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Eye Movements

As we learned in Chapter 27, the photoreceptor 
mosaic of the vertebrate retina transduces light energy 
in the form of photons into neural activity, ultimately in 
the form of action potentials. The spatial resolution of 
this transduction system is limited by the mosaic of pho-
toreceptors and the optics of the eye, but only if the eye 
is held stationary with respect to the objects of interest in 
the external world. Thus, stabilizing the eyes with regard 
to the outside world and aiming the eyes toward moving 
or stationary targets are critical challenges to effective 
vision. Evolutionary pressures have shaped the eye 
movement systems of animals to meet this challenge in 
ways that are tailored to the visual structures and behav-
ioral needs of each species. In this chapter we examine 
the behavioral and neural systems used by vertebrates 
to control eye movements in the support of vision.

As we shall see, the control of eye movements pro-
vides a window into several fundamental aspects of 
neuroscience. Because the eyes are a relatively simple 
mechanical system, eye movements provide an excel-
lent system for investigating the neural mechanisms of 
motor control, and also offer some of the clearest views 
of other complex processes, such as neural plasticity, 
sensory-motor interactions, and the higher-order 
control of behavior.

EYE MOVEMENTS ARE USED TO 
STABILIZE GAZE OR TO SHIFT GAZE

Similar to the handling of a camera, the images that 
fall on the retina depend on how the eyes are held and 
moved. The orientation of the eyes in the head and the 
orientation and position of the head in space together 
determine the gaze direction (i.e., gaze = eye + head) 
and, consequently, control the retinal image. These 

spatial arrangements underlie the two general classes 
of eye movements in vertebrates. One class is respon-
sible for gaze stabilization. When animals move with 
respect to their surroundings, they risk degrading their 
visual acuity, because moving the head necessarily 
moves the eyes, and can cause images to streak across 
the retina. Gaze stabilization mechanisms have evolved 
to solve this problem. They maintain visual acuity 
during self-motion by stabilizing the retinal image of 
the world with rotations of the eyes that exactly com-
pensate for head and body movements. The neural 
mechanisms for gaze stabilization are highly conserved 
across vertebrates, refl ecting the widespread need to 
stabilize visual inputs despite other sensory and motor 
differences between species.

The second class is responsible for gaze shifting. When 
animals visually inspect their surroundings, they may 
use these eye movements to direct the line of sight to 
objects or features of particular interest, even when 
those items move. In contrast to stabilization mecha-
nisms, gaze shifting mechanisms involve selectively 
sampling the animal’s visual environment, because 
tracking one visual object often causes the retinal images 
of other objects to become blurred. Accordingly, the 
mechanisms for gaze shifting are found only in animals 
that have retinal specializations, such as the primate 
fovea, that can be used to examine a limited region of 
visual space at a higher spatial resolution.

Gaze Stabilization

There are two types of mechanisms for stabilizing 
gaze (Fig. 33.1): the vestibulo-ocular refl ex (VOR) and 
the optokinetic response (OKR). The VOR uses signals 
from the vestibular labyrinth to counter-rotate the eye-
balls to keep retinal images stable during head move-
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ments. The rotational VOR is driven by head-rotation 
signals from the semicircular canals and represents a 
phylogenetically old refl ex present in all vertebrate 
species. The fast transduction properties of the vestibu-
lar periphery, combined with a direct 3-neuron pathway, 
give the rotational VOR a very short latency (<10 ms). 
However, because the canals do not accurately trans-
duce constant velocity head rotations, the output of the 
VOR decays over several seconds. Some vertebrates 
also possess a translational VOR, which is driven by 
head-movement signals from the otoliths. Unlike the 
image motion caused by head rotations, which is 
uniform across the visual fi eld and can be fully compen-
sated for by counter-rotating the eyes, the image motion 
caused by translations are complex and can only partly 
be eliminated by eye movements. This explains why the 
translational VOR is found only in animals with central 
retinal specializations (e.g., foveal vision).

The optokinetic response (OKR) is driven by visual 
signals about the en masse movement of images across 
the retina. Because of the slow transduction of visual 
signals, the OKR has a longer latency (50–100 ms) than 
the VOR, but the use of visual motion signals makes it 
able to compensate for the constant motions and low 
speeds that the VOR cannot. The properties of the 
OKR therefore complement those of the VOR in main-
taining stable gaze during movements, and the visual 
signals used by the OKR play a major role in guiding 
adaptive changes in the VOR. Animals with foveal 
vision also possess an ocular following response that 
is driven at very short latencies (∼50 ms) by shifts in 

the retinal image, and that serves as the visual comple-
ment to the translational VOR (Miles, 1997).

Gaze Shifting

Animals with foveal vision also possess several 
mechanisms for shifting gaze (Fig. 33.2). Saccadic eye 
movements act to quickly move the image of a visual 
target from an eccentric retinal location to the center of 
the retina where it can be seen best. Saccades are very 
fast movements, reaching peak speeds greater than 
500 deg/s and lasting only tens of milliseconds. Conse-
quently, although saccades often are triggered by 
visual stimuli (at typical latencies of 150–250 ms), the 
trajectory of saccades is not guided by visual feedback, 
but instead follows a stereotyped profi le that is largely 
determined by the size of the movement. Saccades do 
not require a visual stimulus, but can be guided by 
other modalities, and can even be directed toward the 
location of imagined or remembered targets.

Smooth pursuit eye movements slowly rotate the 
eyes to compensate for any motion of the visual target, 
and thus act to minimize the blurring of the target’s 
retinal image that would otherwise occur. Smooth 
pursuit is a relatively slow movement whose trajectory 
is determined by the moving stimulus. Pursuit is trig-
gered by visual stimuli at latencies similar to, but 
somewhat shorter than, the latencies of saccades (typi-
cally 100–200 ms), and generates eye velocities up to 
∼50 deg/s, continuously adjusted by visual feedback 
about the target’s retinal image. Unlike saccades, 

FIGURE 33.1 Eye movements that stabilize gaze. The vestibulo-ocular refl ex keeps the line of sight fi xed in the world by counter-rotating 
the eyes during movements of the head. Here, the eyes rotate rightward at a short latency after the beginning of the leftward head movement. 
The optokinetic response stabilizes the line of sight with respect to the moving visual surround, but does so after a longer latency.
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pursuit cannot be generated in the absence of a stimu-
lus, although moving targets that are sensed through 
modalities other than vision can also guide pursuit.

Saccades and smooth pursuit produce conjugate, or 
yoked, movements of the two eyes. These are also 
referred to as versional eye movements. In contrast, a 
third type of mechanism for shifting gaze, called ver-
gence eye movements, produces disconjugate move-
ments—the two eyes move in opposite directions or 
by different amounts. Vergence eye movements act to 
change the depth at which the eyes’ lines of sight meet. 
When we look at a near object our eyes converge 
(rotate inward), and when we look at a far object our 
eyes diverge (rotate outward). Before shifting our gaze 
to an object at a different distance, the pair of images 
produced by that object will be spatially mismatched 
between the two eyes, causing binocular disparity. 
Also, because the curvature of the two eyes’ lenses are 
set to focus the currently viewed object, the image of 
the new object will also be blurred. These two signals, 
binocular disparity and blur, drive the combination of 
vergence eye movements and accommodation (which 
changes the dioptric power of the lenses by contracting 
or relaxing the ciliary muscle) that bring the new object 
into focus on the fovea of both eyes. Vergence and 
accommodation are tightly linked and often are 
referred together as the near response. When evoked by 
themselves (e.g., by binocular disparity), vergence 
movements are very slow, taking up to 1 second to 

converge or diverge the eyes. However, when they 
occur in combination with faster versional eye move-
ments such as saccades, vergence movements speed 
up, and interestingly, so does accommodation.

Fixation and Fixational Eye Movements

In between gaze shifts, the eyes are actively held 
steady by a fi xation mechanism. By preventing the 
eyes from shifting gaze to another visual target, fi xa-
tion makes it possible to visually inspect a particular 
object at length. Periods of fi xation typically last about 
200 ms, but vary depending on what the animal is 
doing. Fixation does not necessarily act to keep the 
eyes from moving, but to hold the eyes steady with 
respect to the environment. For example, gaze stabili-
zation mechanisms such as the VOR are active during 
periods of fi xation.

Even during periods of steady fi xation of a station-
ary object, the eyes are not completely still. The eyes 
typically make tiny movements during fi xation in 
seemingly random directions that cause very slight 
changes in how images fall on the retinal mosaic but 
without displacing images from the fovea. Microsac-
cades are very small saccades with amplitudes typi-
cally less than 0.1 degree of visual angle, and often are 
interspersed with slow drifts (speeds less than ¼ 
degree per second) of similar amplitude. The function 
of these movements remains unclear. They may 

FIGURE 33.2 Eye movements that shift gaze. Saccades shift the line of sight to place the retinal image of visual targets onto the fovea. 
They are characterized by rapid changes in eye position (upward defl ection in eye position trace) involving very high eye velocities (brief pulse 
in eye velocity trace). Smooth pursuit continuously changes the line of sight to minimize blurring of the target’s retinal image. These move-
ments are characterized by smooth and continuous changes in eye position (ramp in eye position trace) involving lower eye velocities (smooth 
step in eye velocity trace).
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prevent the adaptation of retinal signals that would 
occur with perfectly stabilized images, but the fre-
quency of these small movements is in fact reduced 
during tasks that place high demands on foveal vision, 
such as threading a needle.

THE MECHANICS OF MOVING THE EYES

Each Eye Is Controlled by Three Pairs of 
Muscles

Moving the eye involves rotating the globe of the 
eye in the orbital socket of the skull. Because the eye 
undergoes minimal translation during movement, it 
can be viewed as a spherical joint with an orientation 
defi ned by three axes of rotation (horizontal, vertical, 
and torsional). Correspondingly, the orientation and 
movement of each eye is accomplished by three com-
plementary pairs of extraocular muscles (Fig. 33.3). 
The lateral and medial rectus muscles form an antago-
nistic pair that controls the horizontal position of the 
eye. Contraction of the lateral rectus (and commensu-
rate relaxation of the medial rectus) causes the eye to 
abduct, or rotate outward. Conversely, contraction of 
the medial rectus (and relaxation of the lateral rectus) 
causes the eye to adduct, or rotate inward. The actions 
of the other two pairs of muscles are more complex. 
When the eye is centered in the orbit, the primary 

effect of the superior and inferior recti is to elevate 
(rotate up) or depress (rotate down) the eye. However, 
when the eye is deviated horizontally in the orbit, 
these muscles also contribute to torsion, the rotation of 
the eye around the line of sight that determines the 
orientation of images on the retina. The primary effect 
of the superior and inferior obliques is intortion (the 
top of the eye rotates toward the nose) or extortion (the 
top of the eye rotates away from the nose), but depend-
ing on the horizontal deviation of the eye, these muscles 
may also help determine the vertical orientation of the 
eye. Eye movements therefore involve redefi ning the 
three-dimensional orientation of the eye by changing 
the balance of forces applied to the globe by all three 
pairs of extraocular muscles.

The mechanics of moving the eye may seem simple, 
but the details are quite complicated. Because the eye 
is free to rotate in three dimensions, the fi nal orienta-
tion of the eye depends on the order in which the 
rotations are carried out; for example, “turn-then-spin” 
gives a different outcome than “spin-then-turn.” This 
property is referred to as noncommutativity. In fact, 
when the eye moves, the fi nal three-dimensional ori-
entation of the eye and the axis of rotation used to 
get there are not arbitrary, but form an orderly set. 
Donder’s law states that the orientation of the eye is 
always the same when the eye is aimed in a particular 
direction. Listing’s law specifi es these orientations by 
stating that the axes used to rotate the eye are confi ned 
to a single plane, referred to as Listing’s plane. These 
orderly relationships are achieved, at least in part, by 
a mechanism that involves the muscles themselves. 
The extraocular muscles consist of two distinct layers: 
global fi bers, which attach directly to the globe of the 
eye, and orbital fi bers, which terminate in connective 
tissue that ensheathes the body of the muscle and acts 
like a moveable pulley for the global fi bers. Because 
the pulleys themselves move when the muscle is con-
tracted or relaxed, the pulling direction of the extra-
ocular muscles changes with eye position. These 
gaze-dependent mechanical changes in muscle action 
largely account for Listing’s law (Demer, 2006).

Interestingly, Listing’s law is obeyed during sac-
cades and smooth pursuit, but is violated during the 
VOR and the OKR. This difference presumably stems 
from the different inputs for these movements. Saccades 
and smooth pursuit may follow Listing’s law because 
they involve local two-dimensional retinal inputs that 
do not uniquely specify the orientation of the eye. In 
contrast, the VOR is driven by three-dimensional inputs 
from the semicircular canals for which the extra degree 
of freedom is not redundant. Thus, the mechanics of the 
eye muscles impose kinematic constraints that are 
helpful during visually guided eye movements, but 

FIGURE 33.3 Muscles of the eye. Six muscles, arranged in three 
pairs, control the movements of the eye as shown here in a cutaway 
view of the eye in its socket, or orbit.
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these constraints can be altered or lifted by neural 
control signals during gaze stabilization.

Central Control of the Extraocular Muscles

The six extraocular muscles are innervated by 
three of the bilaterally paired cranial nerves (Fig. 33.4). 
The oculomotor nerve (cranial nerve III) innervates the 
medial rectus, the superior and inferior rectus, and the 
inferior oblique on one side of the head. The cell bodies 
for these motor neurons thus lie in the third cranial 
nerve nucleus. The oculomotor nerve also contains the 
fi bers that control accommodation of the lens. The 
trochlear nerve (cranial nerve IV) innervates the supe-
rior oblique muscle, and the abducens nerve (cranial 
nerve VI) innervates the lateral rectus. These three 
pairs of nuclei, distributed through the brain stem, 
contain all the oculomotor motor neurons and are 
heavily interconnected by a pathway called the medial 
longitudinal fasciculus. This interconnection is crucial 
for the precise coordination of the extraocular muscles 
that is necessary for the control of eye movements.

The fi ring rates of the oculomotor motor neurons 
determine the forces applied by the extraocular muscles 
and, consequently, whether the eye moves or is held 
in place (Fuchs and Luschei, 1970). When the eye is 

stationary, the fi ring rate of oculomotor motor neurons 
is proportional to eye position, because under static 
conditions the balance of forces exerted on the globe 
determines the orientation of the eye (Fig. 33.5). Each 
motor neuron has a recruitment point (an eye position 
at which the motor neuron begins to fi re) and a char-
acteristic slope (the change in fi ring rate as the eye 
rotates in the pulling direction of the relevant muscle). 
Thus, as in the skeletal system, oculomotor motor 
neurons have a fi xed recruitment order. When the eye 
moves in the pulling direction of the motor unit, ocu-
lomotor motor neurons exhibit a high-frequency pulse 
of activity that drives the high-velocity phase of the 
eye movement. The high-frequency pulse is followed 
by a sustained step-like increase in fi ring rate appro-
priate for the new static position of the eye. When the 
eye moves in the opposite direction, the motor neurons 
pause their fi ring during the movement and then 
resume their activity at a lower sustained level.

The neural commands from these motor neurons 
therefore take the form of a pulse-step during rapid 
eye movements such as saccades. The amplitude and 
duration of the pulse determine the speed and dura-
tion of the movement, and the amplitude of the step 
determines the fi nal static eye position. The need for 
the pulse derives from the sluggish dynamics of the 

FIGURE 33.4 Oculomotor nuclei in the brainstem. Parasagittal section through the brainstem, cerebellum, and thalamus of a rhesus 
monkey, showing the location of the major brainstem nuclei involved in the control of eye movements. Motor neurons for the eye muscles are 
located in the oculomotor nucleus (III), trochlear nucleus (IV), and abducens nucleus (VI), and reach the extraocular muscles via the corre-
sponding nerves (n. III, n. IV, n. VI). Premotor neurons for controlling eye movements are located in the paramedian pontine reticular formation 
(PPRF), the mesencephalic reticular formation (MRF), rostral interstitial nucleus of the medial longitudinal fasciculus (riMLF), the interstitial 
nucleus of Cajal (IC), the vestibular nuclei (VN), and the nucleus prepositus hypoglossi (NPH). The medial longitudinal fasciculus (mlf) is a 
major fi ber tract containing the axons of these neurons. Other abbreviation: MB, mammillary body of the hypothalamus.
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eye and orbital tissues, which is dominated by the 
viscosity of the extraocular muscles. If the eye were 
moved by only a step change in force, it would take 
nearly a second for the eye to settle at its new orienta-
tion, which would obviously be incompatible with the 
goal of supporting vision. Similarly, during slow eye 
movements such as smooth pursuit, the neural com-
mands from the motor neurons consist of a ramp-like 
change in activity to drive the smooth changes in eye 
position, plus an additional increment to overcome the 
sluggish dynamics of the eye. These patterns of activ-
ity are adjusted precisely by central mechanisms 
involving the brain stem and cerebellum, and illustrate 
a general problem in motor control—the need to 
convert desired actions into appropriately formed 
motor commands. The solution appears to involve the 
use of internal models that allow central mechanisms 
to take into account the dynamic properties of the 
body part or object to be moved.

Oculomotor motor units are also unusual in several 
ways (Buttner-Ennever, 2007). Unlike skeletal motor 
units, eye motor neurons participate equally in all 
types of eye movements, regardless of the speed 
involved. The extraocular muscles contain muscles 
spindles, but no Golgi tendon organs, and there are no 
ocular stretch refl exes. Instead, eye proprioception 
appears to come mainly from palisade endings on the 
eye muscle tendons. The function of this input is 
unclear, but it is distributed via the trigeminal nucleus 
to many key structures in the oculomotor system 
(including the vestibular nuclei, cerebellum, superior 

colliculus, and frontal eye fi elds) and may play a role 
in the long-term adaptive control of eye movements.

THE FUNDAMENTAL CIRCUITS FOR 
STABILIZING GAZE

The Vestibulo-Ocular Refl ex (VOR) Stabilizes 
Gaze during Head Movements

The function of the VOR is to stabilize retinal images 
during head movements by using head-motion signals 
from the vestibular organs. A purely rotational VOR 
can be elicited in complete darkness by rotating the 
head roughly about its center (e.g., the interaural axis). 
Head rotations stimulate the semicircular canals of the 
inner ear, which provide the sensory signals about 
head motion that drive this highly conserved mecha-
nisms for counter-rotating the eyes. During sustained 
rotations of the head, the eyes cannot continue to 
counter-rotate endlessly in the orbit, but are intermit-
tently and rapidly reset to a central position during the 
ongoing compensatory eye rotation. The profi le of eye 
position over time during the VOR therefore exhibits 
a characteristic saw-tooth pattern consisting of the 
slow-phase counter-rotations and quick-phase reset-
ting eye movements. This pattern is called nystagmus, 
and is described by the direction of the quick phases 
(Fig. 33.6 is an example of right-beat nystagmus).

The speed of the slow phases during nystagmus 
indicates how effectively the VOR is compensating for 

FIGURE 33.5 The fi ring rate patterns of eye movement motor neurons during horizontal eye movements. The rapid rightward change in 
eye position, indicted by the upward defl ection in the eye position trace, involves contraction of the right lateral rectus and relaxation of the 
right medial rectus. This is accomplished by a pulse-step increase in activity of the agonist motor neurons in the abducens nucleus, and a 
pause-step decrease in activity of the antagonist motor neurons in the oculomotor nucleus.
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the head rotation. The degree of compensation often is 
characterized by the VOR gain, which is defi ned as the 
ratio of slow-phase eye speed over the speed of head 
rotation. Perfect compensation occurs when the eye 
rotates in the opposite direction at exactly the same 
speed as the head rotation, which corresponds to a gain 
of 1. The ability of the VOR to compensate for head 
motion is limited by the dynamics of the signals from 
the semicircular canals, which act as “high-pass” 
sensors of head velocity. Thus, the VOR is very effective 
(its gain is near 1) for fast back-and-forth head rotations 
that take a second or less to complete (i.e., frequencies 
over 1 Hz), but it is much less effective for slow head 
rotations that continue over many seconds (e.g., 0.1 Hz). 
Under natural conditions, this limitation of the VOR 
does not pose a problem for vision, because at these 
lower speeds visual signals can be used to stabilize gaze 
very effectively through the optokinetic response.

The fundamental neural mechanism for the VOR 
consists of brain stem circuits linking the vestibular 
afferents to the extraocular muscles, including a direct 
3-neuron arc pathway (Fig. 33.6). For example, during a 
rightward head rotation, vestibular afferents from the 
horizontal semicircular canal on the right side increase 
their fi ring rates, and this increase is passed on to 
neurons in the vestibular nucleus on the same side. 
These vestibular nucleus neurons, in turn, increase the 
activity of motor neurons and interneurons in the abdu-
cens nucleus on the opposite (left) side. Motor neurons 

in the abducens innervate the lateral rectus of the left eye, 
completing the three-neuron arc. Interneurons in the 
abducens provide a crossed projection back to the right 
oculomotor nucleus, where motor neurons innervate 
the medial rectus of the right eye. By contracting both 
the left lateral rectus and the right medial rectus, the two 
eyes rotate leftward together in response to the right-
ward head rotation. In addition, because the vestibular 
afferents on the left side decrease their activity during a 
rightward rotation, a complementary circuit causes 
relaxation of the right lateral rectus and the left medial 
rectus. The VOR therefore is controlled in a push-pull 
fashion that yokes the movements of the two eyes 
through the bilateral symmetry of these basic circuits.

These direct pathways are key components of the 
VOR mechanism, but the VOR also requires indirect 
pathways to function correctly. As discussed in the 
previous section, the fi ring rate of oculomotor motor 
neurons is related primarily to eye position, but the 
afferent signals from the semicircular canals are related 
primarily to the head velocity. In order to construct the 
motor commands needed to hold, as well as move, the 
eyes during the VOR, the brain needs to transform 
the dynamic signals provided by the vestibular affer-
ents into the combination of dynamic and static 
commands found on motor neurons. Similar to the 
operation of mathematical integration in calculus, this 
process involves the temporal integration of velocity 
inputs into position signals.

FIGURE 33.6 The eye movements and neural circuits for the VOR. During a sustained rotation of the head (here, rightward), the eyes 
rotate slowly to the left (downward defl ections in eye position trace labeled “slow phases”), and then abruptly shift rightward to reset the eyes 
toward a central position (upward defl ections in eye position trace labeled “quick phases”). This is an example of right-beat nystagmus. The 
diagram of the basic VOR circuit shows the push-pull organization of the horizontal VOR. When the head rotates rightward, activity increases 
in the right semicircular canal, right vestibular nucleus (VN), and left abducens nucleus (VI). This leads to increased activation of the left eye 
lateral rectus and, through a crossed projection to the oculomotor nucleus (III), increased activation of the right eye medial rectus. The comple-
mentary set of pathways (colored in gray) show decreases in activity.
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The neural integrator for eye movements is accom-
plished by neurons in the vestibular nuclei and two 
other brain stem nuclei—the nucleus prepositus hypo-
glossi (for horizontal components) and the interstitial 
nucleus of Cajal (for vertical)—and is fi ne-tuned by 
connections between these brain stem nuclei and the 
vestibulocerebellum (Cannon and Robinson, 1987). 
The output from the neural integrator pathway sums 
with the signals from the direct pathway to provide the 
motor neurons with the complete set of velocity and 
position commands needed to accomplish the VOR. 
Importantly, all conjugate eye movements also use this 
same indirect integrator pathway. Thus, although the 
source of the velocity signals for the VOR, OKR, sac-
cades, and pursuit are quite different, they appear to 
share a common brain stem mechanism for transform-
ing these signals into the fi nal motor commands.

The Optokinetic Response (OKR) Uses 
Visual Inputs to Stabilize Gaze

The OKR also functions to stabilize retinal images 
during head movements, but uses visual inputs to 
infer the direction and speed of head motion rather 
than responding directly to head-velocity signals. The 
optimal stimulus for the OKR is full-fi eld motion of the 
visual environment that, like head rotations, causes 
a saw-tooth pattern of eye movements referred to as 
optokinetic nystagmus. Like the VOR, the slow phase 
movements during nystagmus compensate for the 
head rotation that presumably caused the full-fi eld 
motion. However, because the OKR is driven by visual 
signals, which are processed much more slowly than 
vestibular signals, the range of motions that are effec-
tively compensated by the OKR is quite different from 
the VOR. The OKR is very effective (its gain is near 1) 
for slow rotations that continue over many seconds, 
but it is much less effective for very fast back-and-forth 
rotations. These properties of the OKR therefore com-
plement those of the VOR and together, the two types 
of mechanisms can effectively stabilize gaze over a 
much wider range of speeds and behavioral conditions 
than either could achieve alone.

The interlocking nature of the two systems is also 
evident in the neural pathways for the OKR, despite the 
difference in their input signals. In vertebrate species 
without foveal vision, such as the rabbit, the visual pro-
cessing for the OKR is accomplished entirely within the 
brain stem. Direction-selective retinal ganglion cells 
project directly to a set of visual nuclei in the midbrain 
called the pretectum and accessory optic nuclei. In 
species with foveal vision, the visual properties of these 
nuclei are determined not only by inputs from the 
retina, but also are shaped by inputs from visual areas 

of the cerebral cortex. Neurons in the accessory optic 
nuclei have very large receptive fi elds and respond 
selectively to global visual motion that would result 
from rotating the head about a particular spatial axis. 
Remarkably, the selectivity of individual neurons is 
restricted to one of the three axes of rotation that are also 
detected by the semicircular canals. This common rota-
tional coordinate system makes it easier to combine 
visual reafferent signals about head motion from the 
accessory optic nuclei with the vestibular afferent signals 
provided by the labyrinths. Accordingly, neurons in the 
pretectum and accessory optic nuclei project to the 
vestibular nuclei and nucleus prepositus hypoglossi, 
where these visual signals join the same fi nal pathways 
used by the VOR. These nuclei also project to the vesti-
bulocerebellum, where the visual signals contribute to 
the velocity commands for the OKR and other smooth 
eye movements, and also act as feedback signals that play 
a critical role in the long-term adjustment of the VOR.

THE COMMANDS FOR SHIFTING GAZE 
ARE FORMED IN THE BRAIN STEM

The commands for shifting gaze use the same fi nal 
motor pathways that are used for stabilizing gaze, but 
the signals and mechanisms giving rise to the gaze-
shifting commands are quite different. For smooth 
pursuit, they are based on motion signals about the 
visual target that are fi rst extracted in specialized areas 
of the cerebral cortex and then used to commandeer 
the brain stem and cerebellar pathways for the OKR. 
For saccades, which are not guided by visual feedback, 
a specialized circuit in the brain stem reticular forma-
tion produces the stereotyped velocity command that 
determines the trajectory of the saccade.

The Motor Commands for Saccades 
Are Constructed in the Brain Stem 
Reticular Formation

The control signals for saccades descending from 
higher centers specify the location of the target, which is 
then transformed by circuits in the brain stem reticular 
formation into the motor commands for saccades 
(Fig. 33.7). The horizontal and vertical components of 
saccades are formed by separate but interconnected cir-
cuits—the horizontal commands are formed in the para-
median pontine reticular formation (PPRF), and the 
vertical commands are formed in a part of the mesence-
phalic reticular formation called the rostral interstitial 
nucleus of the medial longitudinal fasciculus (riMLF).

Within these brain stem circuits, often referred to as 
the saccadic burst generator, several different classes of 
neurons work together to construct the saccade motor 
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command (Keller, 1974). Burst neurons fi re a high-
frequency volley of action potentials that begins ∼10 ms 
before the onset of the saccade and ends slightly before 
the saccade lands on the target. The fi ring rate during 
the burst is related to the instantaneous velocity of the 
saccade, and the number of spikes in the burst is related 
to the amplitude of the saccade. There are several types 
of burst neurons. Excitatory burst neurons (EBNs), 
sometimes called “medium-lead burst neurons,” pro-
vide the velocity signal for the eye muscles that will 
contract during the saccade, and specify the “pulse” 
portion of the saccade motor command. The EBNs 
provide a copy of this velocity signal to the brain stem 
nuclei of the neural integrator, which then generate the 
“step” portion of the motor command, just like they do 
for other eye movements. EBNs also contact inhibitory 
burst neurons (IBNs), which provide a crossed projec-
tion that inhibits motor neurons for the antagonist eye 
muscles that will relax during the saccade. Finally, 
long-lead burst neurons show changes in their activity 
well in advance of the saccade, presumably refl ecting 
inputs received from higher centers, and provide an 
excitatory input to the EBNs.

The other major class of neurons in the saccadic burst 
generator are the omnipause neurons (OPNs). These 
neurons fi re at a constant high rate (∼100 spikes/s) 
during fi xation, but completely pause their activity just 
before and during saccades in all directions. Because 
the OPNs directly inhibit both EBNs and IBNs, their 

tonic activity prevents unwanted saccades during fi xa-
tion, and the pause in their activity unleashes the syn-
chronized bursts of action potentials that initiate and 
drive the saccade. The onset of the pause in OPN activ-
ity appears to be triggered by inhibitory signals origi-
nating from higher brain centers, but the duration of the 
pause does not determine when the saccade ends. 
Instead, stopping saccades involves another inhibitory 
infl uence on burst neurons. One likely candidate is 
the oculomotor cerebellum (lobules VI and VII of the 
vermis and the caudal fastigial nucleus). The oculomo-
tor vermis is interconnected with the saccadic burst 
generator and plays a crucial role in adjusting the 
metrics of saccades so that the eyes land accurately on 
the target at the end of the gaze shift.

The Motor Commands for Pursuit Are 
Formed in the Brain Stem and Cerebellum

The control signals for pursuit descending from 
higher centers continuously specify the motion of the 
target to be followed with the eyes. Thus, in contrast to 
saccades, pursuit does not require motor circuitry to 
construct the velocity command from scratch. Instead, 
the pursuit pathways in the brain stem and cerebellum 
sculpt the descending control signals to form an appro-
priately shaped velocity command, and provide a copy 
of this velocity signal to the neural integrator to gener-
ate the position component of the motor command.

FIGURE 33.7 The brainstem circuits for controlling saccadic eye movements. This diagram of the saccade burst generator outlines the 
major classes of neurons involved in constructing the motor command for horizontal saccades. Omnipause neurons (OPN) located near the 
midline in the nucleus raphe interpositus (RIP) tonically inhibit excitatory burst neurons (EBN) located in the paramedian pontine reticular 
formation (PPRF). When OPNs pause, the EBNs emit a burst of spikes, which activate motor neurons (MN) in the abducens nucleus (VI) 
innervating the lateral rectus muscle. The burst also activates interneurons (IN) which, in turn, activate motor neurons on the oculomotor 
nucleus (III) on the opposite side, innervating the medial rectus. Inhibitory burst neurons (IBN) show a pattern of activity similar to EBNs, but 
provide inhibitory inputs to decrease activation in the complementary circuits and antagonist muscles. Long-lead burst neurons (LLBN) show 
activity long before movement onset, and provide an excitatory input to EBNs.
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The velocity commands for pursuit arise in areas of 
the cerebral cortex and reach the fi nal motor circuits 
through several routes (Fig. 33.8). One pair of path-
ways involves projections from the cerebral cortex to 
the cerebellum via a large set of relay neurons on the 
fl oor of the brain stem called the basal pontine nuclei. 
Areas in extrastriate visual cortex provide signals 
related to visual motion through the dorsolateral 
pontine nuclei to a portion of the vestibulocerebellum 
called the ventral parafl occulus. The frontal cortex pro-
vides signals related to target and eye velocity through 
the dorsomedial pontine nuclei, and the adjacent 
nucleus reticularis tegmenti pontis, to the oculomotor 
cerebellum (vermis), the same portion of the cerebel-
lum involved in adjusting the metrics of saccades. Both 
of these cerebellar regions provide inputs to parts of 
the brain stem motor pathways that we already have 
discussed. The output of the ventral parafl occulus is 
closely related to eye velocity and terminates in the 
vestibular nuclei, where it contributes to the velocity 
command for pursuit, and also provides an input to 
the neural integrator. The output of the oculomotor 
vermis is less well defi ned, but appears to be related 
to eye acceleration as well as eye velocity. The outputs 
of the vermis and the associated deep cerebellar 
nucleus (the caudal fastigial nucleus) are sent to 
neurons in the brain stem reticular formation, and may 
play a role in shaping the velocity command appropri-
ately when the target motion changes.

Another route for conveying motion signals for 
pursuit involves the pretectum. As described earlier, the 
pretectum plays a key role in the OKR, but in primates 
the pretectum receives inputs from areas of the cerebral 
cortex that are important for pursuit. Accordingly, some 
neurons in the primate pretectum have smaller recep-
tive fi elds and respond well to the small moving stimuli 
typically used to elicit pursuit. The pretectum provides 
an input to the cerebellum through the basal pontine 
nuclei, but also projects directly to the vestibular nuclei 
and nucleus prepositus hypoglossi, offering a relatively 
direct route to the fi nal motor pathways.

The brain stem control of pursuit also appears to 
involve some of the same neurons that are part of the 
saccadic burst generator. The EBNs and IBNs are not 
involved in forming the pursuit motor command, but 
some of the long-lead burst neurons in the brain stem 
reticular formation increase their tonic fi ring during 
pursuit, and show a build-up of activity before the onset 
of pursuit and saccades. Even more surprisingly, 
OPNs—the “gatekeepers” for saccades—are also mod-
ulated during pursuit. They do not completely pause 
their activity as they do during saccades, but decrease 
their activity by about one-third. Moreover, electrical 
stimulation applied to the OPNs slows down pursuit 
eye movements, in addition to stopping saccades (Missal 
and Keller, 2002). The function of this overlap between 
saccades and pursuit in these premotor circuits is not yet 
fully understood, but one possibility is that descending 

FIGURE 33.8 The brainstem and cerebellar circuits for controlling pursuit eye movements. During pursuit, the line of sight changes smoothly 
to follow the motion of the target. The smooth changes in eye velocity are often accompanied by small “corrective” saccades, indicated by the 
upward defl ection in the eye velocity trace (dotted lines). The diagram outlines the circuits involved in constructing the motor command for 
horizontal pursuit. The major pathways involve projections from areas of the cerebral cortex via the pontine nuclei to the cerebellum (CBLM), 
which then modulates activity in nuclei associated with the VOR – namely, the vestibular nuclei (VN) and nucleus prepositus hypoglossi (NPH) 
– and also modulates activity in nuclei associated with saccades, such as the paramedian pontine reticular formation (PPRF). A second pathway 
involves projections from the pretectum to the pontine nuclei, as well as a direct projection to the vestibular nuclei and prepositus hypoglossi.
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information about the target does not directly trigger 
saccades and pursuit, but instead a motor decision 
process at the level of the brain stem and cerebellum 
determines which type or combination of movements is 
most appropriate under the particular circumstances.

GAZE SHIFTS ARE CONTROLLED BY 
THE MIDBRAIN AND FOREBRAIN

The motor commands for gaze shifts formed in the 
brain stem depend on control signals descending from 
higher centers, in particular, from the superior collicu-
lus (SC) and several eye-movement related areas of the 
cerebral cortex (Fig. 33.9). These brain regions make it 
possible to bring the well-honed motor circuits in the 
brain stem under the control of higher-order processes 
such as attention, perception, and cognition.

The Superior Colliculus Contains a 
Retinotopic Map for Controlling Gaze

The superior colliculus (SC) is a multilayered struc-
ture lying on the roof of the midbrain. In nonmammals, 
the homologous structure is called the optic tectum, 
which serves as the primary center for processing 
retinal inputs and for transforming sensory inputs into 

commands for orienting movements. In mammals, the 
SC has a similar functional role, and consists of super-
fi cial layers that receive direct inputs from the retina 
and striate cortex, and intermediate and deep layers 
that receive inputs from extrastriate, parietal, and 
frontal cortex, and the basal ganglia. Neurons in the 
superfi cial layers have responses to visual stimuli that 
are enhanced when the stimulus is the target of a 
saccade. Neurons in the intermediate and deep layers 
may also respond to visual stimuli, and also to auditory 
stimuli from corresponding locations, so that the visual 
and auditory maps of the animal’s surroundings are in 
register. It is these intermediate and deep layers that 
also possess the movement-related activity that plays 
a crucial role in the control of gaze shifts (Wurtz 
and Goldberg, 1972). These movement-related layers 
provide a major descending projection to the oculomo-
tor nuclei in the brain stem reticular formation, and 
also a major ascending projection to the frontal cortex 
through the medial dorsal nucleus of the thalamus.

The most distinctive feature of the superior collicu-
lus is that it contains a retinotopic map of contralateral 
visual space and this topography applies to the move-
ment-related activity in the deeper layers as well as to 
the visual activity in the superfi cial layers (Fig. 33.10). 
The signifi cance of this retinotopic map becomes 
evident when neural activity is artifi cially manipulated 
by passing small amounts of electrical current through 
the tip of an electrode placed in the intermediate layers 
(Robinson, 1972). Such stimulation elicits a saccadic 
eye movement with an amplitude and direction that 
depends on the placement of the electrode in the map. 
If the stimulation is applied as a long train, rather than 
as a brief pulse, a series of saccades is elicited, forming 
a “staircase” of eye movements, each with the same 
characteristic amplitude and direction. Thus, activity 
in the superior colliculus map is related to changes in 
eye position and not with absolute eye position, con-
sistent with the organization of the superior colliculus 
in retinotopic (or oculocentric) coordinates.

During naturally occurring eye movements, activity 
in the superior colliculus is not restricted to just the few 
neurons that best match the endpoint of the saccade, but 
is distributed across a large number of neurons across 
the retinotopic map. This point was elegantly demon-
strated by testing what happens to saccades when the 
injection of chemical agents into the superior colliculus 
temporarily inactivates neurons at a particular location 
in the map (Lee et al., 1988). Remarkably, it is still possi-
ble to make saccades directed to the center of the inacti-
vated region, because the broad distribution of activity 
across the map leaves a halo of neurons that can still 
accurately guide the saccade. Moreover, saccades 
directed to locations slightly beyond the inactivated site 

FIGURE 33.9 The descending pathways for controlling gaze 
shifts, depicted schematically on a lateral view of the monkey brain. 
The superior colliculus (SC), located on the roof of the midbrain, is 
a major source of descending control signals. In the cerebral cortex, 
the major areas involved are the frontal eye fi elds (FEF), supplemen-
tary eye fi elds (SEF), lateral intraparietal area (LIP), middle temporal 
area (MT), and medial superior temporal area (MST). In the basal 
ganglia, a cascade through the caudate nucleus (CN) and substantia 
nigra pars reticulata (SNpr) provides inhibitory control over activity 
in the superior colliculus. These descending control signals are then 
converted into motor commands by circuits involving regions such 
as the reticular formation (RF), pontine nuclei (PN), vestibular nuclei 
(VN), and parts of the cerebellum such as the ventral parafl occulus 
(VPF), oculomotor vermis (OV) and fastigial nucleus (FN).
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become hypermetric (bigger than normal), because the 
inactivation removes the contribution from neurons 
that code for more proximal locations and smaller sac-
cades. These results show that saccades are guided by 
the vector average of population activity in the superior 
colliculus, and were the fi rst demonstration of vector 
averaging in a mammalian motor system.

The intermediate layers of the superior colliculus 
contain two main classes of neurons related to the 
control of gaze (Munoz and Wurtz, 1995). Burst neurons 
in the superior colliculus fi re a volley of action poten-
tials that begins ∼20 ms before the onset of saccades, 
somewhat earlier than the burst neurons located down-
stream in the reticular formation, and often also have a 
visual response to the onset of visual targets. Unlike the 
burst neurons in the reticular formation, those in the 
superior colliculus fi re for saccades directed to a portion 
of the visual fi eld referred to as the neuron’s movement 
fi eld, and the size of the burst depends on where the 
target falls with respect to the neuron’s movement fi eld. 
Buildup neurons also have visual responses and 
saccade-related activity, but they are distinguished by 
the presence of sustained activity when the subject is 
required to delay eye movement response after the 
presentation of a visual stimulus. This sustained activ-
ity typically increases over time as the time of the 
saccade draws near, and is believed to be important for 
the preparation of saccades, perhaps by facilitating the 
occurrence of the saccade-related burst. Recent results 
show that the activity of neurons in these layers of the 

superior colliculus not only is involved in motor prepa-
ration, but also is involved in the antecedent step of 
selecting the visual target, and may be part of the neural 
circuits that control visual attention.

In the part of the superior colliculus map that repre-
sents the central visual fi eld, the neuronal activity is 
somewhat different. Like the rest of the map, this part 
also contains burst neurons that fi re during saccades, 
although the preferred saccades are smaller, as would 
be expected. In place of buildup activity, however, 
there are neurons that show tonic activity during fi xa-
tion and decrease their activity during most saccades 
(Munoz and Wurtz, 1993). Because of this fi xation-
related activity, and a prominent projection to the 
omnipause neurons, this region has been referred to as 
a fi xation zone. However, these same neurons increase 
their activity during small contralateral saccades and 
are also modulated during pursuit eye movements, 
which, like fi xation, also involve foveal target positions 
(Krauzlis et al., 1997). Although the issue is not yet 
settled, this argues that these neurons do not provide a 
separate motor command for fi xation, but instead rep-
resent the foveal region of a single target position map 
extending across the superior colliculus.

The Frontal Eye Field Is the Primary Cortical 
Area for Controlling Gaze Shifts

The frontal eye fi eld (FEF) exerts its control on gaze 
shifts through several descending pathways, including 

FIGURE 33.10 The superior colliculus and its retinotopic (or oculocentric) map of saccades and target positions. The left plot shows that 
electrical stimulation in the superior colliculus causes eye movements whose direction and amplitude depends on the location. Each arrow 
corresponds to a stimulation site in the left superior colliculus, and the length and direction of the arrow indicate the metrics of the evoked 
saccade. The evoked saccades are all directed rightward, but rostral sites are associated with smaller movements than caudal sites, and medial 
sites are associated with upward movements whereas lateral sites are associated with downward movements. The right plot summarizes these 
results in the form of a continuous map of saccades and target positions. As in the visual cortex, the representation of the center of the visual 
fi eld is amplifi ed. Adapted from Robinson (1972).
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a direct projection to the intermediate layers of the 
superior colliculus, an indirect projection to the supe-
rior colliculus via the basal ganglia, and also projec-
tions to the cerebellum and the brain stem reticular 
formation. The FEF is best known for its role in the 
generation of saccades, but it also contains zones that 
are involved in the control of pursuit and vergence eye 
movements. Like the superior colliculus, electrical 
stimulation of the FEF causes saccades to a particular 
location in the contrateral visual hemifi eld, although 
the topography in the FEF is less orderly than in the 
superior colliculus. Electrical stimulation of the pursuit 
zone of the FEF causes smooth eye movements toward 
the ipsilateral side, and is the only cortical area where 
stimulation can directly evoke smooth eye movements 
(Gottlieb et al., 1993). Damage to the FEF produces defi -
cits in saccades, and the impairments are most notice-
able when the target stimulus is accompanied by 
irrelevant distracter stimuli. For pursuit, disruption of 
the FEF reduces pursuit eye velocity and, in particular, 
affects the ability of pursuit to follow targets using 
prediction. The impairments after FEF damage are 
usually temporary, but combined damage to the FEF 
and SC results in a permanent defi cit in the ability to 
generate voluntary gaze shifts (Schiller et al., 1980).

The FEF contains neurons with different combina-
tions of motor and visual activity. Movement-related 
neurons have movement fi elds like those found in the 
superior colliculus—they are active for saccades within 
a particular range of directions and amplitudes. Move-
ment-related neurons project to the superior colliculus 
and show changes in activity that are related with when 
and if voluntary gaze shifts will be initiated. In particu-
lar, the variability in the timing of saccade initiation is 
closely correlated with when the fi ring rates of these 
neurons reach a fairly constant “threshold” value 
(Hanes and Schall, 1996). Fixation neurons show the 
opposite pattern, decreasing their activity for saccades 
in all directions. In the pursuit zone of the FEF, neurons 
exhibit directionally selective responses to moving 
visual stimuli that are appropriate for determining the 
velocity command for pursuit eye movements.

Most neurons in the FEF also have visual responses, 
including a large class of visuo-movement neurons that 
show activity for both visual stimuli and the eye move-
ments that follow. These visually responsive neurons 
often show activity related to the selection of the target. 
Prior to the gaze shift, the activity evoked by the non-
selected stimulus is rapidly suppressed, whereas the 
activity for the selected stimulus remains conspicuous. 
Some FEF neurons discriminate visual targets even in 
the complete absence of an eye movement response, 
indicating that their activity is related to the allocation 
of visual attention rather than to the preparation of eye 

movements. Indeed, stimulation within the FEF with 
currents too weak to directly cause eye movements can 
nonetheless enhance the visual responses of neurons 
located in other visual areas of cortex, and can improve 
the behavioral performance on visual discrimination 
tasks (Moore and Fallah, 2004).

Another region of frontal cortex, the supplementary 
eye fi eld (SEF), plays a less direct role in the control of 
saccades but is important for movements that are 
guided by cognitive factors. Neurons in the SEF are 
preferentially modulated in tasks that involve more 
abstract instructions, such as when saccades are 
directed to a particular side of an object rather than to 
a spatial location, or when saccades are directed to the 
location opposite the visual stimulus (the “anti-
saccade” task). During pursuit eye movements, SEF 
neurons are especially active when the target moves 
along a predictable trajectory.

The Parietal Cortex Contributes to Eye 
Movements by Controlling Visual Attention

The lateral intraparietal area (LIP) plays a major role 
in the process of visual selection that precedes the gen-
eration of gaze shifts. Reversible inactivation of neurons 
in area LIP does not cause large defi cits in the timing or 
accuracy of gaze shifts, but it dramatically reduces the 
frequency of movements toward the affected portions 
of the visual fi eld, especially when competing stimuli 
are present elsewhere (Wardak et al., 2002). These defi -
cits suggest a visual neglect of stimuli in the affected 
region, rather than a motor defi cit in the generation of 
eye movements. Damage to the parietal cortex in hu-
mans, especially to the right hemisphere, also produces 
a neglect syndrome with similar defi cits in attention.

Neurons in LIP show activity related to visual atten-
tion and to the intention to make gaze shifts to parti-
cular locations in visual space. When an attention-
grabbing, but irrelevant, distracter stimulus appears 
while the animal is preparing a saccade directed else-
where, the activity of LIP neurons closely tracks the 
short-lived shift of attention to the distracter and its 
subsequent return to the intended location of the 
saccade (Bisley and Goldberg, 2003). Activity in LIP 
therefore often is described as a salience map that 
helps to determine the location of spatial attention, as 
well as the endpoint of gaze shifts.

Motion-Processing Areas of Cortex Provide 
Crucial Signals for Pursuit Eye Movements

The middle temporal area (MT) and the medial supe-
rior temporal area (MST) are the primary sources of 
visual motion information that are used to construct the 
motor commands for pursuit. This motion information 
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also is used to adjust the size of saccades made to 
moving visual targets. These cortical areas provide 
these inputs through several pathways, including pro-
jections to other cortical areas involved in controlling 
gaze shifts (in particular, the FEF), descending projec-
tions to the vestibulocerebellum via the basal pontine 
nuclei, and projections to the pretectum, which contains 
neurons with activity related to the OKR and pursuit.

Neurons in MT and MST have activity related to the 
velocity of visual stimuli. In MT, neurons have smaller 
receptive fi elds and activity that depends on the pres-
ence of a visual stimulus. Lesions in MT produce blind 
spots for seeing motion that affect the motor com-
mands for pursuit and saccades, and the perception of 
motion as well. In MST, neurons have larger receptive 
fi elds and prefer more complex patterns of visual 
motion. Lesions in MST also produce blind spots for 
motion, but in addition, cause a directional defi cit in 
pursuit for movements directed to the ipsilateral side 
(Dürsteler and Wurtz, 1988). Stimulation of MT and 
MST can affect pursuit eye movements, but only if 
pursuit is already ongoing, unlike the effects of stimula-
tion in the FEF. Thus, MT and MST are crucial sources 
of the motion signals needed to drive pursuit eye move-
ments, but other areas appear necessary to determine 
when and if the movement should be started.

The Basal Ganglia Regulate Saccades by 
Inhibiting the Superior Colliculus

The caudate nucleus (CN) and the substantia nigra 
pars reticulata (SNpr) are parts of the basal ganglia that 
form an important circuit for controlling when gaze 
shifts are initiated. The SNpr applies tonic inhibition to 
the superior colliculus using GABA-ergic synapses, 
suppressing the response to the many excitatory inputs 
to the superior colliculus that might otherwise evoke 
gaze shifts. When SNpr neurons reduce or pause their 
activity, there is a disinhibition of activity in the supe-
rior colliculus, which then permits gaze shifts to be initi-
ated. The SNpr itself is under inhibitory control from 
the CN, which contains neurons that increase their 
activity with gaze shifts. Together, this series of inhibi-
tory connections through the basal ganglia act to gate 
the generation of gaze shifts by the superior colliculus.

The basal ganglia appear to be especially important 
for gaze shifts involving reward and motivation. For 
example, the visual responses of CN neurons is larger 
for stimuli that are associated with larger rewards 
(Lauwereyns et al., 2002). This modulation in excitabil-
ity may be caused by dopaminergic inputs from 
neurons in the substantia nigra pars compacta (SNpc), 
the same neurons whose degeneration is implicated in 
Parkinson’s disease.

The Thalamus Provides Feedback about the 
Control of Gaze Shifts

In addition to these descending pathways, there are 
also ascending pathways to eye movement-related 
areas of cortex from nuclei in the central thalamus. 
These nuclei receive inputs from a wide range of ocu-
lomotor structures, including the superior colliculus, 
substantia nigra pars reticulata, cerebellum, the nucleus 
prepositus hypoglossi, and the brain stem reticular 
formation. Feedback through the thalamus appears to 
convey corollary discharge signals about the gaze 
shifts that are executed by downstream motor struc-
tures, and is used to update the control signals formed 
in the cortex. Thus, when the central thalamus is inac-
tivated by chemical agents, single saccades can still be 
made accurately, even in the dark, but subsequent sac-
cades are spatially inaccurate, as though the interven-
ing movement had not been taken into account 
(Sommer and Wurtz, 2002).

THE CONTROL OF GAZE SHIFTS 
INVOLVES HIGHER-ORDER PROCESSES

Saccades and Pursuit Are Coordinated during 
Gaze Shifts

The functions of saccades and pursuit are distinct, 
and yet during normal gaze shifts the two types of 
movements are tightly coordinated and almost always 
select the same visual target. How is this coordination 
achieved? One possibility is that target selection for 
pursuit is determined by the generation of saccades. 
When subjects are presented with two moving stimuli 
simultaneously, they almost always begin smooth 
pursuit in a direction that is the average of the two 
motions. After a brief period of this “vector average” 
pursuit, subjects make a saccade toward one stimulus 
or the other and then pursue that one selectively. These 
observations suggest that pursuit target selection is 
serially linked to saccade execution (Gardner and Lis-
berger, 2002). On the other hand, pursuit can selec-
tively follow one stimulus in the presence of distracters 
without a targeting saccade, showing that saccades are 
not strictly necessary for pursuit target selection.

Another possibility is that targets are selected in 
common for pursuit and saccades. Pursuit typically 
starts earlier than saccades, and the stimulus selected 
by pursuit usually predicts the target of the saccade 
choice by ∼50 ms. This suggests that the two choices 
are guided by the same decision signals, but saccades 
might use a somewhat more stringent decision crite-
rion. Consistent with this view, pursuit and saccades 
exhibit nearly the same tradeoff between speed and 



 V. MOTOR SYSTEMS

accuracy, but saccades tend to be delayed and some-
what more accurate (Liston and Krauzlis, 2005). The 
exact mechanism for this putative shared decision 
process is not yet known, but one possibility is that it 
is related to visual attention.

Voluntary Gaze Shifts Are Tightly Linked to 
Shifts of Visual Attention

A crucial aspect of voluntary gaze shifts is that 
they are selectively guided by objects of interest to the 
observer, despite the fact that our surroundings 
usually contain many other distracting signals. This 
selectivity is achieved by a tight functional link 
between the control of gaze shifts and the mecha-
nisms of visual attention. When gaze shifts, the move-
ment of the eyes always is preceded by a shift of 
visual attention to the new location. For example, 
when subjects are asked to detect visual targets 
that appear just before a saccade is made, perform-
ance is much better when the target and saccade 
locations coincide than when they do not (Deubel 
and Schneider, 1996). Similarly during pursuit, sub-
jects make more accurate perceptual judgments 
about the stimulus they are smoothly tracking with 
their eyes than about other, nontracked stimuli in 
the visual display. However, judgments about non-
tracked stimuli are still better than chance, showing 
that the selection of targets for gaze shifts can occur 
in parallel with the perceptual processing of other 
visual stimuli. Also, although gaze shifts typically 
require visual attention, the converse is not true—
visual attention can shift to new locations in the 
absence of gaze shifts; these are referred to as covert 
shifts of attention.

The tight linkage between visual attention and the 
planning of eye movements provides support for 
the premotor theory of attention, which posits that the 
mechanisms for spatial attention and eye motor pro-
gramming are essentially the same. The theory is 
controversial, because the degree of overlap between 
attention and eye movements depends on which level 
of brain organization is considered relevant. As 
described in the previous section, there is substantial 
overlap between the areas of the brain involved in the 
control of attention and eye movements, consistent 
with the theory. On the other hand, the activity of 
single neurons in these areas can often be attributed to 
either visual attention or motor planning, but not both. 
Resolving these issues will require understanding how 
the properties of individual neurons are brought 
together into the larger functional circuits that span 
brain areas.

Visual Perception and Cognition Contribute to 
the Control of Gaze Shifts

Much of what we know about the neural control of 
gaze shifts was learned using very simple visual, often 
small bright spots in an otherwise dark room. These 
studies made it possible to test and identify the basic 
feedback mechanisms and motor circuits that control 
gaze shifts. However, it is now generally recognized 
that under more natural conditions, eye movements 
show properties that are more complex and fl exible. 
One striking set of examples is provided by the work 
of Yarbus (Yarbus, 1967), who showed that the pattern 
of saccades made while looking at a visual scenes 
depends heavily on the instructions given to the 
observer (Fig. 33.11). These results illustrate that gaze 
shifts are normally not just reactions to retinal events, 
but instead are guided by longer-term goals and serve 
to collect relevant visual information from the 
environment.

Gaze shifts also reveal properties of the visual 
processing steps required to segment and interpret the 
visual scene. In one demonstration, a few lights are 
attached to the rim of a wagon wheel, which is then 
rolled along in an otherwise dark display. Although 
the retinal stimulus consists of several spots, each 
undergoing cycloidal motion, subjects perceive the 
horizontal motion of the wheel and are able to easily 
track this motion with their eyes (Steinbach, 1976). 
More recent studies have examined how these proc-
esses evolve over time. For many moving objects, the 
true trajectory of the object cannot be calculated locally 
in the retinal image, but requires integrating informa-
tion over regions of visual space. This integration evi-
dently takes some time (for example, ∼100 ms), and the 
transition from local-motion signals to object-motion 
signals can be found in both the eye motor output and 
perceptual judgments.

Visual perception also is changed by eye move-
ments. In particular, the world is not perceived as 
moving during saccadic eye movements, despite the 
rapid motion of the retinal image. You can demon-
strate this to yourself by watching yourself make sac-
cades in a mirror—you can see that your eyes change 
position, but you cannot see them actually move. This 
phenomenon is referred to as saccadic suppression, 
and it refers to the observation that the ability to detect 
visual stimuli is reduced dramatically during saccadic 
eye movements, especially for visual stimuli with low 
spatial frequencies (Burr et al., 1994). The mechanism 
of saccadic suppression is not fully understood, but its 
effect is to help the visual system reduce its sensitivity 
to the unreliable visual signals that occur during gaze 
shifts.
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THE CONTROL OF EYE MOVEMENTS 
CHANGES OVER TIME

Different Eye Movements Develop over 
Different Timescales

Studying the development of eye movements is 
especially challenging, because infants are not always 
cooperative subjects, and the observed changes in eye 
movements are due to developmental changes that 
occur at sensory as well as motor stages of processing. 
Nonetheless, in humans, all eye movements appear to 
be different in infants than they are in adults, and the 
development of eye movements that stabilize gaze (e.g., 
VOR and OKR) follow a faster time course than those 
that act to shift gaze (e.g., saccades and pursuit).

Human infants are born with an excellent VOR. In 
fact, the gain of the VOR (the ratio of eye velocity to 
head velocity) in infants is approximately 1, which is 
better than that typically found in adults. The temporal 
dynamics of the VOR are somewhat different at birth, 
possibly refl ecting an immature neural integrator, but 
these achieve near-adult values within the fi rst six 
months of life. The strong VOR at birth compensates 
for the fact that the OKR is not fully developed until 
age 5–6 months. The OKR in infants is symmetric for 
rightward and leftward motion, but only when viewed 
binocularly (i.e., with both eyes). With monocular 

viewing, the amplitude of the OKR is markedly larger 
for horizontal motion directed toward the nose than 
for motion directed away from the nose. This direc-
tional asymmetry is like that found in the adult OKR 
of “lower” mammals such as the rabbit, and in cats 
that have been reared with disrupted visual inputs 
from one eye. The asymmetry in infants is believed to 
be due to the delayed maturation of the cortical inputs 
to the visual nuclei in the brain stem, which confer 
binocularity and other visual properties to the neurons 
in the pretectum important for generating the OKR.

As might be expected given the relative immaturity 
of the visual system at birth, saccades and pursuit take 
many months to approach adult-like characteristics. 
Newborns can generate saccades in response to a 
visual target, but the latencies are long and the move-
ments fall well short of the target. In fact, 1-month old 
infants typically acquire the target by making a series 
of three to fi ve saccades, each of which is approxi-
mately the same size and which scales with the initial 
eccentricity of the visual target. Over time during the 
fi rst year, the number of sequential saccades decreases 
and their amplitude increases. Similarly, newborns 
have a limited ability to generate pursuit eye move-
ments, and the responses are better for larger stimuli 
that likely also activate the OKR. The gain of pursuit 
to small target spots is very low (0.5 or less) in the fi rst 
few postnatal months, and saccades often are used to 

FIGURE 33.11 The scan path depends on the goals of the observer. Among other experiments, Yarbus (1967) monitored the eye movements 
of subjects as they viewed Repin’s painting “An Unexpected Visitor” and found that the pattern of eye movements depended on the task. 
When subjects were instructed to give the ages of the people, the scan path mostly settled on the faces, whereas when subjects were instructed 
to surmise what the family had been doing, the scan path included many more objects in the room. Adapted from Figure 109 of Yarbus (1967) 
with kind permission of Springer Science and Business Media.
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keep up with the target. Interestingly, the pursuit 
velocity generated at these young ages is not only low, 
but does not scale with the velocity of the visual target, 
presumably due to the delayed maturation of the corti-
cal circuits involved in motion processing. The ability 
to match target speed improves markedly by the end 
of the fi rst year, as does the ability to use prediction to 
guided pursuit. However, for both saccades and 
pursuit, the exact age at which the movements become 
adult-like is diffi cult to determine.

Eye Movements Continuously Undergo 
Plastic Changes

Even in adulthood, the circuits for controlling gaze 
movements are continually adjusted to compensate for 
changes in the motor output and the sensory inputs. As 
many of us have experienced after getting a new pair of 
eye glasses, which changes the VOR output needed to 
stabilize the visual world, the inaccuracies in the pro-
gramming of eye movements usually are corrected auto-
matically and fairly rapidly. This type of adaptive control 
is especially important for rapid movements like the 
VOR and saccades, because the movements occur too 
rapidly to be corrected mid-fl ight by visual feedback.

For saccades, the adaptation is guided by visual 
signals about whether the eyes have landed on the 
target. This feedback is used by structures such as 
the oculomotor vermis in the cerebellum to adjust the 
“pulse” component of the command for saccades. Sac-
cadic adaptation also depends on visual signals about 
whether the eye stays on target after the saccade or drifts 
off. This visual motion feedback is used by the vestibu-
locerebellum to adjust the size of the “step” component 
of the saccade command. Adaptive changes in saccades 
also tend to be spatially specifi c rather than paramet-
ric—the changes affect a limited range of saccade ampli-
tudes and directions near the adapted saccade, rather 
than simply scaling all saccades. This property illus-
trates the great fl exibility and precision of the output 
motor pathways in fi ne-tuning the control of saccades.

Adaptive changes to the VOR have been extensively 
studied and provide a general model for understanding 
the neural basis of motor learning. It is well established 
that the vestibulocerebellum plays a fundamental role 
in motor learning for the VOR, but the exact role of the 
cerebellum remains controversial. Early studies empha-
sized the role of the cerebellar cortex as the principal site 
of learning. Theories put forward by Marr and Albus, 
and elaborated by Ito, drew attention to the crystalline 
structure of the cerebellar cortex and highlighted the 
synaptic interactions that might take place on the output 
neurons from the cerebellar cortex, the Purkinje cells. In 
particular, they proposed that climbing fi ber inputs to 

the cerebellar cortex provide visual “error signals” that 
modify the strength of parallel fi ber synapses providing 
vestibular information to Purkinje cells. Subsequent 
studies have supported this proposal by showing that 
paired stimulation of the climbing fi bers and parallel 
fi bers induces a long-term depression (LTD) of the par-
allel fi ber synapse. However, other studies have shown 
that although the cerebellum is critical for VOR adapta-
tion, it could be removed after the adaptation was com-
plete without changing the state of the VOR. This led 
later researchers to propose that the cerebellum does not 
store the motor memory needed for VOR plasticity but 
instead computes an instructive signal that induces 
changes elsewhere, such as in the vestibular nuclei that 
receive the cerebellar output. These careful studies of 
the VOR circuit have made it possible now to begin 
probing the cellular and molecular mechanisms that 
underlie this basic form of learning.

CONCLUSIONS

Eye movements serve two different functions. First, 
eye movements stabilize gaze when animals move 
about in their environment. Unpredictable high-speed 
rotations of the head, which are produced whenever 
an animal moves, shift the line of gaze and, by smear-
ing the optical image, reduce the resolution of the 
visual system. These high-velocity movements are 
compensated for by counter-rotations of the eyes gen-
erated by the VOR. Working in tandem with the VOR 
is the optokinetic system. The optokinetic system com-
pensates for the slower movements of the head, which 
happen so gradually that the vestibular system cannot 
accurately detect them. Second, in animals with retinas 
that have a small region of high resolution, eye move-
ments shift gaze to redirect the line of sight to objects 
or features in the visual scene that are of particular 
interest. Saccades are fast, discrete movements that 
quickly move the image of a visual target to the center 
of the retina where acuity is best. Pursuit is a slow, 
continuous movement that compensates for the motion 
of the visual target, minimizing the blurring that would 
otherwise limit acuity. Although the properties of sac-
cades and pursuit are distinct, the two types of move-
ments are closely coordinated during visual search of 
the environment and both are tightly linked to visual 
attention. Together, the different types of eye move-
ments make it possible to effi ciently gather the visual 
information that is important for achieving other, 
longer-term behavioral goals.

Eye movements are controlled by circuits that span 
the brain. The eyes themselves are a relatively simple 
motor apparatus, and they are controlled by a fi nal 
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motor pathway in the brain stem that is shared by all 
classes of eye movements. The construction of the motor 
commands involves generating an eye velocity com-
mand to move the eyes, and an integrated version of this 
command to hold the eyes at their new position. These 
motor commands are constructed by circuits in the 
brain stem reticular formation, and fi ne-tuned by addi-
tional circuits involving several parts of the cerebellum. 
The descending control signals that drive these motor 
commands are provided by multiple brain regions, but 
the superior colliculus in the midbrain and the frontal 
eye fi elds in the cortex are especially important. These 
brain regions help integrate sensory inputs with a 
variety of higher-order infl uences so that eye move-
ments are directed to the appropriate visual stimuli.

Overall, eye movements provide a window into the 
brain mechanisms that accomplish motor control, but 
also the mechanisms of neural plasticity, sensory-
motor interactions, and higher-order process like 
attention and perception.
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