
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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Midsagittal view of the brain showing the longitudinal extent of the reticu-
lar formation and highlighting the broad functional roles performed by
neuronal clusters in its rostral (blue) and caudal (red) sectors.

Purves16  5/14/04  10:24 AM  Page 399



400 Chapter Sixteen

3

2

1

Middle
medulla Medullary

reticular
formation

Inferior olive

Hypoglossal 
nucleus

Dorsal motor
nucleus of 
vagus

Medial
lemniscus

Medullary 
pyramid

3

Lower 
pons

Middle 
cerebellar 
peduncle

Abducens 
nucleus

Pontine
reticular
formation

Corticospinal 
fibers

Fourth
ventricle

Medial 
lemniscus

2

Midbrain

Superior 
colliculus

Cerebral
peduncle

Substantia
nigra

Medial
lemniscus1

Mesencephalic
reticular
formation

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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Organization of projections from cerebral cortex to the facial motor nucleus
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,
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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.
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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.)

Purves16  5/14/04  10:24 AM  Page 411



412 Chapter Sixteen

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 ! 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 " 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 ! 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 !
motor neurons or the Ia afferents carry-
ing sensory information to the ! 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 ! 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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Overview

As described in the preceding chapter, motor regions of the cortex and brain-
stem contain upper motor neurons that initiate movement by controlling the
activity of local circuit and lower motor neurons in the brainstem and spinal
cord. This chapter and the next discuss two additional regions of the brain
that are important in motor control: the basal ganglia and the cerebellum. In
contrast to the components of the motor system that harbor upper motor
neurons, the basal ganglia and cerebellum do not project directly to either
the local circuit or lower motor neurons; instead, they influence movement
by regulating the activity of upper motor neurons. The term basal ganglia
refers to a large and functionally diverse set of nuclei that lie deep within the
cerebral hemispheres. The subset of these nuclei relevant to this account of
motor function includes the caudate, putamen, and the globus pallidus. Two
additional structures, the substantia nigra in the base of the midbrain and
the subthalamic nucleus in the ventral thalamus, are closely associated with
the motor functions of these basal ganglia nuclei and are included in the dis-
cussion. The motor components of the basal ganglia, together with the sub-
stantia nigra and the subthalamic nucleus, effectively make a subcortical
loop that links most areas of the cortex with upper motor neurons in the pri-
mary motor and premotor cortex and in the brainstem. The neurons in this
loop respond in anticipation of and during movements, and their effects on
upper motor neurons are required for the normal course of voluntary move-
ments. When one of these components of the basal ganglia or associated
structures is compromised, the patient cannot switch smoothly between
commands that initiate a movement and those that terminate the movement.
The disordered movements that result can be understood as a consequence
of abnormal upper motor neuron activity in the absence of the supervisory
control normally provided by the basal ganglia. 

Projections to the Basal Ganglia

The motor nuclei of the basal ganglia are divided into several functionally
distinct groups (Figure 17.1). The first and larger of these groups is called the
corpus striatum, which includes the caudate and putamen. These two sub-
divisions of the corpus striatum comprise the input zone of the basal ganglia,
their neurons being the destinations of most of the pathways that reach this
complex from other parts of the brain (Figure 17.2). The name corpus stria-
tum, which means “striped body,” reflects the fact that the axon fascicles
that pass through the caudate and putamen result in a striped appearance
when cut in cross section. The destinations of the incoming axons from the
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418 Chapter Seventeen

cortex are the dendrites of a class of cells called medium spiny neurons in
the corpus striatum (Figure 17.3). The large dendritic trees of these neurons
allow them to integrate inputs from a variety of cortical, thalamic, and brain-
stem structures. The axons arising from the medium spiny neurons converge
on neurons in the globus pallidus and the substantia nigra pars reticulata.
The globus pallidus and substantia nigra pars reticulata are the main sources
of output from the basal ganglia complex. 

Nearly all regions of the neocortex project directly to the corpus striatum,
making the cerebral cortex the source of the largest input to the basal ganglia
by far. Indeed, the only cortical areas that do not project to the corpus stria-
tum are the primary visual and primary auditory cortices (Figure 17.4). Of
those cortical areas that do innervate the striatum, the heaviest projections
are from association areas in the frontal and parietal lobes, but substantial
contributions also arise from the temporal, insular, and cingulate cortices. All
of these projections, referred to collectively as the corticostriatal pathway,
travel through the internal capsule to reach the caudate and putamen
directly (see Figure 17.2).

The cortical inputs to the caudate and putamen are not equivalent, how-
ever, and the differences in input reflect functional differences between these
two nuclei. The caudate nucleus receives cortical projections primarily from
multimodal association cortices, and from motor areas in the frontal lobe
that control eye movements. As the name implies, the association cortices do
not process any one type of sensory information; rather, they receive inputs
from a number of primary and secondary sensory cortices and associated
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Figure 17.1 Motor components of the
human basal ganglia. (A) Basic circuits
of the basal ganglia pathway: (+) and (–)
denote excitory and inhibitory connec-
tions. (B) Idealized coronal section
through the brain showing anatomical
locations of structures involved in the
basal ganglia pathway. Most of these
structures are in the telencephalon,
although the substantia nigra is in the
midbrain and the thalamic and subthal-
amic nuclei are in the diencephalon. The
ventral anterior and ventral lateral thal-
amic nuclei (VA/VL complex) are the
targets of the basal ganglia, relaying the
modulatory effects of the basal ganglia
to upper motor neurons in the cortex.
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thalamic nuclei (see Chapter 25). The putamen, on the other hand, receives
input from the primary and secondary somatic sensory cortices in the pari-
etal lobe, the secondary (extrastriate) visual cortices in the occipital and tem-
poral lobes, the premotor and motor cortices in the frontal lobe, and the
auditory association areas in the temporal lobe. The fact that different corti-
cal areas project to different regions of the striatum implies that the corticos-
triatal pathway consists of multiple parallel pathways serving different func-
tions. This interpretation is supported by the observation that the
segregation is maintained in the structures that receive projections from the
striatum, and in the pathways that project from the basal ganglia to other
brain regions. 

There are other indications that the corpus striatum is functionally subdi-
vided according to its inputs. For example, visual and somatic sensory corti-
cal projections are topographically mapped within different regions of the
putamen. Moreover, the cortical areas that are functionally interconnected at
the level of the cortex give rise to projections that overlap extensively in the
striatum. Anatomical studies by Ann Graybiel and her colleagues at the
Massachusetts Institute of Technology have shown that regions of different
cortical areas concerned with the hand (see Chapter 8) converge in specific
rostrocaudal bands within the striatum; conversely, regions in the same corti-
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Figure 17.2 Anatomical organization of the inputs to
the basal ganglia. An idealized coronal section through
the human brain, showing the projections from the cere-
bral cortex and the substantia nigra pars comparta to the
caudate and putamen.
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cal areas concerned with the leg converge in other striatal bands. These ros-
trocaudal bands therefore appear to be functional units concerned with the
movement of particular body parts. Another study by the same group
showed that the more extensively cortical areas are interconnected by cortic-
ocortical pathways, the greater the overlap in their projections to the striatum. 

A further indication of functional subdivision within the striatum is the
spatial distribution of different types of medium spiny neurons. Although
medium spiny neurons are distributed throughout the striatum, they occur in
clusters of cells called “patches” or “striosomes,” in a surrounding “matrix” of
neurochemically distinct cells. Whereas the distinction between the patches
and matrix was originally based only on differences in the types of neuropep-
tides contained by the medium spiny cells in the two regions, the cell types are
now known to differ as well in the sources of their inputs from the cortex and
in the destinations of their projections to other parts of the basal ganglia. For
example, even though most cortical areas project to medium spiny neurons in
both these compartments, limbic areas of the cortex (such as the cingulate
gyrus; see Chapter 28) project more heavily to the patches, whereas motor and
somatic sensory areas project preferentially to the neurons in the matrix. These
differences in the connectivity of medium spiny neurons in the patches and
matrix further support the conclusion that functionally distinct pathways pro-
ject in parallel from the cortex to the striatum. 
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Figure 17.3 Neurons and circuits of
the basal ganglia. (A) Medium spiny
neurons in the caudate and putamen.
(B) Diagram showing convergent inputs
onto a medium spiny neuron from corti-
cal neurons, dopaminergic cells of the
substantia nigra, and local circuit neu-
rons. The primary output of the
medium spiny cells is to the globus pal-
lidus and to the substantia nigra pars
reticulata.
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Figure 17.4 Regions of the cerebral
cortex (shown in purple) that project to
the caudate, putamen, and ventral stria-
tum (see Box C) in both lateral (A) and
medial (B) views. The caudate, puta-
men, and ventral striatum receive corti-
cal projections primarily from the asso-
ciation areas of the frontal, parietal, and
temporal lobes. 

The nature of the signals transmitted to the caudate and putamen from
the cortex is not understood. It is known, however, that collateral axons of
corticocortical, corticothalamic, and corticospinal pathways all form excita-
tory glutamatergic synapses on the dendritic spines of medium spiny neu-
rons (see Figure 17.3B). The arrangement of these cortical synapses is such
that the number of contacts established between an individual cortical axon
and a single medium spiny cell is very small, whereas the number of spiny
neurons contacted by a single axon is extremely large. This divergence of
axon terminals allows a single medium spiny neuron to integrate the influ-
ences of thousands of cortical cells. 

The medium spiny cells also receive noncortical inputs from interneurons,
from the midline and intralaminar nuclei of the thalamus, and from brainstem
aminergic nuclei. In contrast to the cortical inputs to the dendritic spines, the
local circuit neuron and thalamic synapses are made on the dendritic shafts
and close to the cell soma, where they can modulate the effectiveness of corti-
cal synaptic activation arriving from the more distal dendrites. The aminergic
inputs are dopaminergic and they originate in a subdivision of the substantia
nigra called pars compacta because of its densely packed cells. The dopamin-
ergic synapses are located on the base of the spine, in close proximity to the
cortical synapses, where they more directly modulate cortical input (see Figure
17.3B). As a result, inputs from both the cortex and the substantia nigra pars
compacta are relatively far from the initial segment of the medium spiny neu-
ron axon, where the nerve impulse is generated. Accordingly, the medium
spiny neurons must simultaneously receive many excitatory inputs from cor-
tical and nigral neurons to become active. As a result the medium spiny neu-
rons are usually silent.

When the medium spiny neurons do become active, their firing is associ-
ated with the occurrence of a movement. Extracellular recordings show that
these neurons typically increase their rate of discharge just before an
impending movement. Neurons in the putamen tend to discharge in antici-
pation of body movements, whereas caudate neurons fire prior to eye move-
ments. These anticipatory discharges are evidently part of a movement selec-
tion process; in fact, they can precede the initiation of movement by as much
as several seconds. Similar recordings have also shown that the discharges of
some striatal neurons vary according to the location in space of the target of
a movement, rather than with the starting position of the limb relative to the
target. Thus, the activity of these cells may encode the decision to move
toward the target, rather than simply the direction and amplitude of the
actual movement necessary to reach the target.
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Projections from the Basal Ganglia to Other Brain Regions

The medium spiny neurons of the caudate and putamen give rise to
inhibitory GABAergic projections that terminate in another pair of nuclei in
the basal ganglia complex: the internal division of the globus pallidus and
a specific region of the substantia nigra called pars reticulata (because,
unlike the pars compacta, axons passing through give it a netlike appear-
ance). These nuclei are in turn the major sources of the output from the basal
ganglia (Figure 17.5). The globus pallidus and substantia nigra pars reticu-
lata have similar output functions. In fact, developmental studies show that
pars reticulata is actually part of the globus pallidus, although the two even-
tually become separated by fibers of the internal capsule. The striatal projec-
tions to these two nuclei resemble the corticostriatal pathways in that they
terminate in rostrocaudal bands, the locations of which vary with the loca-
tions of their sources in the striatum. 

A striking feature of the projections from the medium spiny neurons to
the globus pallidus and substantia nigra is the degree of their convergence
onto pallidal and reticulata cells. In humans, for example, the corpus stria-
tum contains approximately 100 million neurons, about 75% of which are
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medium spiny neurons. In contrast, the main destination of their axons , the
globus pallidus, comprises only about 700,000 cells. Thus, on average, more
than 100 medium spiny neurons innervate each pallidal cell. 

The efferent neurons of the internal globus pallidus and substantia nigra
pars reticulata together give rise to the major pathways that link the basal
ganglia with upper motor neurons located in the cortex and in the brainstem
(see Figure 17.5). The pathway to the cortex arises primarily in the internal
globus pallidus and reaches the motor cortex after a relay in the ventral
anterior and ventral lateral nuclei of the dorsal thalamus. These thalamic
nuclei project directly to motor areas of the cortex, thus completing a vast
loop that originates in multiple cortical areas and terminates (after relays in
the basal ganglia and thalamus) back in the motor areas of the frontal lobe.
In contrast, the axons from substantia nigra pars reticulata synapse on upper
motor neurons in the superior colliculus that command eye movements,
without an intervening relay in the thalamus (see Figure 16.2 and Chapter
19). This difference between the globus pallidus and substantia nigra pars
reticulata is not absolute, however, since many reticulata axons also project
to the thalamus where they contact relay neurons that project to the frontal
eye fields of the premotor cortex (see Chapter 19). 

Because the efferent cells of both the globus pallidus and substantia nigra
pars reticulata are GABAergic, the main output of the basal ganglia is
inhibitory. In contrast to the quiescent medium spiny neurons, the neurons in
both these output zones have high levels of spontaneous activity that tend to
prevent unwanted movements by tonically inhibiting cells in the superior
colliculus and thalamus. Since the medium spiny neurons of the striatum
also are GABAergic and inhibitory, the net effect of the excitatory inputs that
reach the striatum from the cortex is to inhibit the tonically active inhibitory
cells of the globus pallidus and substantia nigra pars reticulata (Figure 17.6).
Thus, in the absence of body movements, the globus pallidus neurons, for
example, provide tonic inhibition to the relay cells in the ventral lateral and
anterior nuclei of the thalamus. When the pallidal cells are inhibited by
activity of the medium spiny neurons, the thalamic neurons are disinhibited
and can relay signals from other sources to the upper motor neurons in the
cortex. This disinhibition is what normally allows the upper motor neurons
to send commands to local circuit and lower motor neurons that initiate
movements. Conversely, an abnormal reduction in the tonic inhibition as a
consequence of basal ganglia dysfunction leads to excessive excitability of
the upper motor neurons, and thus to the involuntary movement syndromes
that are characteristic of basal ganglia disorders such as Huntington’s dis-
ease (Box A; see also Figure 17.9A). 

Evidence from Studies of Eye Movements

The permissive role of the basal ganglia in the initiation of movement is per-
haps most clearly demonstrated by studies of eye movements carried out by
Okihide Hikosaka and Robert Wurtz at the National Institutes of Health
(Figure 17.7). As described in the previous section, the substantia nigra pars
reticulata is part of the output circuitry of the basal ganglia. Instead of pro-
jecting to the cortex, however, it sends axons mainly to the deep layers of the
superior colliculus. The upper motor neurons in these layers command the
rapid orienting movements of the eyes called saccades (see Chapter 19).
When the eyes are not scanning the environment, these upper motor neu-
rons are tonically inhibited by the spontaneously active reticulata cells to
prevent unwanted saccades. Shortly before the onset of a saccade, the tonic
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Figure 17.6 A chain of nerve cells
arranged in a disinhibitory circuit. Top:
Diagram of the connections between
two inhibitory neurons, A and B, and an
excitatory neuron, C. Bottom: Pattern of
the action potential activity of cells A, B,
and C when A is at rest, and when neu-
ron A fires transiently as a result of its
excitatory inputs. Such circuits are cen-
tral to the gating operations of the basal
ganglia.

discharge rate of the reticulata neurons is sharply reduced by input from the
GABAergic medium spiny neurons of the caudate, which have been acti-
vated by signals from the cortex. The subsequent reduction in the tonic dis-
charge from reticulata neurons disinhibits the upper motor neurons of the
superior colliculus, allowing them to generate the bursts of action potentials
that command the saccade. Thus, the projections from substantia nigra pars
reticulata to the upper motor neurons act as a physiological “gate” that must
be “opened” to allow either sensory or other, more complicated, signals from
cognitive centers to activate the upper motor neurons and initiate a saccade.
Upper motor neurons in the cortex are similarly gated by the basal ganglia
but, as discussed earlier, the tonic inhibition is mediated mainly by the
GABAergic projection from the internal division of the globus pallidus to the
relay cells in the ventral lateral and anterior nuclei of the thalamus (see Fig-
ures 17.5 and 17.6). 

Circuits within the Basal Ganglia System

The projections from the medium spiny neurons of the caudate and puta-
men to the internal segment of the globus pallidus and substantia nigra pars
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Figure 17.7 The role of basal ganglia
disinhibition in the generation of sac-
cadic eye movements. (A) Medium
spiny cells in the caudate nucleus
respond with a transient burst of action
potentials to an excitatory input from
the cerebral cortex (1). The spiny cells
inhibit the tonically active GABAergic
cells in substantia nigra pars reticulata
(2). As a result, the upper motor neu-
rons in the deep layers of the superior
colliculus are no longer tonically inhib-
ited and can generate the bursts of
action potentials that command a sac-
cade (3, 4). (B) The temporal relation-
ship between inhibition in substantia
nigra pars reticulata (purple) and disin-
hibition in the superior colliculus (yel-
low) preceding a saccade to a visual tar-
get. (After Hikosaka and Wurtz, 1989.)
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reticulata are part of a “direct pathway” and, as just described, serve to
release the upper motor neurons from tonic inhibition. This pathway is sum-
marized in Figure 17.8A. A second pathway serves to increase the level of
tonic inhibition and is called the “indirect pathway” (Figure 17.8B). This
pathway provides a second route, linking the corpus striatum with the inter-

Box A
Huntington’s Disease
In 1872, a physician named George
Huntington described a group of
patients seen by his father and grand-
father in their practice in East Hampton,
Long Island. The disease he defined,
which became known as Huntington’s
disease (HD), is characterized by the
gradual onset of defects in behavior, cog-
nition, and movement beginning in the
fourth and fifth decades of life. The dis-
order is inexorably progressive, resulting
in death within 10 to 20 years. HD is
inherited in an autosomal dominant pat-
tern, a feature that has led to a much bet-
ter understanding of its cause in molecu-
lar terms.

One of the more common inherited
neurodegenerative diseases, HD usually
presents as an alteration in mood (espe-
cially depression) or a change in person-
ality that often takes the form of in-
creased irritability, suspiciousness, and
impulsive or eccentric behavior. Defects
of memory and attention may also occur.
The hallmark of the disease, however, is
a movement disorder consisting of rapid,
jerky motions with no clear purpose;
these choreiform movements may be
confined to a finger or may involve a
whole extremity, the facial musculature,
or even the vocal apparatus. The move-
ments themselves are involuntary, but
the patient often incorporates them into
apparently deliberate actions, presum-
ably in an effort to obscure the problem.
There is no weakness, ataxia, or deficit of
sensory function. Occasionally, the dis-
ease begins in childhood or adolescence.
The clinical manifestations in juveniles
include rigidity, seizures, more marked

dementia, and a rapidly progressive
course. 

A distinctive neuropathology is asso-
ciated with these clinical manifestations:
a profound but selective atrophy of the
caudate and putamen, with some associ-
ated degeneration of the frontal and tem-
poral cortices (see Figure 17.9A). This
pattern of destruction is thought to
explain the disorders of movement, cog-
nition, and behavior, as well as the spar-
ing of other neurological functions.

The availability of extensive HD pedi-
grees has allowed geneticists to decipher
the molecular cause of this disease. HD
was one of the first human diseases in
which DNA polymorphisms were used
to localize the mutant gene, which in
1983 was mapped to the short arm of
chromosome 4. This discovery led to an
intensive effort to identify the HD gene
within this region by positional cloning.
Ten years later, these efforts culminated
in identification of the gene (named
Huntingtin) responsible for the disease.
In contrast to previously recognized
forms of mutations such as point muta-
tions, deletions, or insertions, the muta-
tion of Huntingtin is an unstable triplet
repeat. In normal individuals, Huntingtin
contains between 15 and 34 repeats,
whereas the gene in HD patients con-
tains from 42 to over 66 repeats. 

HD is one of a growing number of
diseases attributed to unstable DNA seg-
ments. Other examples are fragile X syn-
drome, myotonic dystrophy, spinal and
bulbar muscular atrophy, and spinocere-
bellar ataxia type 1. In the latter two and
HD, the repeats consist of a DNA seg-

ment (CAG) that codes for the amino
acid glutamine and is present within the
coding region of the gene. 

The mechanism by which the in-
creased number of polyglutamine
repeats injures neurons is not clear. The
leading hypothesis is that the increased
numbers of glutamines alter protein
folding, which somehow triggers a cas-
cade of molecular events culminating in
dysfunction and neuronal death. Inter-
estingly, although Huntingtin is ex-
pressed predominantly in the expected
neurons in the basal ganglia, it is also
present in regions of the brain that are
not affected in HD. Indeed, the gene is
expressed in many organs outside the
nervous system. How and why the
mutant Huntingtin uniquely injures stri-
atal neurons is unclear. Continuing to
elucidate this molecular pathogenesis
will no doubt provide further insight
into this and other triplet repeat diseases.
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Figure 17.8 Disinhibition in the direct
and indirect pathways through the
basal ganglia. (A) In the direct pathway,
transiently inhibitory projections from
the caudate and putamen project to ton-
ically active inhibitory neurons in the
internal segment of the globus pallidus,
which project in turn to the VA/VL
complex of the thalamus. Transiently
excitatory inputs to the caudate and
putamen from the cortex and substantia
nigra are also shown, as is the tran-
siently excitatory input from the thala-
mus back to the cortex. (B) In the indi-
rect pathway (shaded yellow),
transiently active inhibitory neurons
from the caudate and putamen project
to tonically active inhibitory neurons of
the external segment of the globus pal-
lidus. Note that the influence of nigral
dopaminergic input to neurons in the
indirect pathway is inhibitory. The
globus pallidus (external segment) neu-
rons project to the subthalamic nucleus,
which also receives a strong excitatory
input from the cortex. The subthalamic
nucleus in turn projects to the globus
pallidus (internal segment), where its
transiently excitatory drive acts to
oppose the disinhibitory action of the
direct pathway. In this way, the indirect
pathway modulates the effects of the
direct pathway.

nal globus pallidus and substantia nigra pars reticulata. In the indirect path-
way, a population of medium spiny neurons projects to the lateral or exter-
nal segment of the globus pallidus. This external division sends projections
both to the internal segment of the globus pallidus and to the subthalamic
nucleus of the ventral thalamus (see Figure 17.1). But, instead of projecting
to structures outside of the basal ganglia, the subthalamic nucleus projects
back to the internal segment of the globus pallidus and to the substantia
nigra pars reticulata. As already described, these latter two nuclei project out
of the basal ganglia, which thus allows the indirect pathway to influence the
activity of the upper motor neurons. 

The indirect pathway through the basal ganglia apparently serves to mod-
ulate the disinhibitory actions of the direct pathway. The subthalamic
nucleus neurons that project to the internal globus pallidus and substantia
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Figure 17.9 The pathological changes
in certain neurological diseases provide
insights about the function of the basal
ganglia. (A) The size of the caudate and
putamen (the striatum) (arrows) is dra-
matically reduced in patients with
Huntington’s disease. (B) Left: The mid-
brain from a patient with Parkinson’s
disease. The substantia nigra (pig-
mented area) is largely absent in the
region above the cerebral peduncles
(arrows). Right: The mesencephalon
from a normal subject, showing intact
substantia nigra (arrows). (From Bradley
et al., 1991.)

nigra pars reticulata are excitatory. Normally, when the indirect pathway is
activated by signals from the cortex, the medium spiny neurons discharge
and inhibit the tonically active GABAergic neurons of the external globus
pallidus. As a result, the subthalamic cells become more active and, by virtue
of their excitatory synapses with cells of the internal globus pallidus and
reticulata, they increase the inhibitory outflow of the basal ganglia. Thus, in
contrast to the direct pathway, which when activated reduces tonic inhibi-
tion, the net effect of activity in the indirect pathway is to increase inhibitory
influences on the upper motor neurons. The indirect pathway can thus be
regarded as a “brake” on the normal function of the direct pathway. Indeed,
many neural systems achieve fine control of their output by a similar inter-
play between excitation and inhibition. 

The consequences of imbalances in this fine control mechanism are appar-
ent in diseases that affect the subthalamic nucleus. These disorders remove a
source of excitatory input to the internal globus pallidus and reticulata, and
thus abnormally reduce the inhibitory outflow of the basal ganglia. A basal
ganglia syndrome called hemiballismus, which is characterized by violent,
involuntary movements of the limbs, is the result of damage to the subthala-
mic nucleus. The involuntary movements are initiated by abnormal dis-
charges of upper motor neurons that are receiving less tonic inhibition from
the basal ganglia. 

Another circuit within the basal ganglia system entails the dopaminergic
cells in the pars compacta subdivision of substantia nigra and modulates the
output of the corpus striatum. The medium spiny neurons of the corpus
striatum project directly to substantia nigra pars compacta, which in turn
sends widespread dopaminergic projections back to the spiny neurons.
These dopaminergic influences on the spiny neurons are complex: The same
nigral neurons can provide excitatory inputs mediated by D1 type dopamin-
ergic receptors on the spiny cells that project to the internal globus pallidus
(the direct pathway), and inhibitory inputs mediated by D2 type receptors
on the spiny cells that project to the external globus pallidus (the indirect
pathway). Since the actions of the direct and indirect pathways on the out-
put of the basal ganglia are antagonistic, these different influences of the
nigrostriatal axons produce the same effect, namely a decrease in the inhib-
itory outflow of the basal ganglia. 

The modulatory influences of this second internal circuit help explain
many of the manifestations of basal ganglia disorders. For example, Parkin-
son’s disease is caused by the loss of the nigrostriatal dopaminergic neurons
(Figure 17.9B and Box B). As mentioned earlier, the normal effects of the
compacta input to the striatum are excitation of the medium spiny neurons
that project directly to the internal globus pallidus and inhibition of the spiny
neurons that project to the external globus pallidus cells in the indirect path-
way. Normally, both of these dopaminergic effects serve to decrease the
inhibitory outflow of the basal ganglia and thus to increase the excitability of
the upper motor neurons (Figure 17.10A). In contrast, when the compacta
cells are destroyed, as occurs in Parkinson’s disease, the inhibitory outflow
of the basal ganglia is abnormally high, and thalamic activation of upper
motor neurons in the motor cortex is therefore less likely to occur. 

In fact, many of the symptoms seen in Parkinson’s disease (and in other
hypokinetic movement disorders) reflect a failure of the disinhibition nor-
mally mediated by the basal ganglia. Thus, Parkinsonian patients tend to
have diminished facial expressions and lack “associated movements” such
as arm swinging during walking. Indeed, any movement is difficult to initi-
ate and, once initiated, is often difficult to terminate. Disruption of the same

(B)  Parkinson's disease

(A)  Huntington's disease
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Box B
Parkinson’s Disease: An Opportunity for Novel Therapeutic Approaches
Parkinson’s disease is the second most
common degenerative disease of the ner-
vous system (Alzheimer’s disease being
the leader; see Chapter 30). Described by
James Parkinson in 1817, this disorder is
characterized by tremor at rest, slowness
of movement (bradykinesia), rigidity of
the extremities and neck, and minimal
facial expressions. Walking entails short
steps, stooped posture, and a paucity of
associated movements such as arm
swinging. To make matters worse, in
some patients these abnormalities of
motor function are associated with
dementia. Following a gradual onset
between the ages of 50 and 70, the dis-
ease progresses slowly and culminates in
death 10 to 20 years later. 

The defects in motor function are due
to the progressive loss of dopaminergic
neurons in the substantia nigra pars com-
pacta, a population that projects to and
innervates neurons in the caudate and
putamen (see text). Although the cause of
the progressive deterioration of these
dopaminergic neurons is not known,
genetic investigations are providing clues
to the etiology and pathogenesis.
Whereas the majority of cases of Parkin-
son’s disease are sporadic, there may be
specific forms of susceptibility genes that
confer increased risk of acquiring the dis-
ease, just as the apoE4 allele increases the
risk of Alzheimer’s disease. Familial
forms of the disease caused by single
gene mutations account for less than 10%
of all cases, However, identification of
these rare genes is likely give some
insight into molecular pathways that
may underlie the disease. Mutations of
three distinct genes—a-synuclein, Parkin,
and DJ-1—have been implicated in rare
forms of this disease. Identification of
these genes provides an opportunity to
generate mutant mice carrying the
mutant form of the human gene, poten-
tially providing a useful animal model in
which the pathogenesis can be elucidated
and therapies can be tested. 

In contrast to other neurodegenera-
tive diseases, such as Alzheimer’s dis-

ease or amyotrophic lateral sclerosis, in
Parkinson’s disease the spatial distribu-
tion of the degenerating neurons is
largely restricted to the substantia nigra
pars compacta. This spatial restriction,
combined with the defined and relatively
homogeneous phenotype of the degener-
ating neurons (i. e., dopaminergic neu-
rons), has provided an opportunity for
novel therapeutic approaches to this 
disorder. 

One strategy is so-called gene ther-
apy. Gene therapy refers to the correction
of a disease phenotype through the
introduction of new genetic information
into the affected organism. Although still
in its infancy, this approach promises to
revolutionize treatment of human dis-
ease. One therapy for Parkinson’s dis-
ease would be to enhance release of
dopamine in the caudate and putamen.
In principle, this could be accomplished
by implanting cells genetically modified
to express tyrosine hydroxylase, the
enzyme that converts tyrosine to L-
DOPA, which in turn is converted by a
nearly ubiquitous decarboxylase into the
neurotransmitter dopamine. The feasibil-
ity of this approach has been demon-
strated by transplanting tissue derived
from the midbrain of human fetuses into
the caudate and putamen, which pro-
duces long-lasting symptomatic
improvement in a majority of grafted
Parkinson’s patients. (The fetal midbrain
is enriched in developing neurons that
express tyrosine hyroxylase and synthe-
size and release dopamine.) To date,
however, ethical, practical, and political
considerations have limited use of fetal
transplanted tissue. The effects of trans-
planting non-neuronal cells genetically
modified in vitro to express tyrosine
hydroxylase are also being studied in
patients with Parkinson’s disease, an
approach that avoids some of these 
problems. 

An alternative strategy to treating
Parkinsonian patients involves “neural
grafts” using stem cells. Stem cells are
self-renewing, multipotent progenitors

with broad developmental potential (see
Chapters 21 and 24). Instead of isolating
mature dopaminergic neurons from the
fetal midbrain for transplantation, this
approach isolates neuronal progenitors at
earlier stages of development, when
these cells are actively proliferating. Crit-
ical to this approach is to prospectively
identify and isolate stem cells that are
multipotent and self-renewing, and to
identify the growth factors needed to
promote differentiation into the desired
phenotype (e.g., dopaminergic neurons).
The prospective identification and isola-
tion of multipotent mammalian stem
cells has already been accomplished, and
several factors likely to be important in
differentiation of midbrain precursors
into dopamine neurons have been identi-
fied. Establishing the efficacy of this
approach for Parkinson’s patients would
increase the possibility of its application
to other neurodegenerative diseases.

Although therapeutic strategies like
these remain experimental, it is likely
that some of them will succeed.

References
BJÖRKLUND, A. AND U. STENEVI (1979) Recon-
struction of the nigrostriatal dopamine path-
way by intracerebral nigral transplants. Brain
Res. 177: 555–560. 
DAUER, W. AND S. PRZEDBORSKI (2003) Parkin-
son’s disease: Mechanisms and models. Neu-
ron 39: 889–909.
DAWSON, T. M. AND V. L. DAWSON (2003) Rare
genetic mutations shed light on the patho-
genesis of Parkinson disease. J. Clin. Invest.
111: 145–151.
MORRISON, S. J., P. M. WHITE, C. ZOCK AND D.
J. ANDERSON (1999) Prospective identification,
isolation by flow cytometry, and in vivo self-
renewal of multipotent mammalian neural
crest stem cells. Cell 96: 737–749. 
YE, W., K. SHIMAMURA, J. L. RUBENSTEIN, M. A.
HYNES AND A. ROSENTHAL (1998) FGF and Shh
signals control dopaminergic and serotoner-
gic cell fate in the anterior neural plate. Cell
93: 755–766. 
ZABNER, J. AND 5 OTHERS (1993) Adenovirus-
mediated gene transfer transiently corrects
the chloride transport defect in nasal epithe-
lia of patients with cystic fibrosis. Cell 75:
207–216.

Purves17  5/14/04  10:35 AM  Page 429



430 Chapter Seventeen

Figure 17.10 Summary explanation of
hypokinetic disorders such as Parkin-
son’s disease and hyperkinetic disor-
ders like Huntington’s disease. In both
cases, the balance of inhibitory signals
in the direct and indirect pathways is
altered, leading to a diminished ability
of the basal ganglia to control the thala-
mic output to the cortex. (A) In Parkin-
son’s disease, the inputs provided by
the substantia nigra are diminished
(thinner arrow), making it more difficult
to generate the transient inhibition from
the caudate and putamen. The result of
this change in the direct pathway is to
sustain the tonic inhibition from the
globus pallidus (internal segment) to
the thalamus, making thalamic excita-
tion of the motor cortex less likely (thin-
ner arrow from thalamus to cortex). (B)
In hyperkinetic diseases such as Hunt-
ington’s, the projection from the cau-
date and putamen to the globus pal-
lidus (external segment) is diminished
(thinner arrow). This effect increases the
tonic inhibition from the globus pal-
lidus to the subthalamic nucleus (larger
arrow), making the excitatory subthala-
mic nucleus less effective in opposing
the action of the direct pathway (thinner
arrow). Thus, thalamic excitation of the
cortex is increased (larger arrow), lead-
ing to greater and often inappropriate
motor activity. (After DeLong, 1990.)

circuits also increases the discharge rate of the inhibitory cells in substantia
nigra pars reticulata. The resulting increase in tonic inhibition reduces the
excitability of the upper motor neurons in the superior colliculus and causes
saccades to be reduced in both frequency and amplitude. 

Support for this explanation of hypokinetic movement disorders like
Parkinson’s disease comes from studies of monkeys in which degeneration
of the dopaminergic cells of substantia nigra has been induced by the neuro-
toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). Monkeys (or
humans) exposed to MPTP develop symptoms that are very similar to those
of patients with Parkinson’s disease. Furthermore, a second lesion placed in
the subthalamic nucleus results in significant improvement in the ability of
these animals to initiate movements, as would be expected based on the cir-
cuitry of the indirect pathway (see Figure 17.8B). 
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Similarly, knowledge about the indirect pathway within the basal ganglia
helps explain the motor abnormalities seen in Huntington’s disease (see Box
A). In patients with Huntington’s disease, medium spiny neurons that pro-
ject to the external segment of the globus pallidus degenerate (see Figure
17.9A). In the absence of their normal inhibitory input from the spiny neu-
rons, the external globus pallidus cells become abnormally active; this activ-
ity reduces in turn the excitatory output of the subthalamic nucleus to the
internal globus pallidus (Figure 17.10B). In consequence, the inhibitory out-
flow of the basal ganglia is reduced. Without the restraining influence of the
basal ganglia, upper motor neurons can be activated by inappropriate sig-
nals, resulting in the undesired ballistic and choreic (dancelike) movements
that characterize Huntington’s disease. Importantly, the basal ganglia may
exert a similar influence on other non-motor systems with equally significant
clinical implications (Box C).

As predicted by this account, GABA agonists and antagonists applied to
substantia nigra pars reticulata of monkeys produce symptoms similar to
those seen in human basal ganglia disease. For example, intranigral injection
of bicuculline, which blocks the GABAergic inputs from the striatal medium
spiny neurons to the reticulata cells, increases the amount of tonic inhibition
on the upper motor neurons in the deep collicular layers. These animals
exhibit fewer, slower saccades, reminiscent of patients with Parkinson’s dis-
ease. In contrast, injections of the GABA agonist muscimol into substantia
nigra pars reticulata decrease the tonic GABAergic inhibition of the upper
motor neurons in the superior colliculus, with the result that the injected
monkeys generate spontaneous, irrepressible saccades that resemble the
involuntary movements characteristic of basal ganglia diseases such as
hemiballismus and Huntington’s disease (Figure 17.11). 

Modulation of Movement by the Basal Ganglia 431

Left visual field Right visual field

0°

0°

Fixation 

(A) (B)

Substantia nigra 
pars reticulata

Muscimol injection

Figure 17.11 After the tonically active cells of substantia nigra pars reticulata are
inactivated by an intranigral injection of muscimol (A), the upper motor neurons in
the deep layers of the superior colliculus are disinhibited and the monkey generates
spontaneous irrepressible saccades (B). The cells in both substantia nigra pars reticu-
lata and the deep layers of the superior colliculus are arranged in spatially orga-
nized motor maps of saccade vectors (see Chapter 19), and so the direction of the
involuntary saccades—in this case toward the upper left quadrant of the visual
field—depends on the precise location of the injection site in the substantia nigra.
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Box C
Basal Ganglia Loops and Non-Motor Brain Functions
Traditionally, the basal ganglia have
been regarded as motor structures that
regulate the initiation of movements.
However, the basal ganglia are also cen-
tral structures in anatomical circuits or
loops that are involved in modulating
non-motor aspects of behavior. These
parallel loops originate in broad regions
of the cortex, engage specific subdivi-
sions of the basal ganglia and thalamus,
and ultimately terminate in areas of the
frontal lobe outside of the primary
motor and premotor cortices. These

non-motor loops (see figure) include a
“prefrontal” loop involving the dorso-
lateral prefrontal cortex and part of the
caudate (see Chapter 25), a “limbic”
loop involving the cingulate cortex and
the ventral striatum (see Chapter 28),
and an “oculomotor” loop that modu-
lates the activity of the frontal eye fields
(see Chapter 19).

The anatomical similarity of these
loops to the traditional motor loop sug-
gests that the non-motor regulatory func-
tions of the basal ganglia may be gener-

ally the same as what the basal ganglia
do in regulating the initiation of move-
ment. For example, the prefrontal loop
may regulate the initiation and termina-
tion of cognitive processes such as plan-
ning, working memory, and attention. By
the same token, the limbic loop may reg-
ulate emotional behavior and motivation.
Indeed, the deterioration of cognitive and
emotional function in both Huntington’s
disease (see Box A) and Parkinson’s dis-
ease (see Box B) could be the result of dis-
ruption of these non-motor loops. 
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Summary

The contribution of the basal ganglia to motor control is apparent from the
deficits that result from damage to the component nuclei. Such lesions com-
promise the initiation and performance of voluntary movements, as exem-
plified by the paucity of movement in Parkinson’s disease and in the inap-
propriate “release” of movements in Huntington’s disease. The organization
of the basic circuitry of the basal ganglia indicates how this constellation of
nuclei modulates movement. With respect to motor function, the system
forms a loop that originates in almost every area of the cerebral cortex and
eventually terminates, after enormous convergence within the basal ganglia,
on the upper motor neurons in the motor and premotor areas of the frontal
lobe and in the superior colliculus. The efferent neurons of the basal ganglia
influence the upper motor neurons in the cortex by gating the flow of infor-
mation through relays in the ventral nuclei of the thalamus. The upper
motor neurons in the superior colliculus that initiate saccadic eye move-
ments are controlled by monosynaptic projections from substantia nigra pars
reticulata. In each case, the basal ganglia loop regulates movement by a
process of disinhibition that results from the serial interaction within the
basal ganglia circuitry of two GABAergic neurons. Internal circuits within
the basal ganglia system modulate the amplification of the signals that are
transmitted through the loop.
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In fact, a variety of other disorders
are now thought to be caused, at least in
part, by damage to non-motor compo-
nents of the basal ganglia. For example,
patients with Tourette’s syndrome pro-
duce inappropriate utterances and
obscenities as well as unwanted vocal-
motor “tics” and repetitive grunts. These
manifestations may be a result of exces-
sive activity in basal ganglia loops that
regulate the cognitive circuitry of the
prefrontal speech areas. Another exam-
ple is schizophrenia, which some inves-
tigators have argued is associated with
aberrant activity within the limbic and
prefrontal loops, resulting in hallucina-
tions, delusions, disordered thoughts,
and loss of emotional expression. In sup-
port of the argument for a basal ganglia
contribution to schizophrenia, antipsy-
chotic drugs are known to act on
dopaminergic receptors, which are
found in high concentrations in the stria-
tum. Still other psychiatric disorders,

including obsessive-compulsive disor-
der, depression, and chronic anxiety,
may also involve dysfunctions of the
limbic loop. A challenge for future
research is therefore to understand more
fully the relationships between the clini-
cal problems and other largely unex-
plored functions of the basal ganglia.
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Overview

In contrast to the upper motor neurons described in Chapter 16, the efferent
cells of the cerebellum do not project directly either to the local circuits of the
brainstem and spinal cord that organize movement, or to the lower motor
neurons that innervate muscles. Instead—like the basal ganglia—the cere-
bellum influences movements by modifying the activity patterns of the
upper motor neurons. In fact, the cerebellum sends prominent projections to
virtually all upper motor neurons. Structurally, the cerebellum has two main
components: a laminated cerebellar cortex, and a subcortical cluster of cells
referred to collectively as the deep cerebellar nuclei. Pathways that reach the
cerebellum from other brain regions (in humans, predominantly the cerebral
cortex) project to both components; thus, the afferent axons send branches to
both the deep nuclei and the cerebellar cortex. The output cells of the cere-
bellar cortex project to the deep cerebellar nuclei, which give rise to the main
efferent pathways that leave the cerebellum to regulate upper motor neurons
in the cerebral cortex and brainstem. Thus, much like the basal ganglia, the
cerebellum is part of a vast loop that receives projections from and sends
projections back to the cerebral cortex and brainstem. The primary function
of the cerebellum is evidently to detect the difference, or “motor error,”
between an intended movement and the actual movement, and, through its
projections to the upper motor neurons, to reduce the error. These correc-
tions can be made both during the course of the movement and as a form of
motor learning when the correction is stored. When this feedback loop is
damaged, as occurs in many cerebellar diseases, the afflicted individuals
make persistent movement errors whose specific character depends on the
location of the damage.

Organization of the Cerebellum 

The cerebellum can be subdivided into three main parts based on differ-
ences in their sources of input (Figure 18.1; Table 18.1). By far the largest
subdivision in humans is the cerebrocerebellum. It occupies most of the lat-
eral cerebellar hemisphere and receives input from many areas of the cere-
bral cortex. This region of the cerebellum is especially well developed in pri-
mates. The cerebrocerebellum is concerned with the regulation of highly
skilled movements, especially the planning and execution of complex spatial
and temporal sequences of movement (including speech). The phylogeneti-
cally oldest part of the cerebellum is the vestibulocerebellum. This portion
comprises the caudal lobes of the cerebellum and includes the flocculus and
the nodulus. As its name suggests, the vestibulocerebellum receives input
from the vestibular nuclei in the brainstem and is primarily concerned with
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Figure 18.1 Overall organization
and subdivisions of the cerebel-
lum. (A) Dorsal view of the left
cerebellar hemisphere also illus-
trating the location of the deep
cerebellar nuclei. The right hemi-
sphere has been removed to show
the cerebellar peduncles. (B)
Removal from the brainstem
reveals the cerebellar peduncles on
the anterior aspect of the inferior
surface. (C) Paramedian sagittal
section through the left cerebellar
hemisphere showing the highly
convoluted cerebellar cortex. The
small gyri in the cerebellum are
called folia. (D) Flattened view of
the cerebellar surface illustrating
the three major subdivisions.
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the regulation of movements underlying posture and equilibrium. The last
of the major subdivisions is the spinocerebellum. The spinocerebellum
occupies the median and paramedian zone of the cerebellar hemispheres
and is the only part that receives input directly from the spinal cord. The lat-
eral part of the spinocerebellum is primarily concerned with movements of
distal muscles, such as the relatively gross movements of the limbs in walk-
ing. The central part, called the vermis, is primarily concerned with move-
ments of proximal muscles, and also regulates eye movements in response to
vestibular inputs.

The connections between the cerebellum and other parts of the nervous
system occur by way of three large pathways called cerebellar peduncles
(Figures 18.1 to 18.3). The superior cerebellar peduncle (or brachium con-
junctivum) is almost entirely an efferent pathway. The neurons that give rise
to this pathway are in the deep cerebellar nuclei, and their axons project to
upper motor neurons in the red nucleus, the deep layers of the superior col-
liculus, and, after a relay in the dorsal thalamus, the primary motor and pre-
motor areas of the cortex (see Chapter 16). The middle cerebellar peduncle
(or brachium pontis) is an afferent pathway to the cerebellum; most of the
cell bodies that give rise to this pathway are in the base of the pons, where
they form the pontine nuclei (Figure 18.2). The pontine nuclei receive input
from a wide variety of sources, including almost all areas of the cerebral cor-
tex and the superior colliculus. The axons of the pontine nuclei, called trans-
verse pontine fibers, cross the midline and enter the cerebellum via the
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TABLE 18.1
Major Components 
of the Cerebellum

Cerebellar cortex
Cerebrocerebellum
Spinocerebellum
Vestibulocerebellum

Deep cerebellar nuclei
Dentate nucleus
Interposed nuclei
Fastigial nucleus

Cerebellar peduncles
Superior peduncle
Middle peduncle
Inferior peduncle

Primary motor 
cortex

Deep cerebellar 
nuclei

Cerebellar 
cortex

Superior cerebellar peduncle

Pontine
nuclei

Vestibular
nuclei Inferior olive

Dorsal nucleus
of Clarke

VA/VL complex of thalamus

Figure 18.2 Components of the brainstem and diencephalon
related to the cerebellum. This sagittal section shows the
major structures of the cerebellar system, including the cere-
bellar cortex, the deep cerebellar nuclei, and the ventroante-
rior and ventrolateral (VA/VL) complex (which is the target
of some of the deep cerebellar nuclei).
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middle cerebellar peduncle (Figure 18.3). Each of the two middle cerebellar
peduncles contain over 20 million axons, making this one of the largest path-
ways in the brain. In comparison, the optic and pyramidal tracts contain
only about a million axons. Most of these pontine axons relay information
from the cortex to the cerebellum. Finally, the inferior cerebellar peduncle
(or restiform body) is the smallest but most complex of the cerebellar
peduncles, containing multiple afferent and efferent pathways. Efferent
pathways in this peduncle project to the vestibular nuclei and the reticular
formation; the afferent pathways include axons from the vestibular nuclei,
the spinal cord, and several regions of the brainstem tegmentum.

Projections to the Cerebellum

The cerebral cortex is by far the largest source of inputs to the cerebellum,
and the major destination of these inputs is the cerebrocerebellum (see Fig-
ure 18.3 and Table 18.2). These pathways arise from a somewhat more cir-
cumscribed area of the cortex than do those to the basal ganglia (see Chapter
17). The majority originate in the primary motor and premotor cortices of

(B)

Frontal cortex

(A)

Frontal/parietal 
cortex

Pons Cerebellar cortex

Midline

Inferior 
olive

Spinal
cord

Vestibular
nucleus

Parietal
cortex

Inferior cerebellar
peduncle

Middle cerebellar 
peduncle

Cerebellar 
cortex

Pontine
nuclei

Vestibular
nuclei Inferior olive

Dorsal nucleus
of Clarke

TABLE 18.2
Major inputs to the Cerebellum 
(via Inferior and Middle
Cerebellar Peduncles)

From cerebral cortex:
Parietal cortex (secondary visual, 

primary and secondary somatic 
sensory)

Cingulate cortex (limbic)
Frontal cortex (primary and 

secondary motor)

Other sources:
Red nucleus
Superior colliculus
Spinal cord (Clarke’s column)
Vestibular labyrinth and nuclei
Reticular formation
Inferior olivary nucleus
Locus ceruleus

Figure 18.3 Functional organization of the inputs to
the cerebellum. (A) Diagram of the major inputs. (B)
Idealized coronal and sagittal sections through the
human brainstem and cerebrum, showing inputs to the
cerebellum from the cortex, vestibular system, spinal
cord, and brainstem. The cortical projections to the cere-
bellum are made via relay neurons in the pons. These
pontine axons then cross the midline within the pons
and run to the cerebellum via the middle cerebellar
peduncle. Axons from the inferior olive, spinal cord,
and vestibular nuclei enter via the inferior cerebellar
peduncle. 
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the frontal lobe, the primary and secondary somatic sensory cortices of the
anterior parietal lobe, and the secondary visual regions of the posterior pari-
etal lobe (Figure 18.4). The visual input to the cerebellum originates mostly
in association areas concerned with processing moving visual stimuli (i.e.,
the cortical targets of the magnocellular stream; see Chapter 11). Indeed,
visually guided coordination of ongoing movement is one of the major tasks
carried out by the cerebrocerebellum. Most of these cortical pathways relay
in the pontine nuclei before entering the cerebellum (see Figure 18.3).

Sensory pathways also project to the cerebellum (see Figure 18.3 and
Table 18.2). Vestibular axons from the eighth cranial nerve and axons from
the vestibular nuclei in the medulla project to the vestibulocerebellum. In
addition, relay neurons in the dorsal nucleus of Clarke in the spinal cord (a
group of relay neurons innervated by proprioceptive axons from the periph-
ery; see Chapter 8) send their axons to the spinocerebellum. The vestibular
and spinal inputs provide the cerebellum with information from the
labyrinth in the ear, from muscle spindles, and from other mechanoreceptors
that monitor the position and motion of the body. The somatic sensory input
remains topographically mapped in the spinocerebellum such that there are
orderly representations of the body surface within the cerebellum (Figure
18.5). These maps are “fractured,” however: That is, fine-grain electrophysi-
ological analysis indicates that each small area of the body surface is repre-
sented multiple times by spatially separated clusters of cells rather than by a
specific site within a single continuous topographic map of the body surface.
The vestibular and spinal inputs remain ipsilateral from their point of entry
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Figure 18.4 Regions of the cerebral
cortex that project to the cerebellum
(shown in blue). The cortical projections
to the cerebellum are mainly from the
sensory association cortex of the parietal
lobe and motor association areas of the
frontal lobe. 

Spinocerebellum

Flocculus

Cerebrocerebellum

Vermis

Nodulus

Figure 18.5 Somatotopic maps of the
body surface in the cerebellum. The
spinocerebellum contains at least two
maps of the body.
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in the brainstem, traveling in the inferior cerebellar peduncle (see Figure
18.3B). This arrangement ensures that, in contrast to most areas of the brain,
the right cerebellum is concerned with the right half of the body and the left
cerebellum with the left half.

Finally, the entire cerebellum receives modulatory inputs from the infe-
rior olive and the locus ceruleus in the brainstem. These nuclei evidently
participate in the learning and memory functions served by cerebellar cir-
cuitry.

Projections from the Cerebellum

Except for a direct projection from the vestibulocerebellum to the vestibular
nuclei, the cerebellar cortex projects to the deep cerebellar nuclei, which pro-
ject in turn to upper motor neurons in the cortex (via a relay in the thalamus)
and in the brainstem (Figure 18.6 and Table 18.3). There are four major deep

(B) Primary motor 
and premotor cortex

Cerebellar 
cortex

Vestibular
nuclei Inferior olive

Dorsal nucleus
of Clarke

Ventral lateral
complex (thalamus)

Primary motor and 
premotor cortex

Midline

VL complex 
(thalamus)

Deep cerebellar nuclei

Cerebellar cortex

(A)

Superior cerebellar 
peduncle

Deep cerebellar 
nuclei

Pontine
nuclei

Figure 18.6 Functional organization of the outputs
from the cerebellum to the cerebral cortex. (A) Tar-
gets of the cerebellum. The axons of the deep cerebel-
lar nuclei cross in the midbrain in the decussation of
the superior cerebellar peduncle before reaching the
thalamus. (B) Idealized coronal and sagittal sections
through the human brainstem and cerebrum, show-
ing the location of the structures and pathways dia-
grammed in (A).
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Figure 18.7 Summary diagram of
motor modulation by the cerebrocere-
bellum. The central processing compo-
nent, the cerebrocerebellar cortex,
receives massive input from the cerebral
cortex and generates signals that adjust
the responses of upper motor neurons to
regulate the course of a movement. Note
that modulatory inputs also influence
the processing of information within the
cerebellar cortex. The output signals
from the cerebellar cortex are relayed
indirectly to the thalamus and then back
to the motor cortex, where they modu-
late the motor commands.

nuclei: the dentate nucleus (by far the largest), two interposed nuclei, and
the fastigial nucleus. Each receives input from a different region of the cere-
bellar cortex. Although the borders are not distinct, in general, the cerebro-
cerebellum projects primarily to the dentate nucleus, the spinocerebellum to
the interposed nuclei, and the vestibulocerebellum to the fastigial nucleus.
Pathways from the dentate nucleus are destined for the cortex via a relay in
the ventral nuclear complex in the thalamus. Since each cerebellar hemi-
sphere is concerned with the ispsilateral side of the body, this pathway must
cross the midline if the motor cortex in each hemisphere, which is concerned
with contralateral musculature, is to receive information from the appropri-
ate cerebellum. Consequently, the dentate axons exit the cerebellum via the
superior cerebellar peduncle, cross at the decussation of the superior cere-
bellar peduncle in the caudal midbrain, and then ascend to the thalamus. 

The thalamic nuclei that receive projections from the deep cerebellar
nuclei are segregated in two distinct subdivisions of the ventral lateral
nuclear complex: the oral, or anterior, part of the posterolateral segment, and
a region simply called “area X.” Both of these thalamic relays project directly
to primary motor and premotor association cortices. Thus, the cerebellum
has access to the upper motor neurons that organize the sequence of muscu-
lar contractions underlying complex voluntary movements (see Chapter 16).
Pathways leaving the deep cerebellar nuclei also project to upper motor neu-
rons in the red nucleus, the superior colliculus, the vestibular nuclei, and the
reticular formation (see Table 18.3 and Chapter 16).

Anatomical studies using viruses to trace chains of connections between
nerve cells have shown that large parts of the cerebrocerebellum send infor-
mation back to non-motor areas of the cortex to form “closed loops.” That is,
a region of the cerebellum projects back to the same cortical area that in turn
projects to it. These closed loops run in parallel to “open loops” that receive
input from multiple cortical areas and funnel output back to upper motor
neurons in specific regions of the motor and premotor cortices (Figure 18.7).

Circuits within the Cerebellum

The ultimate destination of the afferent pathways to the cerebellar cortex is a
distinctive cell type called the Purkinje cell (Figure 18.8). However, the
input from the cerebral cortex to the Purkinje cells is indirect. Neurons in the
pontine nuclei receive a projection from the cerebral cortex and then relay
the information to the contralateral cerebellar cortex. The axons from the
pontine nuclei and other sources are called mossy fibers because of the
appearance of their synaptic terminals. Mossy fibers synapse on granule
cells in the granule cell layer of the cerebellar cortex (see Figures 18.8 and
18.9). The cerebellar granule cells are widely held to be the most abundant
class of neurons in the human brain. They give rise to specialized axons
called parallel fibers that ascend to the molecular layer of the cerebellar cor-
tex. The parallel fibers bifurcate in the molecular layer to form T-shaped
branches that relay information via excitatory synapses onto the dendritic
spines of the Purkinje cells. 

The Purkinje cells present the most striking histological feature of the
cerebellum. Elaborate dendrites extend into the molecular layer from a sin-
gle subjacent layer of these giant nerve cell bodies (called the Purkinje layer).
Once in the molecular layer, the Purkinje cell dendrites branch extensively in
a plane at right angles to the trajectory of the parallel fibers (Figure 18.8A).
In this way, each Purkinje cell is in a position to receive input from a large
number of parallel fibers, and each parallel fiber can contact a very large
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TABLE 18.3
Output Targets of the Cerebellum

Red nucleus
Vestibular nuclei
Superior colliculus
Reticular formation
Motor cortex (via relay in ventral 

lateral nuclei of thalamus)

Thalamus

Relay nuclei

Cerebellar
cortex

Cortex

Modulatory
inputs
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Figure 18.8 Neurons and circuits of
the cerebellum. (A) Neuronal types in
the cerebellar cortex. Note that the vari-
ous neuron classes are found in distinct
layers. (B) Diagram showing convergent
inputs onto the Purkinje cell from par-
allel fibers and local circuit neurons
[boxed region shown at higher magnifi-
cation in (C)]. The output of the Pur-
kinje cells is to the deep cerebellar
nuclei. (C) Electron micrograph showing
Purkinje cell dendritic shaft with three
spines contacted by synapses from a trio
of parallel fibers. (C courtesy of A. S. La
Mantia and P. Rakic.)
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number of Purkinje cells (on the order of tens of thousands). The Purkinje
cells also receive a direct modulatory input on their dendritic shafts from the
climbing fibers, all of which arise in the inferior olive (Figure 18.8B). Each
Purkinje cell receives numerous synaptic contacts from a single climbing
fiber. In most models of cerebellum function, the climbing fibers regulate
movement by modulating the effectiveness of the mossy-parallel fiber con-
nection with the Purkinje cells.

The Purkinje cells project in turn to the deep cerebellar nuclei. They are
the only output cells of the cerebellar cortex. Since Purkinje cells are
GABAergic, the output of the cerebellar cortex is wholly inhibitory. How-
ever, the neurons in the deep cerebellar nuclei receive excitatory input from
the collaterals of the mossy and climbing fibers. The Purkinje cell inhibition
of the deep nuclei neurons serves to modulate the level of this excitation
(Figure 18.9).

Inputs from local circuit neurons modulate the inhibitory activity of Purk-
inje cells and occur on both dendritic shafts and the cell body. The most
powerful of these local inputs are inhibitory complexes of synapses made
around the Purkinje cell bodies by basket cells (see Figure 18.8A,B). Another
type of local circuit neuron, the stellate cell, receives input from the parallel
fibers and provides an inhibitory input to the Purkinje cell dendrites. Finally,
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the molecular layer contains the apical dendrites of a cell type called Golgi
cells; these neurons have their cell bodies in the granular cell layer. The
Golgi cells receive input from the parallel fibers and provide an inhibitory
feedback to the cells of origin of the parallel fibers (the granule cells). 

This basic circuit is repeated over and over throughout every subdivision
of the cerebellum in all mammals and is the fundamental functional module
of the cerebellum. Modulation of signal flow through these modules pro-
vides the basis for both real-time regulation of movement and the long-term
changes in regulation that underlie motor learning. The flow of signals
through this admittedly complex intrinsic circuitry is best described in refer-
ence to the Purkinje cells (see Figure 18.9). The Purkinje cells receive two
types of excitatory input from outside of the cerebellum, one directly from
the climbing fibers and the other indirectly via the parallel fibers of the gran-
ule cells. The Golgi, stellate, and basket cells control the flow of information
through the cerebellar cortex. For example, the Golgi cells form an inhibitory
feedback that may limit the duration of the granule cell input to the Purkinje
cells, whereas the basket cells provide lateral inhibition that may focus the
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Figure 18.9 Excitatory and inhibitory connections in the
cerebellar cortex and deep cerebellar nuclei. The excitatory
input from mossy fibers and climbing fibers to Purkinje cells
and deep nuclear cells is basically the same. Additional con-
vergent input onto the Purkinje cell from local circuit neu-
rons (basket and stellate cells) and other Purkinje cells estab-
lishes a basis for the comparison of ongoing movement and
sensory feedback derived from it. The Purkinje cell output to
the deep cerebellar nuclear cell thus generates an error cor-
rection signal that can modify movements already begun.
The climbing fibers modify the efficacy of the parallel
fiber–Purkinje cell connection, producing long-term changes
in cerebellar output. (After Stein, 1986.)
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Box A
Prion Diseases
Creutzfeldt-Jakob disease (CJD) is a rare
but devastating neurological disorder
characterized by cerebellar ataxia,
myoclonic jerks, seizures, and the fulmi-
nant progression of dementia. The onset
is usually in middle age, and death typi-
cally follows within a year. The distinc-
tive histopathology of the disease,
termed “spongiform degeneration,” con-
sists of neuronal loss and extensive glial
proliferation, mainly in the cortex of the
cerebellum and cerebrum; the peculiar
spongiform pattern is due to vacuoles in
the cytoplasm of neurons and glia. CJD
is the only human disease known to be
transmitted by inoculation (either orally
or into the bloodstream) or inherited
through the germline! In contrast to
other transmissible diseases mediated by
microorganisms such as viruses or bacte-
ria, the agent in this case is a protein
called a prion.

Observations dating back some 30
years suggested that CJD was infective.
The major clue came from scrapie, a
once-obscure disease of sheep that is also
characterized by cerebellar ataxia, wast-
ing, and intense itching. The ability to
transmit scrapie from one sheep to
another strongly suggested an infectious
agent. Another clue came from the work
of Carlton Gajdusek, a neurologist study-
ing a peculiar human disease called kuru
that occurred specifically in a group of
New Guinea natives known to practice
ritual cannibalism. Like CJD, kuru is a
neurodegenerative disease characterized
by devastating cerebellar ataxia and sub-
sequent dementia, usually leading to
death within a year. The striking similar-
ities in the distinctive histopathology of
scrapie and kuru—namely spongiform
degeneration—suggested a common
pathogenesis and led to the successful
transmission of kuru to apes and chim-
panzees in the 1960s, confirming that
CJD was indeed infectious. The pro-
longed period between inoculation and
disease onset (months to years) led Gaj-

dusek to suggest that the transmissible
agent was what he called a “slow virus.”

These extraordinary findings spurred
an intensive search for the infectious
agent. The transmission of scrapie from
sheep to hamsters by Stanley Prusiner at
the University of California at San Fran-
cisco permitted biochemical characteri-
zation of partially purified fractions of
scrapie agent from hamster brain.
Oddly, he found that the infectivity was
extraordinarily resistant to ultraviolet
irradiation or nucleases, both treatments
that degrade nucleic acids. It therefore
seemed unlikely that a virus could be
the causal agent. Conversely, procedures
that modified or degraded proteins
markedly diminished infectivity. In
1982, Prusiner coined the term prion to
refer to the agent causing these trans-
missible spongiform encephalopathies.
He chose the term to emphasize that the
agent was a proteinaceous infectious
particle (he made the abbreviation a lit-
tle more euphonious in the process).
Subsequently, a half dozen more dis-
eases of animals—including the widely
publicized bovine spongiform
encephalopathy (BSE), or “mad cow dis-
ease”—and four more human diseases
have been shown to be caused by prions.

Whether prions contain undetected
nucleic acids or are really proteins
remained controversial for some years.
Prusiner strongly advocated a “protein
only” hypothesis, a revolutionary con-
cept with respect to transmissible dis-
eases. He proposed that the prion is a
protein consisting of a modified (scrapie)
form (PrPSc) of the normal host protein
(PrPC, for “prion protein control”), the
propagation of which occurs by a confor-
mational change of endogenous PrPC to
PrPSc autocatalyzed by PrPSc. That is, the
modified form of the protein (PrPSc)
transforms the normal form (PrPC) into
the modified form, much as crystals
form in supersaturated solutions. Differ-
ences in the secondary structure of PrPC

and PrPSc evident by optical spec-
troscopy supported this idea. An alterna-
tive hypothesis, however, was that the
agent is simply an unconventional
nucleic acid-containing virus, and that
the accumulation of PrPSc is an inciden-
tal consequence of infection and cell
death.

A compelling body of evidence in
support of the “protein only” hypothesis
has emerged only in the past decade.
First, PrPSc and scrapie infectivity co-
purify by a number of procedures,
including affinity chromatography using
an anti-PrP monoclonal antibody; no
nucleic acid has been detected in highly
purified preparations, despite intensive
efforts. Second, spongiform encephalop-
athies can be inherited in humans, and
the cause is now known to be a mutation
(or mutations) in the gene coding for
PrP. Third, transgenic mice carrying a
mutant PrP gene equivalent to one of the
mutations of inherited human prion dis-
ease develop a spongiform encephalopa-
thy. Thus, a defective protein is sufficient
to account for the disease. Finally, trans-
genic mice carrying a null mutation for
PrP do not develop spongiform
encephalopathy when inoculated with
scrapie agent, whereas wild-type mice
do. These results argue convincingly that
PrPSc must indeed interact with endoge-
nous PrPC to convert PrPC to PrPSc, prop-
agating the disease in the process. The
protein is highly conserved across mam-
malian species, suggesting that it serves
some essential function, although mice
carrying a null mutation of PrP exhibit
no detectable abnormalities.

These advances notwithstanding,
many questions remain. What is the
mechanism by which the conformational
transformation of PrPC to PrPSc occurs?
How do mutations at different sites of
the same protein culminate in the dis-
tinct phenotypes evident in diverse prion
diseases of humans? Are conformational
changes of proteins a common mecha-

Purves 18  5/14/04  10:45 AM  Page 444



spatial distribution of Purkinje cell activity. The Purkinje cells modulate the
activity of the deep cerebellar nuclei, which are driven by the direct excita-
tory input they receive from the collaterals of the mossy and climbing fibers. 

The modulation of cerebellar output also occurs at the level of the Pur-
kinje cells (see Figure 18.9). This latter modulation may be responsible for
the motor learning aspect of cerebellar function. According to a model pro-
posed by Masao Ito and his colleagues at Tokyo University, the climbing
fibers relay the message of a motor error to the Purkinje cells. This message
produces long-term reductions in the Purkinje cell responses to mossy-paral-
lel fiber inputs. This inhibitory effect on the Purkinje cell responses disinhibits
the deep cerebellar nuclei (for an account of the probable cellular mechanism
for this long-term reduction in the efficacy of the parallel fiber synapse on
Purkinje cells; see Chapter 24). As a result, the output of the cerebellum to
the various sources of upper motor neurons is enhanced, in much the way
that this process occurs in the basal ganglia (see Chapter 17). 

Cerebellar Circuitry and the Coordination of Ongoing Movement

As expected for a structure that monitors and regulates motor behavior, neu-
ronal activity in the cerebellum changes continually during the course of a
movement. For instance, the execution of a relatively simple task like flip-
ping the wrist back and forth elicits a dynamic pattern of activity in both the
Purkinje cells and the deep cerebellar nuclear cells that closely follows the
ongoing movement (Figure 18.10). Both types of cells are tonically active at
rest and change their frequency of firing as movements occur. The neurons
respond selectively to various aspects of movement, including extension or
contraction of specific muscles, the position of the joints, and the direction of
the next movement that will occur. All this information is therefore encoded
by changes in the firing frequency of Purkinje cells and deep cerebellar
nuclear cells. 

As these neuronal response properties predict, cerebellar lesions and dis-
ease tend to disrupt the modulation and coordination of ongoing move-
ments (Box A). Thus, the hallmark of patients with cerebellar damage is dif-
ficulty producing smooth, well-coordinated movements. Instead, movements
tend to be jerky and imprecise, a condition referred to as cerebellar ataxia.
Many of these difficulties in performing movements can be explained as dis-
ruption of the cerebellum’s role in correcting errors in ongoing movements.
Normally, the cerebellar error correction mechanism ensures that move-
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nism of other neurodegenerative dis-
eases? And do these findings suggest a
therapy for the dreadful manifestations
of spongiform encephalopathies? 

Despite these unanswered questions,
this work remains one of the most excit-
ing chapters in modern neurological
research, and rightly won Nobel Prizes
in Physiology or Medicine for both Gaj-
dusek (in 1976) and Prusiner (in 1997).
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Figure 18.10 Activity of Purkinje cells
(A) and deep cerebellar nuclear cells (B)
at rest (upper traces) and during move-
ment of the wrist (lower traces). The
lines below the action potential records
show changes in muscle tension,
recorded by electromyography. The
durations of the wrist movements are
indicated by the colored blocks. Both
classes of cells are tonically active at
rest. Rapid alternating movements
result in the transient inhibition of the
tonic activity of both cell types. (After
Thach, 1968.)

ments are modified to cope with changing circumstances. As described ear-
lier, the Purkinje cells and the deep cerebellar nuclear cells recognize poten-
tial errors by comparing patterns of convergent activity that are concurrently
available to both cell types; the deep nuclear cells then send corrective sig-
nals to the upper motor neurons in order to maintain or improve the accu-
racy of the movement.

As in the case of the basal ganglia, studies of the oculomotor system (sac-
cades in particular) have contributed greatly to understanding the contribu-
tion that the cerebellum makes to motor error reduction. For example, cut-
ting part of the tendon to the lateral rectus muscles in one eye of a monkey
weakens horizontal eye movements by that eye (Figure 18.11). When a patch
is then placed over the normal eye to force the animal to use its weak eye,
the saccades performed by the weak eye are initially hypometric; as expected,
they fall short of visual targets. Then, over the next few days, the amplitude
of the saccades gradually increases until they again become accurate. If the
patch is then switched to cover the weakened eye, the saccades performed
by the normal eye are now hypermetric. In other words, over a period of a
few days the nervous system corrects the error in the saccades made by the
weak eye by increasing the gain in the saccade motor system. Lesions in the
vermis of the spinocerebellum (see Figure 18.1) eliminate this ability to
reduce the motor error. 

Similar evidence of the cerebellar contribution to movement has come
from studies of the vestibulo-ocular reflex (VOR) in monkeys and humans.
The VOR works to keep the eyes trained on a visual target during head
movements (see Chapter 13). The relative simplicity of this reflex has made it
possible to analyze some of the mechanisms that enable motor learning as a
process of error reduction. When a visual image on the retina shifts its posi-
tion as a result of head movement, the eyes must move at the same velocity
in the opposite direction to maintain a stable percept. In these studies, the

(A)  PURKINJE CELL

(B)  DEEP NUCLEAR CELL

During alternating movement

During alternating movement

At rest

At rest
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Figure 18.11 Contribution of the cere-
bellum to the experience-dependent
modification of saccadic eye move-
ments. Weakening of the lateral rectus
muscle of the left eye causes the eye to
undershoot the target (1). When the
experimental subject (in this case a mon-
key) is forced to use this eye by patch-
ing the right eye, multiple saccades
must be generated to acquire the target
(2). After 5 days of experience with the
weak eye, the gain of the saccadic sys-
tem has been increased and a single sac-
cade is now used to fixate the target. (3)
This adjustment of the gain of the sac-
cadic eye movement system depends on
an intact cerebellum. (After Optican and
Robinson, 1980.)

adaptability of the VOR to changes in the nature of incoming sensory infor-
mation is challenged by fitting subjects (either monkeys or humans) with
magnifying or minifying spectacles (Figure 18.12). Because the glasses alter
the size of the visual image on the retina, the compensatory eye movements,
which would normally have maintained a stable image of an object on the
retina, are either too large or too small. Over time, subjects (whether mon-
keys or humans) learn to adjust the distance the eyes must move in response
to head movements to accord with the artificially altered size of the visual
field. Moreover, this change is retained for significant periods after the spec-
tacles are removed and can be detected electrophysiologically in recordings
from cerebellar Purkinje cells and neurons in the deep cerebellar nuclei.
Information that reflects this change in the sensory context of the VOR must
therefore be learned and remembered to eliminate the artificially introduced
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error. Once again, if the cerebellum is damaged or removed, the ability of the
VOR to adapt to the new conditions is lost. These observations support the
conclusion that the cerebellum is critically important in error reduction dur-
ing motor learning.

Cerebellar circuitry also provides real-time error correction during ongo-
ing movements. This function is accomplished by changes in the tonically
inhibitory activity of Purkinje cells that in turn influence the tonically excita-
tory deep cerebellar nuclear cells. The resulting effects on the ongoing activ-
ity of the deep cerebellar nuclear cells adjust the cerebellar output signals to
the upper motor neurons in the cortex and brainstem.

Further Consequences of Cerebellar Lesions

As mentioned in the preceding discussion, patients with cerebellar damage,
regardless of the causes or location, exhibit persistent errors in movement.
These movement errors are always on the same side of the body as the dam-
age to the cerebellum, reflecting the cerebellum’s unusual status as a brain
structure in which sensory and motor information is represented ipsilater-
ally rather than contralaterally. Furthermore, somatic, visual, and other
inputs are represented topographically within the cerebellum; as a result, the
movement deficits may be quite specific. For example, one of the most com-
mon cerebellar syndromes is caused by degeneration in the anterior portion
of the cerebellar cortex in patients with a long history of alcohol abuse (Fig-
ure 18.13). Such damage specifically affects movement in the lower limbs,
which are represented in the anterior spinocerebellum (see Figure 18.5). The
consequences include a wide and staggering gait, with little impairment of
arm or hand movements. Thus, the topographical organization of the cere-

Head and eyes move in a coordinated
manner to keep image on retina

VOR out of register
Minifying
glasses

VOR gain reset

After
several
hours

Minifying
glasses

tnemevomdaeH
Eye movement

tnemevomdaeHEye movement

Normal vestibulo-ocular reflex (VOR)

Eyes move too far in relation to 
image movement on the retina when 
the head moves  

Eyes move smaller distances in
relation to head movement to
compensate

tnemevomdaeH
Eye movement

Figure 18.12 Learned changes in the vestibulo-ocular reflex in monkeys. Nor-
mally, this reflex operates to move the eyes as the head moves, so that the retinal
image remains stable. When the animal observes the world through minifying spec-
tacles, the eyes initially move too far with respect to the “slippage” of the visual
image on the retina. After some practice, however, the VOR is reset and the eyes
move an appropriate distance in relation to head movement, thus compensating for
the altered size of the visual image.
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Figure 18.13 The pathological changes
in a variety of neurological diseases pro-
vide insights about the function of the
cerebellum. In this example, chronic
alcohol abuse has caused degeneration
of the anterior cerebellum (arrows),
while leaving other cerebellar regions
intact. The patient had difficulty walk-
ing but little impairment of arm move-
ments or speech. The orientation of this
paramedian sagittal section is the same
as Figure 18.1C. (From Victor et al.,
1959.)

bellum allows cerebellar damage to disrupt the coordination of movements
performed by some muscle groups but not others. 

The implication of these pathologies is that the cerebellum is normally
capable of integrating the moment-to-moment actions of muscles and joints
throughout the body to ensure the smooth execution of a full range of motor
behaviors. Thus, cerebellar lesions lead first and foremost to a lack of coordi-
nation of ongoing movements (Box B). For example, damage to the vestibu-
locerebellum impairs the ability to stand upright and maintain the direction
of gaze. The eyes have difficulty maintaining fixation; they drift from the tar-
get and then jump back with a corrective saccade, a phenomenon called nys-
tagmus. Disruption of the pathways to the vestibular nuclei may also result
in a loss of muscle tone. In contrast, patients with damage to the spinocere-
bellum have difficulty controlling walking movements; they have a wide-
based gait with small shuffling movements, which represents the inappro-
priate operation of groups of muscles that normally rely on sensory
feedback to produce smooth, concerted actions. The patients also have diffi-
culty performing rapid alternating movements such as the heel-to-shin
and/or finger-to-nose tests, a sign referred to as dysdiadochokinesia. Over-
and underreaching may also occur (called dysmetria). During the move-
ment, tremors—called action or intention tremors—accompany over- and
undershooting of the movement due to disruption of the mechanism for
detecting and correcting movement errors. Finally, lesions of the cerebro-
cerebellum produce impairments in highly skilled sequences of learned
movements, such as speech or playing a musical instrument. The common
denominator of all of these signs, regardless of the site of the lesion, is the
inability to perform smooth, directed movements.

Summary 

The cerebellum receives input from regions of the cerebral cortex that plan
and initiate complex and highly skilled movements; it also receives innerva-
tion from sensory systems that monitor the course of movements. This
arrangement enables a comparison of an intended movement with the actual
movement and a reduction in the difference, or “motor error.” The correc-
tions of motor error produced by the cerebellum occur both in real time and
over longer periods, as motor learning. For example, the vestibulo-ocular
reflex allows an observer to fixate an object of interest while the head moves;
however, lenses that change image size produce a long-term change in the
gain of this reflex that depends on an intact cerebellum. Knowledge of cere-
bellar circuitry suggests that motor learning is mediated by climbing fibers
that ascend from the inferior olive to contact the dendrites of the Purkinje
cells in the cerebellar cortex. Information provided by the climbing fibers
modulates the effectiveness of the second major input to the Purkinje cells,
which arrives via the parallel fibers from the granule cells. The granule cells
receive information about the intended movement from the vast number of
mossy fibers that enter the cerebellum from multiple sources, including the
cortico-ponto-cerebellar pathway. As might be expected, the output of the
cerebellum from the deep cerebellar nuclei projects to all the major sources
of upper motor neurons described in Chapter 16. The effects of cerebellar
disease provide strong support for the idea that the cerebellum regulates the
performance of movements. Thus, patients with cerebellar disorders show
severe ataxias in which the site of the lesion determines the particular move-
ments affected.
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Box B
Genetic Analysis of Cerebellar Function
Since the early 1950s, investigators inter-
ested in motor behavior have identified
and studied strains of mutant mice in
which movement is compromised. These
mutant mice are easy to spot: following
induced or spontaneous mutagenesis,
the “screen” is simply to look for animals
that have difficulty moving.

Genetic analysis suggested that some
of these abnormal behaviors could be
explained by single autosomal recessive
or semidominant mutations, in which
homozygotes are most severely affected.
The strains were given names like reeler,
weaver, lurcher, staggerer, and leaner that
reflected the nature of the motor dys-
function they exhibited (see table). The
relatively large number of mutations that
compromise movement suggested it
might be possible to understand some
aspects of motor circuits and function at
the genetic level.

A common feature of the mutants is
ataxia resembling that associated with
cerebellar dysfunction in humans.
Indeed, all the mutations are associated
with some form of cerebellar pathology.
The pathologies associated with the reeler
and weaver mutations are particularly
striking. In the reeler cerebellum, Purkinje
cells, granule cells, and interneurons are
all displaced from their usual laminar
positions, and there are fewer granule
cells than normal. In weaver, most of the
granule cells are lost prior to their migra-
tion from the external granule layer (a
proliferative region where cerebellar
granule cells are generated during devel-
opment), leaving only Purkinje cells and
interneurons to carry on the work of the
cerebellum. Thus, these mutations caus-
ing deficits in motor behavior impair the
development and final disposition of the
neurons that comprise the major process-

ing circuits of the cerebellum (see Figure
18.8).

Efforts to characterize the cellular
mechanisms underlying these motor
deficits were unsuccessful, and the mo-
lecular identity of the affected genes
remained obscure until recently. In the
past few years, however, both the reeler
and weaver genes have been identified
and cloned.

The reeler gene was cloned through a
combination of good luck and careful
observation. In the course of making
transgenic mice by inserting DNA frag-
ments in the mouse genome, investiga-
tors in Tom Curran’s laboratory created a
new strain of mice that behaved much
like reeler mice and had similar cerebellar
pathology. This “synthetic” reeler muta-
tion was identified by finding the posi-
tion of the novel DNA fragment—which
turned out to be on the same chromo-

Motor Mutations in Mice
Chromosome

Mutation Inheritance affected Behavioral and morphological characteristics

reeler (rl) Autosomal 5 Reeling ataxia of gait, dystonic postures, and tremors. Systematic
recessive malposition of neuron classes in the forebrain and cerebellum.

Small cerebellum, reduced number of granule cells.
weaver (wv) Autosomal ? Ataxia, hypotonia, and tremor. Cerebellar cortex reduced in 

recessive volume. Most cells of external granular layer degenerate prior 
to migration.

leaner (tg1a) Autosomal 8 Ataxia and hypotonia. Degeneration of granule cells, particularly
recessive in the anterior and nodular lobes of the cerebellum. Degen-

eration of a few Purkinje cells.
lurcher (lr) Autosomal 6 Homozygote dies. Heterozygote is ataxic with hesitant, lurching

semidominant gait and has seizures. Cerebellum half normal size; Purkinje
cells degenerate; granule cells reduced in number.

nervous (nr) Autosomal 8 Hyperactivity and ataxia. Ninety percent of Purkinje cells die 
recessive between 3 and 6 weeks of age.

Purkinje cell degeneration (pcd) Autosomal 13 Moderate ataxia. All Purkinje cells degenerate between the fif-
recessive teenth embryonic day and third month of age.

staggerer (sg) Autosomal 9 Ataxia with tremors. Dendritic arbors of Purkinje cells are simple 
recessive (few spines). No synapses of Purkinje cells with parallel fibers.

Granule cells eventually degenerate.

(Adapted from Caviness and Rakic, 1978.)
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some as the original reeler mutation. Fur-
ther analysis showed that the same gene
had indeed been mutated, and the reeler
gene was subsequently identified.
Remarkably, the protein encoded by this
gene is homologous to known extracellu-
lar matrix proteins such as tenascin,
laminin, and fibronectin (see Chapter
21). This finding makes good sense, since
the pathophysiology of the reeler muta-
tion entails altered cell migration, result-
ing in misplaced neurons in the cerebel-
lar cortex as well as the cerebral cortex
and hippocampus.

Molecular genetic techniques have
also led to cloning the weaver gene. Using
linkage analysis and the ability to clone
and sequence large pieces of mammalian
chromosomes, Andy Peterson and his
colleagues “walked” (i.e., sequentially
cloned) several kilobases of DNA in the
chromosomal region to find where the
weaver gene mapped. By comparing nor-

mal and mutant sequences within this
region, they determined weaver to be a
mutation in a K+ channel that resembles
the Ca2+-activated K+ channels found in
cardiac muscle. How this particular mol-
ecule influences the development of
granule cells or causes their death in the
mutants is not yet clear.

The story of the proteins encoded by
the reeler and weaver genes indicates both
the promise and the challenge of a
genetic approach to understanding cere-
bellar function. Identifying motor
mutants and their pathology is reason-
ably straightforward, but understanding
their molecular genetic basis depends on
hard work and good luck.
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Overview

Eye movements are, in many ways, easier to study than movements of other
parts of the body. This fact arises from the relative simplicity of muscle
actions on the eyeball. There are only six extraocular muscles, each of which
has a specific role in adjusting eye position. Moreover, there are only four
stereotyped kinds of eye movements, each with its own control circuitry. Eye
movements have therefore been a useful model for understanding the mech-
anisms of motor control. Indeed, much of what is known about the regula-
tion of movements by the cerebellum, basal ganglia, and vestibular system
has come from the study of eye movements (see Chapters 13, 17, and 18).
Here the major features of eye movement control are used to illustrate the
principles of sensory motor integration that also apply to more complex
motor behaviors.

What Eye Movements Accomplish

Eye movements are important in humans because high visual acuity is
restricted to the fovea, the small circular region (about 1.5 mm in diameter)
in the central retina that is densely packed with cone photoreceptors (see
Chapter 10). Eye movements can direct the fovea to new objects of interest (a
process called “foveation”) or compensate for disturbances that cause the
fovea to be displaced from a target already being attended to. 

As demonstrated several decades ago by the Russian physiologist Alfred
Yarbus, eye movements reveal a good deal about the strategies used to
inspect a scene. Yarbus used contact lenses with small mirrors on them (see
Box A) to document (by the position of a reflected beam) the pattern of eye
movements made while subjects examined a variety of objects and scenes.
Figure 19.1 shows the direction of a subject’s gaze while viewing a picture of
Queen Nefertiti. The thin, straight lines represent the quick, ballistic eye
movements (saccades) used to align the foveas with particular parts of the
scene; the denser spots along these lines represent points of fixation where
the observer paused for a variable period to take in visual information (little
or no visual perception occurs during a saccade, which occupies only a few
tens of milliseconds). The results obtained by Yarbus, and subsequently
many others, showed that vision is an active process in which eye move-
ments typically shift the view several times each second to selected parts of
the scene to examine especially interesting features. The spatial distribution
of the fixation points indicates that much more time is spent scrutinizing
Nefertiti’s eye, nose, mouth, and ear than examining the middle of her cheek
or neck. Thus, eye movements allow us to scan the visual field, pausing to
focus attention on the portions of the scene that convey the most significant
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information. As is apparent in Figure 19.1, tracking eye movements can be
used to determine what aspects of a scene are particularly arresting. Adver-
tisers now use modern versions of Yarbus’ method to determine which pic-
tures and scene arrangements will best sell their product.

The importance of eye movements for visual perception has also been
demonstrated by experiments in which a visual image is stabilized on the
retina, either by paralyzing the extraocular eye muscles or by moving a
scene in exact register with eye movements so that the different features of
the image always fall on exactly the same parts of the retina (Box A). Stabi-
lized visual images rapidly disappear, for reasons that remain poorly under-
stood. Nonetheless, these observations on motionless images make it plain
that eye movements are also essential for normal visual perception.

The Actions and Innervation of Extraocular Muscles

Three antagonistic pairs of muscles control eye movements: the lateral and
medial rectus muscles, the superior and inferior rectus muscles, and the
superior and inferior oblique muscles. These muscles are responsible for
movements of the eye along three different axes: horizontal, either toward the
nose (adduction) or away from the nose (abduction); vertical, either elevation
or depression; and torsional, movements that bring the top of the eye toward
the nose (intorsion) or away from the nose (extorsion). Horizontal move-
ments are controlled entirely by the medial and lateral rectus muscles; the
medial rectus muscle is responsible for adduction, the lateral rectus muscle
for abduction. Vertical movements require the coordinated action of the
superior and inferior rectus muscles, as well as the oblique muscles. The rel-
ative contribution of the rectus and oblique groups depends on the horizon-
tal position of the eye (Figure 19.2). In the primary position (eyes straight
ahead), both of these groups contribute to vertical movements. Elevation is
due to the action of the superior rectus and inferior oblique muscles, while
depression is due to the action of the inferior rectus and superior oblique
muscles. When the eye is abducted, the rectus muscles are the prime vertical
movers. Elevation is due to the action of the superior rectus, and depression
is due to the action of the inferior rectus. When the eye is adducted, the
oblique muscles are the prime vertical movers. Elevation is due to the action
of the inferior oblique muscle, while depression is due to the action of the
superior oblique muscle. The oblique muscles are also primarily responsible
for torsional movements.

The extraocular muscles are innervated by lower motor neurons that form
three cranial nerves: the abducens, the trochlear, and the oculomotor (Figure
19.3). The abducens nerve (cranial nerve VI) exits the brainstem from the
pons–medullary junction and innervates the lateral rectus muscle. The
trochlear nerve (cranial nerve IV) exits from the caudal portion of the mid-
brain and supplies the superior oblique muscle. In distinction to all other
cranial nerves, the trochlear nerve exits from the dorsal surface of the brain-
stem and crosses the midline to innervate the superior oblique muscle on the
contralateral side. The oculomotor nerve (cranial nerve III), which exits from
the rostral midbrain near the cerebral peduncle, supplies all the rest of the
extraocular muscles. Although the oculomotor nerve governs several differ-
ent muscles, each receives its innervation from a separate group of lower
motor neurons within the third nerve nucleus. 

In addition to supplying the extraocular muscles, a distinct cell group
within the oculomotor nucleus innervates the levator muscles of the eyelid;
the axons from these neurons also travel in the third nerve. Finally, the third

Figure 19.1 The eye movements of a
subject viewing a picture of Queen
Nefertiti. The bust at the top is what the
subject saw; the diagram on the bottom
shows the subject’s eye movements over
a 2–minute viewing period. (From
Yarbus, 1967.)
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Figure 19.3 Organization of the cra-
nial nerve nuclei that govern eye move-
ments, showing their innervation of the
extraocular muscles. The abducens
nucleus innervates the lateral rectus
muscle; the trochlear nucleus innervates
the superior oblique muscle; and the
oculomotor nucleus innervates all the
rest of the extraocular muscles (the
medial rectus, inferior rectus, superior
rectus, and inferior oblique).
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Figure 19.2 The contributions of the
six extraocular muscles to vertical and
horizontal eye movements. Horizontal
movements are mediated by the medial
and lateral rectus muscles, while verti-
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superior and inferior rectus and the
superior and inferior oblique muscle
groups.
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Box A
The Perception of Stabilized Retinal Images
Visual perception depends critically on
frequent changes of scene. Normally, our
view of the world is changed by sac-
cades, and tiny saccades that continue to
move the eyes abruptly over a fraction of
a degree of visual arc occur even when
the observer stares intently at an object of
interest. Moreover, continual drift of the
eyes during fixation progressively shifts
the image onto a nearby but different set
of photoreceptors. As a consequence of
these several sorts of eye movements
(Figure A), our point of view changes
more or less continually.

The importance of a continually
changing scene for normal vision is dra-
matically revealed when the retinal
image is stabilized. If a small mirror is

attached to the eye by means of a contact
lens and an image reflected off the mir-
ror onto a screen, then the subject neces-
sarily sees the same thing, whatever the
position of the eye: Every time the eye
moves, the projected image moves
exactly the same amount (Figure B).
Under these circumstances, the stabilized
image actually disappears from percep-
tion within a few seconds! 

A simple way to demonstrate the
rapid disappearance of a stabilized reti-
nal image is to visualize one’s own reti-
nal blood vessels. The blood vessels,
which lie in front of the photoreceptor
layer, cast a shadow on the underlying
receptors. Although normally invisible,
the vascular shadows can be seen by
moving a source of light across the eye, a
phenomenon first noted by J. E. Purkinje
more than 150 years ago. This perception
can be elicited with an ordinary penlight
pressed gently against the lateral side of
the closed eyelid. When the light is wig-
gled vigorously, a rich network of black
blood vessel shadows appears against an
orange background. (The vessels appear
black because they are shadows.) By
starting and stopping the movement, it is
readily apparent that the image of the

blood vessel shadows disappears within
a fraction of a second after the light
source is stilled. 

The conventional interpretation of the
rapid disappearance of stabilized images
is retinal adaptation. In fact, the phenom-
enon is at least partly of central origin.
Stabilizing the retinal image in one eye,
for example, diminishes perception
through the other eye, an effect known
as interocular transfer. Although the
explanation of these remarkable effects is
not entirely clear, they emphasize the
point that the visual system is designed
to deal with novelty.
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(B) Diagram illustrating one means of producing sta-
bilized retinal images. By attaching a small mirror to
the eye, the scene projected onto the screen will
always fall on the same set of retinal points, no mat-
ter how the eye is moved.

A) Diagram of the types of eye movements
that continually change the retinal stimulus
during fixation. The straight lines indicate
microsaccades and the curved lines drift; the
structures in the background are photo-
receptors drawn approximately to scale. The
normal scanning movements of the eyes
(saccades) are much too large to be shown
here, but obviously contribute to the changes
of view that we continually experience, as
do slow tracking eye movements (although
the fovea tracks a particular object, the scene
nonetheless changes). (After Pritchard, 1961.)
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Figure 19.4 The metrics of a saccadic
eye movement. The red line indicates
the position of a fixation target and the
blue line the position of the fovea. When
the target moves suddenly to the right,
there is a delay of about 200 ms before
the eye begins to move to the new target
position. (After Fuchs, 1967.)

nerve carries axons that are responsible for pupillary constriction (see Chap-
ter 11) from the nearby Edinger-Westphal nucleus. Thus, damage to the third
nerve results in three characteristic deficits: impairment of eye movements,
drooping of the eyelid (ptosis), and pupillary dilation.

Types of Eye Movements and Their Functions

There are four basic types of eye movements: saccades, smooth pursuit
movements, vergence movements, and vestibulo-ocular movements. The
functions of each type of eye movement are introduced here; in subsequent
sections, the neural circuitry responsible for three of these types of move-
ments is presented in more detail (see Chapters 13 and 18 for further discus-
sion of neural circuitry underlying vestibulo-ocular movements).

Saccades are rapid, ballistic movements of the eyes that abruptly change
the point of fixation. They range in amplitude from the small movements
made while reading, for example, to the much larger movements made
while gazing around a room. Saccades can be elicited voluntarily, but occur
reflexively whenever the eyes are open, even when fixated on a target (see
Box A). The rapid eye movements that occur during an important phase of
sleep (see Chapter 27) are also saccades. The time course of a saccadic eye
movement is shown in Figure 19.4. After the onset of a target for a saccade
(in this example, the stimulus was the movement of an already fixated tar-
get), it takes about 200 milliseconds for eye movement to begin. During this
delay, the position of the target with respect to the fovea is computed (that is,
how far the eye has to move), and the difference between the initial and
intended position, or “motor error” (see Chapter 18), is converted into a
motor command that activates the extraocular muscles to move the eyes the
correct distance in the appropriate direction. Saccadic eye movements are
said to be ballistic because the saccade-generating system cannot respond to
subsequent changes in the position of the target during the course of the eye
movement. If the target moves again during this time (which is on the order
of 15–100 ms), the saccade will miss the target, and a second saccade must
be made to correct the error.

Smooth pursuit movements are much slower tracking movements of the
eyes designed to keep a moving stimulus on the fovea. Such movements are
under voluntary control in the sense that the observer can choose whether or
not to track a moving stimulus (Figure 19.5). (Saccades can also be voluntary,
but are also made unconsciously.) Surprisingly, however, only highly trained
observers can make a smooth pursuit movement in the absence of a moving
target. Most people who try to move their eyes in a smooth fashion without
a moving target simply make a saccade. 

The smooth pursuit system can be tested by placing a subject inside a
rotating cylinder with vertical stripes. (In practice, the subject is more often
seated in front of a screen on which a series of horizontally moving vertical
bars is presented to conduct this “optokinetic test.”) The eyes automatically
follow a stripe until they reach the end of their excursion. There is then a
quick saccade in the direction opposite to the movement, followed once
again by smooth pursuit of a stripe. This alternating slow and fast move-
ment of the eyes in response to such stimuli is called optokinetic nystag-
mus. Optokinetic nystagmus is a normal reflexive response of the eyes in
response to large-scale movements of the visual scene and should not be
confused with the pathological nystagmus that can result from certain kinds
of brain injury (for example, damage to the vestibular system or the cerebel-
lum; see Chapters 13 and 18).
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Figure 19.5 The metrics of smooth
pursuit eye movements. These traces
show eye movements (blue lines) track-
ing a stimulus moving at three different
velocities (red lines). After a quick sac-
cade to capture the target, the eye move-
ment attains a velocity that matches the
velocity of the target. (After Fuchs,
1967.)

Vergence movements align the fovea of each eye with targets located at
different distances from the observer. Unlike other types of eye movements
in which the two eyes move in the same direction (conjugate eye move-
ments), vergence movements are disconjugate (or disjunctive); they involve
either a convergence or divergence of the lines of sight of each eye to see an
object that is nearer or farther away. Convergence is one of the three reflex-
ive visual responses elicited by interest in a near object. The other compo-
nents of the so-called near reflex triad are accommodation of the lens, which
brings the object into focus, and pupillary constriction, which increases the
depth of field and sharpens the image on the retina (see Chapter 10).

Vestibulo-ocular movements stabilize the eyes relative to the external
world, thus compensating for head movements. These reflex responses pre-
vent visual images from “slipping” on the surface of the retina as head posi-
tion varies. The action of vestibulo-ocular movements can be appreciated by
fixating an object and moving the head from side to side; the eyes automati-
cally compensate for the head movement by moving the same distance but
in the opposite direction, thus keeping the image of the object at more or less
the same place on the retina. The vestibular system detects brief, transient
changes in head position and produces rapid corrective eye movements (see
Chapter 13). Sensory information from the semicircular canals directs the
eyes to move in a direction opposite to the head movement.

Although the vestibular system operates effectively to counteract rapid
movements of the head, it is relatively insensitive to slow movements or to
persistent rotation of the head. For example, if the vestibulo-ocular reflex is
tested with continuous rotation and without visual cues about the move-
ment of the image (i.e.,with eyes closed or in the dark), the compensatory
eye movements cease after only about 30 seconds of rotation. However, if the
same test is performed with visual cues, eye movements persist. The com-
pensatory eye movements in this case are due to the activation of the smooth
pursuit system, which relies not on vestibular information but on visual cues
indicating motion of the visual field. 

Neural Control of Saccadic Eye Movements

The problem of moving the eyes to fixate a new target in space (or indeed
any other movement) entails two separate issues: controlling the amplitude of
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movement (how far), and controlling the direction of the movement (which
way). The amplitude of a saccadic eye movement is encoded by the duration
of neuronal activity in the lower motor neurons of the oculomotor nuclei. As
shown in Figure 19.6, for instance, neurons in the abducens nucleus fire a
burst of action potentials prior to abducting the eye (by causing the lateral
rectus muscle to contract) and are silent when the eye is adducted. The
amplitude of the movement is correlated with the duration of the burst of
action potentials in the abducens neuron. With each saccade, the abducens
neurons reach a new baseline level of discharge that is correlated with the
position of the eye in the orbit. The steady baseline level of firing holds the
eye in its new position.

The direction of the movement is determined by which eye muscles are
activated. Although in principle any given direction of movement could be
specified by independently adjusting the activity of individual eye muscles,
the complexity of the task would be overwhelming. Instead, the direction of
eye movement is controlled by the local circuit neurons in two gaze centers
in the reticular formation, each of which is responsible for generating move-
ments along a particular axis. The paramedian pontine reticular formation
(PPRF) or horizontal gaze center is a collection of local circuit neurons near
the midline in the pons responsible for generating horizontal eye move-
ments (Figure 19.7). The rostral interstitial nucleus or vertical gaze center is
located in the rostral part of the midbrain reticular formation and is respon-
sible for vertical movements. Activation of each gaze center separately
results in movements of the eyes along a single axis, either horizontal or ver-
tical. Activation of the gaze centers in concert results in oblique movements
whose trajectories are specified by the relative contribution of each center.

An example of how the PPRF works with the abducens and oculomotor
nuclei to generate a horizontal saccade to the right is shown in Figure 19.7.
Neurons in the PPRF innervate cells in the abducens nucleus on the same
side of the brain. There are, however, two types of neurons in the abducens
nucleus. One type is a lower motor neuron that innervates the lateral rectus
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(solid line). An increase in the tonic level of firing is associated with
more lateral displacement of the eye. Note also the decline in firing
rate during a saccade in the opposite direction. (After Fuchs and
Luschei, 1970.)
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Figure 19.7 Simplified diagram of syn-
aptic circuitry responsible for horizontal
movements of the eyes to the right. Acti-
vation of local circuit neurons in the
right horizontal gaze center (the PPRF;
orange) leads to increased activity of
lower motor neurons (red and green)
and internuclear neurons (blue) in the
right abducens nucleus. The lower
motor neurons innervate the lateral rec-
tus muscle of the right eye. The inter-
nuclear neurons innervate lower motor
neurons in the contralateral oculomotor
nucleus, which in turn innervate the
medial rectus muscle of the left eye.

muscle on the same side. The other type, called internuclear neurons, send
their axons across the midline and ascend in a fiber tract called the medial
longitudinal fasciculus, terminating in the portion of the oculomotor
nucleus that contains lower motor neurons innervating the medial rectus
muscle. As a result of this arrangement, activation of PPRF neurons on the
right side of the brainstem causes horizontal movements of both eyes to the
right; the converse is of course true for the PPRF neurons in the left half of
the brainstem.

Neurons in the PPRF also send axons to the medullary reticular forma-
tion, where they contact inhibitory local circuit neurons. These local circuit
neurons, in turn, project to the contralateral abducens nucleus, where they
terminate on lower motor neurons and internuclear neurons. In conse-
quence, activation of neurons in the PPRF on the right results in a reduction
in the activity of the lower motor neurons whose muscles would oppose
movements of the eyes to the right. This inhibition of antagonists resembles
the strategy used by local circuit neurons in the spinal cord to control limb
muscle antagonists (see Chapter 15).

Although saccades can occur in complete darkness, they are often elicited
when something attracts attention and the observer directs the foveas
toward the stimulus. How then is sensory information about the location of
a target in space transformed into an appropriate pattern of activity in the
horizontal and vertical gaze centers? Two structures that project to the gaze
centers are demonstrably important for the initiation and accurate targeting
of saccadic eye movements: the superior colliculus of the midbrain, and a
region of the frontal lobe that lies just rostral to premotor cortex, known as
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the frontal eye field (Brodmann’s area 8). Upper motor neurons in both of
these structures, each of which contains a topographical motor map, dis-
charge immediately prior to saccades. Thus, activation of a particular site in
the superior colliculus or in the frontal eye field produces saccadic eye
movements in a specified direction and for a specified distance that is inde-
pendent of the initial position of the eyes in the orbit. The direction and dis-
tance are always the same for a given stimulation site, changing systemati-
cally when different sites are activated.

Both the superior colliculus and the frontal eye field also contain cells that
respond to visual stimuli; however, the relation between the sensory and
motor responses of individual cells is better understood for the superior col-
liculus. An orderly map of visual space is established by the termination of
retinal axons within the superior colliculus (see Chapter 11), and this sensory
map is in register with the motor map that generates eye movements. Thus,
neurons in a particular region of the superior colliculus are activated by the
presentation of visual stimuli in a limited region of visual space. This activa-
tion leads to the generation of a saccade that moves the eye by an amount
just sufficient to align the foveas with the region of visual space that pro-
vided the stimulation (Figure 19.8).

Neurons in the superior colliculus also respond to auditory and somatic
stimuli. Indeed, the location in space for these other modalities also is
mapped in register with the motor map in the colliculus. Topographically
organized maps of auditory space and of the body surface in the superior
colliculus can therefore orient the eyes (and the head) in response to a vari-
ety of different sensory stimuli. This registration of the sensory and motor
maps in the colliculus illustrates an important principle of topographical
maps in the motor system, namely to provide an efficient mechanism for
sensory motor transformations (Box B).
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Figure 19.8 Evidence for sensory motor transformation obtained from electrical
recording and stimulation in the superior colliculus. (A) Surface views of the supe-
rior colliculus illustrating the location of eight separate electrode recording and stim-
ulation sites. (B) Map of visual space showing the receptive field location of the sites
in (A) (white circles), and the amplitude and direction of the eye movements elicited
by stimulating these sites electrically (arrows). In each case, electrical stimulation
results in eye movements that align the fovea with a region of visual space that cor-
responds to the visual receptive field of the site. (After Schiller and Stryker, 1972.)
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The functional relationship between the frontal eye field and the superior
colliculus in controlling eye movements is similar to that between the motor
cortex and the red nucleus in the control of limb movements (see Chapter
16). The frontal eye field projects to the superior colliculus, and the superior
colliculus projects to the PPRF on the contralateral side (Figure 19.9). (It also
projects to the vertical gaze center, but for simplicity the discussion here is

Box B
Sensory Motor Integration in the Superior Colliculus
The superior colliculus is a laminated
structure in which the differences
between the layers provide clues about
how sensory and motor maps interact to
produce appropriate movements. As
discussed in the text, the superficial or
“visual” layer of the colliculus receives
input from retinal axons that form a
topographic map. Thus, each site in the
superficial layer is activated maximally
by the presence of a stimulus at a partic-
ular point of visual space. In contrast,
neurons in the deeper or “motor” layers
generate bursts of action potentials that
command saccades, effectively generat-
ing a motor map; thus, activation of dif-
ferent sites generates saccades having
different vectors. The visual and motor
maps are in register, so that visual cells
responding to a stimulus in a specific
region of visual space are located
directly above the motor cells that com-
mand eye movements toward that same
region (see Figure 19.8). 

The registration of the visual and
motor maps suggests a simple strategy
for how the eyes might be guided
toward an object of interest in the visual
field. When an object appears at a par-
ticular location in the visual field, it will
activate neurons in the corresponding
part of the visual map. As a result,
bursts of action potentials are generated
by the subjacent motor cells to com-
mand a saccade that rotates the two
eyes just the right amount to direct the
foveas toward that same location in the

visual field. This behavior is called
“visual grasp” because successful sen-
sory motor integration results in the
accurate foveation of a visual target. 

This seemingly simple model, for-
mulated in the early 1970s when the col-
licular maps were first found, assumes
point to point connections between the
visual and motor maps. In practice,
however, these connections have been
difficult to demonstrate. Neither the
anatomical nor the physiological meth-
ods available at the time were suffi-
ciently precise to establish these postu-
lated synaptic connections. At about the
same time, motor neurons were found
to command saccades to nonvisual
stimuli; moreover, spontaneous sac-
cades occur in the dark. Thus, it was
clear that visual layer activity is not
always necessary for saccades. To con-
fuse matters further, animals could be
trained not to make a saccade when an
object appeared in the visual field,
showing that the activation of visual
neurons is sometimes insufficient to
command saccades. The fact that activ-
ity of neurons in the visual map is nei-
ther necessary nor sufficient for eliciting
saccades led investigators away from
the simple model of direct connections
between corresponding regions of the
two maps, toward models that linked
the layers indirectly through pathways
that detoured through the cortex.

Eventually, however, new and better
methods resolved this uncertainty. 

Techniques for filling single cells with
axonal tracers showed an overlap be-
tween descending visual layer axons
and ascending motor layer dendrites, in
accord with direct anatomical connec-
tions between corresponding regions of
the maps. At the same time, in vitro
whole-cell patch clamp recording (see
Box A in Chapter 4) permitted more dis-
criminating functional studies that dis-
tinguished excitatory and inhibitory
inputs to the motor cells. These experi-
ments showed that the visual and
motor layers do indeed have the func-
tional connections required to initiate
the command for a visually guided sac-
cadic eye movement. A single brief elec-
trical stimulus delivered to the superfi-
cial layer generates a prolonged burst of
action potentials that resembles the
command bursts that normally occur
just before a saccade (see figure). 

These direct connections presumably
provide the substrate for the very short
latency reflex-like “express saccades”
that are unaffected by destruction of the
frontal eye fields. Other visual and non-
visual inputs to the deep layers proba-
bly explain why activation of the retina
is neither necessary nor sufficient for
the production of saccades.
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limited to the PPRF.) The frontal eye field can thus control eye movements
by activating selected populations of superior colliculus neurons. This corti-
cal area also projects directly to the contralateral PPRF; as a result, the frontal
eye field can also control eye movements independently of the superior col-
liculus. The parallel inputs to the PPRF from the frontal eye field and supe-
rior colliculus are reflected in the deficits that result from damage to these
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(A) The superior colliculus receives visual
input from the retina and sends a command
signal to the gaze centers to initiate a sac-
cade (see text). In the experiment illustrated
here, a stimulating electrode activates cells in
the visual layer and a patch clamp pipette
records the response evoked in a neuron in
the subjacent motor layer. The cells in the
visual and motor layers were subsequently
labeled with a tracer called biocytin. This
experiment demonstrates that the terminals
of the visual neuron are located in the same
region as the dendrites of the motor neuron.
(B) The onset of a target in the visual field
(top trace) is followed after a short interval
by a saccade to foveate the target (second
trace). In the superior colliculus, the visual
cell responds shortly after the onset of the
target, while the motor cell responds later,
just before the onset of the saccade. (C)
Bursts of excitatory postsynaptic currents
(EPSCs) recorded from a motor layer neuron
in response to a brief (0.5 ms) current stimu-
lus applied via a steel wire electrode in the
visual layer (top; see arrow). These synaptic
currents generate bursts of action potentials
in the same cell (bottom). (B after Wurtz and
Albano, 1980; C after Ozen et al., 2000.)
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Figure 19.9 The relationship of the
frontal eye field in the right cerebral
hemisphere (Brodmann’s area 8) to the
superior colliculus and the horizontal
gaze center (PPRF). There are two routes
by which the frontal eye field can influ-
ence eye movements in humans: indi-
rectly by projections to the superior col-
liculus, which in turn projects to the
contralateral PPRF, and directly by pro-
jections to the contralateral PPRF.

structures. Injury to the frontal eye field results in an inability to make sac-
cades to the contralateral side and a deviation of the eyes to the side of the
lesion. These effects are transient, however; in monkeys with experimentally
induced lesions of this cortical region, recovery is virtually complete in two
to four weeks. Lesions of the superior colliculus change the accuracy, fre-
quency, and velocity of saccades; yet saccades still occur, and the deficits also
improve with time. These results suggest that the frontal eye fields and the
superior colliculus provide complementary pathways for the control of sac-
cades. Moreover, one of these structures appears to be able to compensate (at
least partially) for the loss of the other. In support of this interpretation, com-
bined lesions of the frontal eye field and the superior colliculus produce a
dramatic and permanent loss in the ability to make saccadic eye movements. 

These observations do not, however, imply that the frontal eye fields and
the superior colliculus have the same functions. Superior colliculus lesions
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produce a permanent deficit in the ability to perform very short latency
reflex-like eye movements called “express saccades.” The express saccades
are evidently mediated by direct pathways to the superior colliculus from
the retina or visual cortex that can access the upper motor neurons in the
colliculus without extensive, and more time-consuming, processing in the
frontal cortex (see Box B). In contrast, frontal eye field lesions produce per-
manent deficits in the ability to make saccades that are not guided by an
external target. For example, patients (or monkeys) with a lesion in the
frontal eye fields cannot voluntarily direct their eyes away from a stimulus in
the visual field, a type of eye movement called an “antisaccade.” Such
lesions also eliminate the ability to make a saccade to the remembered loca-
tion of a target that is no longer visible. 

Finally, the frontal eye fields are essential for systematically scanning the
visual field to locate an object of interest within an array of distracting
objects (see Figure 19.1). Figure 19.10 shows the responses of a frontal eye
field neuron during a visual task in which a monkey was required to foveate
a target located within an arrray of distracting objects. This frontal eye field
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Figure 19.10 Responses of neurons in
the frontal eye fields. (A) Locus of the
left frontal eye field on a lateral view of
the rhesus monkey brain. (B) Activation
of a frontal eye field neuron during
visual search for a target. The vertical
tickmarks represent action potentials,
and each row of tick marks is a different
trial. The graphs below show the aver-
age frequency of action potentials as a
function of time. The change in color
from green to purple in each row indi-
cates the time of onset of a saccade
toward the target. In the left trace (1),
the target (red square) is in the part of
the visual field “seen” by the neuron,
and the response to the target is similar
to the response that would be generated
by the neuron even if no distractors
(green squares) were present (not
shown). In the right trace (3), the target
is far from the response field of the neu-
ron. The neuron responds to the distrac-
tor in its response field. However, it
responds at a lower rate than it would to
exactly the same stimulus if the square
were not a distractor but a target for a
saccade (left trace). In the middle trace
(2), the response of the neuron to the
distractor has been sharply reduced by
the presence of the target in a neighbor-
ing region of the visual field. (After
Schall, 1995.)
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neuron discharges at different levels to the same stimulus, depending on
whether the stimulus is the target of the saccade or a “distractor,” and on the
location of the distractor relative to the actual target. For example, the differ-
ences between the middle and the left and right traces in Figure 19.10
demonstrate that the response to the distractor is much reduced if it is
located close to the target in the visual field. Results such as these suggest
that lateral interactions within the frontal eye fields enhance the neuronal
responses to stimuli that will be selected as saccade targets, and that such
interactions suppress the responses to uninteresting and potentially distract-
ing stimuli. These sorts of interactions presumably reduce the occurrence of
unwanted saccades to distracting stimuli in the visual field.

Neural Control of Smooth Pursuit Movements

Smooth pursuit movements are also mediated by neurons in the PPRF, but
are under the influence of motor control centers other than the superior col-
liculus and frontal eye field. (The superior colliculus and frontal eye field are
exclusively involved in the generation of saccades.) The exact route by
which visual information reaches the PPRF to generate smooth pursuit
movements is not known (a pathway through the cerebellum has been sug-
gested). It is clear, however, that neurons in the striate and extrastriate visual
areas provide sensory information that is essential for the initiation and
accurate guidance of smooth pursuit movements. In monkeys, neurons in
the middle temporal area (which is largely concerned with the perception of
moving stimuli and a target of the magnocellular stream; see Chapter 11)
respond selectively to targets moving in a specific direction. Moreover, dam-
age to this area disrupts smooth pursuit movements. In humans, damage of
comparable areas in the parietal and occipital lobes also results in abnormal-
ities of smooth pursuit movements. Unlike the effects of lesions to the frontal
eye field and the superior colliculus, the deficits are in eye movements made
toward the side of the lesion. For example, a lesion of the left parieto-occipi-
tal region is likely to result in an inability to track an object moving from
right to left.

Neural Control of Vergence Movements

When a person wishes to look from one object to another object that are
located at different distances from the eyes, a saccade is made that shifts the
direction of gaze toward the new object, and the eyes either diverge or con-
verge until the object falls on the fovea of each eye. The structures and path-
ways responsible for mediating the vergence movements are not well under-
stood, but appear to include several extrastriate areas in the occipital lobe
(see Chapter 11). Information about the location of retinal activity is relayed
through the two lateral geniculate nuclei to the cortex, where the informa-
tion from the two eyes is integrated. The appropriate command to diverge or
converge the eyes, which is based largely on information from the two eyes
about the amount of binocular disparity (see Chapter 11), is then sent via
upper motor neurons from the occipital cortex to “vergence centers” in the
brainstem. One such center is a population of local circuit neurons located in
the midbrain near the oculomotor nucleus. These neurons generate a burst
of action potentials. The onset of the burst is the command to generate a ver-
gence movement, and the frequency of the burst determines its velocity.
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There is a division of labor within the vergence center, so that some neurons
command convergence movements while others command divergence
movements. These neurons also coordinate vergence movements of the eyes
with accommodation of the lens and pupillary constriction to produce the
near reflex discussed in Chapter 10.

Summary 

Despite their specialized function, the systems that control eye movements
have much in common with the motor systems that govern movements of
other parts of the body. Just as the spinal cord provides the basic circuitry for
coordinating the actions of muscles around a joint, the reticular formation of
the pons and midbrain provides the basic circuitry that mediates movements
of the eyes. Descending projections from higher-order centers in the superior
colliculus and the frontal eye field innervate the brainstem gaze centers, pro-
viding a basis for integrating eye movements with a variety of sensory infor-
mation that indicates the location of objects in space. The superior colliculus
and the frontal eye field are organized in a parallel as well as a hierarchical
fashion, enabling one of these structures to compensate for the loss of the
other. Eye movements, like other movements, are also under the control of
the basal ganglia and cerebellum (see Chapters 17 and 18); this control
ensures the proper initiation and successful execution of these relatively sim-
ple motor behaviors, thus allowing observers to interact efficiently with the
universe of things that can be seen.
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