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Hikosaka, Okihide, Yoriko Takikawa, and Reiko Kawagoe. Role of the Basal Ganglia in the Control of Purposive
Saccadic Eye Movements. Physiol Rev 80: 953–978, 2000.—In addition to their well-known role in skeletal movements, the
basal ganglia control saccadic eye movements (saccades) by means of their connection to the superior colliculus (SC).
The SC receives convergent inputs from cerebral cortical areas and the basal ganglia. To make a saccade to an object
purposefully, appropriate signals must be selected out of the cortical inputs, in which the basal ganglia play a crucial role.
This is done by the sustained inhibitory input from the substantia nigra pars reticulata (SNr) to the SC. This inhibition can
be removed by another inhibition from the caudate nucleus (CD) to the SNr, which results in a disinhibition of the SC.
The basal ganglia have another mechanism, involving the external segment of the globus pallidus and the subthalamic
nucleus, with which the SNr-SC inhibition can further be enhanced. The sensorimotor signals carried by the basal ganglia
neurons are strongly modulated depending on the behavioral context, which reflects working memory, expectation, and
attention. Expectation of reward is a critical determinant in that the saccade that has been rewarded is facilitated
subsequently. The interaction between cortical and dopaminergic inputs to CD neurons may underlie the behavioral
adaptation toward purposeful saccades.

PHYSIOLOGICAL REVIEWS

Vol. 80, No. 3, July 2000
Printed in U.S.A.

www.physrev.physiology.org 9530031-9333/00 $15.00 Copyright © 2000 the American Physiological Society



I. INTRODUCTION

Animals lacking the striatum always display a certain
fatuous, expressionless facies from which the eyes stare
vacantly and with morbid intentness.

Mettler (212)

Patients with basal ganglia disorders suffer from ex-
cessive or retarded movements of the trunk, arms, or legs.
Such movement deficits are so disabling that deficits in
eye movements, if present, may remain unnoticed during
clinical tests. Notably, however, one of the diagnostic
signs of Parkinson’s disease is the expressionless face,
often called “parkinsonian mask” (283), which is due
partly to the paucity of spontaneous gaze shifts (saccadic
eye movements). Parkinsonian patients may make a sac-
cade, on command, to a visual object with little difficulty,
yet their voluntary saccades are rare. These facts suggest
that the basal ganglia are involved in the control of sac-
cades, but in an intricate manner. Recent studies on
trained animals and humans have suggested that the basal
ganglia are related to both initiation and suppression of
saccades in complex behavioral contexts, which we sum-
marize in this review.

Clinical studies have indicated that smooth pursuit is
also impaired in basal ganglia disorders (75, 326). How-
ever, because to our knowledge there has been no study
that suggests how the basal ganglia contribute to the
control of smooth pursuit, we do not make further com-
ments on this issue.

This article may be divided roughly into three parts.
First, we introduce you to the present topic by speculat-
ing how the basal ganglia evolved to control spatial ori-
enting (sects. II and III). In the second part, we summarize
the experimental evidence for the specific relation of the
basal ganglia to saccadic eye movement (sects. IV–VI). The
second part will, hopefully, be continued into the third
part smoothly, where we describe the results of recent
studies on cognitive or motivational aspects of motor
control (sects. VII and VIII). The issues dealt with in the
third part are not limited to the control of eye movement
but are of more global importance for brain function in
general.

II. CONCEPT OF THE BASAL GANGLIA

The basal ganglia are considered to be necessary for
voluntary control of body movements (53). This idea is
derived mainly from the clinical observations that lesions
in the basal ganglia lead to movement disorders ranging
from the inability to initiate a movement to the inability to
suppress involuntary movements. Anatomically, the basal
ganglia are the aggregate of nerve cell nuclei located at
the base of the cerebrum (39). Although there are differ-

ent opinions on the definition (106), the basal ganglia, as
a functional entity, are composed of the caudate nucleus
(CD) and putamen (PUT) (collectively called striatum),
globus pallidus, substantia nigra, and subthalamic nu-
cleus (STN).1 The globus pallidus is further divided into
the external segment (GPe) and the internal segment
(GPi); the substantia nigra is divided into the pars reticu-
lata (SNr) and pars compacta (SNc). The CD and PUT are
the two input stations, receiving signals from a wide area
in the cerebral cortex and part of the thalamus, whereas
the GPi and SNr are the two major output stations, send-
ing signals to part of the thalamus and brain stem motor
areas. The STN, GPe, and SNc are mostly connected with
other basal ganglia nuclei and may act as modulators. The
STN, in addition, receives direct inputs from the cerebral
cortex. Closely related to, or included in, the basal ganglia
is the ventral striatum including the nucleus accumbens,
which is a ventral extension of the CD-PUT (199). Al-
though the basal ganglia have limited routes for their
inputs and outputs, individual nuclei are often connected
with each other, and therefore, it is difficult to under-
stand, solely based on the known anatomical connec-
tions, how the information is processed in the basal gan-
glia.

We propose that the basal ganglia have two ways to
control movements using two kinds of output: 1) control
over the thalamocortical networks and 2) control over
brain stem motor networks (Fig. 1). Many studies on
trained animals have been done using hand or arm move-
ments in which the thalamocortical networks are mainly
involved. However, there are different kinds of move-
ments, such as eye-head orienting, locomotion, mastica-
tion, and vocalization. They are different from hand/arm
movements in that their movement patterns are deter-
mined by specific neural networks in the brain stem or
spinal cord. For hand-finger-arm movements, the pattern
of movement is acquired largely with practice; for the
brain stem-controlled movements, the pattern of move-
ment is largely determined genetically.2

The outputs of the basal ganglia are directed to some
of the motor networks in the brain stem (106, 233). They
include the projection to the superior colliculus (SC) (for

1 The caudate and putamen arise from a common embryonic struc-
ture and have common cell types and, therefore, are often called the
striatum collectively (106). In this article, we frequently use the term
striatum, instead of the caudate, when we (or the authors to which we
refer) want to describe a feature common to the caudate and putamen,
such as the microstructure of the projection neurons.

2 This does not necessarily indicate that the brain stem-controlled
movements are unrelated to learning. A number of studies have demon-
strated motor or sensorimotor learning of saccades, although the learn-
ing is usually limited to adaptation of saccade parameters (57). More
importantly, skill learning involves spatiotemporal reorganization of a
variety of movements, including saccades, toward efficient and quick
performance (216), whereas the properties of individual saccades may
be unchanged.
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eye-head orienting which will be described later), the
pedunculopontine nucleus (106, 237) [possibly for loco-
motion (87, 109, 221)], and the periaqueductal gray [pos-
sibly for vocalization (160) and autonomic responses (17,
146)]. Given the fact that the basal ganglia (or their ho-
mologs) are present also in lower vertebrates (including
reptiles and amphibians), which lack the robust thalamo-
cortical networks, the brain stem projection is probably
the primary way in which the basal ganglia operate (200).
Most common among the vertebrate species is the con-
nection to the SC (or tectum) (208). According to Marı́n et
al. (200), “in non-mammalian tetrapods, the basal ganglia-
tectal pathways constitute the main anatomical basis for
the involvement of the basal ganglia in motor control.”
This consideration suggests that a key feature of the basal
ganglia function can be revealed by studying the basal
ganglia-SC connection.

III. GENERAL SCHEME OF SACCADIC

EYE MOVEMENT

Saccadic eye movement is controlled by many brain
areas (Fig. 2). Drive for saccade originates largely from
different cortical areas [frontal eye field (FEF), lateral
intraperitoneal area (LIP), and supplementary eye field
(SEF)], more or less independently (see Ref. 333 for re-
view). The basal ganglia work in a completely different
way. They do not provide a drive, but select one that is
appropriate, by exerting powerful tonic inhibition and
removing it. This feature seems common to other kinds of
movements and probably nonmotor functions that the
basal ganglia control.

A. Hierarchy of Oculomotor Mechanisms

To understand the role of the basal ganglia in sac-
cades, we need to know how the SC-brain stem mecha-
nism works for generating saccades. As the result of many
studies over 20 years, the detailed networks for saccade
control and their functional properties have been eluci-
dated. Figure 3 shows a conceptual scheme to illustrate
how oculomotor mechanisms might have evolved. Ac-
cording to Robinson (261), vestibulo-ocular reflex (VOR)
is the most primitive form of eye movement that acts to
stabilize the image on the retina by compensating for head
movements and therefore is crucial for visual perception.
However, VOR is induced by head acceleration and there-
fore is least effective when the head moves at a constant

FIG. 1. Two functions of the basal ganglia. The basal ganglia exert
inhibitory effects on 1) brain stem motor centers to control innate
movements and 2) thalamocortical circuits to control learned move-
ments.

FIG. 2. Major saccade-related areas in the macaque monkey’s brain
viewed from the lateral (top) and mesial (bottom) sides.
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speed. Optokinetic response (OKR) would compensate
for the deficient performance of VOR in that the eyes
follow the motion of the whole visual field. Both VOR and
OKR are commonly present in different vertebrate spe-
cies, such as frogs and turtles (59, 58). One problem here
is that both VOR and OKR need to be reset intermittently;
otherwise, the eyes may end up in an eccentric position.
Even frogs show quick phases, although infrequently (60).
However, visual perception is virtually lost during the
resetting movement; therefore, the reset must be done
very quickly (the so-called quick phases). The quick
phases are produced by a specialized set of neurons in the
brain stem reticular formation that include burst neurons
and pause neurons (121). At some point in evolution, the
SC gained synaptic connections to the generators of quick
phases. This is probably the origin of saccadic eye move-
ment, as described in the following hypothetical scheme
of evolution.

The tectum (the homolog of the SC) is a prominent

brain structure in lower vertebrates (e.g., amphibians and
reptiles). It is a key station of “orienting response” in
which the animal orients its head or body quickly to a
newly appearing object (67, 297, 332). The orienting re-
sponse is essential for the survival of most animals in-
cluding invertebrates (144). Most vertebrates have multi-
ple sensory organs, and consequently, the orienting
response must be determined by taking into account mul-
tiple kinds of sensory information (visual, tactile, and
auditory). All of these sensory signals converge onto the
SC in a topographical manner, forming a spatial map
(319). The output of the SC is then led to the motor
networks in the spinal cord for head and trunk move-
ments to produce the orienting response (226, 264). In
mammals, the SC output is now connected to the brain
stem networks for quick phases (46, 102). The eye move-
ment thus produced would be an orienting response to an
object (rather than just a reset) and is called a saccadic
eye movement. Saccadic eye movement turned out to be

FIG. 3. Hierarchical organization of saccade mechanisms. The neural machinery for saccade is provided by the
mechanism of vestibulo-ocular reflex (VOR) and optokinetic response (OKR) as a quick phase generator that includes
burst neurons and pause neurons. The connection from the superior colliculus (SC) to the quick phase generator allows
the animal to orient its eyes quickly to an object using local visual information, which is generally referred to as “saccadic
eye movement.” Efferent connections to the SC from the cerebral cortical areas and the basal ganglia (i.e., SNr) enable
the selective control of saccades, especially by suppressing unwanted saccades. SCs and SCi, the superficial and
intermediate layers of the SC, respectively; Vest. N., vestibular nuclei. See Figure 2 for additional definitions.
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more efficient than head movement because it is faster
(19). This is particularly true for primates, since they have
larger brains and consequently heavier heads. Clearly, the
orienting response is no longer just a reflex for most
vertebrates; it requires integration of multimodal sensory
information. This in turn necessitates the presence of a
mechanism that controls the integration process, with
which an appropriate signal is selected. The basal ganglia
may have evolved as playing such a role of selection with
its connection to the SC (257).

An important event in evolution is that the brain
became more complex as spatial information is repre-
sented in multiple forms (5, 108). In addition to the SC,
there are now many spatial maps in cerebral cortical
areas: some of them are specific to sensory modalities
(e.g., visual, somatosensory, auditory) or submodalities
(e.g., visual motion, shape etc.), whereas others are su-
pramodal or cross-modal. However, the animal can orient
to only one location at a time. This means that signals
derived from the multiple spatial maps must be integrated
to decide to which location the animal orients. Such an
integrating function could be accomplished by the con-
vergent connections from many cortical areas to the SC
(Fig. 3) (298, 332).

Visual search may be another function that emerged
with the establishment of the cortico-SC connections. The
detailed analysis of visual features can only be done for
inputs to the fovea. This necessitated continual saccades
to capture points of interest in visual field with the fovea;
the process is called “visual search” (222, 318). Inherent in
visual search is the need for selection, attention, or judg-
ment, since there are usually many points of interest, and
yet a saccade must be directed to one of them at a time.
Possible neural correlates for the selection of saccade or
attention have been found in the FEF (97, 188, 270, 335)
and the LIP (47, 100, 295). It has been shown that visual
and saccadic neurons in the FEF (282, 296) and LIP (241)
project to the SC.

However, such an increased demand for the conver-
gent connections to the SC would lead to an information
overload if not controlled appropriately. The inhibitory
basal ganglia-SC connection would play a crucial role in
preventing a chaotic state. Before describing the experi-
mental evidence for basal ganglia-SC connection, let us
summarize the more detailed function of the SC.

B. Superior Colliculus: A Key Station for

Saccade Control

The SC is unique in that it has both strong sensory
functions and strong motor functions (332). Visual inputs
from the retina are directly mapped on its superficial layer
as a two-dimensional retinotopic representation (262,
271). The visual inputs from one hemifield are mapped

onto the surface of the contralateral SC such that the
central field is represented at the rostral part while the
peripheral field is at the caudal part, and the upper field is
at the medial part while the lower field is at the lateral
part.

The intermediate layer beneath the visual superficial
layer has a motor function (297). Robinson (260) demon-
strated that electrical stimulation there evokes a saccade
whose direction and amplitude depends on the stimulus
location, not its intensity or duration. The vector of the
stimulus-induced saccades matches the retinotopic map
in the superficial layer such that small saccades are
evoked from the rostral part, whereas large saccades
from the caudal part and upward saccades are evoked
from the medial part while downward saccades from the
lateral part.

In addition to visual information, auditory and so-
matosensory information can drive SC neurons (176, 302).
The body surface, including hair or vibrissae, is repre-
sented in the deep layer such that the somatotopic repre-
sentation is roughly aligned on the retinotopic represen-
tation. A similar spatial alignment is also present for
auditory information. In the cat, for example, neurons in
a same region of the SC respond to light and sound that
are elicited from the same location in space (213).

Suppose an object or animal appears in the right-
upper part of the visual field. A visual signal elicited from
it will activate visual neurons in the superficial layer, but
only in its medial part. This will be followed by activation
of neurons in the intermediate layer just below the acti-
vated visual neurons (155, 219). These neurons show a
burst of spikes that is followed by a saccadic eye move-
ment that is directed exactly to the location of the object
or animal. In fact, the burst of spikes is the command for
the saccade; the signal is sent to the saccade generators in
the reticular formation to generate the orienting saccade
(46, 102, 103, 224).

IV. MECHANISMS OF THE BASAL GANGLIA:

DISINHIBITION

Studies on eye movements have largely been focused
on the relation between the CD, SNr, and SC (133, 143).
The most important conclusion was that the CD inhibits
the SNr, which in turn inhibits the SC. With these serial
inhibitory connections, the basal ganglia control the wide
variety of inputs to the SC. The oculomotor function of
the basal ganglia was first suggested by the findings that
the neurons in the SNr, one of the output stations of the
basal ganglia, project to the intermediate layer of the SC
(68, 104, 148, 157, 259, 317). The SNr-SC connection was
further confirmed anatomically (20, 21, 78, 206, 207, 256,
322, 329) and physiologically (6, 43, 44, 162).
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A. Visuo-oculomotor Activities in the Substantia

Nigra Pars Reticulata

The first evidence for the oculomotor role of the
basal ganglia originates from the discovery of saccade-
related neurons in the SNr in monkeys (137–139) and cats
(159). A striking finding then was that almost all SNr
neurons were spontaneously very active, discharging at
50–100 Hz. Such high spontaneous spike activity turned
out to be a critical determinant of basal ganglia functions
(142).

Neurons in the SNr, especially those in its laterodor-
sal part, showed a saccadic or visual response by decreas-
ing their spike activity. The latency of visual responses
was ;110–120 ms after stimulus onset, while saccadic
activities preceded saccade onset by 0–240 ms. The pause
of activity was present only when the monkey was en-
gaged in saccade tasks; no change in activity was ob-
served when the monkey was making saccades spontane-
ously. Most of the visuo-oculomotor neurons in the SNr
had restricted response fields (visual receptive fields or
saccadic movement fields) that were usually centered in
the contralateral hemifield (137) A smaller number of
neurons showed visual on- and/or off-responses only
when the fixation spot turned on or off (138).

A group of SNr neurons showed visual or saccadic
responses only when the saccade was made to a remem-
bered location of a visual target (139). Subsequent studies
have suggested that the neural mechanisms for memory-
guided saccades are distributed in wider cortical and
subcortical areas (84, 96). Nonetheless, the basal ganglia
are unique in that they contain neurons specifically re-
lated to memory-guided saccades (133).

B. Substantia Nigra Pars Reticulata-Superior

Colliculus Projection (and Its Experimental

Manipulation)

Hikosaka and Wurtz (140) demonstrated, by using
antidromic activation, that SNr project their axons to the
SC. They use two electrodes, one in the SNr for recording
and the other in the SC for stimulation. Many SNr neu-
rons, particularly those with visuo-oculomotor properties,
were activated antidromically from the SC. The threshold
and latency of antidromic responses of a single SNr neu-
ron changed when the stimulating electrode was moved
inside the SC. The depth-threshold and depth-latency pat-
terns thus obtained suggested that the axon of a single
SNr neuron entered the SC from its deep layer and ar-
borized profusely in the intermediate layer where sac-
cadic burst neurons are located, consistent with anatom-
ical findings (157, 206).

What is the nature of the SNr-SC connection? The
comparison of the visuo-oculomotor activities in the SNr

and the SC indicates a mirror image-like relationship; SNr
neurons pause while SC neurons burst. Furthermore, the
response field of a SNr neuron roughly corresponded to
those of SC neurons where the axon of the SNr neuron
arborized (140). These results suggested that SNr neurons
have inhibitory connections with SC neurons, consistent
with anatomical (317) and physiological (6, 43, 162) find-
ings. SNr neurons exert tonic inhibition on presaccadic
neurons in the SC but remove the inhibition occasionally
to allow the burst of spikes and consequently a saccade to
the contralateral side.

The next question was what causes the cessation of
SNr neural activity and consequently the removal of the
tonic inhibition.

C. Caudate Nucleus as an Input Station in the

Basal Ganglia

The striatum, including the CD and the PUT, is a
major input station of the basal ganglia (39, 106). The CD
is an elongated structure along the lateral ventricle, which
often is differentiated into the head, body, and tail (with
no obvious demarcations). While the PUT receives inputs
predominantly from the somatomotor areas of the cere-
bral cortex and related thalamic nuclei (74, 191, 307), the
CD receives inputs from the large portion of the associa-
tion cortices and the associational part of the thalamus in
a more or less topographical manner (284, 336). A major-
ity of neurons in the striatum are medium-sized spiny
neurons that are GABAergic (70, 72, 76, 180) and project
their axons out of the striatum (180, 242, 293). A smaller
portion of CD neurons is interneurons, which are cholin-
ergic or GABAergic (61, 166). However, the identification
of cell types has been done only in slice preparations or in
the anesthetized animals. In the alert animals, two types
of neurons have been recognized, which appear to corre-
spond to GABAergic projection neurons and cholinergic
interneurons (3, 133, 171).

In contrast to the output neurons of the basal ganglia
in the SNr or GPi, which show high spontaneous activi-
ties, projection neurons in the striatum are usually very
quiet and are difficult to detect their presence by extra-
cellular recordings (53, 133). They become active only
when the animal performs an appropriate task. These
features are thought to be related to unique membrane
properties of these neurons; the membrane potential is
set either at a hyperpolarized level (down state) or at a
depolarized level (up state) (35, 181, 330).

Only a small portion of neurons in the striatum are
interneurons. Most prominent among them is a group of
neurons that are tonically active. It has been suggested
that the tonically active neurons (TAN) are cholinergic
interneurons that are large aspiny neurons and comprise
,2% of all striatal neurons (251). The TAN respond to
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visual or auditory stimuli, but only when they signify
future reward (7). It is unknown whether TAN contribute
to the control of saccadic eye movements.

Another group of interneurons, which are GABAergic
and contain parvalbumin, have recently been character-
ized morphologically and electrophysiologically (177).
They are medium-sized aspiny neurons, slightly larger
than projection neurons, and comprise ;3–5% of all stri-
atal neurons. However, their discharge pattern in behav-
ing animals has not been reported.

D. Visuo-oculomotor Activities in the

Caudate Nucleus

Unlike the PUT where neurons could be activated in
simple movement tasks (3, 172), complex behavioral
tasks are usually necessary to activate CD neurons (170,
196, 236, 263, 278). Saccade tasks are also effective in
driving CD neurons, but the neurons’ relation to saccades
can be very complex.

The CD neurons showing visual or saccadic activities
were thought to be projection neurons, since their spon-
taneous discharge rates were very low (usually ,1 Hz).
They are clustered in the region of the CD where the head
changes into the body, mostly posterior to the anterior
commissure (133, 134). The visuo-oculomotor region
largely includes the region that receives inputs from the
FEF (245, 299) and the SEF (288) and partly includes the
region that receives inputs from the dorsolateral prefron-
tal cortex (284, 336). Intermingled with such visual-sac-
cadic neurons were found more complex neurons, such
as those related to expectation of task-specific events
(135). The complex properties of CD neurons will also be
described in section VII.

Because projection neurons in the CD show very low
spontaneous activity, the visual or saccadic activities al-
ways appear as an increase in discharge rate (133). Like
SNr neurons, CD neurons have response fields (visual
receptive fields or saccadic movement fields) that are
usually centered in the contralateral field. These activities
are frequently dependent on the behavioral context in that
they tend to be enhanced when the stimulus location must
be remembered or attended (134), or when the saccade
must be made based on working memory (133). These
properties are similar to those of SNr neurons, further
suggesting that visuo-oculomotor signals are transmitted
from the CD to the SNr.

E. Caudate Nucleus-Substantia Nigra Pars

Reticulata Projection

The comparison of visuo-oculomotor activities be-
tween the CD and the SNr revealed a mirror image-like
relationship; before a contralateral saccade, CD neurons

increased while SNr neurons decreased their spike activ-
ity. This suggested that the pause of SNr cell activity was
caused by the phasic activity of CD neurons. In fact, when
the visuo-oculomotor region of the CD was stimulated,
the spike activity of SNr neurons, especially those with
visuo-oculomotor activities, tended to be suppressed
(132), confirming previous studies on alert monkeys
(69b). Although the effect was clear with a single pulse
stimulation of ,100 mA, the latency was quite long (9–33
ms; mean, 17 ms). The effect was nonetheless considered
to be monosynaptic, since its latency was comparable to
the latency of monosynaptic inhibitory postsynaptic po-
tentials (15–20 ms) induced in SNr neurons by stimulation
of the CD (337). SNr neurons that were related to mem-
ory-guided saccades, compared with those related to vi-
sually guided saccades, were more likely to be affected by
CD stimulation (132).

Train stimulation of the CD induces eye-head orient-
ing toward the contralateral side (77, 185, 193, 238). These
results are consistent with the hypothesis that the effect
of CD stimulation is mediated by the serial connection
from the CD through the SNr to the SC. The hypothesis is
supported by anatomical (328) and physiological (45) ex-
periments, although the effect could be attributable to the
antidromic activation of cortical neurons, especially in
the FEF. Interestingly, however, a significant proportion
of SNr neurons showed excitation (in addition to inhibi-
tion or in isolation) by CD stimulation with similar laten-
cies (132). The excitation is possibly mediated by the
indirect pathway through the GPe and the STN. We will
come back to this problem in section V.

F. Disinhibition: A Key Feature of Basal

Ganglia Function

These experiments led to the conclusion that disin-
hibition is a key mechanism with which the basal ganglia
control saccadic eye movements (122). Although the SNr
normally exerts tonic inhibitory influences over the SC,
phasic inhibitory signals from the CD interrupt the SNr-
induced inhibition, thus yielding a powerful facilitatory
effect (Fig. 4). In fact, this scheme seems a general prin-
ciple of basal ganglia functions (54, 247); as a major
mechanism for skeletomotor control, the PUT (instead of
the CD) acts to remove the tonic inhibition of the GPi on
the thalamus.

Why should the basal ganglia use disinhibition in-
stead of simple excitation? Probably crucial to this ques-
tion is the fact that the SC receives excitatory inputs from
many brain areas. Given this situation, disinhibition
would be superior to simple excitation as a control mech-
anism. Without the strong tonic inhibition from the basal
ganglia, the SC would be in a chaotic state with excitatory
signals, each of which would suggest to make a saccade in
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a different context. Therefore, the primary function of the
basal ganglia would be to prevent the convergent excita-
tory signals from triggering motor output of the SC; the
gate for motor outputs is thus kept closed. The second
function of the basal ganglia is to open the gate by remov-
ing the tonic inhibition.

G. Reversible Blockade of Substantia Nigra

Pars Reticulata

If this mechanism is really important, its loss should
lead to serious behavioral disorders. However, lesion ex-
periments were apparently very difficult because the SNr
is relatively small and surrounded by important motor
structures such as the cerebral peduncle. An alternative
method was drug-induced reversible inactivation, specif-
ically injection of muscimol (a GABA agonist) (141). The
results were striking, and this method is now used widely
for behavioral experiments.

Muscimol injected in the SNr would bind to GABA
receptors on SNr neurons and stop their otherwise rapid
firing. The effect was to temporarily eliminate the tonic
inhibitory influences on the SC. After an injection of
muscimol in the SNr unilaterally, the monkey became
unable to keep fixating a center spot of light and made
saccades repeatedly to the side contralateral to the injec-
tion, especially when a visual stimulus was presented
(142). Similar results were obtained in cats (28) and rats
(267). In addition to saccades, rats showed involuntary
head and trunk movements toward the contralateral side
(267). The result indicates that the SNr-induced tonic
inhibition is indeed very important in preventing unnec-
essary saccades. A similar effect was induced when bicu-
culline (a GABA antagonist) was injected in the SC (141).

These results were complementary in suggesting that the
SNr-induced inhibition was blocked at the level of neu-
rons of origin (SNr) or at the level of synaptic terminals
(SC).

Involuntary movement is a characteristic feature of
basal ganglia diseases. Involuntary eye movements ob-
served after muscimol injection in the SNr may be based
on the mechanism common to basal ganglia diseases.
Although involuntary eye movements are not commonly
reported in basal ganglia diseases, any abnormality of eye
movements may be overshadowed by robust involuntary
body movements. In Tourette’s syndrome, for example,
the patients often show involuntary eye movements to-
gether with various motor tics (see sect. IX).

V. MECHANISMS OF THE BASAL GANGLIA:

ENHANCEMENT OF INHIBITION

As indicated before, many kinds of inputs converge
onto the SC, and the input from the SNr is only one of
them. What is unique about the SNr input is its inhibitory
nature. This function would further be supported by the
findings of parallel indirect pathways (Fig. 5). For exam-
ple, stimulation of the CD sometimes excites SNr neurons
(132). This could be mediated by one of the indirect
pathways; the striatal outputs are mediated by the exter-
nal segment of the GPe, which is inhibitory (292), and the
STN, which is excitatory (113, 230). The inputs to the
striatum would lead to an enhancement of the basal gan-
glia inhibitory outputs, because the indirect pathway con-
tains two inhibitions, as opposed to one inhibition. This is
quite opposite to what the direct pathway does.

It is important to note that output neurons are seg-
regated in the striatum for the direct and indirect path-

FIG. 4. Disinhibition as a key mechanism
for the basal ganglia control of saccade. With
their high background activity, GABAergic
SNr neurons inhibit SC output neurons ton-
ically, thus preventing unwanted saccades.
Phasic activity of GABAergic output neurons
in the CD (which are otherwise nearly silent)
interrupts the tonic SNr-SC inhibition, thus
allowing a saccade to occur.
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ways (69a, 93, 94, 242, 291). Both are GABAergic, but
different polypeptides are colocalized: substance P in
SNr/GPi-projecting neurons and enkephalin in GPe-pro-
jecting neurons (105). Although both types of striatal
neurons receive heavy dopaminergic innervation, SNr/
GPi-projecting neurons and GPe-projecting neurons have
D1 and D2 receptors, respectively (91), although the seg-
regation of receptor types is not complete (305). This
suggests that the basal ganglia can exert two opposing
effects (disinhibition and enhancement of inhibition) de-
pending on which type of striatal neurons is activated.

The mechanism for the enhancement of inhibition in-
cludes two additional pathways: 1) direct connection from
the cerebral cortex to the STN (115, 183) and 2) direct
connection from the GPe to the SNr and GPi (293). The
actions of these pathways are thought to be an enhancement
of inhibition, since the number of inhibitions before entering
the SNr is 0 and 2, respectively. However, the direct cortical
projection to the STN may be critically different from the
pathways through the striatum because it is fast in convey-
ing information (230, 338) and the STN receives less dense
dopamine (DA) inputs than the striatum.

An important question here is whether these inhibi-
tion-enhancing pathways are used for oculomotor control
and, if so, how it is used.

A. Subthalamic Nucleus as a Mechanism for

Motor Suppression

The STN is a prominent, though not large, structure
overlying the SNr. It is well known that a unilateral lesion
of the STN leads to ballistic involuntary movements of
body parts on the contralateral side (hemiballism) (50).
Unlike most of the other basal ganglia nuclei which use
GABA as a neurotransmitter (and therefore inhibitory),
the STN is excitatory using glutamate as a neurotransmit-
ter (230). The STN receives inputs from the GPe (287),
and frontal cortical areas (41, 115, 231), and sends its
outputs to the SNr, SNc, GPi, and GPe (161, 179, 244, 294).
These results raise the possibility that the STN is also
involved in the oculomotor control.

B. Neural Activity in the Subthalamic Nucleus

Visuo-oculomotor neurons were indeed found in the
STN (204). They were located predominantly in the ven-
tral part that receives inputs mainly from the prefrontal
association cortex (115), the FEF (152, 300), or the SEF
(151). The task-related neural activities were classified
into several types: saccadic, visual, fixation, and others.
Unlike in the SNr, these responses usually appeared as an
increase in spike frequency.

Sustained activity during visual fixation was fre-
quently observed in the STN. Typically, a STN neuron
continues to discharge from the onset of the fixation spot
until the end of trial, except when a saccade was made to
a target. The sustained activity in the STN would keep
activating SNr neurons, maintain the tonic inhibition on
presaccadic neurons in the SC, and therefore tend to
suppress saccades. This was what the monkey was re-
quired to do for completion of task trials.

Visual responses in the STN were phasic and excita-
tory. Their latencies (70–120 ms) were generally shorter
than those of CD visual responses (100–250 ms), suggest-
ing that visual information, at least partly, is sent to the
STN directly from the cerebral cortex. Their receptive
fields were usually close to the fovea or included the
fovea. If this visual signal is sent to the SC via the SNr,
saccades tend to be suppressed when the stimulus is
close to the fovea. This is consistent with the idea that the
STN contributes to the maintenance of stable fixation that
is prerequisite for performing saccade tasks.

FIG. 5. Two parallel mechanisms in the basal ganglia. In parallel
with the CD-SNr-SC serial inhibitions are present pathways mediated by
the GPe and/or STN. Inhibitory and excitatory neurons are indicated by
solid and open circles, respectively. The effects of the GPe/STN path-
ways are thought to be opposite to that of the CD-SNr-SC pathway, since
they contain two (CD and GPe) or no inhibitions before reaching the
SNr. DA neurons in the SNc (and surrounding midbrain regions) connect
mainly to striatal output neurons and exert modulatory effects, mostly
via D1 receptors on SNr projecting neurons and via D2 receptors on
GPe-projecting neurons. It is postulated that the corticostriatal input
carries spatial information while the DA input carries reward-related
information.
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C. Globus Pallidus External Segment as a

Mediator for Enhancement of Inhibition

The function of the GPe is less clear compared with
other basal ganglia structures. It is connected with almost
all nuclei in the basal ganglia but has few connections
with brain areas outside the basal ganglia. Inputs to the
GPe originate from the striatum (79, 94, 117, 118) and the
STN (116), whereas outputs from the GPe are directed to
the SNr (243, 293), GPi (174), and STN (40, 178). GPe
neurons are considered to be GABAergic (292). The GPe
thus plays an important mediator for the so-called indirect
pathway: striatum (GABA)-GPe (GABA)-STN (glutamate)-
SNr or GPi (GABA). It is possible that visuo-oculomotor
information is relayed along this pathway.

D. Neural Activity in the Globus Pallidus

External Segment

Visuo-oculomotor neurons were found in the dorsal
part of the GPe (163), the region that receives inputs
predominantly from the CD (117). Some neurons showed
excitatory responses, whereas others were inhibitory.
Some were selective for visually guided saccades,
whereas others were selective for memory-guided sac-
cades. Spatial selectivity of visual or saccadic activities
was generally poor, frequently responding to saccades of
any direction or eccentricity. Some GPe neurons showed
a sustained increase or decrease of activity while the
monkey was fixating, similarly to those in the STN. Some
may also combine other responses, such as hand move-
ments. In short, although GPe neurons are related to
visual-saccadic behaviors, their activities tended to be
nonselective, which is similar to those in the STN but
dissimilar to those in the CD or SNr.

E. Focusing and Sequencing of Basal

Ganglia Signals

What then is the function of the pathway involving
the GPe and/or STN? Given the anatomical data described
above, the visuosaccadic activities in GPe neurons are
likely to originate in the CD, yet the GPe neurons are less
selective than CD neurons (163). The result suggests that
there is a large degree of convergence of information for
GPe neurons (i.e., divergence for CD neurons) in the
CD-GPe connections. This idea may be supported by
quantitative anatomical considerations (73, 175, 248). An
additional connection from the STN may also contribute
to the nonselective feature.

Let us assume that a cortical input activates a popu-
lation of CD neurons to create a focus of activity that has
a spatial gradient decreasing outward (Fig. 6). The posi-
tive peak of activity in the CD, on one hand, would

directly inhibit SNr neurons, thus producing a negative
peak of activity. If a similar positive peak of activity is fed
into the indirect pathway, a negative peak would be pro-
duced in the GPe. Note that this peak would be less steep
due to the divergence of information, yielding the nonse-
lectivity of GPe neurons. These signals, when transmitted
to the SNr either directly or through the STN, would

FIG. 6. Two modes of basal ganglia action: focusing and sequencing.
The spatial extent of neuronal population activity in each basal ganglia
nucleus is schematized along the signal transmission through the indi-
rect pathway (left) and the direct pathway (right). Through the direct
pathway, the CD-SNr connection leads to a spatially selective inhibition
of SNr neurons, usually for the contralateral visual field. The indirect
pathway through the GPe and/or STN leads to a less selective facilitation
of SNr neurons, partly due to the divergent CD-GPe connection. The two
opposing effects would interact in SNr neurons either 1) simultaneously
to produce more selective information (due to the interaction between
a narrow inhibitory effect by the direct pathway and a wide facilitatory
effect by the indirect pathway) or 2) sequentially to produce switching
of behavior from the suppression of movement (when the indirect
pathway is dominant) to the initiation of movement (when the direct
pathway is dominant).
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produce a positive peak (because GPe neurons are inhib-
itory) that is less steep than the negative peak produced
by the direct pathway.

There can be two ways in which these pathways
might work: simultaneous mode and sequential mode
(Fig. 6). In the simultaneous mode, these two opposing
effects should be superimposed in the SNr, yielding a
sharper negative peak. The activity in its target structures,
SC or thalamus, would thus be more focused. The effect
is to enhance the spatial contrast of neural signals. This is
similar to the scheme frequently referred to as lateral (or
surround) inhibition. In the sequential mode, the effect
would be to enhance the temporal contrast. When a move-
ment is in preparation, the indirect pathway would be
continuously active so that the target of the basal ganglia
(i.e., SC) is continuously inhibited in a nonselective man-
ner. However, once a trigger signal comes in, the direct
pathway would start working, now disinhibiting the SC in
a selective manner. Both modes of operation seem plau-
sible, since neural activities have been found in the GPe
and STN together with the CD and SNr that agree with
these schemes.

An important fact here is that there are two distinct
groups of neurons in the striatum: one for the direct
pathway and the other for the indirect pathway (69a, 242,
291). To test these ideas, it is critical to characterize the
functional characteristics of these two groups of striatal
neurons. Direct pathway neurons and indirect pathway
neurons should be activated antidromically from the SNr
and GPe, respectively, but such an experiment has not
been done in behaving animals except for the projection
from the PUT to the GPe or GPi (173). This is partly
because it is often difficult to activate striatal neurons
antidromically (83), possibly because action potentials
are blocked at a branch point of plexuslike axon collat-
erals (252).

However, the distinction between the direct and in-
direct pathways may not be appropriate, if we emphasize
the direct cortical input to the STN. Logically, this allows
the cerebral cortex to use the dual mechanisms in the
basal ganglia independently (rather than in a coordinate
manner as implied in Fig. 6). Again, we have had no
answer yet, largely because no study has been done to
characterize functionally striatum-projecting neurons and
STN-projecting neurons in the cerebral cortex. The cor-
tico-STN connection would act as a more direct and
quicker way to suppress unnecessary movements (80,
205).

To summarize, depending on whether working to-
gether or sequentially, the direct and indirect pathways
would contribute to the following aspects of behavioral
organization: 1) suppression of unnecessary or inappro-
priate movements (its effect is to focus and select move-
ments that are currently required); and 2) suppression of
a forthcoming movement when the movement is in prep-

aration; this is particularly important because the motor
program is ready to go but must be kept from being
triggered. Without the latter mechanism we would have
difficulty in suppressing planned movements, as exempli-
fied in the fixation-breaking saccades in patients of basal
ganglia disorders (125).

VI. MECHANISMS OF THE BASAL GANGLIA:

ROLE OF DOPAMINE

DA is a critical determinant of basal ganglia function.
DA neurons located in the substantia nigra pars compacta
(SNc) and its vicinity project to the striatum (in addition
to frontal cortical and limbic areas) and exert strong
modulatory influences over the corticostriatal signal
transmission (101). Patients with Parkinson’s disease,
which is caused by the degeneration of DA neurons, show
deficits in eye movements (see section IX).

Experimentally induced parkinsonism, using 1-
methly-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), pro-
vides a useful model to determine the role of DA in eye
movements. Saccades in MPTP-induced parkinsonian
subjects were very infrequent, slow, and hypometric, and
the range of eye movements was limited, as initially
shown in human subjects (149) and later in macaque
monkeys (32, 279). However, the subjects were usually
unable to perform any kind of behavioral task due to the
strong actions of MPTP, making it impossible to evaluate
the normal function of DA.

An alternative method was a local (not systemic)
infusion of MPTP in the basal ganglia (154). Kato et al.
(164) injected MPTP into the CD unilaterally during the
period of 7–14 days using an osmotic mini-pump. Later
histological examination using tyrosine hydroxylase im-
munohistochemistry indicated that DA depletion was re-
stricted in the CD unilaterally, without affecting the ven-
tral part of the PUT. Most of the MPTP-infused monkeys
remained active with no clinically detectable parkinson-
ism, but their eye movements became deficient.

There were three kinds of deficits in relation to eye
movements. 1) There was paucity and restriction of spon-
taneous saccades. Spontaneous saccades became less fre-
quent, the area scanned by the saccades became narrower
and shifted to the hemifield ipsilateral to the MPTP infu-
sion, and the saccade amplitudes and velocities decreased
(164). 2) There were preferential deficits in memory-
guided saccades. The saccadic latency was prolonged
consistently in contralateral memory-guided saccades,
and these saccades were sometimes misdirected to the
ipsilateral side (190). 3) There was saccadic and attention
hemineglect. When presented a target and a distractor on
each hemifield, the monkeys made a saccade to which-
ever was presented in the ipsilateral side; they reacted to
the ipsilateral stimulus more quickly even in an attention
task in which no saccade was allowed (217).
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The preferential impairment of MPTP in CD monkeys
is in line with the finding that the monkey basal ganglia
contain neurons that are selective for memory-guided
saccades (135, 143). On the other hand, it was not imme-
diately clear why spontaneous saccades were disturbed
by MPTP, since basal ganglia neurons usually show no
change in activity with spontaneous saccades. It has been
shown that the level of the basal ganglia output is abnor-
mally increased in MPTP-induced parkinsonism (71, 214).
The increased SNr-SC inhibition may then prevent sac-
cadic output neurons in the SC from firing and triggering
spontaneous saccades.

In human neuropsychology, spatial hemineglect has
usually been related to an asymmetric lesion of the pari-
etofrontal cortices (119). In experimental studies, animals
with unilateral basal ganglia lesions, especially DA deple-
tion, show hemineglect (38, 69, 197, 321). However, it was
unclear whether the basal ganglia-induced neglect was
due to sensory, attention, or motor deficits. The saccade
and attention tasks applied for trained monkeys (217)
suggest that both motor and attention deficits are present
in animals with MPTP injected in the CD.

The role of DA in oculomotor control in human pa-
tients with DA deficiency is described in section IX.

VII. CONTEXT DEPENDENCY OF NEURAL

ACTIVITY IN THE BASAL GANGLIA

We have so far described how the basal ganglia might
control saccadic eye movements, specifically on the two
parallel mechanisms, one for disinhibition and the other
for enhancement of inhibition. However, it is perhaps
more important to know how these mechanisms are used.
We have already mentioned a preferential relation of
basal ganglia neurons to memory-guided saccades. In ad-
dition, there are different types of neurons that are not
directly related to sensory or motor events but appear to
be related to cognitive functions, including attention,
working memory, expectation, and procedural memory,
as shown below. These sensory, motor, and cognitive
activities are likely to form a neural system for goal-
directed behavior (135), along with the relevant cerebral
cortical areas (4, 304).

A. Relation to Attention

A large amount of information is processed in the
brain simultaneously, but an optimal behavior under a
particular behavioral context requires the selection of
information that is appropriate for the particular context.
Attention, in its broadest sense, indicates such a selection
process (30, 129). With the assumption that spatial orient-
ing, especially saccadic eye movement, is associated with
the orienting of attention (258, 272), the basal ganglia are

likely to control attention with the CD-SNr-SC connec-
tions.

Earlier studies have shown that lesions of the basal
ganglia frequently lead to changes in behavior that were
thought to be attention deficits, in addition to well-docu-
mented movement disorders (2, 56, 212, 315). Animals
with large lesions in the striatum, for example, would not
orient to an object presented in front of them; other
lesioned animals would follow a person or object that is
most conspicuous.

More rigorous examinations using saccade and atten-
tion tasks confirmed that the monkey basal ganglia con-
tribute to the oculomotor and attention orienting to the
contralateral hemifield (9, 164, 217). Similar hemineglect
or attention deficits were found in human patients with
unilateral basal ganglia lesions (51, 240, 268) and parkin-
sonian patients (316). Experiments on rats suggest the
role of the basal ganglia in overt (motor) orienting (38,
321), rather than covert (attention) orienting. However,
visual responses of CD neurons are enhanced when mon-
keys attended to the stimulus in the receptive field, sug-
gesting that the CD is related to spatial attention (134),
together with frontal and parietal cortices (334).

B. Relation to Working Memory

Working memory is a temporary buffer of informa-
tion with which motor and cognitive signals are manipu-
lated (16). Earlier studies showed that CD lesions im-
paired the performance of monkeys in delayed response
tasks (18, 156). The deficit was particularly strong in
young animals (98). The memory-guided saccade task is
an ideal task by which a simple form of working memory
can be (and has been) studied. Neural activities selec-
tively related to memory-guided saccades have been
found in the SNr (139) and CD (133). Similar activities
have been found in the dorsolateral prefrontal cortex (84)
and parietal cortex (96). These brain areas are closely
connected with each other by the basal ganglia-thalamo-
cortical (BG-TC) loop circuits (284, 336) and corticocor-
tical connections (99). These results suggest that the BG-
TC loop circuits are a critical neural mechanism for
working memory (122, 196, 306).

There are three types of neurons in the basal ganglia
(especially in the SNr and CD) that are related to memory-
guided saccades (139): 1) visual neurons that respond to
a visual stimulus only when its location must be remem-
bered as the target of a future memory-guided saccade
(134); 2) memory neurons that show sustained activity
while the stimulus location is maintained as a working
memory; and 3) saccadic neurons that become active just
before a saccade only when the saccade is guided by
memory (133). These neurons have restricted response
fields usually in the contralateral hemifield. They would
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work in sequence for the preparation and initiation of
memory-guided saccades.

Nearly one-third of saccadic neurons in the CD and
the SNr were selective for memory-guided saccades.
Note, however, another one-third were selective for visu-
ally guided saccades (133). Such strong selectivity, espe-
cially the selectivity for memory-guided movement, has
not been reported in other brain areas.

An important function of working memory is to pre-
dict a forthcoming event and prepare for an action. Be-
cause the basal ganglia have mechanisms for disinhibition
and enhancing inhibition, a major function of the basal
ganglia would then be to open the gate based on working
memory so that the target motor areas can prepare for an
action in a predictive manner.

C. Relation to Expectation

A mental state evoked by a predictive event may be
called expectation. Many neurons in the basal ganglia
appear to be related to expectation, since they become
active before, not after, a particular event (12, 276). In a
memory-guided saccade task, for example, reward is ob-
tained after several steps of behavior, such as onset of a
central fixation spot, presentation of a cue stimulus, offset
of the fixation spot, saccade, onset of a target spot, and
finally reward. Interestingly, different groups of CD neu-
rons become active before different events, forming a
chain of neural activation toward a goal (135). A common
feature among these neurons is that the activity continues
until the “expected” event occurs and ceases immediately
after the event. The function of the expectation-related
activity may or may not be related to the preparation of
specific motor actions. For example, some CD neurons
show sustained activity before a saccade to the remem-
bered target, which may be related to the preparation of
the saccade. Other neurons show sustained activity be-
fore the acquisition of reward, which may not directly be
related to motor preparation because it is present regard-
less of how the reward is obtained.

Similar neural activities have been found in neurons
in the dorsolateral prefrontal cortex (269, 323) and FEF
(33), again suggesting that the BG-TC loop circuit consist-
ing of the prefrontal cortex and the CD may contribute to
expectation in addition to working memory. Expectation
requires long-term memory for a learned sequential pro-
cedure: an event is expected on the basis of the knowl-
edge or long-term memory (be it explicit or implicit) that
the event is likely to occur next. Furthermore, expecta-
tion is directly related to the goal of behavior, especially
reward. It is not surprising, therefore, that there are sev-
eral lines of evidence that the basal ganglia are tightly
related to these two aspects of behavior: sequential pro-
cedural learning and reward.

D. Relation to Sequential Procedural Learning

Many human studies have suggested the role of the
basal ganglia in execution and learning of sequential pro-
cedures. First, patients with basal ganglia disorders (no-
tably Parkinson’s disease) show impairments in execu-
tion (1, 23, 114, 202, 303, 325) and learning (63, 186, 246)
of sequential procedures. Second, imaging studies on nor-
mal human subjects have indicated the involvement of the
basal ganglia in execution (26, 211) and learning (66, 147,
158, 255) of sequential procedures, including oculomotor
sequence (168, 250). The role of the basal ganglia in
sequential procedures is further supported by the results
of animal experiments using single-unit recording (170,
225) and local inactivations (or lesions) (25, 215, 311). The
possible role of the basal ganglia in learning has now been
extended to other kinds of learning, notably implicit
learning (187) and problem solving (266). The relationship
between the sequential procedural learning and implicit
learning is still unclear. On the basis of these experimen-
tal findings, neural network models have been proposed
to account for the role of the basal ganglia in learning and
execution of sequential procedures (14, 24, 62, 65, 81, 122,
227). A basic anatomical structure common to these mod-
els is the BG-TC loop circuit.

Recent experimental studies have provided some
data relevant to these theories. Hikosaka et al. (131)
devised a sequential button press task by which both the
acquisition of new sequences and the retrieval of learned
sequences could be examined in the same subject in one
experimental session. During long-term practice, the
monkey’s performance became progressively more accu-
rate and quicker (254). The improved motor skill was
largely attributable to the emergence of anticipatory eye
and hand movements (216). The skill was specific to the
learned sequence; for a new sequence, the eye and hand
did not anticipate but reacted to the target onset. Physi-
ological experiments have shown that different brain ar-
eas contribute to the learning of sequential procedures in
different ways (128). Local inactivation by injection of
muscimol in the striatum revealed the anterior-posterior
functional differentiation of the basal ganglia (215); the
inactivation of the anterior part of the striatum (including
the head of the CD) led to the deficient performance for
new sequences, whereas the inactivation of the middle-
posterior part of the PUT led to the deficient performance
for well-learned sequences. These data suggest that the
anterior and posterior parts of the basal ganglia are re-
lated to new learning and learned execution of sequential
procedures, respectively. This series of studies has also
shown that the dorsomedial frontal cortex, especially the
presupplementary motor area (pre-SMA), rather than the
supplementary motor area (SMA), is related to the learn-
ing of new sequences (228, 229), whereas the cerebellar
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dentate nucleus is related to the execution of well-learned
sequences (198).

Based on these behavioral and physiological data,
Hikosaka et al. (130) proposed that multiple BG-TC loop
circuits work independently to learn a sequential proce-
dure. Specifically, the loop circuit consisting of the fron-
toparietal association cortices and the anterior part of the
basal ganglia acquires the sequence using the visuospatial
coordinates predominantly in the early stage of learning,
while the loop circuit consisting of the motor-premotor
cortices and the mid-posterior part of the basal ganglia
acquires the sequence using the motor coordinates pre-
dominantly in the late stage of learning.

However, it is still unclear what kinds of information
are processed in the BG-TC loop circuits. One possibility
is that the sequence information embedded in the cerebral
cortex is decoded along the BG-TC loop circuits and is
used for the generation of sequential movements (22, 24,
62, 81). Alternatively, the information derived from the
cerebral cortex may be modified or selected in the basal
ganglia based on reward-related information (65, 227), as
shown in the next section.

VIII. REINFORCEMENT: A KEY FACTOR

FOR DECISION MAKING IN THE

BASAL GANGLIA

Action is controlled by both cognition and emotion
(189). Earlier studies suggested that the nucleus accum-
bens (or ventral striatum) is the site where these kinds of
information meet (218). Many studies have confirmed this
hypothesis in relation to dopaminergic functions and re-
lated phenomena of drug addiction (331). It is increas-
ingly more likely that the dorsal striatum and its associ-
ated structures are also related to motivation (274).

The involvement of the basal ganglia in emotion or
motivation has been implicated by the nonmotor symptoms
of basal ganglia diseases or lesions. Motor impairments of
parkinsonian patients are strongly dependent on the behav-
ioral context so that the patients, otherwise bed-ridden,
could move quickly if stimulated externally (95, 265) or
emotionally aroused (280). In describing Parkinson’s pa-
tients, Sacks (265) wrote, “some of them would sit for hours
not only motionless, but apparently without any impulse to
move, although they might move quite well if the stimulus or
command or request to move came from another person.
Such patients were said to have an absence of the will or
’abulia’.” Abulia turned out not to be unique to Parkinson’s
disease. Focal lesions in the basal ganglia, especially the CD,
lead to abulia, even though the subjects show no other
clinical symptoms (37, 210). These reports provide an im-
portant insight into the function of the basal ganglia, but it is
difficult to evaluate them objectively. However, recent ana-
tomical and behavioral studies are beginning to solve the

seemingly mysterious symptoms of basal ganglia patients, as
shown below.

Anatomically, it is known that the basal ganglia re-
ceive inputs both from the neocortical areas and limbic
areas, which are assumed to carry cognitive and emo-
tional signals, respectively. However, these signals are
segregated, to some extent, in the striatum, which is
composed of two compartments, striosome (or patch)
and matrix (88, 106). These compartments, which are
delineated by the differential distribution of transmitter-
related substances (e.g., acetylcholine esterase, dopamine
receptors, calbindin) (90, 107), have differential input-
output relationships (92). Although the matrix receives
inputs mainly from the neocortical areas, the striosomes
receive inputs mainly from the limbic areas (e.g., amyg-
dala, parahippocampal formation) (64, 253). Although the
matrix projects mainly to the GPi, SNr, or GPe, the strio-
somes project heavily to the SNc (89). It is suggested, but
not proven, anatomically that there is some exchange of
information between the striosomes and matrices
through cholinergic interneurons or GABAergic interneu-
rons (166).

Behaviorally, many neurons in the basal ganglia re-
spond to reward or sensory stimuli that indicate the up-
coming reward. Included are tonically active neurons in
the striatum (which are likely to be cholinergic interneu-
rons) (7, 8, 10, 13, 171), presumed projection neurons in
the striatum (11, 29, 135, 236, 263, 276), dopaminergic
neurons in and around the SNc (273, 275), and basal
ganglia output neurons in the SNr or GPi (220, 234, 235).

These results have provided possible neural corre-
lates for the integration of cognitive and emotional infor-
mation in the basal ganglia. Recent studies from our
laboratory have indicated how the visuo-oculomotor
mechanisms in the basal ganglia are modulated by re-
ward, specifically expectation of reward (165).

A. Experimental Approach to Motivation and

Oculomotor Action

Investigators studying sleep are aware that the onset
of sleep is reliably indicated by the slowing of saccades
(120). This is partly due to a change in the operation of the
brain stem saccade generator (i.e., the lack of the omni-
pauser-induced inhibition of burst neurons) (120). Careful
observers would further notice that, even during arousal,
the speed of saccades depends on the emotional or mo-
tivational state of the subject. According to the discussion
above, the basal ganglia may contribute to the motiva-
tional modification of saccades. In fact, it has been shown
that the speed of saccade (especially memory-guided sac-
cade) is increased by the blockade of the SNr-SC inhibi-
tion (142) while decreased by the artificially enhanced
inhibition of the SC (141). These results indicate that the
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basal ganglia are capable of modifying saccade parame-
ters but do not indicate that the basal ganglia actually do
it. To test this hypothesis, it was necessary to devise a
behavioral paradigm with which the animal’s motivation
can be manipulated systematically.

B. Modulation of Caudate Nucleus Neural Activity

by Expectation of Reward

A promising strategy to manipulate the animal’s moti-
vation is to change the kind or amount of reward depending
on the context of the task (145, 324). To understand how
motivation affects cognitive information processing, we
modified the memory-guided saccade task such that only
one of four locations was rewarded (165) (Fig. 7A). This task
was called one-direction rewarded task (1DR) compared
with all-directions rewarded task (ADR).

In 1DR, one of four directions was presented randomly
as a cue stimulus. The monkey had to remember its location
and then had to make a saccade to the remembered location
even if it was not rewarded. Otherwise, the monkey could
not proceed to the next trial. The rewarded direction was
fixed in a block of 60 successful trials, and a total of 4 blocks
was performed with 4 different rewarded directions. Thus
the cue stimulus had two meanings: 1) the direction of the
saccade to be made later and 2) whether or not a reward
was to be obtained after the saccade.

According to this procedure, it was expected that the
monkey knew, after several trials of a particular block of
1DR, which cue (i.e., which direction) indicated that re-
ward was to be given after the saccade. It was further
assumed that the monkey desired that the reward-indicat-
ing cue appear, and if it appeared, the monkey was more
motivated to perform the task. This assumption was cor-
roborated by the result that the latencies were shorter and
the velocities were higher when the cue indicated reward
than when it indicated no reward (165).

The behavior of CD neurons was correlated with the
change in saccade behavior. Figure 7B shows a typical
cell showing a post cue visual response, which was re-
corded in the right CD nucleus. In ADR, it responded to
the left (contralateral) cue stimulus most vigorously,
whereas the response to the right cue was meager. The
cell’s direction selectivity is shown at the top as a polar
diagram. In 1DR, however, the cell’s direction selectivity
changed completely. For example, when the rewarded
direction was right, the cell responded to the right cue
stimulus much better than to the other directions. In the
same way, the cell changed its preferred direction in other
blocks so that its response was most vigorous for the
rewarded direction.

Another type of visual neurons maintained its direc-
tion selectivity regardless of the rewarded direction, but
its response magnitude was enhanced or depressed de-

pending on whether the cell’s preferred direction was
rewarded or not. A small number of visual neurons
showed the pattern opposite to the one shown in Figure
7B, in that the response was suppressed specifically when
the cue indicated reward (165).

The reward-dependent modulation of CD visual re-
sponse occurred gradually after the change in the re-
warded direction and was maximal usually after 10 trials.
For example, the neuron shown in Figure 7B initially
responded to the cue stimulus in any direction equally
well, but the response became differentiated gradually
such that the response to the reward-indicating cue in-
creased slightly and the response to the no-reward-indi-
cating cue decreased greatly (the sequence of trials was
from bottom to top).

These visual neurons had low spontaneous activity
and were presumably projection neurons that are
GABAergic (330). The striatal projection neurons are
characterized by numerous spines on their dendrites (167,
184, 252) to which glutamatergic corticostriatal axons and
DA axons make synaptic contacts (111, 290). DA cells in
the SNc show responses to sensory stimuli that predict
the upcoming reward (275, 277). Thus a CD cell could
receive spatial information via the corticostriatal inputs
(245) and reward-related information via the dopaminer-
gic input (275). These results together suggest that the
efficacy of the corticostriatal synapses is modulated by
the dopaminergic input (150, 277, 327).

C. Possible Role of Dopamine Neurons

A key factor underlying the activity modification of
CD neurons may be DA. The idea that dopaminergic
neurons carry the information on pleasure or reward is
not new. If a stimulating electrode is implanted in the
brain and the animal is allowed to press a lever to stim-
ulate its own brain, the animal may continue to press the
lever as if it feels pleasure (239). This effect is particularly
strong when the electrode is implanted in the DA pathway
(48). Another line of evidence comes from the study on
drug addiction. It has commonly been shown that addic-
tion to cocaine, morphine, tobacco, alcohol, and coffee is
closely correlated with long-lasting changes in DA metab-
olism in the basal ganglia, especially the nucleus accum-
bens (331). Support for this idea came from recent find-
ings by Schultz et al. (275) that midbrain DA neurons
respond preferentially to reward. A striking feature is that
DA neurons respond to a sensory stimulus that reliably
indicates the upcoming reward.

Experiments using 1DR indicate that DA neurons
also play an important role in oculomotor control (Hiko-
saka et al., unpublished observations). Dopaminergic neu-
rons fire tonically and irregularly with low frequencies,
and their action potentials have a long duration (101, 273).
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Many of them responded to reward by increasing its
activity phasically (275). However, the reward response
disappeared when the monkey obtained the same reward
by performing the ADR task. The reward response was
also absent in the 1DR task, but instead, the same neuron
responded to the cue stimulus phasically only if the cue
indicated an upcoming reward; they either did not re-

spond to the cue stimulus that indicated no reward or
responded to it by decreasing their activity.

D. Scheme of Reinforcement Learning

The results of the experiments using 1DR are consis-
tent with the hypothesis that the coactivation of the cor-

FIG. 7. Visual response of CD neuron modulated by reward expectation. A: memory-guided saccade task in
one-direction rewarded condition (1DR). Throughout a block of experiment, only one direction was rewarded (the right
direction was rewarded in this case). Different directions were rewarded in different blocks. B: for a neuron in the right
CD, the data were obtained in one block of all-directions rewarded (ADR; right) and four blocks of 1DR (left). In the
histogram/raster display, the cell discharge aligned on cue onset is shown separately for different cue directions (R, right;
U, up; L, left; D, down). For each cue direction, the sequence of trials was from bottom to top. The rewarded direction
is indicated by a bull’s eye mark. Polar diagram on top shows the magnitudes of response for four cue directions. Target
eccentricity was 10°. The cell’s response was strongest for the rewarded direction in any block of 1DR, whereas its
preferred direction was left in ADR. [From Kawagoe et al. (165).]
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ticostriatal input and the DA input leads to a change in the
efficacy of corticostriatal synapses (36, 123, 150, 274, 327).
They further suggest that the corticostriatal input carries
spatial information while the DA input carries reward-
related information (Fig. 5).

Most CD neurons are direction selective such that
information from the contralateral visual field is domi-
nant, but here let us consider a CD neuron that receives
information from the left visual fields. If the cue comes on
in the left and this direction is to be rewarded, DA neu-
rons fire so that these two synapses are concurrently
active. The corticostriatal synapse would be strengthened
due to the coactivation with the DA synapse, and the
corticostriatal excitatory postsynaptic potentials would
be enhanced subsequently (327). On the other hand, if the
cue comes on in the left field and this direction is not to
be rewarded, DA neurons are suppressed. This would
attenuate the output of the CD neuron.

The DA-induced enhancement of the CD output
would lead to a stronger suppression of SNr neurons, a
stronger disinhibition and hence a stronger burst of SC
neurons, and consequently an earlier and quicker sac-
cade. This indeed happened in 1DR when the animal
knew that reward would be given later (and therefore
presumably more motivated). What is important here is
that the mechanisms in the basal ganglia may be sufficient
to express motivation behaviorally.

Unlike the CD neurons described above (which
might be called “reward-facilitated” type) (Fig. 7), there
are a small number of CD neurons that show the selective
response to the no-reward-indicating cue (“reward-sup-
pressed” type) (165). For these neurons, the coactivation
of corticostriatal and DA inputs would lead to depression
(not enhancement) of corticostriatal synapses. Although
no evidence is available, it is tempting to speculate that
such reward-suppressed neurons project to the GPe (Fig.
5); the activation of these neurons in the nonrewarded
trials would lead to a stronger inhibition of SC neurons.

The contrasting behaviors of reward-facilitated neu-
rons and reward-suppressed neurons might be mediated
by different DA receptors (Fig. 5). CD neurons projecting
directly to the SNr (which are supposed to be reward-
facilitated type) possess D1 receptors preferentially,
whereas CD neurons projecting to the GPe (which are
supposed to be reward-suppressed type) possess D2 re-
ceptors preferentially (91, 305). Many studies examined
the effects of D1 and D2 receptor activations and gave
mixed results (34). Relevant to the above hypothesis is
the finding that N-methyl-D-aspartate (NMDA)-induced ex-
citations are enhanced by D1 receptor-activation and at-
tenuated by D2 receptor activation (42). NMDA receptor
activation is necessary for the occurrence of long-term
potentiation in corticostriatal synapses (34, 327) and is
necessary for response-reinforcement learning when
tested in the nucleus accumbens (169). On the other hand,

long-term depression requires both D1 and D2 receptor
activation and does not require NMDA receptor activation
(36). Instead, both D1 and D2 receptor activations atten-
uate non-NMDA-induced excitations (42). To summarize,
although at least some of the results on the DA effects on
striatal neurons are consistent with the scheme described
above, many other studies have shown inconsistent re-
sults. Moreover, the relationship between CD neurons
and DA neurons may not be so simple. As anatomy sug-
gests, the output of CD neurons is likely to be fed back to
dopaminergic neurons either directly or indirectly
through SNr neurons (110, 112, 308, 312). How the net-
work might behave based on such a mutual relationship is
difficult to understand and probably requires model sim-
ulation.

IX. CLINICAL APPLICATION

Deficits in saccadic eye movements have been re-
ported in patients of Parkinson’s disease (49, 52, 209, 285,
286, 309, 314, 326) and Huntington’s disease (15, 27, 192,
195, 301, 310). Saccades in parkinsonian patients tend to
be hypometric and slow with prolonged latencies. A sac-
cade to a visual target could be broken down to a series
of small saccades. However, these results are not specific
to the basal ganglia disorders and could be induced by
lesions in the cerebral cortex and cerebellum.

More detailed studies have suggested several fea-
tures that may characterize the oculomotor deficits in-
duced by lesions of the basal ganglia. First, parkinsonian
patients show a preferential deficit in memory-guided
saccades (31, 126, 136, 313). This may reflect the fact that
many neurons in the SNr and CD change their activity
preferentially for memory-guided saccades (133, 139).
This phenomenon may also be related to “kinesie para-
doxale” of parkinsonian patients (55); for example, an
akinetic patient could move easily if sensory guidance is
present (i.e., could not move if relying on memory) (95,
201). Similar deficits in memory-guided saccades are
present in Huntington’s disease (192, 195, 310). Second,
parkinsonian patients show difficulty in suppressing visu-
ally guided saccades (127). In the memory-guided saccade
task in which the target location to be remembered is
indicated as a cue stimulus, patients often are unable to
suppress a saccade to the cue stimulus. Third, the patients
may have difficulty in controlling coordinated move-
ments. This includes deficits in eye-head coordination
(301) and eye-hand coordination (320).

Further studies have shown that similar deficits are
present in different kinds of basal ganglia disorders. They
include several forms of DA deficiencies and lesions in the
basal ganglia. DA deficiency, for example, occurs at dif-
ferent ages (as young as 2 yr of age) (281), frequently due
to specific defects of DA-related genes (153, 182). They
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show different motor symptoms in that young-onset pa-
tients tend to show dystonia as a major symptom, rather
than general rigidity (281, 232). Nonetheless, these DA-
deficient patients share two kinds of saccadic deficits:
difficulty in making memory-guided saccades and diffi-
culty in suppressing visually guided saccades (124). Focal
lesions of the CD also lead to a preferential deficit in
memory-guided saccades (203).

One problem in interpreting the oculomotor deficits
is that saccadic performance changes dramatically with
development and aging. Saccade latency decreases
steeply until ;12 yr of age during development and in-
creases gradually after 30 yr of age (223). The age-related
changes are more prominent in memory-guided saccades
than in visually guided saccades (82); young children
(,12 yr old) and aged people (.50 yr old) make memory-
guided saccades less reliably and yet are distracted by a
visual stimulus more frequently by making a visually
guided saccade to it. These phenomena are similar to
what are observed in basal ganglia disorders. A specula-
tion derived from these results is that the function of the
basal ganglia is under development until about 12 yr of
age, whereas it undergoes deterioration after 50 yr of age.
Nonetheless, the saccadic performance of patients of
basal ganglia disorders described above is mostly out of
the normal age-related change.

Many more neurological disorders have recently
been found to be related to the basal ganglia. Tourette’s
syndrome is one of them, which is characterized by
chronic motor tics and obsessive-compulsive disorders
(194). Tourette’s patients may have reduced volume of the
basal ganglia (249). DA-related drugs may be effective in
reducing motor tics (289). Remarkably, Tourette’s pa-
tients may react to a visual target more quickly than
age-matched controls, both with hand movement and
with eye movement (i.e., shorter latencies in visually
guided saccades). In the memory-guided saccade task, the
Tourette’s patients have great difficulty in suppressing
visually guided saccades and some difficulty in making a
memory-guided saccades, similarly to the patients with
DA deficiency (Hikosaka et al., unpublished data). The
results suggest that, in Tourette’s syndrome, the basal
ganglia-induced suppression over brain stem motor areas,
especially the inhibition of the SC by the SNr, is abnor-
mally low or leaky so that excitatory inputs, especially
from other brain areas, give rise to inappropriate saccadic
motor outputs.

X. CONCLUSIONS

Although the basal ganglia control a wide variety of
movements and nonmotor functions, their output to the
SC (or tectum) is best preserved in evolution and robust
among all vertebrate species that possess the basal gan-

glia. The SC acts as a key station for orienting response in
which the animal orients its body, head, and eyes to an
object of interest. Saccadic eye movement constitutes the
dominant component of orienting response. The SC trans-
lates visual information originating in the retina (in addi-
tion to other sensory information) to oculomotor infor-
mation, thereby eliciting a saccade to the object of
interest. The SC receives, in addition, inputs from many
cortical areas, such as the visual cortex, LIP, and FEF. It
also receives strong inputs from the SNr, one of the
outputs regions of the basal ganglia. This SNr input is
unique in that it is inhibitory and tonically active, whereas
other inputs are excitatory.

Cortical regions, together with the retina, would fa-
cilitate the initiation of saccades by sending excitatory
signals to the SC based on their unique information pro-
cessing. Such excitatory signals would be additive with
each other. They would act cooperatively but could not
modulate each other. The additive, cooperative signals
would lead to excessive demands for motor outputs. One
way, perhaps the only way, to control the potential chaos
would be to exert a powerful, sustained inhibition. This is
what SNr neurons normally do.

However, sustained inhibition alone could never be a
control mechanism. In fact, the basal ganglia have two
different functions. The first function is to contribute to
the initiation of movements by removing the sustained
inhibition (disinhibition). This occurs when neurons in
the caudate (CD), a major input area of the basal ganglia,
fire phasically and inhibit SNr neurons. Because the in-
formation carried by the basal ganglia is often related to
memory and expectation, the basal ganglia contribute to
the initiation of movements on the basis of memory or
expectation. Indeed, the basal ganglia contain many neu-
rons that are preferentially related to memory-guided sac-
cades, not visually guided saccades, and the dysfunction
of the basal ganglia leads to a preferential deficit in mem-
ory-guided saccades.

The second function of the basal ganglia is to en-
hance the inhibition. This is accomplished by another,
parallel route, which includes the GPe and the STN. The
signals through the indirect pathways would lead to an
elevated activity of SNr neurons and, consequently, sup-
pression of SC neurons. Furthermore, the STN receives
direct inputs from the cerebral cortex, which also leads to
suppression of target neurons. Indeed, some neurons in
the GPe and STN show activity that is appropriate for
such an enhancement of inhibition; they are activated
when sustained eye fixation is required, such as before a
goal-directed saccade.

These two mechanisms are useful in selecting an
appropriate action (i.e., saccade) in a particular behav-
ioral context. The basal ganglia indeed carry signals that
are heavily dependent on the behavioral context, includ-
ing working memory, spatial attention, and expectation.
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Another important determinant of basal ganglia neural
activity is motivation or reward expectation. Recent stud-
ies have shown that visual, memory, and saccade-related
activities of CD neurons are enhanced (attenuated in
some cases) if reward is expected after the saccade and
the animal is more motivated. DA neurons show similar
changes depending on reward expectation but carry no
spatial information. These results, together with other
studies on striatal neurons, suggest that the efficacy of
corticostriatal synapses is enhanced or depressed across
several trials depending on whether DA inputs are present
concurrently with the corticostriatal spatial information.
Owing to these mechanisms, the saccade that has been
rewarded previously is more likely to occur with a shorter
latency and a faster speed, at the expense of a saccade
that has not been rewarded. This means that the basal
ganglia play a principal role in selection of purposeful
action (in this case, saccadic eye movement), since re-
ward is a definitive goal or purpose of behavior for any
animal, including humans.

We thank Robert Wurtz for continuous encouragement and
advice and Brian Coe, Hiroyuki Nakahara, Wolfram Schultz, and
Michael Goldberg for discussion and comments.

This study was supported by a grant-in-aid for scientific
research on priority areas from the Ministry of Education, Sci-
ence, and Culture of Japan; core research for evolutional sci-
ence and technology of Japan Science and Technology Corpo-
ration; and the Japan Society for the Promotion of Science
Research for the Future program.

Address for reprint requests and other correspondence: O.
Hikosaka, Dept. of Physiology, Juntendo University, School of
Medicine, 2–1-1 Hongo, Bunkyo-ku, Tokyo 113–8421, Japan (E-
mail: hikosaka@med.juntendo.ac.jp).

REFERENCES

1. AGOSTINO R, BERARDELLI A, FORMICA A, ACCORNERO N, AND

MANFREDI M. Sequential arm movements in patients with Parkin-
son’s disease, Huntington’s disease and dystonia. Brain 115: 1481–
1495, 1992.

2. AKERT K AND ANDERSSON B. Experimenteller beitrag zur physi-
ologie des nucleus caudatus. Acta Physiol Scand 22: 281–298, 1951.

3. ALEXANDER GE AND DELONG MR. Microstimulation of the pri-
mate neostriatum. II. Somatotopic organization of striatal micro-
excitable zones and their relation to neuronal response properties.
J Neurophysiol 53: 1417–1430, 1985.

4. ALEXANDER GE, DELONG MR, AND STRICK PL. Parallel organi-
zation of functionally segregated circuits linking basal ganglia and
cortex. Annu Rev Neurosci 9: 357–381, 1986.

5. ANDERSEN RA, SNYDER LH, BRADLEY DC, AND XING J. Multi-
modal representation of space in the posterior parietal cortex and
its use in planning movements. Annu Rev Neurosci 20: 303–330,
1997.

6. ANDERSON M AND YOSHIDA M. Axonal branching patterns and
location of nigrothalamic and nigrocollicular neurons in the cat.
J Neurophysiol 43: 883–895, 1980.

7. AOSAKI T, KIMURA M, AND GRAYBIEL AM. Temporal and spatial
characteristics of tonically active neurons of the primate’s stria-
tum. J Neurophysiol 73: 1234–1252, 1995.

8. AOSAKI T, TSUBOKAWA H, ISHIDA A, WATANABE K, GRAYBIEL
AM, AND KIMURA M. Responses of tonically active neurons in the

primate’s striatum undergo systematic changes during behavioral
sensorimotor conditioning. J Neurosci 14: 3969–3984, 1994.

9. APICELLA P, LEGALLET E, NIEOULLON A, AND TROUCHE E.
Neglect of contralateral visual stimuli in monkeys with unilateral
striatal dopamine depletion. Behav Brain Res 46: 187–195, 1991.

10. APICELLA P, LEGALLET E, AND TROUCHE E. Responses of toni-
cally discharging neurons in the monkey striatum to primary re-
wards delivered during different behavioral states. Exp Brain Res

116: 456–466, 1997.
11. APICELLA P, LJUNGBERG T, SCARNATI E, AND SCHULTZ W.

Responses to reward in monkey dorsal and ventral striatum. Exp

Brain Res 85: 491–500, 1991.
12. APICELLA P, SCARNATI E, LJUNGBERG T, AND SCHULTZ W.

Neuronal activity in monkey striatum related to the expectation of
predictable environmental events. J Neurophysiol 68: 945–960,
1992.

13. APICELLA P, SCARNATI E, AND SCHULTZ W. Tonically discharg-
ing neurons of monkey striatum respond to preparatory and re-
warding stimuli. Exp Brain Res 84: 672–675, 1991.

14. ARBIB MA AND DOMINEY PF. Modeling the roles of basal ganglia
in timing and sequencing saccadic eye movements. In: Models of

Information Processing in the Basal Ganglia, edited by J. C.
Houk, J. L. Davis, and D. G. Beiser. Cambridge, MA: MIT Press,
1995, p. 149–162.

15. AVANZINI G, GIROTTI F, CARACENI T, AND SPREAFICO R. Ocu-
lomotor disorders in Huntington’s chorea. J Neurol Neurosurg

Psychiatry 42: 581–589, 1979.
16. BADDLEY A. Working memory. Science 255: 556–559, 1992.
17. BANDLER R, CARRIVE P, AND ZHANG SP. Integration of somatic

and autonomic reactions within the midbrain periaqueductal grey:
viscerotopic, somatotopic and functional organization. In: Role of

the Forebrain in Sensation and Behavior, edited by G. Holstege.
Amsterdam: Elsevier, 1991, p. 269–305.

18. BATTIG K, ROSVOLD HE, AND MISHKIN M. Comparison of the
effects of frontal and caudate lesions on delayed response and
alternation in monkeys. J Comp Physiol Psychol 53: 400–404, 1960.

19. BECKER W. Metrics. In: The Neurobiology of Saccadic Eye Move-

ments, edited by R. H. Wurtz and M. E. Goldberg. Amsterdam:
Elsevier, 1989, p. 13–67.

20. BECKSTEAD RM, EDWARDS SB, AND FRANKFURTER A. A com-
parison of the intranigral distribution of nigrotectal neurons la-
beled with horseradish peroxidase in the monkey, cat, and rat.
J Neurosci 1: 121–125, 1981.

21. BEHAN M, LIN C-S, AND HALL WC. The nigrotectal projection in
the cat: an electron microscope autoradiographic study. Neuro-

science 21: 529–539, 1987.
22. BEISER DG AND HOUK JC. Model of cortical-basal ganglionic

processing: encoding the serial order of sensory events. J Neuro-

physiol 79: 3168–3188, 1998.
23. BENECKE R, ROTHWELL JC, DICK JPR, DAY BL, AND MARSDEN

CD. Disturbance of sequential movements in patients with Parkin-
son’s disease. Brain 110: 361–379, 1987.

24. BERNS GS AND SEJNOWSKI TJ. A computational model of how the
basal ganglia produce sequences. J Cogn Neurosci 10: 108–121,
1998.

25. BERRIDGE KC AND WHISHAW IQ. Cortex, striatum and cerebel-
lum: control of serial order in an grooming sequence. Exp Brain

Res 90: 275–290, 1992.
26. BOECKER H, DAGHER A, CEBALLOS-BAUMANN AO, PASSING-

HAM RE, SAMUEL M, FRISTON KJ, POLINE J-B, DETTMERS C,
CONRAD B, AND BROOKS DJ. Role of the human rostral supple-
mentary motor area and the basal ganglia in motor sequence con-
trol: investigations with H2

15O PET. J Neurophysiol 79: 1070–1080,
1998.

27. BOLLEN E, REULEN JPH, DEN HEYER JC, VAN DER KAMP W,
ROOS RAC, AND BURUMA OJS. Horizontal and vertical saccadic
eye movement abnormalities in Huntington’s chorea. J Neurol Sci

74: 11–22, 1986.
28. BOUSSAOUD D AND JOSEPH JP. Role of the cat substantia nigra

pars reticulata in eye and head movements. II. Effects of local
pharmacological injections. Exp Brain Res 57: 297–304, 1985.

29. BOWMAN EM, AIGNER TG, AND RICHMOND BJ. Neural signals in

July 2000 ROLE OF BASAL GANGLIA IN SACCADES 971



the monkey ventral striatum related to motivation for juice and
cocaine rewards. J Neurophysiol 75: 1061–1073, 1996.

30. BROADBENT DF. Perception and Communication. New York:
Pergamon, 1958.

31. BRONSTEIN AM AND KENNARD C. Predictive ocular motor con-
trol in Parkinson’s disease. Brain 108: 925–940, 1985.

32. BROOKS BA, FUCHS AF, AND FINOCCHIO D. Saccadic eye move-
ment deficits in the MPTP monkey model of Parkinson’s disease.
Brain Res 383: 402–407, 1986.

33. BRUCE CJ, GOLDBERG ME, BUSHNELL MC, AND STANTON GB.
Primate frontal eye fields. II. Physiological and anatomical corre-
lates of electrically evoked eye movements. J Neurophysiol 54:
714–734, 1985.

34. CALABRESI P, DE MURTAS M, AND BERNARDI G. The neostria-
tum beyond the motor function: experimental and clinical evi-
dence. Neuroscience 78: 39–60, 1997.

35. CALABRESI P, MERCURI NB, AND BERNARDI G. Synaptic and
intrinsic control of membrane excitability of neostriatal neurons.
II. An in vitro analysis. J Neurophysiol 63: 663–675, 1990.

36. CALABRESI P, PISANI A, MERCURI NB, AND BERNARDI G. The
corticostriatal projection: from synaptic plasticity to dysfunctions
of the basal ganglia. Trends Neurosci 19: 19–24, 1996.

37. CAPLAN LR, SCHMAHMANN JD, KASE CS, FELDMANN E, BA-
QUIS G, GREENBERG JP, GORELICK PB, HELGASON C, AND

HIER DB. Caudate infarcts. Arch Neurol 47: 133–143, 1990.
38. CARLI M, EVENDEN JL, AND ROBBINS TW. Depletion of unilateral

striatal dopamine impairs initiation of contralateral actions and not
sensory attention. Nature 313: 679–682, 1985.

39. CARPENTER MB. Anatomy of the corpus striatum and brain stem
integrating systems. In: The Nervous System, edited by V. B.
Brooks. Bethesda, MD: Am. Physiol. Soc., 1981, p. 947–995.

40. CARPENTER MB, FRASER RAR, AND SHRIVER JE. The organiza-
tion of the pallidosubthalamic fibers in the monkey. Brain Res 11:
522–559, 1968.

41. CARPENTER MB AND JAYARAMAN A. Subthalamic nucleus of the
monkey: connections and immunocytochemical features of affer-
ents. J Hirnforsch 31: 653–668, 1990.

42. CEPEDA C, BUCHWALD NA, AND LEVINE MS. Neuromodulatory
actions of dopamine in the neostriatum are dependent upon the
excitatory amino acid receptor subtypes activated. Proc Natl Acad

Sci USA 90: 9576–9580, 1993.
43. CHEVALIER G, THIERRY AM, SHIBAZAKI T, AND FÉGER J. Evi-
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