral gyrus (Figure 16.7).
The primary motor cortex can be distinguished from the adjacent “premotor”
areas both cytoarchitectonically (it is area 4 in Brodmann’s nomenclature)
and by the low intensity of current necessary to elicit movements by electrical
stimulation in this region. The low threshold for eliciting movements is an
indicator of a relatively large and direct pathway from the primary area to the
lower motor neurons of the brainstem and spinal cord. This section and the
next focus on the organization and functions of the primary motor cortex and
its descending pathways, whereas the subsequent section addresses the con-
tributions of the adjacent premotor areas.

The pyramidal cells of cortical layer V (also called Betz cells) are the
upper motor neurons of the primary motor cortex. Their axons descend to
the brainstem and spinal motor centers in the corticobulbar and corti-
cospinal tracts, passing through the internal capsule of the forebrain to enter
the cerebral peduncle at the base of the midbrain (Figure 16.8). They then
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Figure 16.8 The corticospinal and cor-
ticobulbar tracts. Neurons in the motor
cortex give rise to axons that travel
through the internal capsule and coa-
lesce on the ventral surface of the mid-
brain, within the cerebral peduncle.
These axons continue through the pons
and come to lie on the ventral surface of
the medulla, giving rise to the pyra-
mids. Most of these pyramidal fibers
cross in the caudal part of the medulla
to form the lateral corticospinal tract in
the spinal cord. Those axons that do not
cross form the ventral corticospinal
tract.
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Box B
Patterns of Facial Weakness and Their Importance 
for Localizing Neurological Injury

The signs and symptoms pertinent to the
cranial nerves and their nuclei are of spe-
cial importance to clinicians seeking to
pinpoint the neurological lesions that
produce motor deficits. An especially
instructive example is provided by the
muscles of facial expression. It has long
been recognized that the distribution of
facial weakness provides important
localizing clues indicating whether the
underlying injury involves lower motor
neurons in the facial motor nucleus
(and/or their axons in the facial nerve)
or the inputs that govern these neurons,
which arise from upper motor neurons
in the cerebral cortex. Damage to the
facial motor nucleus or its nerve affects
all the muscles of facial expression on the
side of the lesion (lesion C in the figure);
this is expected given the intimate
anatomical and functional linkage
between lower motor neurons and skele-
tal muscles. A pattern of impairment that
is more difficult to explain accompanies
unilateral injury to the motor areas in the
lateral frontal lobe (primary motor cor-
tex, lateral premotor cortex), as occurs
strokes that involve the middle cerebral
artery (lesion A in the figure). Most
patients with such injuries have difficulty
controlling the contralateral muscles
around the mouth but retain the ablility
to symmetrically raise their eyebrows,
wrinkle their forehead, and squint.

Until recently, it was assumed that
this pattern of inferior facial paresis with
superior facial sparing could be attrib-
uted to (presumed) bilateral projections
from the face representation in the pri-
mary motor cortex to the facial motor
nucleus; in this conception, the intact
ipsilateral corticobulbar projections were
considered sufficient to motivate the con-
tractions of the superior muscles of the
face. However, recent tract-tracing stud-
ies in non-human primates have sug-

gested a different explanation. These
studies demonstrate two important facts
that clarify the relations among the face
representations in the cerebral cortex and
the facial motor nucleus. First, the corti-
cobulbar projections of the primary
motor cortex are directed predominantly
toward the lateral cell columns in the

contralateral facial motor nucleus, which
control the movements of the perioral
musculature. Thus, the more dorsal cell
columns in the facial motor nucleus that
innervate superior facial muscles do not
receive significant input from the pri-
mary motor cortex. Second, these dorsal
cell columns are governed by an acces-
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and the effects of upper and lower motor neuron lesions.
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run through the base of the pons, where they are scattered among the trans-
verse pontine fibers and nuclei of the pontine gray matter, coalescing again
on the ventral surface of the medulla where they form the medullary pyra-
mids. The components of this upper motor neuron pathway that innervate
cranial nerve nuclei, the reticular formation, and the red nucleus (that is, the
corticobulbar tract) leave the pathway at the appropriate levels of the brain-
stem (see Figure 16.8 and Box B ). At the caudal end of the medulla, most, but
not all, of the axons in the pyramidal tract cross (or “decussate”) to enter the
lateral columns of the spinal cord, where they form the lateral corticospinal
tract. A smaller number of axons enters the spinal cord without crossing;
these axons, which comprise the ventral corticospinal tract, terminate either
ipsilaterally or contralaterally, after crossing in the midline (via spinal cord
commissure). The ventral corticospinal pathway arises primarily from regions
of the motor cortex that serve axial and proximal muscles.

The lateral corticospinal tract forms the direct pathway from the cortex to
the spinal cord and terminates primarily in the lateral portions of the ventral
horn and intermediate gray matter (see Figures 16.3  and 16.8). The indirect
pathway to lower motor neurons in the spinal cord runs, as already de-
scribed, from the motor cortex to two of the sources of upper motor neurons
in the brainstem: the red nucleus and the reticular formation. In general, the
axons to the reticular formation originate from the parts of the motor cortex
that project to the medial region of the spinal cord gray matter, whereas the
axons to the red nucleus arise from the parts of the motor cortex that project
to the lateral region of the spinal cord gray matter. 

Functional Organization of the Primary Motor Cortex

Clinical observations and experimental work dating back a hundred years or
more have provided a reasonably coherent picture of the functional organiza-
tion of the motor cortex. By the end of the nineteenth century, experimental
work in animals by the German physiologists G. Theodor Fritsch and Eduard
Hitzig had shown that electrical stimulation of the motor cortex elicits con-
tractions of muscles on the contralateral side of the body. At about the same
time, the British neurologist John Hughlings Jackson surmised that the motor
cortex contains a complete representation, or map, of the body’s musculature.
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sory motor area in the anterior cingulate
gyrus, a cortical region that is associated
with emotional processing (see Chapter
28). Therefore, a better interpretation is
that strokes involving the middle cere-
bral artery spare the superior aspect of
the face because the relevant upper
motor neurons are in the cingulum,
which is supplied by the anterior cere-
bral artery.

An additional puzzle has also been
resolved by these studies. Strokes involv-
ing the anterior cerebral artery or subcor-
tical lesions that interrupt the corticobul-

bar projection (lesion B in the figure) sel-
dom produce significant paresis of the
superior facial muscles. Superior facial
sparing in these situations may arise
because this cingulate motor area sends
descending projections through the corti-
cobulbar pathway that bifuracte and
innervate dorsal facial motor cell
columns on both sides of the brainstem.
Thus, the superior muscles of facial
expression are controlled by symmetrical
inputs from the cingulate motor areas in
both hemispheres.
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Jackson reached this conclusion from his observation  that the abnormal
movements during some types of epileptic seizures “march” systematically
from one part of the body to another. For instance, partial motor seizures may
start with abnormal movements of a finger, progress to involve the entire
hand, then the forearm, the arm, the shoulder, and, finally, the face. 

This early evidence for motor maps in the cortex was confirmed shortly
after the turn of the nineteenth century when Charles Sherrington published
his classical maps  of the organization of the motor cortex in great apes,
using focal electrical stimulation. During the 1930s, one of Sherrington’s stu-
dents, the American neurosurgeon Wilder Penfield, extended this work by
demonstrating that the human motor cortex also contains a spatial map of
the body’s musculature. By correlating the location of muscle contractions
with the site of electrical stimulation on the surface of the motor cortex (the
same method used by Sherrington), Penfield mapped the representation of
the muscles in the precentral gyrus in over 400 neurosurgical patients (Fig-
ure 16.9). He found that this motor map shows the same disproportions
observed in the somatic sensory maps in the postcentral gyrus (see Chapter
8). Thus, the musculature used in tasks requiring fine motor control (such as
movements of the face and hands) occupies a greater amount of space in the

Figure 16.9 Topographic map of the
body musculature in the primary motor
cortex. (A) Location of primary motor
cortex in the precentral gyrus. (B) Sec-
tion along the precentral gyrus, illustrat-
ing the somatotopic organization of the
motor cortex. The most medial parts of
the motor cortex are responsible for con-
trolling muscles in the legs; the most 
lateral portions are responsible for con-
trolling muscles in the face. (C) Dispro-
portional representation of various por-
tions of the body musculature in the
motor cortex. Representations of parts
of the body that exhibit fine motor con-
trol capabilities (such as the hands and
face) occupy a greater amount of space
than those that exhibit less precise
motor control (such as the trunk).
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map than does the musculature requiring less precise motor control (such as
that of the trunk). The behavioral implications of cortical motor maps are
considered in Boxes C and D.

The introduction in the 1960s of intracortical microstimulation (a more
refined method of cortical activation) allowed a more detailed understand-
ing of motor maps. Microstimulation entails the delivery of electrical cur-
rents an order of magnitude smaller than those used by Sherrington and
Penfield. By passing the current through the sharpened tip of a metal micro-
electrode inserted into the cortex, the upper motor neurons in layer V that
project to lower motor neuron circuitry can be stimulated focally. Although
intracortical stimulation generally confirmed Penfield’s spatial map in the
motor cortex, it also showed that the finer organization of the map is rather
different than most neuroscientists imagined. For example, when microstim-
ulation was combined with recordings of muscle electrical activity, even the
smallest currents capable of eliciting a response initiated the excitation of
several muscles (and the simultaneous inhibition of others), suggesting that
organized movements rather than individual muscles are represented in the
map (see Box C ). Furthermore, within major subdivisions of the map (e.g.,
arm, forearm, or finger regions), a particular movement could be elicited by
stimulation of widely separated sites, indicating that neurons in nearby
regions are linked by local circuits to organize specific movements. This
interpretation has been supported by the observation that the regions
responsible for initiating different  movements overlap substantially. 

About the same time that these studies were being undertaken, Ed Evarts
and his colleagues at the National Institutes of Health were pioneering a
technique in which implanted microelectrodes were used to record the elec-
trical activity of individual motor neurons in awake, behaving monkeys. In
these experiments, the monkeys were trained to perform a variety of motor
tasks, thus providing a means of correlating neuronal activity with volun-
tary movements. Evarts and his group found that the force generated by
contracting muscles changed as a function of the firing rate of upper motor
neurons. Moreover, the firing rates of the active neurons often changed prior
to movements involving very small forces. Evarts therefore proposed that
the primary motor cortex contributes to the initial phase of recruitment of
lower motor neurons involved in the generation of finely controlled move-
ments. Additional experiments showed that the activity of primary motor
neurons is correlated not only with the magnitude, but also with the direc-
tion of the force produced by muscles. Thus, some neurons show progres-
sively less activity as the direction of movement deviates from the neuron’s
“preferred direction.” 

A further advance was made in the mid-1970s by the introduction of
spike-triggered averaging (Figure 16.10). By correlating the timing of the cor-
tical neuron’s discharges with the onset times of the contractions generated
by the various muscles used in a movement, this method provides a way of
measuring the influence of a single cortical motor neuron on a population of
lower motor neurons in the spinal cord.  Recording such activity from differ-
ent muscles as monkeys performed wrist flexion or extension demonstrated
that the activity of a number of different muscles is directly facilitated by the
discharges of a given upper motor neuron. This peripheral muscle group is
referred to as the “muscle field” of the upper motor neuron. On average, the
size of the muscle field in the wrist region is two to three muscles per upper
motor neuron. These observations confirmed that single upper motor neu-
rons contact several lower motor neuron pools; the results are also consistent
with the general conclusion that movements, rather than individual muscles,

Upper Motor Neuron Control of the Brainstem and Spinal Cord 407

Purves16  5/14/04  10:24 AM  Page 407



408 Chapter Sixteen

are encoded by the activity of the upper motor neurons in the cortex (see
Box C ).

Finally, the relative amount of activity across large populations of neurons
appears to encode the direction of visually-guided movements. Thus, the
direction of movements in monkeys could be predicted by calculating a
“neuronal population vector” derived simultaneously from the discharges of
upper motor neurons that are “broadly tuned” in the sense that they dis-
charge prior to movements in many directions (Figure 16.11). These observa-
tions showed that the discharges of individual upper motor neurons cannot
specify the direction of an arm movement, simply because they are tuned
too broadly; rather, each arm movement must be encoded by the concurrent
discharges of a large population of such neurons.

The Premotor Cortex

A complex mosaic of interconnected frontal lobe areas that lie rostral to the
primary motor cortex also contributes to motor functions (see Figure 16.7).
The upper motor neurons in this premotor cortex influence motor behavior

Box C
What Do Motor Maps Represent?
Electrical stimulation studies carried out
by the neurosurgeon Wilder Penfield and
his colleagues in human patients (and by
Sherrington and later Clinton Woolsey
and his colleagues in experimental ani-
mals) clearly demonstrated a systematic
map of the body’s musculature in the pri-
mary motor cortex (see text). The fine
structure of this map, however, has been
a continuing source of controversy. Is the
map in the motor cortex a “piano key-
board” for the control of individual mus-
cles, or is it a map of movements, in
which specific sites control multiple mus-
cle groups that contribute to the genera-
tion of particular actions? Initial experi-
ments implied that the map in the motor
cortex is a fine-scale representation of
individual muscles. Thus, stimulation of
small regions of the map activated single
muscles, suggesting that vertical columns
of cells in the motor cortex were responsi-
ble for controlling the actions of particu-
lar muscles, much as columns in the
somatic sensory map are thought to ana-
lyze particular types of stimulus informa-
tion (see Chapter 8). 

More recent studies using anatomical
and physiological techniques, however,
have shown that the map in the motor
cortex is far more complex than a colum-
nar representation of particular muscles.
Individual pyramidal tract axons are
now known to terminate on sets of
spinal motor neurons that innervate dif-
ferent muscles. This relationship is evi-
dent even for neurons in the hand repre-
sentation of the motor cortex, the region
that controls the most discrete, fraction-
ated movements. Furthermore, cortical
microstimulation experiments have
shown that contraction of a single mus-
cle can be evoked by stimulation over a
wide region of the motor cortex (about
2–3 mm in macaque monkeys) in a com-
plex, mosaic fashion. It seems likely that
horizontal connections within the motor
cortex and local circuits in the spinal
cord create ensembles of neurons that
coordinate the pattern of firing in the
population of ventral horn cells that ulti-
mately generate a given movement. 

Thus, while the somatotopic maps in
the motor cortex generated by early

studies are correct in their overall topog-
raphy, the fine structure of the map is far
more intricate. Unraveling these details
of motor maps still holds the key to
understanding how patterns of activity
in the motor cortex generate a given
movement.

References
BARINAGA, M. (1995) Remapping the motor
cortex. Science 268: 1696–1698.
LEMON, R. (1988) The output map of the pri-
mate motor cortex. Trends Neurosci. 11:
501–506.
PENFIELD, W. AND E. BOLDREY (1937) Somatic
motor and sensory representation in the cere-
bral cortex of man studied by electrical stim-
ulation. Brain 60: 389–443.
SCHIEBER, M. H. AND L. S. HIBBARD (1993)
How somatotopic is the motor cortex hand
area? Science 261: 489–491.
WOOLSEY, C. N. (1958) Organization of
somatic sensory and motor areas of the cere-
bral cortex. In Biological and Biochemical Bases
of Behavior, H. F. Harlow and C. N. Woolsey
(eds.). Madison, WI: University of Wisconsin
Press, pp. 63–81.

Purves16  5/14/04  10:24 AM  Page 408



Upper Motor Neuron Control of the Brainstem and Spinal Cord 409

Primary motor
cortex

(A)  Detection of postspike facilitation

Spikes of
single cortical
motor neuron

Spinal motor neuron

Electromyograph 
(EMG)

Rectifier Trigger averager
input

(B)  Postspike facilitation by cortical motor neuron

Recording from 
cortical motor neuron

n = 9000 spikes

Spike-triggered average of EMG

Cortical motor neuron spike

Spike-triggered averaging

Rectified EMG

Time (ms)

Record

Figure 16.10 The influence of single cortical upper motor
neurons on muscle activity. (A) Diagram illustrates the
spike triggering average method for correlating muscle
activity with the discharges of single upper motor neurons.
(B) The response of a thumb muscle (bottom trace) follows
by a fixed latency the single spike discharge of a pyramidal
tract neuron (top trace). This technique can be used to
determine all the muscles that are influenced by a given
motor neuron (see text). (After Porter and Lemon, 1993.)

Purves16  5/14/04  10:24 AM  Page 409



410 Chapter Sixteen

both through extensive reciprocal connections with the primary motor cor-
tex, and directly via axons that project through the corticobulbar and corti-
cospinal pathways to influence local circuit and lower motor neurons of the
brainstem and spinal cord. Indeed, over 30% of the axons in the corticospinal
tract arise from neurons in the premotor cortex. In general, a variety of
experiments indicate that the premotor cortex uses information from other
cortical regions to select movements appropriate to the context of the action
(see Chapter 25). 

The functions of the premotor cortex are usually considered in terms of
the lateral and medial components of this region. As many as 65% of the

Box D
Sensory Motor Talents and Cortical Space
Are special sensory motor talents, such
as the exceptional speed and coordina-
tion displayed by talented athletes, ballet
dancers, or concert musicians visible in
the structure of the nervous system? The
widespread use of noninvasive brain
imaging techniques (see Box A in Chap-
ter 1) has generated a spate of studies
that have tried to answer this and related
questions. Most of these studies have
sought to link particular sensory motor
skills to the amount of brain space
devoted to such talents. For example, a
study of professional violinists, cellists,
and classical guitarists purported to
show that representations of the “finger-
ing” digits of the left hand in the right
primary somatic sensory cortex are
larger than the corresponding represen-
tations in nonmusicians.

Although such studies in humans
remain controversial (the techniques are
only semiquantitative), the idea that
greater motor talents (or any other abil-
ity) will be reflected in a greater amount
of brain space devoted to that task makes
good sense. In particular, comparisons
across species show that special talents
are invariably based on commensurately
sophisticated brain circuitry, which
means more neurons, more synaptic con-
tacts between neurons, and more sup-
porting glial cells—all of which occupy

more space within the brain. The size
and proportion of bodily representations
in the primary somatic sensory and
motor cortices of various animals reflects
species-specific nuances of mechanosen-
sory discrimination and motor control.
Thus, the representations of the paws are
disproportionately large in the sensori-
motor cortex of raccoons; rats and mice
devote a great deal of cortical space to
representations of their prominent facial
whiskers; and a large fraction of the sen-
sorimotor cortex of the star-nosed mole
is given over to representing the elabo-
rate nasal appendages that provide criti-
cal mechanosensory information for this
burrowing species. The link between
behavioral competence and the alloca-
tion of space is equally apparent in ani-
mals in which a particular ability has
diminished, or has never developed fully,
during the course of evolution.

Nevertheless, it remains uncertain
how—or if—this principle applies to
variations in behavior among members
of the same species, including humans.
For example, there does not appear to be
any average hemisphere asymmetry in
the allocation of space in either the pri-
mary sensory or motor area, as mea-
sured cytoarchitectonically. Some asym-
metry might be expected simply because
90% of humans prefer to use the right

hand when they perform challenging
manual tasks. It seems likely that indi-
vidual sensory motor talents among
humans will be reflected in the allocation
of an appreciably different amount of
space to those behaviors, but this issue is
just beginning to be explored with quan-
titative methods that are adequate to the
challenge.
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neurons in the lateral premotor cortex have responses that are linked in time
to the occurrence of movements; as in the primary motor area, many of these
cells fire most strongly in association with movements made in a specific
direction. However, these neurons are especially important in conditional
motor tasks. That is, in contrast to the neurons in the primary motor area,
when a monkey is trained to reach in different directions in response to a
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Figure 16.11 Directional tuning of an upper motor neuron
in the primary motor cortex. (A) A monkey is trained to
move a joystick in the direction indicated by a light. (B) The
activity of a single neuron was recorded during arm move-
ments in each of eight different directions (zero indicates
the time of movement onset, and each short vertical line in
this raster plot represents an action potential). The activity
of the neuron increased before movements between 90 and
225 degrees (yellow zone), but decreased in anticipation of
movements between 0 and 315 degrees (purple zone). (C)
Plot showing that the neuron’s discharge rate was greatest
before movements in a particular direction, which defines
the neuron’s “preferred direction.” (D) The black lines indi-
cate the discharge rate of individual upper motor neurons
prior to each direction of movement. By combining the
responses of all the neurons, a “population vector” can be
derived that represents the movement direction encoded by
the simultaneous activity of the entire population. (After
Georgeopoulos et al., 1986.)
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visual cue, the appropriately tuned lateral premotor neurons begin to fire at
the appearance of the cue, well before the monkey receives a signal to actu-
ally make the movement. As the animal learns to associate a new visual cue
with the movement, appropriately tuned neurons begin to increase their rate
of discharge in the interval between the cue and the onset of the signal to
perform the movement. Rather than directly commanding the initiation of a
movement, these neurons appear to encode the monkey’s intention to per-
form a particular movement; thus, they seem to be particularly involved in
the selection of movements based on external events.

Further evidence that the lateral premotor area is concerned with move-
ment selection comes from the effects of cortical damage on motor behavior.
Lesions in this region severely impair the ability of monkeys to perform
visually cued conditional tasks, even though they can still respond to the
visual stimulus and can perform the same movement in a different setting.
Similarly, patients with frontal lobe damage have difficulty learning to select
a particular movement to be performed in response to a visual cue, even
though they understand the instructions and can perform the movements.
Individuals with lesions in the premotor cortex may also have difficulty per-
forming movements in response to verbal commands. 

The medial premotor cortex, like the lateral area, mediates the selection
of movements. However, this region appears to be specialized for initiating
movements specified by internal rather than external cues. In contrast to
lesions in the lateral premotor area, removal of the medial premotor area in a
monkey reduces the number of self-initiated or “spontaneous” movements
the animal makes, whereas the ability to execute movements in response to
external cues remains largely intact. Imaging studies suggest that this corti-
cal region in humans functions in much the same way. For example, PET
scans show that the medial region of the premotor cortex is activated when
the subjects perform motor sequences from memory (i.e., without relying on
an external instruction). In accord with this evidence, single unit recordings
in monkeys indicate that many neurons in the medial premotor cortex begin
to discharge one or two seconds before the onset of a self-initiated move-
ment. 

In summary, both the lateral and medial areas of the premotor cortex are
intimately involved in selecting a specific movement or sequence of move-
ments from the repertoire of possible movements. The functions of the areas
differ, however, in the relative contributions of external and internal cues to
the selection process.

Damage to Descending Motor Pathways:
The Upper Motor Neuron Syndrome 

Injury of upper motor neurons is common because of the large amount of
cortex occupied by the motor areas, and because their pathways extend all
the way from the cerebral cortex to the lower end of the spinal cord. Damage
to the descending motor pathways anywhere along this trajectory gives rise
to a set of symptoms called the upper motor neuron syndrome. 

This clinical picture differs markedly from the lower motor neuron syn-
drome described in Chapter 15 and entails a characteristic set of motor
deficits (Table 16.1). Damage to the motor cortex or the descending motor
axons in the internal capsule causes an immediate flaccidity of the muscles
on the contralateral side of the body and face. Given the topographical
arrangement of the motor system, identifying the specific parts of the body
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that are affected helps localize the site of the injury. The acute manifestations
tend to be most severe in the arms and legs: If the affected limb is elevated
and released, it drops passively, and all reflex activity on the affected side is
abolished. In contrast, control of trunk muscles is usually preserved, either
by the remaining brainstem pathways or because of the bilateral projections
of the corticospinal pathway to local circuits that control midline muscula-
ture. The  initial period of “hypotonia” after upper motor neuron injury is
called spinal shock, and reflects the decreased activity of spinal circuits sud-
denly deprived of input from the motor cortex and brainstem. 

After several days, however, the spinal cord circuits regain much of their
function for reasons that are not fully understood. Thereafter, a consistent
pattern of motor signs and symptoms emerges, including:

1. The Babinski sign. The normal response in an adult to stroking the
sole of the foot is flexion of the big toe, and often the other toes.
Following damage to descending upper motor neuron pathways,
however, this stimulus elicits extension of the big toe and a fanning
of the other toes (Figure 16.12). A similar response occurs in human
infants before the maturation of the corticospinal pathway and pre-
sumably indicates incomplete upper motor neuron control of local
motor neuron circuitry.
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TABLE 16.1
Signs and Symptoms of Upper and Lower Motor Neuron Lesions

Upper Motor Neuron Syndrome Lower Motor Neuron Syndrome

Weakness Weakness or paralysis 
Spasticity Decreased superficial reflexes

Increased tone Hypoactive deep reflexes
Hyperactive deep reflexes Decreased tone
Clonus Fasciculations and fibrillations

Babinski’s sign Severe muscle atrophy
Loss of fine voluntary movements

(A)  Normal plantar response (B)  Extensor plantar response
       (Babinski sign)

Fanning 
of toes

Toes 
down
(flexion)

Up

Figure 16.12 The Babinski sign. Fol-
lowing damage to descending corti-
cospinal pathways, stroking the sole of
the foot causes an abnormal fanning of
the toes and the extension of the big toe.
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2. Spasticity. Spasticity is increased muscle tone (Box E), hyperactive
stretch reflexes, and clonus (oscillatory contractions and relaxations of
muscles in  response to muscle stretching). Extensive upper motor
neuron lesions may also be accompanied by rigidity of the extensor
muscles of the leg and the flexor muscles of the arm (called decere-
brate rigidity; see below). Spasticity is probably caused by the
removal of inhibitory influences exerted by the cortex on the postural
centers of the vestibular nuclei and reticular formation. In experimen-
tal animals, for instance, lesions of the vestibular nuclei ameliorate
the spasticity that follows damage to the corticospinal tract. Spasticity
is also eliminated by sectioning the dorsal roots, suggesting that it
represents an abnormal increase in the gain of the spinal cord stretch
reflexes due to loss of descending inhibition (see Chapter 15). This
increased gain is also thought to explain clonus (see Box E).

Box E
Muscle Tone
Muscle tone is the resting level of tension
in a muscle. In general, maintaining an
appropriate level of muscle tone allows a
muscle to make an optimal response to
voluntary or reflexive commands in a
given context. Tone in the extensor mus-
cles of the legs, for example, helps main-
tain posture while standing. By keeping
the muscles in a state of readiness to
resist stretch, tone in the leg muscles pre-
vents the amount of sway that normally
occurs while standing from becoming
too large. During activities such as walk-
ing or running, the “background” level
of tension in leg muscles also helps to
store mechanical energy, in effect
enhancing the muscle tissue’s springlike
qualities. Muscle tone depends on the
resting level of discharge of α motor neu-
rons. Activity in the Ia spindle affer-
ents—the neurons responsible for the
stretch reflex—is the major contributor to
this tonic level of firing. As described in
Chapter 15, the γ efferent system (by its
action on intrafusal muscle fibers) regu-
lates the resting level of activity in the Ia
afferents and establishes the baseline
level of α motor neuron activity in the
absence of muscle stretch. 

Clinically, muscle tone is assessed by
judging the resistance of a patient’s limb
to passive stretch. Damage to either the α
motor neurons or the Ia afferents carry-
ing sensory information to the α motor
neurons results in a decrease in muscle
tone, called hypotonia. In general, dam-
age to descending pathways that termi-
nate in the spinal cord has the opposite
effect, leading to an increase in muscle
tone, or hypertonia (except during the
phase of spinal shock—see text). The
neural changes responsible for hyperto-
nia following damage to higher centers
are not well understood; however, at
least part of this change is due to an
increase in the responsiveness of α motor
neurons to Ia sensory inputs. Thus, in
experimental animals in which descend-
ing inputs have been severed, the result-
ing hypertonia can be eliminated by sec-
tioning the dorsal roots.

Increased resistance to passive move-
ment following damage to higher centers
is called spasticity, and is associated with
two other characteristic signs: the clasp-
knife phenomenon and clonus. When
first stretched, a spastic muscle provides
a high level of resistance to the stretch
and then suddenly yields, much like the

blade of a pocket knife (or clasp knife, in
old-fashioned terminology). Hyperactiv-
ity of the stretch reflex loop is the reason
for the increased resistance to stretch in
the clasp-knife phenomenon. The physi-
ological basis for the inhibition that
causes the sudden collapse of the stretch
reflex (and loss of muscle tone) is
thought to involve the activation of the
Golgi tendon organs (see Chapter 15). 

Clonus refers to a rhythmic pattern of
contractions (3–7 per second) due to the
alternate stretching and unloading of the
muscle spindles in a spastic muscle.
Clonus can be demonstrated in the flexor
muscles of the leg by pushing up on the
sole of patient’s foot to dorsiflex the
ankle. If there is damage to descending
upper motor neuron pathways, holding
the ankle loosely in this position gener-
ates rhythmic contractions of both the
gastrocnemius and soleus muscles. Both
the increase in muscle tone and the
pathological oscillations seen after dam-
age to descending pathways are very dif-
ferent from the tremor at rest and cog-
wheel rigidity present in basal ganglia
disorders such as Parkinson’s disease,
phenomena discussed in Chapters 17
and 18.
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3. A loss of the ability to perform fine movements. If the lesion involves the
descending pathways that control the lower motor neurons to the
upper limbs, the ability to execute fine movements (such as indepen-
dent movements of the fingers) is lost. 

Although these upper motor neuron signs and symptoms may arise from
damage anywhere along the descending pathways, the spasticity that fol-
lows damage to descending pathways in the spinal cord is less marked than
the spasticity that follows damage to the cortex or internal capsule.

For example, the extensor muscles in the legs of a patient with spinal cord
damage cannot support the individual’s body weight, whereas those of a
patient with damage at the cortical level often can. On the other hand,
lesions that interrupt the descending pathways in the brainstem above the
level of the vestibular nuclei but below the level of the red nucleus cause
even greater extensor tone than that which occurs after damage to higher
regions. Sherrington, who first described this phenomenon, called the
increased tone decerebrate rigidity. In the cat, the extensor tone in all four
limbs is so great after lesions that spare the vestibulospinal tracts that the
animal can stand without support. Patients with severe brainstem injury at
the level of the pons may exhibit similar signs of decerebration, i.e., arms
and legs stiffly extended, jaw clenched, and neck retracted. The relatively
greater hypertonia following damage to the nervous system above the level
of the spinal cord is presumably explained by the remaining activity of the
intact descending pathways from the vestibular nuclei and reticular forma-
tion, which have a net excitatory influence on these stretch reflexes. 

Summary

Two sets of upper motor neuron pathways make distinct contributions to the
control of the local circuitry in the brainstem and spinal cord. One set origi-
nates from neurons in brainstem centers—primarily the reticular formation
and the vestibular nuclei—and is responsible for postural regulation. The
reticular formation is especially important in feedforward control of posture
(that is, movements that occur in anticipation of changes in body stability).
In contrast, the neurons in the vestibular nuclei that project to the spinal cord
are especially important in feedback postural mechanisms (i.e., in producing
movements that are generated in response to sensory signals that indicate an
existing postural disturbance). The other major upper motor neuron path-
way originates from the frontal lobe and includes projections from the pri-
mary motor cortex and the nearby premotor areas. The premotor cortices are
responsible for planning and selecting movements, whereas the primary
motor cortex is responsible for their execution. The motor cortex influences
movements directly by contacting lower motor neurons and local circuit neu-
rons in the spinal cord and brainstem, and indirectly by innervating neurons
in brainstem centers (in this case, the reticular formation and red nucleus)
that in turn project to lower motor neurons and circuits. Although the brain-
stem pathways can independently organize gross motor control, direct pro-
jections from the motor cortex to local circuit neurons in the brainstem and
spinal cord are essential for the fine, fractionated movements of the distal
parts of the limbs, the tongue, and face that are especially important in our
daily lives.
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