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Vertical Saccades Are Generated in the 
Mesencephalic Reticular Formation 

Only horizontal saccades are organized in the parame­
dian pontine reticular formation. The burst and tonic 
neurons for vertical saccades lie in the rostral interstitial 
nucleus of the medial longitudinal fasciculus in the mes­
encephalic reticular formation. The pontine omnipause 
cells control both pontine and mesencephalic burst neu­
rons. Both the pontine and mesencephalic systems partic­
ipate in the generation of oblique saccades, which have 
both horizontal and vertical components. Purely vertical 
saccades require activity on both sides of the mesen­
cephalic reticular formation, and communication be­
tween the two sides traverses the posterior commissure. 

Patients With Brain Stem Lesions Have 
Characteristic Deficits in Eye Movements 

We can now understand how different brain stem lesions 
can cause characteristic syndromes. Lesions that include 
the pontine gaze centers result in paralysis of ipsilateral 
horizontal gaze but can leave pure vertical gaze intact. 
Conversely, lesions that include the midbrain gaze cen­
ters cause paralysis of vertical gaze. Lesions of the me­
dial longitudinal fasciculus disconnect the medial rectus 
motor neurons from the abducens interneurons. As a re­
sult, the medial rectus is unable to contract during hori­
zontal saccades or smooth pursuit but functions per­
fectly well in vergence because the upper motor neurons 
for vergence all lie in the midbrain, as will be discussed 
later. This combination of medial rectus dysfunction in 
lateral gaze and normal medial rectus function in ver­
gence is called internuclear ophthalmoplegia and is often 
seen in patients with multiple sclerosis. 

Saccades Are Controlled by the Cerebral Cortex 

The pontine and mesencephalic burst circuits provide 
the necessary motor signals to drive the muscles for sac­
cades. However, eye movements are a component of the 
cognitive behavior of higher mammals and the decision 
when and where to make a saccade is usually made in 
the cerebral cortex when that saccade is important to vi­
sual behavior. The cortex ordinarily controls the saccadic 
system through thesuperiorcolliculus (Figure 39-ll). 

The Superior Colliculus Integrates Visual and 
Motor Information Into Oculomotor Signals to 
the Brain Stem 

The superior colliculus is a major visuomotor integra­
tion region. It is a multilayered structure in the midbrain 

and is the mammalian homolog of the optic tectum in 
lower vertebrates. The superior colliculus can be di­
vided into two functional regions: the superficial layers 
and the intermediate and deep layers. 

The three superficial layers of the superior collicu­
lus receive both direct input from the retina and a pro­
jection from striate cortex for the entire contralateral vi­
sual hemifield. Neurons in the superficial layers 
respond to visual stimuli. In monkeys the responses of 
half of these vision-related neurons are quantitatively 
enhanced when the animal is going to make a saccade to 
a stimulus in the cell's receptive field. This enhancement 
is specific for saccades. If the monkey attends to the 
stimulus without making a saccade to it-for example, 
by making a hand movement in response to a bright­
ness change-the neuron's response is not enhanced. 

In the two intermediate and deep layers cell activity 
is primarily related to oculomotor actions. These move­
ment-related cells receive visual information from pre­
striate, middle temporal, and parietal cortices and mo­
tor information from the frontal eye field. These layers 
also contain representations of the body surface and of 
the locations of sound in space. As described in Chapter 
29, these neural "maps" are in register with the visuo­
topic maps. Thus if the image of a bird excites a vision­
related neuron, the bird's chirp will excite an adjacent 
audition-related neuron, and both will excite a bimodal 
neuron. 

Much of the early work describing the sensory re­
sponsiveness of neurons in the intermediate layer was 
done in anesthetized animals. However, to understand 
how the brain generates movement, the activity of neu­
rons must be studied in alert animals while they behave 
normally, a technique pioneered for the skeletomotor 
system by Edward Evarts. One of the earliest cellular 
studies of active animals revealed that the majority of 
neurons in the intermediate layers fire before contralat­
eral saccades of specific size and direction. These neu­
rons drive the long-lead burst cells of the paramedian 
pontine reticular formation. 

Individual movement-related neurons in the supe­
rior colliculus discharge before saccades of specific am­
plitudes and directions, just as individual vision-related 
neurons in the superior colliculus respond to stimuli 
at specific distances and direction from the fovea. The 
movement-related neurons form a map of potential eye 
movements that is in register with visual and auditory 
receptive maps, so that the neurons that control eye 
movements to a certain target are found in the same re­
gion as the cells excited by the sounds and image of 
that target. The region of the visual field that contains 
the targets for the saccades controlled by a given 
movement-related neuron in the superior colliculus is 



called the movement field of that neuron. Electrical stimu­
lation of the intermediate layers of the superior collicu­
lus evokes saccades into the movement fields of the 
neurons at the site of the stimulating electrode. 

Movement fields are large, so each cell fires before a 
wide range of saccades, although each cell fires most in­
tensely before saccades of a specific direction and ampli­
tude. Therefore a large population of cells is active before 
each saccade. The actual eye movement is encoded by 
the entire ensemble of these broadly tuned cells. Since 
each cell makes only a small contribution to the direction 
and amplitude of the movement, any variability or noise 
in the discharge of a given cell is minimized. Similar pop­
ulation coding is found in the olfactory system (Chapter 
32) and skeletal motor system (Chapter 38). 

Activity in the superficial and intermediate layers 
of the superior colliculus can occur independently. Thus 
sensory activity in the superficial layers need not lead to 
motor output, and motor output can occur without sen­
sory activity in the superficial layers. In fact, the neu­
rons in the superficial layers do not have a large, direct 
projection to the intermediate layers. Instead, their ax­
ons terminate on neurons in the pulvinar and lateral 
posterior nuclei of the thalamus, from which their sig­
nals are relayed to cortical regions that project back to 
the intermediate layers. Lesions of a small part of 
the colliculus affect the latency, accuracy, and velocity of 
saccades; lesions of the entire colliculus render a mon­
key unable to make any contralateral saccades, al­
though with time the ability to make contralateral sac­
cades is recovered. 

The Rostral Superior Colliculus Facilitates 
Visual Fixation 

The most rostral portion of the superior colliculus has a 
representation of the fovea. Neurons in the intermediate 
layers in this region discharge strongly during active 
visual fixation and before small contralateral saccades. 
Because the neurons are active during visual fixation, the 
most rostral part of the superior colliculus is often called 
the "fixation zone." Neurons here inhibit the movement­
related neurons in the more caudal parts of the colliculus 
and also project directly to the nucleus of the dorsal 
raphe, where they inhibit saccade generation by exciting 
the omnipause neurons, which themselves inhibit sac­
cades. With lesions in the fixation zone an animal is more 
likely to make saccades to distracting stimuli. 

The Basal Ganglia Inhibit the Superior Colliculus 

The substantia nigra pars reticulata sends a powerful 
GABA-ergic inhibitory projection to the superior col-

Substantia nigra 
pars reticulata 
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Figure 39-1 1 Cortical pathways for saccadic eye move­
ments in the monkey. The bra i n  stem saccade generator re­
ce ives a comma nd from the s u pe rior colliculu s .  The coll iculus 
receives direct excitatory projections from the fronta l eye field 
and the lateral i ntra parieta l area and a n  i n hib itory projection 
from the su bsta ntia n igra. The su bstantia n i gra is suppressed 
by the caudate n ucleus, which i n  turn is excited by the frontal 
eye field. Thus the frontal eye f ield d irectly excites the collicu­
lus a n d  indirectly releases it from su ppression by the su bstantia 
n igra by exciti ng the caudate n ucleus,  which inhibits the sub­
sta ntia nigra. Cortical areas controll ing saccades are in purple, 
the i ntermediate s u pra n uclear structures in blue, and the bra in  
stem reticular formation i n  brown. (Courtesy of  Dr. R.  J. 
Krausliz.) 

liculus. Neurons in the substantia nigra are sponta­
neously active with high frequency, and this discharge 
is suppressed at the time of voluntary eye movements to 
the contralateral visual field. These cells control the su­
perior colliculus in the same way the omnipause cells 
control the pontine burst neurons: The inhibitory activ­
ity of the substantia nigra must be suppressed before 
the superior colliculus can drive a saccade. This sup­
pression is mediated by inhibitory input from neurons 
in the caudate nucleus, which fire before saccades to the 
contralateral visual field. 

The superior colliculus is controlled by two regions 
of the cerebral cortex that have overlapping but differ­
ent functions in the generation of saccades. The lateral 
intraparietal area of the posterior parietal cortex (part of 
Brodmann's area 7) modulates visual attention and the 
frontal eye field (part of Brodmann' s area 8) provides 
motor commands. 
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The Parietal Cortex Controls Visual Attention 

Saccadic eye movements and visual attention are closely 
intertwined. As seen in Figure 39-1 , the content of a sub­
ject's visual attention can be traced fro� the course

. 
of 

that person's saccades. Certain neurons m the postenor 
parietal cortex that respond to visual stimuli fire more 
vigorously when the stimuli are the tar?ets of saccad�s. 
In contrast, in monkeys these same panetal neurons m­
crease firing when the animal attends to the stimulus 
but without looking at it (for example, when the animal 
uses the dimming of the peripheral cue to signal a hand 
movement). Thus the signal carried by these neurons is 
best interpreted as an attentional signal, not dependent 
on either a visual stimulus or eye movement but rele­
vant to both. This is in distinction to the superior col­
liculus, where enhanced activity is associated only with 
saccades, not with saccade-free attentive behavior. 

In monkeys, lesions of the posterior parietal cortex 
result in increases in the latency of saccades and some 
inaccuracy in targeting. They also result in selective ne­
glect. Monkeys with unilateral parietal lesio�s prefere�­
tially attend to stimuli in the contralateral visual hemi­
field. In humans as well, parietal lesions, especially 
right parietal lesions, initially cause dra�atic a�ten­
tional deficits (Chapter 19) .  Patients act as If the obJects 
in the neglected field do not exist, and they have diffi­
culty making eye movements into that field. Patien�s 
with Balint's syndrome, which is usually the result of bi­
lateral lesions of posterior parietal and prestriate cortex, 
tend to see and describe only one object in their visual 
environment at a time. These patients make few sac­
cades, as if they are unable to shift the focus of their at­
tention from the fovea, and thus can only describe the 
foveal target. Even after these patients have recovered 
from most of their deficits, their contralateral saccades 
are inaccurate and they take more time to initiate con­
tralateral saccades. 

The Frontal Eye Field Sends a Specific Movement 
Signal to the Superior Colliculus 

Compared to the neurons in the parietal cortex, neurons 
in the frontal eye field are more closely associated with 
saccades. Three different types of neurons in the frontal 
eye field discharge before saccades. Visual neurons re­
spond to visual stimuli, and half of these neurons re­
spond more vigorously to stimuli that will be the targ�ts 
of saccades. Unlike neurons in the parietal cortex, activ­
ity in these cells is not enhanced when the animal �t­
tends to the stimulus without making a saccade to It. 
Monkeys can be trained to make saccades of specific di­
rection and amplitude in total darkness, but the visual 

neurons of the frontal eye field do not discharge before 
saccades that are made without visual targets. 

Movement-related neurons fire before and during all 
saccades, whether or not they are made to a visual tar­
get, and do not respond to visual stimuli that are not the 
targets of saccades. Unlike the movement-related cells 
in the superior colliculus that fire before all saccades, 
these cells fire only before saccades that are relevant to 
the monkey's behavior. This class, and not the visual 
neurons, projects to the superior colliculus. Visuomove­
ment neurons have both visual and movement-related 
activity and discharge best before visually guided sac­
cades. Electrical stimulation of the frontal eye field 
evokes saccades to the movement fields of the stimu­
lated cells. Bilateral stimulation of the frontal eye field 
evokes vertical saccades. 

The frontal eye field controls the superior colliculus 
in two ways. First, the movement-related neurons pro­
ject directly to the intermediate layers of the superior 
colliculus, exciting movement-related neurons there. 
Second, movement-related neurons from the same layer 
of the frontal eye field form excitatory synapses on neu­
rons in the caudate nucleus that inhibit the substantia 
nigra. Thus, activity of movement-related cells in the 
frontal eye field simultaneously excites the superior col­
liculus and releases it from the inhibitory signals of the 
substantia nigra. The frontal eye field also projects to the 
pontine and mesencephalic reticular formations, al­
though not directly to the burst cells. 

Two other cortical regions with inputs to the frontal 
eye field are thought to be important in the control of sac­
cades, particularly more cognitive aspects of saccades. 
The supplementary eye field at the most rostral part of the 
supplementary motor area has neurons that describe 
saccades to a part of a target rather than an absolute sac­
cade direction. Thus a neuron in the left supplementary 
eye field that ordinarily fires before rightward eye move­
ments will fire before a leftward saccade if that saccade is 
to the right side of a target. The dorsolateral lateral pre­
frontal cortex has neurons that discharge when a monkey 
makes a saccade to a remembered target. The activity 
starts at the stimulus appearance and continues through­
out the interval through which the monkey must remem­
ber the location of the target. 

We can now understand the effects of lesions of 
these regions on the generation of saccades. In mon�eys 
lesions of the superior colliculus produce only transient 
damage to the saccadic system because the projection 
from the frontal eye field to the brain stem is intact. Sim­
ilarly, animals can recover from cortical lesions because 
the superior colliculus is intact. Lesions of the frontal 
eye field and the colliculus together permanently dam­
age the ability to make saccades. The predominant effect 



of a parietal lesion is an attentional deficit. When the at­
tentional deficit recovers, the system can function nor­
mally because the frontal signals are sufficient to sup­
press the substantia nigra and stimulate the colliculus. 

Damage to the frontal eye field causes more subtle 
deficits. In monkeys lesions of the frontal eye field cause 
a transient contralateral neglect and paresis of contralat­
eral gaze that rapidly recover. This paralysis may be re­
lated to the fact that, in the absence of inputs from the 
frontal eye field, there is no adequate control on the sub­
stantia nigra, which then will not permit the colliculus 
to generate any saccades. Eventually the system adapts 
so that the colliculus can respond to the remaining pari­
etal signal. After recovery the animals have no trouble 
making visually guided saccades but have great diffi­
culty learning to make memory-guided saccades. As 
compared with these subtle deficits, bilateral lesions of 
both the frontal eye fields and the superior colliculus 
render monkeys unable to make saccades at all. 

Humans with lesions of the frontal cortex have dif­
ficulty suppressing unwanted saccades to attended 
stimuli. This is easily shown by asking subjects to make 
an eye movement away from a stimulus. When the 
stimulus appears the subject must attend to it, without 
turning the eyes toward it, and use its location to calcu­
late the desired saccade. Patients with frontal lesions 
who can make normal saccades to visual targets have 
difficulty with this task. They cannot suppress the sac­
cade to the stimulus. As we have seen, in monkeys neu­
rons in the lateral intraparietal area are active when the 
animal attends to a visual stimulus whether or not the 
animal makes a saccade to the stimulus. In the absence 
of a frontal eye field this undifferentiated attention sig­
nal is the only one to arrive at the superior colliculus. 
Thus the human patient's failure to suppress a saccade 
is to be expected if the superior colliculus responds to a 
parietal signal that generates attention to the stimulus, 
without the frontal-nigra! control that normally pre­
vents saccades in response to parietal signals. 

The Control of Saccades Can Be Modified 
by Experience 

The quantitative study of the neural control of movement 
is possible because the discharge rate of a motor neuron 
has a predictable effect on a movement. For example, a 
certain frequency of firing in the abducens motor neuron 
has a predictable effect on eye position and velocity. 
Sometimes, however, this relationship can change, for ex­
ample, if the muscle becomes weak through disease. The 
brain can compensate to some degree for such changes. 

With the saccadic system, moving the eyes a certain 
distance may require a much stronger signal for a weak 
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muscle than for a stronger one. Gain is the relationship 
between the input to a system and its output. The gain 
of the saccadic system can be modulated by experience. 
Adaptation to partial paralysis occurs through two 
mechanisms: (1) change in the duration of the innerva­
tion pulse, and (2) change in the height of the step rela­
tive to the pulse size (see Figure 39-9B). 

Patients are occasionally forced to use an eye with 
weak muscles because they have poor vision in the eye 
with normal muscles. If the eye with normal muscles is 
patched to prevent diplopia, the gain of the system in­
creases so that the weak eye makes adequate saccades. 
This results in an excess of innervation to the normal eye, 
which thus makes more powerful movements. Because 
this eye is behind the patch, no visual information tells 
the system that the saccades are inaccurate. Because the 
burst is too large for the step, the integrated signal is too 
small and the eye drifts backward (post-saccadic drift). 

Damage to the cerebellum prevents both of these 
adaptive changes. Lesions of the dorsal cerebellar ver­
mis and fastigial nuclei prevent changes in the pulse 
size while lesions of the flocculus prevent the matching 
of step size and pulse size. Thus the flocculus maintains 
the pulse-step match and the dorsal vermis and fastigial 
nuclei maintain pulse size. 

Smooth Pursuit, Vergence, and Gaze Are 
Controlled by Distinct Systems 

Smooth Pursuit Involves the Cerebral Cortex, 
the Cerebellum, and the Pons 

The task of the smooth pursuit system is different from 
that of the saccadic system. Instead of driving the eyes 
as rapidly as possible to a point in space, it must match 
the velocity of the eye to that of a target in space. Neu­
rons that signal eye velocity for smooth pursuit are 
found in the medial vestibular nucleus and the nucleus 
prepositus hypoglossi. They project to the abducens nu­
cleus as well as the ocular motor nuclei in the midbrain 
(Figure 39-12) and receive projections from the flocculus 
of the cerebellum. Neurons in the paramedian pontine 
reticular formation also carry smooth pursuit signals 
and receive signals from the vermis of the cerebellum. 
Neurons in both the vermis and flocculus transmit an 
eye velocity signal that correlates with smooth pursuit. 
These areas receive signals from the cerebral cortex re­
layed by the dorsolateral pontine nucleus. Lesions in the 
dorsolateral pons disrupt ipsilateral smooth pursuit. 

There are two major cortical inputs to the smooth 
pursuit system in monkeys. One arises from motion­
sensitive regions in the superior temporal sulcus and 
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Middle temporal (MT) 
and medial superior 
temporal (MST) areas 

Striate 

Cerebellum 
Paramedian pontine (flocculus and 
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Figure 39-1 2 Pathways for smooth pursuit eye movements 
in the monkey. The cerebral cortex p rocesses information 
about motion in the visual f ield and sends it to the motor neu­
rons via the dorsolateral pons, the vermis and flocculus of the 
ce rebellum, the vestibular n u clei, and the paramedian pontine 
reticular  formation. The i n itiation s ignal for smooth purs u it may 
come in part from the frontal eye fie ld.  (Courtesy of Dr. R.  J .  
Krausli z . )  

the middle temporal (MT) and medial superior tempo­
ral (MST) areas (Chapter 28). The other arises from the 
frontal eye field. 

Neurons in both MT and MST calculate the velocity 
of the target. When the eye speeds up to match target 
speed, the relative speed of the target's motion on the 
retina decreases. Neurons in MT, which describe retinal 
image motion, stop firing as the speed of the retinal im­
age decreases, even though the target continues to move 
in space. Neurons in MST continue to fire and fire even 
if the target disappears briefly. These neurons have ac­
cess to a process that adds the speeds of both the mov­
ing eye and the target motion on the retina to compute 
the speed of the target in space. Lesions of either MT or 
MST disrupt the ability of a subject to respond to targets 
moving in regions of the visual field represented in the 
damaged cortical area. Lesions of MST also diminish 
smooth pursuit movements toward the side of the le­
sion, no matter where the target is on the retina. 

The temporal cortex provides the sensory informa­
tion to guide pursuit movements but may not be able to 
initiate them. Electrical stimulation of MT and MST 
does not initiate smooth pursuit but can affect ongoing 
pursuit movement, speeding up ipsilateral pursuit and 
slowing down contralateral pursuit. The frontal eye 
field may be more important for initiating pursuit. This 

area has neurons that fire in association with ipsilateral 
smooth pursuit. Electrical stimulation of the frontal eye 
field initiates ipsilateral pursuit, and lesions of the 
frontal eye field diminish, but do not eliminate, smooth 
pursuit. 

In humans disruption anywhere along the pursuit 
pathway, including cortical, cerebellar, and brain stem 
areas, prevents patients from making adequate smooth 
pursuit eye movements. Instead, they track moving tar­
gets using a combination of defective smooth pursuit 
movements, whose velocity is less than that of the tar­
get, and small saccades. Patients with brain stem and 
cerebellar lesions cannot pursue targets moving toward 
the side of the lesion. Patients with parietal deficits have 
two different sorts of deficits. The first is a directional 
deficit that resembles that of monkeys with MST lesions: 
They cannot pursue targets moving toward the side of 
the lesion. The second is a retinotopic deficit that resem­
bles the deficit of monkeys with MT lesions. As shown 
in Figure 39-3, normal subjects can generate smooth 
pursuit eye velocity to match the velocity of a stimulus 
in the periphery. Most patients cannot generate smooth 
pursuit to a stimulus limited to the visual hemifield op­
posite the lesion, regardless of the direction of motion. 

Vergence Is Organized in the Midbrain 

Vergence is a function of the horizontal rectus muscles 
only. Near-field viewing is accomplished by simultane­
ously increasing the tone of both medial recti and 
decreasing the tone of the lateral recti. Distance viewing 
is accomplished by relaxing medial rectus tone and 
increasing lateral rectus tone. Accommodation and ver­
gence are controlled by neurons in the midbrain in the re­
gion of the oculomotor nucleus. Neurons in this region 
discharge with vergence, accommodation, or both. 

Gaze Involves Combined Head and Eye Movements 

So far we have described how the eyes are moved when 
the head is still. When we look around, however, our 
head is usually moving. The coordination of head and 
eye movements to direct the fovea is called gaze. Be­
cause the head has a much higher inertia, during small 
gaze movements the fovea reaches its target before the 
head begins to move. Therefore a small gaze movement 
consists of saccade followed by head movement and 
then a compensatory vestibulo-ocular reflex (Chapter 
40) that moves the eyes back to the center of the orbit in 
the new position (Figure 39-13A). For larger gaze move­
ments the eyes and the head move simultaneously in 
the same direction (Figure 39-13B). Since the vestibulo­
ocular reflex ordinarily moves the eyes in the direction 
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Figure 39- 1 3  Directing the fovea to an object when the 
head is moving requires coordinated head and eye move­
ments. 

A. For a smal l  gaze sh ift the eye and head move in sequence. 
The eye beg ins  to m ove 300 ms after the ta rget appears. Near 
the end of the eye movement the head begi n s  to move . The 
eye then rotates back to the center of the orbit to compensate 
for the head m ovement. The gaze trac ing is the sum of eye and 
head movements, on ly it looks l i ke a saccade. (From Zee 1977. )  
B. For a large gaze sh ift the eye and head move i n  the same d i­
rection s imu ltaneously. Near the end of the gaze sh ift the eye 
remains sti l l  wh i le  the head conti nues to move . ( F rom Lau rutis 
and Robi nson 1986.) 
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opposite that of the head, the reflex must be temporarily 
suppressed in order for the eyes and the head to move 
simultaneously. 

Many of the same centers that control simple sac­
cades also control gaze movements. For example, elec­
trical stimulation of the superior colliculus evokes eye 
saccades in a monkey with its head fixed. The same 
stimulation in an animal whose head can move freely 
results in saccades combined with head movement. 
Neurons in the superior colliculus that carry eye move­
ment signals also project to the reticular formation neu­
rons that drive the neck muscles, presumably enabling a 
combined head and eye movement to bring the fovea to 
an object of interest. 

An Overall View 

The oculomotor system provides a spectacular window 
into the nervous system for both clinician and scientist. 
Patients with oculomotor deficits experience diplopia, 
and this alarming symptom sends them quickly to seek 
medical help. A physician with a thorough knowledge 
of the oculomotor system can describe and diagnose 
most oculomotor deficits at the bedside and localize the 
site of the lesion within the brain based on the neuro­
anatomy and neurophysiology of eye movements. 
Much of our understanding of neural processes arises 
from our knowledge of the oculomotor system as a 
microcosm of human behavior. 

The oculomotor system is the simplest motor con­
trol system, requiring the coordination of only 12 mus­
cles that move the two eyes. In humans and primates 
the main job of the oculomotor system is to control the 
position of the fovea, the most sensitive part of the 
retina. Six different systems control the eye. Fixation 
keeps the fovea still on a target; saccades move the fovea 
from one object of interest to another; smooth pursuit 
keeps the fovea on a moving target; vestibular and optoki­
netic movements keep the eye still in space when the head 
moves; and vergence adjusts the individual angles of 
each eye to keep objects at a certain depth focused on 
equivalent retinal positions. In addition, movements of 
the head help position the fovea on a target in the visual 
field. Combined eye and head movements are called 
gaze movements. 

The cerebral cortex chooses significant objects in the 
environment as targets for eye movements. Cortical sig­
nals are relayed to motor circuits in the brain stem by 
the superior colliculus. The cortical and collicular sig­
nals do not specify the contribution of each muscle to 
the movement. Instead, the motor programming for eye 
movements is performed in the brain stem, which 
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translates the signals from higher centers into signals 
appropriate for each muscle. 

The neural signal sent to each muscle has two com­
ponents, one related to eye position and the other to eye 
velocity. Velocity and position signals are generated by 
different neural systems, which converge on the motor 
neuron. Horizontal and vertical eye movements are 
specified independently; vertical movements are gener­
ated in the mesencephalic reticular formation and hori­
zontal movements in the pontine reticular formation. 

Inhibitory neurons prevent unwanted eye move­
ments. Omnipause neurons in the pontine reticular for­
mation prevent excitatory neurons in the brain stem 
from stimulating the motor neurons. Fixation neurons 
in the rostral superior colliculus inhibit movement­
related neurons in the colliculus while exciting omni­
pause neurons in the pons. Inhibitory neurons in the 
substantia nigra inhibit these same movement-related 
neurons from firing except during saccades. 

Michael E. Goldberg 
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