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THE PURPOSE OF SACCADES

Saccades are rapid eye movements that shift
the line of sight between successive points of
fixation (Fig. 3-1). The term saccade is French
in origin, referring to the jerking of a horse’s
head by a tug on the reins or to the flicking of
a sail in a gust of wind. Javal®* and Landolt>™®
first used the word saccade to describe the
rapid eye movements associated with reading
or voluntary changes of gaze. Saccades include
a range of behaviors that encompass voluntary
and involuntary shifts of fixation, quick phases
of vestibular and optokinetic nystagmus, and
the rapid eye movements that occur during
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EXAMINATION OF SACCADES

Clinical Examination of Saccades

Measurement of Saccadic Eye
Movements
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Inappropriate Saccades: Saccadic
Intrusions and Oscillations

SUMMARY

REM sleep.™ Abnormalities of saccades are

often distinctive and point to disorders of spe-
cific mechanisms. Thus, saccades have become
an important research tool to study a wide
range of issues in the neurosciences.?
Dodge,’® working with ].J. Cogan, the
father of David G. Cogan, in the early 20th
century, was the first to distinguish saccades
clearly from other types of eye movements. He
explicitly stated their function: “to move the
eyes so that the point of interest will be seen
with the visual center of the retina”. Yarbus™
emphasized the importance of saccades in
visual search. The function of voluntary sac-
cades in primates is directly linked to the pres-
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Figure 3-1. Representative record of a 36-degree hori-
zontal saccade made by a normal subject in response to a
40-degree target jump (dotted lines in top panel).

- Corresponding position, velocity, and acceleration records

for this saccade are shown. In the middle panel, compo-
nents of the velocity waveform are shown, including the
acceleration period and total duration, the ratio of which
gives a measure of the skewing of the velocity waveform.
Positive values correspond to rightward movements.

Table 3-1. Classification of Saccades
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ence of a fovea, because images are best seen
if located there. Animals without a fovea, such
as the rabbit, only make voluntary saccades in
association with head movements.1?1122
Afoveate animals also produce quick phases of
nystagmus during passive head movements so
that the slow phases of vestibular and optoki-
netic nystagmus do not drive the eyes into an
extreme orbital position and the oncoming
visual scene can be perused.

Saccadic eye movements consist of a hierar-
chy of behavior, from the most rudimentary of all
saccades—quick phases of vestibular nystagmus
during passive rotation in darkness—through
reflexive saccades made in response to the sud-
den appearance of a novel visual stimulus, to
higher-level volitional behavior such as saccades
directed toward the remembered location of a
visual target (Table 3-1). This organization can
be applied in the clinical neuro-ophthalmologic
examination. For example, if voluntary saccades
cannot be generated, then it is useful to test pro-
gressively more reflexive types of saccades down
to the quick phases of nystagmus. A comparable
approach is used in the neurologic localization

of motor disorders of all types.

BEHAVIOR OF THE
SACCADIC SYSTEM

We will discuss in turn the main characteristics
of saccades: velocity and duration, waveform
and trajectory, reaction time or latency, and
accuracy. A number of ingenious paradigms
have been developed to test aspects of saccadic
responses to visual stimuli (Fig. 3-2).

Classification Definition

VoumoNAL SAccaDes

Elective saccades made as part of purposeful behavior

PREDICTIVE, ANTICIPATORY
at a particular location.

Saccades generated in anticipation of or in search of the appearance of a target

MeMory-Guipen
(Fig. 3-2C).

Saccades generated to a location in which a target has been previously present

ANTISACCADES

Saccadesvgenerated in the opposite direction to the sudden appearance of a
target (after being instructed to do so; Fig. 3-2D).

To commanp

Saccades generated on cue.

(Continued on following page)
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Table 3-1. (continued) acc adic Velocity and Duration commonly usefl equ'ati.on to describe the main
— ' sequence relationship is:
Classification Definition gaccades show consistent r elat?onships among . Cftade/C
their size, speed, and duration. Thus, the Peak velocity = Vmax X (1 - g Amplitude/C)
REFLEXIVE SACCADES Saccades generated to novel stimuli (visual, auditory or tactile) that unexpec- Jarger the saccade, the greater its top speed
edly occur within the environment. q‘nc% the longer its duration. However, even  where Vmax is the asymptotic peak velocity
N ) ) Jarge saccades (Fig. 3-1) do not last much  and C is a constant. Other equations, such as
ExPRESS SACCADES Very short latency saccade§ that_can be ehc1tf3d when the novel' stimulus is l‘ 8 -r than 100 ms, which is the response time power functions, have been used to describe
presented after the fixation stimulus has disappeared (gap stimulus; %‘nghe visual system. This means that visual  the relationship between amplitude and peak
e 320 ' ?eedback cannot be used to change the size of  velocity for smaller saccades.?3% The appli-
SPONTANEOUS Seemingly random saccades that occur when the subject is not required to a saccade once started. Rather, the brain must  cation C_)f this and other equations des'cnbmg
SACCADES perform any particular behavioral task. monitor accuracy at the en.d of each saccade  the main sequence relationships .dm"mg the
: and make an appropriate adjustment to ensure  laboratory evaluation of saccades is discussed
Quitck PHasEes Quick phases of nystagmus generated during vestibular or optokinetic stimula- long-term accuracy. Representative plots of  below (Measurement of Saccadic Eye Move-
tion or as automatic resetting movements in the presence of spontaneous eak velocity or duration as a function of ments).
drift of the eyes. amp]jtude are shown in Figure 3-3, and are The duration of saccades are approximately
often referred to as main sequence relation- linearly related to their amplitudes for move-
ships, % a term borrowed from the classifica-  ments from 1 to 50 degrees. Power functions
Saccadi tion of stars by astronomers. These can be used to describe the relationship
accadic Target . . . . .
4 relationships are consistent enough that they =~ between amplitude and duration for saccades
A : 4 can be used to define ranges for normal sac-  of all sizes (Fig. 3-3B).223.2%5385.769 Acceleration
Fixation Target & cades; deviations of measured eye movements  and its derivative, jerk, are greater than for
from these intervals indicate either abnormal  other types of eye movement and can be used
saccades or non-saccadic eye movements. For  to identify saccades.™ Saccadic speed and
Saccadic Target saccades that are smaller than about 20  duration cannot be voluntarily controlled.
B degrees, there is a linear relationship between =~ However, a number of factors may cause vari-
g0 amplitude and peak velocity; above 20 degrees,  ability in the peak velocity and duration of sac-
Fixation Target | e peak velocity shows a progressive “soft” satura-  cades of similar size, even for the same
tion with asymptotic values of about 500  individual, from day to day.3! For example, sac-
) degrees per second. Main-sequence relation-  cades are slower when made in darkness, to
Saccadic Target Saccadic Target ships also apply to the smallest saccades  the remembered locations of visual stimuli, in
(microsaccades);*!" these relationships are dis-  anticipation of target jumps,’ and when made
C memory cussed under Visual Fixation in Chapter 4. A in the opposite direction to a visual stimulus
Fixation Target et 1 e

D

Fixation Target

Figure 3-2. Schematic of laboratory stimu-
lus paradigms commonly used to test sac- |
cades. In each case “go” indicates the signal = ¢
for the subject to look toward the “saccadic
target.” (A) Overlap paradigm, in which the
central fixation target stays on throughout.
(B) Gap paradigm, in which fixation target is
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required to look in the opposite direction

Amplitude (deg)

’

Amplitude (deg)

Figure 3-3. Dynamic properties of saccades. (A) Plot of peak velocity versus amplitude of vertical saccades. Data points
(dots) are saccades from 10 normal subjects. These normal data are fit with an exponential equation of the form Peak
Velocity = Vmax X (1 - eAwpinde/C) where Vmax is the asymptotic peak velocity, and C is a constant defining the expo-
nential rise is shown. Also plotted are the 5% and 95% prediction intervals. The crossed points indicate vertical saccades
from a patient with Niemann-Pick type C disease (see Fig. 5B), which lie outside the prediction intervals for normals. (B)
Plot of duration versus amplitude. The data from 10 normal subjects are fit with a power equation of the form: Duration
= D,*Amplitude®, where D, is the duration of a 1 degree saccade, and n is the parameter to be determined.

when the visual stimulus is presented. (E)
Sequence of saccades task. A series of targets
at several locations are turned on in turn.
______ After a memory period, the fixation light goes
4 out as a signal for the subject to make a series
of saccades towards the remembered series
of target locations.

E
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(the antisaccade task; Fig. 3-2D).5587.657.658
Saccades made between visual targets alternat-
ing position at a higher frequency (e.g., >1
Hz) are faster than to targets alternating at a
lower frequency (e.g., <0.2 Hz).*% Saccades
are also faster when made in association with
manual tasks,'® or if the fixation target is
turned off before the stimulus for the saccade
appears (“gap” stimulus; Fig. 3-2B).3*" Saccade
velocity also depends upon the direction of the
movement and the initial and final orbital posi-
tion. 12112253 Centripetal saccades (directed
toward the center) tend to be faster than cen-
trifugal saccades. Upward saccades made in
the upper portion of the ocular motor range
are slower than upward saccades made in the
lower portion of the ocular motor range.!?! It is
not settled whether saccadic velocity declines
with age 317:539.610642665317 Gaccades of normal
velocity can be made by young infants if they
are suitably aroused.®® Thus, all of these fac-
tors, as well as the ‘measurement technique,
must be considered when comparing saccadic
behavior in different subjects or in patients
with neurological disease (see Measurement of
Saccadic Eye Movements).

Saccadic Waveform

The shape of the temporal waveform of the
saccade, especially its velocity profile, is
another useful way to characterize saccades
(Fig. 3-1). The skewness, or asymmetry, of the
waveform can be estimated simply from the
ratio of the time to reach maximum velocity
(the acceleration phase) to the total duration of
the saccade (middle panel of Fig. 3-1); other
mathematic functions have also been used to
measure skewness.” The skewness ratio is
about 0.5 for small saccades (acceleration and
deceleration phases are equal in duration) and
falls to values of about 0.2 for the largest sac-
cades (peak velocity is reached earlier relative
to the end of the saccade). Skewness also
increases for antisaccades, saccades made to
remembered targets, and saccades made
under fatigue or decreased vigilance.5
Another measurement of saccades, which is
related to the velocity waveform, can be calcu-
lated from the ratio: peak velocity/mean veloc-
ity (Q). 1527627132337 In humans, Q is about 1.6
and holds even for slow saccades made by
fatigued subjects and some disorders of sac-
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cades. The value of Q is related to the velog;
waveform (Fig. 3-1). A triangular velog
waveform gives a value of 2.0, whereas a g4
tangular waveform yields a value of 1.0; gae
cadic velocity profiles yield an intermedigt
value. 31 Saccades with Q values exceedip
2.0 usually have a velocity waveform inte
rupted by a transient, discrete deceleratio
(see Disorders of Saccadic Waveform).37

Another useful approach for analyzing sa
cades is by examining phase-plane plots of ey,
position versus eye velocity or acceleratiop
(Fig. 3-11B); such plots have proven useful i
investigation of abnormal saccades, saccades
made with vergence movements, and correc-
tive saccades in patients with vestibular hypo-
function.5%

During saccades, the eyes do not move per-
fectly together.®* For horizontal refixations,
saccades of the abducting eye tend to be larger;
faster, and more skewed than concomitant sac-
cades of the adducting eye. This disconjugacy
between the two eyes leads to a transient
intrasaccadic divergence. For vertical refixa-
tions, the eyes are better yoked, although idio-
syncratic horizontal vergence movements may
occur (often transient divergence with upward
saccades, and convergence with downward sac-
cades).17®78.77¢ The interaction of saccades and
vergence is discussed further in Chapter 8.

Following a horizontal saccade there is usu-
ally a brief drift of the eyes that has both dis-
junctive (vergence) and conjugate (version)
components. The disjunctive component of
this post-saccadic drift is convergent and may
compensate for divergence during saccades.
The conjugate component is in the direction of
the prior movement, and may compensate for
the tendency for most saccades to slightly
undershoot the target. Such post-saccadic drift
has been called a glissade,™® and has been
attributed to a mismatch between the sizes of
the phasic (pulse) and tonic (step) components
of the innervation generating saccades (see
Fig. 1-3, Chapter 1). The eye drifts in a glis-
sade because orbital elastic forces pull the eye
to a position in the orbit corresponding to the
new step level of innervation. Glissades occur
more frequently in fatigued subjects.®

At the end of a saccade, an oppositely
directed, post-saccadic movement occasionally
occurs and appears to be as fast as a small sac-
cade (1/4 to 1/2 degree). Such small saccades
have been called dynamic overshoots.

Dynamic overshoots can occur after saccades
all sizes, but are more conspicuous after
gmall saccades, including square-wave jerks
(saccadic intrusions).? They may be conjugate
more prominent in the abducting
8234372 they also occur with large saccades
if subjects blink with the eye movement.

%u; origin of dynamic overshoots is debated.

 On the one hand, they might arise from the

mechanical properties of orbital tissues rather
than a central reversal of innervation;?” meas-
arements of the forces generated by extraocu-
Jar muscles support this interpretation.*® On
the other hand, dynamic overshoots have been
attributed to brief reversals of the central sac-
cadic command.®” Such a reversal of saccadic
innervation would normally bring the eye to an
abrupt stop but, if too large, would lead to a
dynamic overshoot. Large dynamic overshoots
occur in patients who show saccadic oscilla-
tions such as ocular flutter (Fig. 3-4).

Saccadic Trajectory

When humans make saccades in oblique direc-
tions, the horizontal and vertical components
show minor slowing compared with purely ver-
tical or purely horizontal saccades of similar
size. 5% For diagonal saccades (45-degree
inclination), the horizontal and the vertical
components are similar and the trajectory is
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Figure 3-4. Example of a large “dynamic overshoot” in a
patient recovering from brainstem encephalitis causing
ocular flutter. A small oppositely directed dynamic over-
shoot (indicated by an asterisk) also occurs. The patient is
making horizontal saccades between a stationary target
(gray lines). Note that after the initial movement is over,
the eye is not on target (it is hypometric) and a subsequent
corrective saccade is made. Positive values correspond to
rightward movements.
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nearly straight (Fig. 3-5A). For oblique sac-
cades made at angles other than 45-degree
inclination, a smaller component that stays on
the main sequence for velocity and duration
does not last as long as the larger compo-
nent, 57238 and the trajectory of the saccade, at
least in humans, tends to be curved. When the
brainstem mechanism generating either the
horizontal or vertical components of oblique
saccades is impaired, oblique saccades have
strongly curved trajectories that are evident at
the bedside (see Fig. 3-5B and Video Display:
Disorders of Saccades). The significance of the
trajectories of oblique saccades is discussed fur-
ther under Models for Saccade Generation,
Pathophysiology of Saccadic Abnormalities,
and Three-Dimensional Aspects of Eye
Rotations (Chapter 9).

Saccadic Reaction Time (Latency)

The interval between target presentation and
when the eye starts to move in a saccade (con-
ventionally identified by when eye speed
exceeds some threshold, such as 30 degrees
per second) has received intensive study
because it reflects various aspects of visual pro-
cessing, target selection, and motor program-
ming. Saccadic reaction time depends upon
the nature of the stimulus—both its modality
and the temporal properties of target presenta-
tion. Factors such as the amount of informa-
tion available and the urgency to make a
decision influence saccade latency.10%%62

SACCADES MADE TO
DISPLACEMENTS OF
A VISIBLE TARGET

When a visual target jumps from one point to
another, normal subjects generate a saccade
within about 200 ms. Individual latency values
for a number of such trials are not distributed
normally (in the statistical sense), but are
skewed, with more values having higher laten-
cies. If, however, the reciprocal of latency is
plotted, as a measure of “promptness,” the dis-
tribution of values is closer to a normal one.!%
It has been suggested that the variability in
saccadic initiation time shown by any subject
reflects the time needed to decide whether a
target is in fact present.®® Studies using a
larger number of potential stimuli have shown
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Figure 3-5. Trajectories of oblique saccades. (A) Comparison of trajectories of oblique saccades made to and from foyr
target positions starting at primary position in a normal subject and (B) in a patient with Niemann-Pick type C disease,®
who showed a selective slowing of vertical saccades. Arrowheads in (B) indicate the direction of eye movement. The tra-
jectory of the target jump is shown as a dotted line. The trajectories of the patient’s saccades are strongly curved, reflect-
ing the initial, faster, horizontal component and the later, slower, vertical component. (C) Time plot comparing horizontal
and vertical components of an oblique saccade made by the patient with Niemann-Pick type C disease. Horizontal oscilla-
tions occurred after the horizontal component had ended, but while the vertical component was still going on. Amplitude
peak velocity plots of vertical saccades made by this patient are shown in Fig. 3-3A.

that saccadic programming obeys Hick’s law—
a logarithmic relationship exists between
response time and the number of alternative
choices.®8

Aside from the motivational and attentive
state of the subject,”® a number of properties
of the stimulus influence saccadic initiation
time. These include luminance, size, contrast,
and  complexity;20146.159.160,354 514747786 the
nature of the visual task;*% whether the target
is visual or auditory;”™ the size of the intended
eye movement and the orbital position from

0.5 1.0

Time (sec)

which it starts;*'® the predictability of the tar-
get’s motion;861764 the specific instructions
given to the subject (i.e., cognitive set);** the
presence of distracting stimuli;!33308.746 the

laterality of the target;"® and the patient’s
age.96.100,317.465,539,593,612.653

GAP AND OVERLAP STIMULI

Often, the stimulus for a saccade is the appear-
ance of a novel object in the visual scene. In
the laboratory, this type of stimulus is conve-

Jocated, s

fovea.

targe

ted by turning on a peripherall
nty Cr?:lla]l “t;,rget ]ig%lt” in g dgrkenez{
d turning off the “fixation light,”
the subject is currently viewing with the
The temporal relationship between
when the fixation light is extinguished and the
arget light is illuminated also influences sac-
cade latency. Reaction time is smaller when
the fixation light is turned off 100 to 400 ms

. pefore the peripheral target appears (“gap”

stimulus) and greater when the fixation light
remains illuminated after the peripheral
target appears (the “overlap” stimulus;
Fig. 3-2A).%8%4%5 In the gap paradigm

 (Fig. 3-2B), human subjects generate some

saccades with short reaction times—express
siccades; latencies are as low as 100
s, 197201202424 Children make express saccades
more easily than adults3® The facility
improves with practice,® and is performed
best for the target positions (saccadic vectors)
used during training 517603 suggesting that
express saccades reflect a predictive mecha-
nism. However, express saccades are still gen-
erated even if gap and overlap stimuli are
randomly presented in a block of trials. ™ A
cautionary note is that a factor contributing to
the generation of express saccades concerns
the direction of the recentering saccade from
the prior trial; a short latency response is more
likely if this recentering saccade is in the same
direction as the upcoming target jump.!%7
Express saccades are probably a laboratory
phenomenon, being unlikely to occur in natu-
ral viewing conditions, in which a number of
visual stimuli are simultaneously present.5%

Express saccades can be generated equally
well if the gap stimulus is used during fixation
or smooth pursuit;*” this implies that, in the
case of the gap stimulus, “fixation” may be
defined more in terms of keeping the fovea
pointed towards a visual object than suppres-
sion of an eye movement. However, the short-
ened latency achieved with the gap stimulus
applies much more to saccades than to pursuit
or vergence.*™8% Thus, it appears that the gap
stimulus mainly releases an attentional fixation
mechanism for saccadic gaze shifts. No equiv-
alent change in latency can be achieved in
response to auditory stimuli.5%

Evidence reviewed below suggests that the
rostral pole of the superior colliculus plays an
important role in such release of fixa-
tion. 164165483 T monkeys, express saccades are
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completely eliminated with lesions of the supe-
rior colliculus but not with lesions of the
frontal lobes.*™-5% Thus, express saccades pro-
vide a way of testing collicular function in
humans. So-called spasm of fixation, in which a
patient cannot change gaze until the fixation
target is removed, may be an extreme case of
the retarding influence of a persistent fixation
target (overlap paradigm) upon saccade
latency. Caution is required, however, in inter-
preting increased saccadic latency as being
purely collicular in origin, since it may also be
due to defects in the ability to disengage, shift,
and reengage visual attention.?*47852 Qverall,
the ability to generate express saccades is prob-
ably related to an ability to turn off the fixation
mechanism, a process that is influenced by
directed visual attention.™?2

ANTISACCADES

To investigate the control of voluntary (as
opposed to reflexive) saccades, a special test
paradigm called the antisaccade task has been
developed (Fig. 3-2D and Fig. 12-14, Chapter
12).253457 In, this task, the subject is required to
suppress a saccade (the “prosaccade”) toward a
stimulus that appears in the periphery of vision
and generate instead a voluntary saccade of
equal size towards the opposite side—the mir-
ror location (the “antisaccade”). These two
separate components depend on independent
mechanisms,’ which appear to compete with
each other.3™ After time for the antisaccade to
be made, a target light is turned on at the cor-
rect location, to check the accuracy of the
movement. The simplest measure of errors of
the response to this test concerns the direction
of the initial saccade, expressed as the ratio of
prosaccades to antisaccades; this can be tested
at the bedside.® Normal subjects initially
make frequent errors-on this task, but, with a
brief period of practice, error rates are typi-
cally about 25%, being greater in subjects with
shorted prosaccade latencies, with less eccen-
tric target positions, and with shorter fixation
periods.!57%%0 Antisaccades may be less accu-
rate, slower,™ and made at longer latency
than prosaccades.

When the fixation point is turned off before
the peripheral target is presented (gap stimu-
lus), antisaccades are generated at a latency of
about 175 ms and with errors on about 15% of
trials; error rates increase if targets are more
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eccentric.!® Children develop the ability to
make antisaccades by adolescence.?' In adults,
the latency of antisaccades increases with
age.9550¢ Patients with a variety of cerebral
lesions, especially those involving the frontal
lobes, show abnormalities on the antisaccade
task. They are unable to suppress a reflexive
saccade towards the visual target and have dif-
ficulty generating a voluntary saccade towards
an imagined location. In addition, individuals
who make unusually frequent express saccades,
such as those with developmental dyslexia, tend
to make greater numbers of prosaccade errors
on the antisaccade task.” Such a deficit could
be due to an impaired ability by the rostral
pole of the superior colliculus to suppress
reflexive saccades. Study of the properties of
antisaccades and prosaccades made in response

saccades must be accurate whether the tgy, o
is stationary or moving.'"®3 Saccades may 1,
inaccurate or dysmetric in two general way,
according to whether or not the size of g,
rapid, pulse portion of the saccade is inapprg
priate (called saccadic pulse dysmetria); ap
whether or not the eyes drift at the end of t}
saccade (called post-saccadic drift or a glis
sade). Postsaccadic drift is often attributed tg
mismatch between the two major componen
of saccadic innervation—the pulse and th
step—producing pulse-step mismatch dysme
tria. Eye movement records are usually nece
sary to determine whether the postsaccad;
drift is conjugate or disjunctive. However, di
junctive drifts are often evident in internucle
ophthalmoplegia, when the slow adductin
saccade results from the inability of the

30
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to more complex stimuli may provide further

demyelinated medial longitudinal fasciculus t ~~—-- Control Subject

insights into the mechanisms of normal and  conduct the high-frequency discharge of the —— Patient with SCAS!I

abnormal saccadic programming, and they are pulse; thus it is the step that mamly carries the

being used to probe a range of disorders  eye, in a glissade, towards the target (see Video 10 . . ' .
including schizophrenia (see Chapter 12).306®  Display: Pontine Syndromes). In this section, 0 1 2 3

we will mainly deal with features of pulse dys-
metria. Saccadic step dysmetria will be dis-
cussed in the section on Adaptive Control of
Saccadic Accuracy.

Normal individuals frequently show small
degrees of saccadic pulse dysmetria—most
commonly undershooting (hypometria) of the

A related behavior is the countermanding
task, in which subjects are required to make
visually guided saccades on most trials but, on
some, to withhold a saccade if a stop signal
(such as reappearance of the fixation cue) is
presented. 269270270 The reaction time to the
stop signal is about 135 ms and is not influ-

Time (seconds)

Figure 3-6. Examples of horizontal saccades made by a normal subject (gray, dashed line) and a patient with a spin-
ocerebellar degeneration (solid line) in response to a 25-degree target jump (dotted line) from center position to right 25
degrees. After a reaction time, the normal subject makes an initial saccade that is hypometric, followed by a subsequent
correction. A similar pattern occurs after the target returns to center. The patient shows hypermetria, overshooting the tar-
get when it jumps to the right, and especially when it jumps back to center, following which there are macrosaccadic oscil-
[ations about the point of fixation.®! Positive values correspond to rightward movements.

enced by its luminance. The stop signal may be
located in the central or peripheral part of the
visual field,®® and auditory cues may also be
used to stop the planned saccade.!%21%* The
behavior of subjects on the countermanding
task has been successfully predicted by a
model in which the target initiates a response
preparation signal that races against the signal
initiated by the cue to inhibit the saccade.?®
The countermanding task has proven useful in
understanding the contributions of frontal cor-
tical areas to the voluntary control of sac-
cades,® and has also motivated related studies
of patients with frontal lobe lesions.3!®

Saccadic Accuracy

ACCURACY OF VISUALLY
GUIDED SACCADES

The ideal ocular motor response to the sudden
appearance of a target of interest in the visual
periphery is an eye movement that rapidly
reaches, and abruptly stops at, the target. Such

target (Fig. 3-6). The degree of dysmetria is
usually relatively small, typically 10% of the
amplitude of the saccade for non-predictable
visual targets,® 15 and is even less for small
saccades.”™ For oblique saccades, the net tra-
jectory of the movement is more accurate than
the initial direction.!® Hypometria is usually
more prominent for centrifugally directed sa
cades (that is, those directed toward the peri-
phery) and for saccades of larger amplitude.
Normal individuals occasionally make hyper-
metric (overshooting) saccades when the sac-
cade is small or directed centripetally (toward
the center) and especially downward.!!
Fatigue and age may also influence saccade
accuracy. Tired subjects may make two small,
closely spaced saccades rather than a single
saccade, and elderly subjects tend to make
more hypometric saccades.53!" Infants fre-
quently make several small saccades, instead of
one large saccade, to an eccentric target.5
The amount of saccadic pulse dysmetria is
also influenced by the particular task. Saccades
to targets already present are considerably

more accurate than saccades to suddenly
appearing targets.3 Dysmetria at the end of
e primary saccade is greater along the axis
between the two targets (so-called amplitude
dysmetria) than away from the axis between
the two targets (direction dysmetria).™® If tar-
gets appear in a set of positions, saccades over-
shoot the near positions and undershoot the
far; this is referred to as the range effect, and it
is established after only a few trials.340342 It
may be one example of a general strategy that
the brain uses to predict which motor move-
ment will be required to achieve its goal.
Saccadic accuracy is also influenced by the
background on which the target sits (the
“global” effect). Moreover, if two targets are
presented simultaneously and not too far apart,
the saccade will often take the eye to a position
between them—averaging saccades\719%.
‘0514 Such saccades often show variable,
curved trajectories.?'%40¢ As the distance
between the targets increases, the proportion

of averaging saccades decreases and the eye
more commonly lands on one of the two targets.
If the target consists of a word, the eye usually
lands close to its center;®* (see Saccades during
Visual Search and Reading, below). Changing
the size or luminance of one of two targets will
cause the saccade to bring the eye closer to the
larger or brighter target.}6

ACCURACY OF MEMORY-
GUIDED SACCADES

When normal subjects attempt to make sdc-
cades to the remembered location of a target
that they viewed a few seconds before, they
do so with a little more variability than if the
target were visible #>5557187 The accuracy of
memory-guided saccades is generally similar
whether normal subjects maintain steady fixa-
tion or shift gaze using smooth pursuit or an
eye-head or body movement during the mem-
ory period (i.e., from the time of target presen-
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tation until they are required to make the
memory-guided saccade, in darkness).78:327.3601,
369,3992 501613787 This implies that the brain takes
into account the gaze shift that has occurred
during the memory period. Although the brain
might monitor such gaze shifts by monitoring
neural signals of eye movements—efference
copy or corollary discharge,236667.700b yiga]
estimates of the direction of gaze assume
greater importance, when they are available. ™7
The accuracy of memory-guided saccades is
affected by lesions at a variety of sites, but
especially with those located in the dorsolateral

They hypothesized that a “snapshot” of the
visual information, at a given instant, is “sam-
pled” by the saccadic system. If an object of
interest is observed in the periphery of this
“snapshot,” a decision is made to generate a
saccade that will bring the image of the target
onto the fovea. Based on the retinal error (the
distance between the retinal location of an
image and the fovea), the size, direction, and
duration of the upcoming saccade are calcu-
lated and an irrevocable decision to generate
the saccade is made. A preprogrammed sac-
cadic command is then generated, based upon

of quick phases are less than 10 degrees listic Nature of

amplitude; they tend to be slightly " sl a3 dic Movements

than similar-sized voluntary saccades 22 aCCa des is less than 100
amplitude-peak velocity relationships e duration of most.sacgla es 1(5)t i % than 100
amplitude-duration relationships of Upw, s so visual information ?es nCe thow beoi
and downward quick phases are similar, ~inffueﬂce these move.mlen ; cl)l?stic h};we\g/emr-
tend to be slower than horizonta] ui ccades are not tluﬁiﬁ%‘n mid-flicht by
phases.*#2% The size and frequency of qy cause they can be mg) f 5 tile eye stgrts tg
phases are such that they tend to bring the ¢ factors presented just before y

into the anticompensatory direction (ie, t

 ve. The first ideas on how the central ne§v~
ove: i i ation for
direction opposite to that of the slow phase) 4 ous system Processes visual inform
An exception occurs when a subject, sit

Jes were developed by Westheimer,™*
inside a revolving, striped, optokinetic drum,

a 7
f“‘,l]fg showed that if a target jumped to a new

prefrontal cortex (see Box 12-21, Chapter 12)

CORRECTIVE SACCADES

When normal individuals undershoot the tar-
get, they usually make a corrective saccade
with a latency of 100 ms to 130 ms (Fig. 3-6).5
Such corrective movements can occur even
when the target is extinguished before the initial
saccade is completed. Therefore, a nonvisual or
“extraretinal” signal can provide information
about whether the first movement is accurate,
so that a corrective saccade can be triggered if
necessary. Such nonvisual information is most
likely based upon monitoring of efferent ocular
motor commands or efference copy (“effort of
will”; see Chapter 1). Nonvisual mechanisms
for generating corrective saccades are also
apparent when subjects make saccades in com-
plete darkness to” remembered locations of
targets.”" If a saccade made in darkness brings
the eye to a position more than about 5
degrees away from the location of the previ-
ously seen target, an accurate corrective sac-
cade is usually made. Vision, however, is still
important for getting the eye on target. The
probability of occurrence of a corrective sac-
cade and its accuracy increase, and the latency
to the corrective saccade decreases, if a visual

signal is available at the end of the initial sac-

cade.’”546 Furthermore, visual information
may be used during the deceleration phase of
a saccade to trigger a corrective movement. 7

Quantitative Aspects of Quick
Phases of Nystagmus

The quick phases of vestibular and optokinetic
nystagmus can also be characterized by their
velocity, amplitude, and timing.%! Over 95%

specifically instructed to follow a stripe, ag.
moves from one side to the other, and thep
make a saccade in the other direction
acquire another stripe (look nystagmus). (
the other hand, if the subject is asked to star
straight ahead as the stripes pass by, qui
phases are smaller and more frequent (stay
nystagmus). Quick phases of nystagmus have
randomness to them,%3 and probably defy th
use of common statistical models to summari
their behavior.™ Saccades that “catch-up
during smooth pursuit are also somewhat st
chastic; both position and velocity informatio
concerning the tracking error are used to trig
ger these movements in normals. 138621 Dy
vestibular nystagmus generated by active hea
movements quick phase landing is p
grammed using information provided by th
vestibular system.3* Braking saccades, which

are encountered in individuals with congenital
nystagmus, also show similar dynamic proper-

ties to other types of saccade.3®

In patients with saccadic palsies, quick ::
phases may be absent, and gaze is a tonically

deviated in the direction of the stimulus (se
Video Display: Disorders of Saccades). 2 In
some patients, the timing and amplitude of

quick phases may be abnormal, just as the
latency and amplitude of voluntary saccades

may be abnormal. Thus, in patients with

Wallenberg’s syndrome, the amplitude of quick

phases towards the side of the lesion is greater
than in the other direction, a similar pattern to
their ipsipulsion of voluntary saccades (see
Video Display: Medullary Syndromes).
Patients with congenital ocular motor apraxia
may show a defect in the initiation of quick
phases during passive head rotation; the eyes
intermittently deviate tonically in the compen-

satory (slow phase) direction (see Video

Display: Congenital Ocular Motor Apraxia).™

; en promptly (less than 100 ms)
locauo:datr:)dtlt}; origin——-g ({ouble—step stimulus
r"am'mn--—the subject would still make a sac-
cade away from the current locatign of the tar-
vet (Fig. 3-7). Then, after a fairly constant
gnterval (150 ms— 200 ms), the subject \Yquld
make another saccade back to the original
position of the target. The interval between

‘ saccades was relatively independent of the
interval between the target jumps away from

and back to the initial position. These findings
suggested that the saccadic system can react to

only one stimulus at a time, and there is a

ractory period, during which a second sac-
(r:zge canri/lo% be initiated after the first.
Young and Stark™™! recognized that the type
of behavior shown in Westheimer’s experi-
ments was compatible with what control sys-
tems engineers call a sampled data system.

Stimulus Eye

the visual information that was acquired dur-
ing the initial “snapshot.” Once the saccade is
completed, the visual world is again “sampled
to determine if another saccade is still needed
to bring the target of interest onto the fovea.
Westheimer's results could then be interpreted
by assuming that the return of the target to its
initial position was not actually “seen” by the
saccadic system until after the first saccade was
made. Therefore, a normal saccadic latency,
determined by the interval between “snap-
shots,” was required before making a second
saccade to bring the eyes back to the target.
Although the sampled-data model accounts
for many aspects of saccadic eye tracking, such
a scheme does not explain all of the responses
that normal individuals make. Ig Vﬁ(;estheinlleé’s
experimental paradigm is expanded to include
taxt%et jumps gf diffggalnt sizes and directions,

Time in .1 sec

i i - : j . Horizontal position is on the ordinate scale.
Figure 3-7. Saccadic eye movement responses to double-step target jumps >
th:r that the intersaccaydic interval remains constant in spite of the different durations (compare A zlmd'B) l::ltlwee(r)x vie
two target jumps. (Reproduced, with permission, from Westheimer G. Eye movement responses to a horizontally moving
visual s%mulus. Arch Ophthalmol 52, 932-941, 1954. Copyright 1954, American Medical Associatation.)
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and if a large number of responses are ana-
lyzed, it can be shown that visual information
can be continuously acquired and used to
modify the initial saccadic response until about
70 ms before the movement begins.?**! This is
approximately the time it takes visual informa-
tion to traverse the retina and central visual
pathways and reach the brain stem ocular
motor mechanisms.

Furthermore, the saccadic system does not
have an obligatory refractory period; two sac-
cades may occur with virtually no intersaccadic
interval in response to the appropriate
sequence of double-step motion of the stimu-
lus. 36249432 Slow saccades (see Video Display:
Disorders of Saccades), which occur in certain
neurological diseases, can be interrupted in
mid-flight when the target position is changed,
even after the eye has already begun to move.
HLTT When presented with two-dimensional,
double-step stimuli, normal subjects may make
a single curved saccade, rather than two suc-
cessive straight saccades, indicating that the
saccade trajectory has been modified in-
flight.™ The earliest responses to such two-
dimensional, double-step stimuli suggest that
direction and amplitude may be programmed
separately 8557 If hoth targets are visible
(double-cue paradigm) differences of saccadic
responses from the classic double-step para-
digm can be mainly attributed to the visual
stimuli rather than any change in motor pro-
gramming of eye movements.®$ When volun-
tary prosaccades or antisaccades are pitted
against quick phases of vestibular nystagmus
induced by rotational stimulation, an interac-
tion between these two different types of rapid
eye movement occurs that suggests parallel
programming of each followed by convergence
of components.™™2 In sum, the central nerv-
ous system appears able to change saccades
throughout their programming. Normal sac-
cades only appear to be ballistic because of
their high velocities and brief durations.

Saccades during Visual
Search and Reading

One important function of saccades is for
visual search of the environment. Since best
vision corresponds to the fovea of the retina, it
behooves us to point the fovea at features of
interest. Yarbus™® first systematically studied
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visual search by recording subjects’ eye mq
ments as they scanned pictures of faces gp
scenes. The idiosyncratic pattern of eye mq
ments made when viewing a pictorial displa
called a scan path (Fig. 3-8A).1962196b.353,401

Saccades made during visual search for
gets embedded in an array of stimuli are pq
random and such behavior can be quantifieg
and used to study visual attention *15462 f o
suggested that during visual search, the scay
path minimizes the cognitive and attentiong]
load.* During manual tasks such as copying
design, frequent eye movements are used tq
scan thig. display for information, rather thay
committing that information to working mem
ory. #1583 A factor influencing scan paths is th
phenomenon referred to as inhibition ¢
return, whereby search for novel features will
take precedence over those recently inspected
Thus, saccades to features recently inspecte
show longer reaction times.> Electrophysio
logical and clinical studies have suggested tha
the cerebral cortex, possibly the orbitofrontal
lobes, contribute to this behavior,163.306

Patients suffering from hemispatial neglec
show an inability to attend to the contralater;
half of space, which biases their attentio
towards the ipsilesional side, and so impair
their ability to search contralesional space
Furthermore, search behavior in patients with
hemispatial neglect combines a spatial bias
with loss of working memory for locations pre
viously searched.315407569.650

Interpretation of ocular motor behavior dur
ing reading remains controversial and is diffi
cult to interpret in the context of the known
control of saccades.**™6" For example, there
is disagreement as to whether the spaces
between words, or the words themselves, serve
to guide saccades.!80-18255%.738 Tp this regard,
different languages presents different visual
challenges.33" However, it seems probable that
cognitive processes are more important for
driving the eyes through the text than the
visual features of the text itself.5%! Similarly, it
has been suggested that when subjects read
music, the pattern of saccades reflects not the
visual stimulus or the manual response, but the
flow of information from the musical score to
performances.®7

Eye movements have been widely used asan
experimental tool to investigate mechanisms
underlying developmental dyslexia. There has
even been a research effort to determine

Figure 3-8. (A) Example of normal saccadic scan path dur-
ing visual search of a painting. (Portrait of the jester
Calabazas by Diego Velizquez is reproduced with permis-
sion of the Cleveland Museum of Art.) Each line represents
a saccade as the subject moves his fixation point from one
feature of interest to the next. (B) Reading in a patient with
a form of spinocerebellar degeneration.®” He moves his fix-
ation point along the line from left to right is a series of small
saccades, which often overshoot the target (word), requiring
a corrective saccade. When he makes a saccade to the left to
begin the next line, he overshoots the target (arrows) and
often loses his place; these abnormal saccades made reading

difficult and tiring.

whether developmental dyslexia is actually
caused by abnormal control of saccadic eye
movements;®'* lack of consensus may, in part,
reflect the heterogeneity of patients with
dyslexia.!40 Thus, for example, in some patients,
the underlying cause of the reading disability
may be auditory-linguistic defects,'® whereas
in others, it is due to defects of dynamic visual
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Reading disability due to saccadic hypermetria
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perception®® Specifically, it has been sug-
gested that some individuals with developmen-
tal dyslexia have motion-processing disorders
leading to a less stable visual percept.%®® Two
defects have been identified on psychophysical
testing: a deficit in detecting coherent motion
and a deficit in discriminating velocities.™
Further studies may clarify whether such indi-
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viduals have impaired ocular-tracking responses
to first and second-order motion stimuli, a sub-
ject discussed in Chapter 4.

One reproducible finding is that dyslexic
children often show impairment of steady fixa-
tion,™ ™1™ with excessive numbers of square-
wave jerks.!™ The presence of this fixation
abnormality in dyslexics during non-reading
tasks suggests that the underlying abnormality
may not be caused by language problems
alone.'™ Similarly, children with attention
deficit hyperactivity disorder show difficulty
suppressing saccades and deficits on spatial
working memory tasks when they are unmed-
icated 104359461464 Wy op presented with two
targets at different eccentricities, normal read-
ers make an averaging saccade to an interme-
diate location (“center of gravity”), but
dyslexics generate saccades that land closer to
the less eccentric target, suggesting a deficit in

processing of global spatial information for eye
movements.'® Dyslexic subjects show a
greater reaction time for saccade made back to
words just read—a variant of inhibition of
return.>80
Although the relationship between eye
movement abnormalities and childhood
dyslexia is not clear, patients with certain types
of acquired saccadic abnormalities do have dif-
ficulty reading. "6 This effect is seen in patients
with slow saccades or saccadic palsy due to
brainstem lesions; with acquired ocular motor
apraxia due to bihemispheric disease; with
large saccadic intrusions or oscillations (Fig.
3-8B), and various forms of nystagmus. 27
Homonymous hemianopia may disrupt read-
ing eye movements, especially when it is due to
damage of the occipital white matter.™* Patients
with Alzheimer’s disease show longer fixation
periods and more saccades per line that may
correspond with difficulties in reading, %6

Visual Consequences
of Saccades

An important perceptual problem is how the
brain can correctly interpret motion of images
on the retina as being due to movement of the
eyes rather than of the visual scene. It i possi-
ble to identify two components of this prob-
lem: the perception of motion during the eye
movement, and correct localization of an
object in space following a gaze shift.
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VISUAL STABLITY
DURING SACCADES

We appear not to see during saccadje .
movements. Even though the seen worlg
rapidly sweeping across the retina, there j
sense of motion or a blurred image. One p,

mask the “gray-out” due to image motigp
the retina at speeds up to 500 degrees per g,
ond.'% Another hypothesis is that, since it
still possible to see lower spatial frequencies;
an gnage when it moves ‘across the reting
speeds of up to 800 degrees per second, the,
must be selective suppression of vision
lower spatial frequencies during saccades 941

both mech;

such as fast-drifting gratings, can only be see
during saccades, 27 arguing against saccag;
suppression of vision. Furthermore, magnace
ular neurons in the lateral geniculate nucleys

saccades. 57563 When stationary gratings of loy
spatial frequency (0.18 cycles per degree) are
presented briefly during saccades, they may
appear to move opposite to the direction of the
eye movement."? This perception of motion is
strongest if the gratings are presented during
the first part of saccades, and is absent if they
are visible at the end of the saccade. Thus,
visual masking seems to account, at least partly,
for not seeing during saccades. '
On the other hand, it is still possible that an
efference copy of saccades affects the magno-
cellular pathway and cortical visual areas con-
cerned with motion vision, inducing a form of
saccadic suppression. 05 Thus, functional imag-
ing studies have demonstrated decreasel
regional cerebral blood flow in the lateral
geniculate nucleus, and striate cortex during
repetitive saccades made in darkness 32269 gpd
evoked potentials induced by visual stimuli
presented during saccades are reduced.?! ‘
Moreover, phosphenes—small illusory visual
perceptions—due to retinal simulation are
suppressed during saccades, but phosphenes
induced by transcranial magnetic stimulation

targets

- wh

L ‘
lm s-a classic problem for visual physiology—

why we do not see during saccades.

to the occiput remain visible, suggest-

pressive process takes place
709

1S)

hat aﬁ;ipand visual cortex.
woer - line of evidence comes from
'DOtheiho make pathologically slow sac-
';lﬁen% ‘One such individual was able to mod-
ades des in mid-flight in response to target
ysacciimt was unable to detect the target’s
uInps ugeesting that saccadic programming
,ouon,ds \glgthout conscious awareness of the
l;lrreﬁmulus.m Similarly, normal subjects
sl Sto adjust their saccades in response to
Presented at the onset of the movement,

hen they are not consciously perceived.
vhe

ar

Only rarely do pathologically increased num-

s of saccades, either intrusions or oscilla-
ons, disrupt vision and this probably occurs
r; the intersaccadic interval falls below 50
653 Thus, more studies are required to clar-

- SPATIAL CONSTANCY FOLLOWING

SACCADIC GAZE SHIFTS

- ‘While every saccadic eye movement causes the
~ Z‘r]llgilrl: visxllyal world to be shifte@ upon the
retina, we are still able to maintain an appro-
priate sense of straight ahead with a 3-D spa-
til component.™ How do we ensure such
spatial constancy? The classic explanation is
that our central nervous system monitors the
“effort of will” and then sends this motor infor-
‘mation, referred to as efference copy or corol-
lary discharge, to sensory systems. IIl.thlS
way, our perceptual sense knows and adjusts
for the shift of images upon the retina using an
egocentric frame of reference. It is also possi-
ble that extraocular proprioception could serve
this function, but the current view is that such
inputs are more important for long-term adap-
tive changes in the ocular motor sys-
' tems,228:2633%6.397 or perhaps during mechanical

1
hindrance of eye movements.*

Other evidence suggests that the brain esti-
mates the location of objects in space with ref-
erence to other objects in the visual scene
—exocentric cues.!37524524 For example, if
visual targets are flashed just before, or fimmg,
a saccade, they are incorrectly Iocahzed. as
judged by subsequent saccades or finger point-
ing 103.157.307.442520.543.663 If efference copy were
the mechanism by which spatial constancy was
maintained, then there should be no differ-
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ence in spatial localization of targets presented
just before or after a saccade. The changes in
visual responses to targets flashed just before a
saccade may reflect changes in apparent visual
direction and an apparent compression of
visual space and time that is depezég(?g% 352:%?
post-saccadic visual references.50:420-42
This visual compression tends to occur at the
intended target of a saccade and may last for
hundreds of milliseconds.3* ‘

If subjects are trained on a saccadic adapta-
tion task, they perceive separated targets,
flashed before and after the saccgde, as being
in the same place.® This finding has been
interpreted as showing that perception uses a
signal based upon the intended sacca}de before
adaptation, and that such a signal is used tg
prompt comparisons of percepts before an
after saccades. Thus, efference copy could be
used by the brain, not as a precise record of
gaze commands, but rather as a cue to re-
evaluate the visual consequences of eye move-
ments, as suggested by MacKay*!® o

The situation may differ, howevc?r, if wsus_xl
cues are lacking. Thus, a classic line of evi-
dence to support the role of efference copy in
spatial localization is that, in darkness,. normal
subjects perceive a small aftfar~image, 1I;guc}eld
by a photoflash, as moving with the eye. c’lf e
afterimage is stationary on the retina, and its
movement in space is probably due to effer-
ence copy signaling movement of the eye.
However, if a large after-image of a complex
scene is induced, it does not seem to move as
the eye drifts in darkness.? Thus, a large

visual after-image appears to override non-
visual cues about eye movements. .
Other experiments have shown that visual
estimates of the direction of gaze are given
preference over efference copy, even if the
visual information is corrupted by illusory
stimuli. For example, if a target is‘ﬂashed ona
moving background, a memory-guided saccade
made a few seconds later is consistently inac-
curate in manner determined by movement of
the background. %+™" This finding suggests
that, during saccades, visual inputs becomg:
less reliable, but the brain still puts more
reliance on visual than on extraretinal 1nfor1pa~
tion. Thus, if a visual target is displaced during

a saccadic eye movement, its movement may

go unnoticed,*® even if the saccade was Patho~

logically slow.*! If, however, the target is only
shown in its new position 100 ms after the sac-
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cade ends, then its displacement to a new posi-
tion is detected,!® as if the lack of an immedi-
ate post-saccadic visual cue breaks the
assumption of a stationary world. It seems that
the brain weighs visual and extraretinal esti-
mates of the direction of gaze,*** putting more
reliance on the visual estimates except when
visual factors are not available. Although the
visual system provides flawed information dur-
ing each saccade, theoretical explanations have
been offered to account for how the brain is
able to piece together the puzzle. 8

NEUROPHYSIOLOGY OF
SACCADIC EYE MOVEMENTS

In this section we review the neural machinery
by which saccades shift the line of sight so that
an image detected in the retinal periphery is
brought to the fovea, where it can be seen best.
In primary visual cortex (V1, Brodmann area
17), the location of a visual stimulus is repre-
sented by the distribution of activity on the
surface of the cortex: different parts of this cor-
tical map correspond to different locations on
the retina. The neural representation of the
motor command for the saccadic response by
brainstem neurons is quite different. The ocu-
lar motoneurons encode the characteristics of
the saccade in terms of their temporal dis-
charge; the size of the saccade is proportional
to the total number of discharge spikes. The
ocular motoneurons lie in the third, fourth,
and sixth cranial nerves and cause the extraoc-
ular muscles to move the eyes with respect to
the head (that is, in craniotopic coordinates).
This means that the brain must transform the
stimulus, which is encoded in terms of the
location of active neurons within visual cortex
(ie., “place-coded”), into the saccadic com-
mand on ocular motoneurons, which is
encoded in terms of discharge frequency and
duration (ie., “temporally coded”). Further-
more, a transformation from retinal coordi-
nates into craniotopic coordinates is necessary.
The retinal coordinates are two-dimensional,
whereas the eye rotates about three axes.!?
We will return to these issues as we discuss the
Brainstem Pathways for Saccades, and the cor-
tical and subcortical structures that project to
them. After reviewing the electrophysiological
findings, a synthesis in the form of models for

saccade generation will be presented.
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Brainstem Pathways for Saccades

FINAL SACCADIC COMMAND
FROM OCULAR MOTONEURONS Supeior
Electrophysiological studies of the behavigy Recus
ocular motoneurons in monkeys have de
eated the changes in innervation that aceq
pany saccades (see Fig. 1-3, Chapter 1
Video Display: Disorders of Saccades). During
a saccade, a high-frequency burst of phag
activity can be recorded from the agonjs
ocular muscle and, as shown in experimeny]
animalg, from the corresponding oculy,
motoneurons. This burst of activity, the sae
cadic pulse of innervation, starts about 8§ p
before the eye starts to move, and generate
the forces necessary to overcome orbital vjs
cous drag so that the eye will quickly mov
from one position to another. Following a sac
cade, the agonist eye muscle and its oculy
motoneurons assume a new, higher level g
tonic innervation, the saccadic step of innerva
tion, which holds the eye in its new positior
against orbital elastic restoring forces. Th
transition between the end of the pulse o
innervation and the beginning of the step o
innervation is not abrupt but gradual, taking u
to several hundred milliseconds. This is th
slide of innervation. Hence the change in
innervation accounting for saccades is actuall

iy
q -
seurons until the saccade is complete.

tonic, step-command that is generated by the
neural integrator (see Chapter 5 and Fig. 1-3,
Chapter 1). Classic basic and clinical studies
have demonstrated that the caudal pons is
important for horizontal saccades and the ros-
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are 3-9. Schematic of brainstem network for saccade generation. Motoneurons innervating horizontally acting
“«traocular muscles receive saccadic commands from burst neurons in the paramedian pontine reticular formation (?PRE).
Motoneurons innervating vertically acting motoneurons receive saccadic commands from burst neurons i}’l .the mldbra{n
+ostral interstitial nucleus of the medial longitudinal fasciculus (riMLF). Both sets of burst neurons are inhibited by omni-
ause neurons that lie in the pontine nucleus raphe interpositus (RIP). A saccade is initiated by a trigger signal that inhibits
mnipause Neurons; subsequently, hypothetical latch neurons, which receive input from burst neurons, inhibit omnipause

tral mesencephalon for vertical saccades.?%66™

For horizontal saccades, burst neurons within
the paramedian pontine reticular formation
(PPRF) are essential (see Box 6-3, Fig. 6-1,
and Fig. 6-2).3!! For vertical and torsional sac-

Table 3-2. Brainstem Neurons Contributing to Saccade Generation

Name

a pulse-slide-step (Fig. 5-3B).510573

Properties

If one records from the antagonist muscle o
its motoneurons, one finds reciprocal innerva
tional changes.®® The antagonist muscle i
silenced during the saccade by an inhibitory,
off-pulse of innervation; at the end of the sac
cade, the antagonist assumes a new, lower leve
of tonic innervation, the off-step. Measure-
ment of muscle forces generated by extraocu-
lar muscles indicates that the eye comes to rest
at the end of a saccade owing to the viscous
forces of the orbital tissues rather to than any
“active braking” by the antagonist muscle.*3

Premotor (medium-lead) burst neurons

Excitatory (EBN)

Inhibitory (IBN)

Long-lead burst neurons (L.LLBN)

Collicular burst neurons

BRAINSTEM SACCADIC
PULSE GENERATOR

Omnipause neurons (OPN)
Two types of neurons are critical components

of the brainstem network that generates pre-
motor commands for saccades: burst neurons
and omnipause neurons, which are schema-
tized in Figure 3-9 and Table 3-2.9 Following
the saccade, the eye is held in position by a

Latch-circuit neurons

Discharge ~ 12 ms prior to saccade onset

Project monosynaptically to ocular motoneurons

Horizontal EBN: Paramedian pontine reticular formation
(PPRF)

Vertical EBN: Rostral interstitial nucleus of medial longitudi-
nal fasciculus (riMLF)

Horizontal IBN: Medullary reticular formation (MedRF)
Vertical IBN: Interstitial nucleus of Cajal and riMLF
Discharge > 40 ms prior to saccade onset

Project to premotor burst neurons

Located throughout brainstem reticular formation including
nucleus reticularis tegmenti pontis (NRTP) ]

Discharge > 50 ms prior to saccade onset; location on
superior colliculus related to size and direction

Tonic discharge that ceases ~ 16 ms before saccade onset
Project to premotor burst neurons
Located in nucleus raphe interpositus (rip)

Reticular formation neurons that carry saccadic and
smooth-pursuit signals
Presumed to receive input from EBN and project to OPN
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cades, burst neurons within the rostral inter- integrating the saccadic pulse into a gg,
stitial nucleus of the medial longitudinal fas- hold the eye steady at the end of the Sacca’
ciculus (iMLF) play the equivalent role (see  In addition, EBN also project to cell groups
Box 6-5, Fig. 6-3, and F ig. 64). Omnipause  the paramedian tracts (see Box 6—4, Chy

neurons lie in the nucleus raphe interpositus,  6), which relay a copy of all ocular
in the midline of the pons (see Box 6-3 and  mands to the cerebellum. F inally,

PREMOTOR BURST NEURONS

Pontomedulla ry Burst Cells the abducens nucleus in the nucleyg P

In humans, excitatory burst neurons (EBN)lie  tion of the rostral medulla,
in the PPRF, rostral to the abducens nucleus,
corresponding to the medial part of the  rons“and contralateral IBN; th
nucleus reticularis pontis caudalis 310551 The  tralateral excitatory inputs fro
EBN begin discharging at a high frequency,  colliculus. 89 The IBN send thei
about 12 ms prior to, and time-locked with, the  the midline to the contrala
horizontal component of all types of saccades nucleus to inhibit contralatera]

and quick phases 26725 Electrophysiological motoneurons and interneurons duri
evidence suggests that some individual EBNin ~ eral saccades. Like EBN, IBN also
the PPRF encode saccades monocularly (i.e., the vestibular nucl i,
for movements of one eye or the other).™ integrator), and to cell groups o
EBN discharge preferentially for ipsilateral  median tracts, 662
saccades and they appear to create the imme- activity in the antagonist muscle during hori.
diate premotor command that generates the  zontal saccades, which is an e

pulse of activity for horizontal saccades. Three Sherrington’s lay
pieces of evidence support this hypothesis.  second role may be to help end
First, during saccades, the instantaneous burst  when the eye is on target.* The s
cell firing rate of EBN js closely correlated  nections between EBN and IBN 'in
with instantaneous eye velocity,®7% and the  and medulla is

ng i‘psilatk

(the integral of the discharge rate) is propor-  IBN, thereby forming positive feedback loop,
tional to the amplitude of the ipsilateral, hori-  that are potentiall

zontal component of the saccades. Second, frequency saccadic oscillations, such as ocular

stimulation of the PPRF elicits ipsilateral sac-  flutter (discussed further under Patho.

cades,118 Third, a unilateral lesion within the physiology of Saccadic Abnormalities) 553
PPRF abolishes the ability to generate ipsilat-

eral saccades.257 Note, however, that EBN in . .
the PPRF also discharge during vertical and Midbrain Burst Cells
oblique saccades, ™ apd bilateral PPRF lesions  The EBN in the riMLF enco
not only abolish horizontal saccades but also
cause slowing of vertical saccades 2/3.257 as EBN in the PPRF encod
The EBN project directly to the ipsilateral  component.97.314356.736 Excitatory EBN for up-
abducens nucleus, where they contact both ward and for downward saccades appear to be
abducens motoneurons and internuclear neuy- intermingled in the riMLF, although their pro-
rons. Abducens internuclear neurons project  jection pathways show some differences, 459460
up the contralateral MLF, to contact the Thus, it appears that upward EBN in the
medial rectus subgroup of the contralateral HMLF project bilaterally t
oculomotor nucleys (Fig. 6-1, Chapter 6). downward EBN project only ipsilaterally (Fig.
Thus, for example, dun'ng rightward horizontal 6-5, Chapter 6). EIectrophysiolOgical studies
saccades, the excitatory pulse reaches the ocu- have shown that EBN d;

ischarge most vigor-
lar motoneurons from EBN in the right PPRF. ously for rapid €ye movements that rotate the

The EBN also project to the perihypoglossal eyeball in a plane parallel to that of a pair of
and vestibular nuclei, which are important for reciprocally acting vertical semicircular canals

e the horizontal

0 motoneurons, but

i . A brainstem neural network model for gen-
Flgg: ci']llfﬁzﬁntal saccades. Projections with flat endl.ng
e inhibitory, the others excitatory. Saccades require
arii rocal innervation to the medial rectus (MR) and' IaF—
:-qll:"ectus (LR) of both eyes. The LR is driven by the 19151-

: lat‘eral abducens nucleus (VI n) motoneurons (Al\‘ﬁ) 'tIl']:i
VI n also contains abducens internuclear neurons ( 1
send their axons to the contralateral oculomotor ’n}lc eus
(III n), which drive the MR of the othe.r eye. E‘\c.ltagmty
burst neurons (EBN) provide the sac?adfc.dnve to ipsilat-
eral AM and AL EBN also project to inhibitory burst net;i
rons (IBN). IBN provide inhibitiorg to thf-: coni:raflateral
AM and AL Thus, an EBN/IBN pair provides reciproc
inervation. IBN also provide inhibition to the contralliat—
eral EBN and IBN. A consequence of this cross-coupling
is that the EBN/IBN pairs form a short-latency, positive
feedback loop. When omnipause neurons ‘(OPN) Ee
active, they prevent this loop from oscﬂlatmgd.i A}t] e
beginning of a saccade, OPN neurons cease discharge
allowing one set of EBN (1) to start firing and activate IPS;\;
lateral IBN (2). During IBN (2) firing, contralateral ng
(3) receive a hyperpolarizing input that keeps them s ent.
At the end of the saccade, when the IBN (2) cease firing,
the EBN (8) start to discharge because of rebound_depg—
larization, which stimulates ipsilateral IBN (4), which, in
turn, inhibit the original EBN (1) that ﬁ-red. Thus, the
EBN-IBN pairs tend to spontaneously oscnllate.whenever
the omnipause neurons are inhibited and there is no spec-
ified saccadic command. (Adapted from Ramat S, Leigh
R], Zee DS, Opticon LM. Ocular oscillatio'ns. generatedﬁy
coupling of brainstem excitatory and inhibitory s.acclz:i ccl
burst neurons. Exp Brain Res 160, 89——196, 2005, \fnth n
permission of Spinger Science and Business Media.)

postulated to form a neurong
total number of spikes in the burst of activity  network (F ig. 3-10), in which IBN inhibits

Y unstable, leading to high-

de the vertical
and the torsional components of saccades, just

(eg, right anterior and left postgrior ca%nalls).‘36
For example, EBN in the right riMLF increase
their discharge when the right eye extorts and
the left eye intorts. While the direction of tor-
sion is fixed for EBN on each side, the direc-
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tion of vertical rotation is upward in some and
downward in others. Therefore, m_ulateral
lesions have only mild effects on vertical sac-
cades, but abolish ipsilateral torsional saccades.
For example, with a lesion of the. right riMLF,
torsional quick phases, clockwise from the
point of view of the subject (extorsion of the
right eye and intorsion of the left eye) are
lost.5 Bilateral lesions in riMLF abolish all
vertical and torsional saccades.5%

Recent studies suggest that in monkey, the
riMLF does not contain inhibitory burst neu-
rons. Instead, the adjacent interstitial nucl~eus
of Cajal, and surrounding reticular fc‘eratl.on,
contains neurons that send GABAergic projec-
tions to contralateral ocular motoneurons in
CN III and IV and could turn out to be the ver-
tical IBN.3"! Reciprocal connections between
vertical EBN and IBN seem possible, so that a
neural network similar to that postulated .for
horizontal saccades could account for vertical
saccadic oscillations (discussed further l?glow
in Pathophysiology of Saccadic Abnormalities).

In addition to their projections to ocula:r

motoneurons in the CN III and CN IV nuclei,
vertical EBN also send axon coHat'erals to the
interstitial nucleus of Cajal (see Fig. 6-4, and
Box 6-6).439460 The latter structure appears to
contain not only vertical IBN, but also burst-
tonic neurons, thus contributing to the velqcxty—
to-position integrator for vertical and torsional
eye movements. This scheme is su'ppor_ted.by
the results of pharmacologically inactivating
the interstitial nucleus of Cajal; vertical and
torsional saccades can still be mgde, _buF thgre
is centripetal post-saccadic (111311& indicating
impaired vertical gaze-holding.

OMNIPAUSE NEURONS

Omnipause cells lie in the nucleus raphe ‘int.er-
positus, which is located in the mjdline
between the rootlets of thq abduc.ens nerves
(see Fig. 6-2, Chapter 6).9957 Ommpause neu-
rons are medium-sized with prominent den-
drites that extend horizontally across the
midline. These neurons utilize glycine as their
neurotransmitter,3’® consistent with their
inhibitory function. An important crossed pro-
jection to the omnipause cell region arises frc?m
the rostral pole (“fixation zone™) qf th.e superior
colliculus 1220221 Additional projections to the
omnipause neurons are from the frong eye
fields,5" the supplementary eye fields,®! the
central mesencephalic reticular formation, the
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long-lead burst neurons in the rostral pons and
midbrain, %" and the fastigial nucleus.#%
Omnipause cells send inhibitory projections,
which are mainly crossed, to EBN in the pons,
to IBN in the medulla, and to the riMLF.*81500

Omnipause neurons discharge continuously
except immediately before and during sac-
cades, when they pause. Omnipause cells
cease discharging during saccades in any direc-
tion, hence their name. Omnipause cells also

cease discharging during blinks,®® and their
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Figure 3-11. Experimental interruption of saccades in monkey. To interrupt saccades in mid-flight, omnipause neurons
were stimulated at 400 Hz, with a 20-ms train of bipolar pulses, applied 4 ms-5 ms after saccade onset. Control saccades
are shown in gray dashed lines and interrupted saccades in solid black line. (A) Comparison of position records of individ-
ual control and interrupted saccade trials. Note how the final position of interrupted saccade is greater than the control
(B) Phase plane plots of the same two saccades shown in A, demonstrating the abrupt fall in velocity with stimulation. (C)
Average eye velocity traces are shown from 12 normal control trials and 16 trials in which saccades were interrupted by
stimulation of omnipause neurons. During interrupted saccade trials, after the first velocity peak (1) eye velocity drops to
41.3 degrees per second (*) before increasing again to a second peak (2). (D) Acceleration responses corresponding t0

discharge rate is modulated by static vergence
angle.® When omnipause cells are experimep_
tally stimulated in the monkey, the animal j
unable to make saccades or quick phases in ay,
direction, although other types of movements
such as vestibular slow phases, can still bé
elicited.”™ If omnipause cells are stimulateq
during a saccade, the eye decelerates abruptly
in mid-flight (Fig. 3-11).34%3% Based on these
findings, it appears that omnipause cells ton;i.
cally inhibit all burst cells, and when a saccade

Velocity (deg/sec)

Acceleration(deg/sec/sec)

e

800

Part 1: The Properties and Neural Substrate of Eye Movements

Velocity

0.00

60000

0.05 0.10 015 0.20

Time (sec)

Acceleration

40000

20000

-20000 +

~40000
0.00

velocity records in C. (Data provided by courtesy of E. L. Keller.)

0.05 010 0.15 0.20

Time (sec) -

is called for, the omnipause cells themselves
must be inhibited to permit the burst cells to
discharge. By acting as an inhibitory switch,
omnipause cells help maintain the necessary
chronization of the activity of premotor sac-
cadic burst neurons to drive the eyes rapidly
during the saccade and to keep the eyes still
when the saccade is over. Recent studies in
monkeys have shown that omnipause neurons
may be inhibited by about 30% during smooth-
grsuit movements,** suggesting that they
have a more general function of gating visually
mediated eye movements, as part of a visual
fixation system.
Experimental lesions with excitotoxins or
muscimol in the omnipause region cause slow
horizontal and vertical saccades.33%652 This
effect is perhaps surprising, given the “high
gain” properties of burst neurons, and one pre-
diction of lesioning the “saccadic switch”
would be uncontrollable saccadic oscillations,
such as opsoclonus. An explanation for slow
saccades may be that omnipause neurons exert
a paradoxical influence on burst neurons. Since
they are glycinergic, omnipause neurons nor-
mal inhibit burst neurons. However, it has
been shown that glycine can actually facilitate
N-methyl-D-aspartate (NMDA) receptor cur-
rents.!! It has been postulated that when burst
neurons synchronously receive a trigger signal
- from long-lead burst neurons (discussed next)
and cessation of omnipause discharge, the
result is a post-inhibitory rebound that pro-
duces the high acceleration typical of sac-
cades 7484482 Thys, if omnipause neurons are
lesioned, there will be no glycine to enhance
the NMDA receptor currents (i.e., no post-
inhibitory rebound), and saccades will be
slower, depending solely on inputs from long-
lead burst neurons.
What inhibits the omnipause neurons until
the saccade is complete and the eye is on tar-
get? Intracellular electrophysiological studies
indicate that omnipause neurons receive a
powerful inhibitory input that completely
turns them off just before a saccade is initi-
ated;™™ this has been attributed to a “trigger
signal,” perhaps driven by inputs from the ros-
‘tral pole of the superior colliculus. After this
initial inhibition, the level of membrane hyper-
polarization of omnipause neurons is tempo-
rally linked with current eye velocity, and this
Sustained hyperpolarization keeps omnipause
Neurons “off” for the remainder of the saccade.
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Since the discharge of excitatory burst neurons
is also correlated with eye velocity during the
saccade, they may be the source of sustained
hyperpolarization of omnipause neurons via
local inhibitory neurons called latch neurons
(Fig. 3-9). Certain PPRF neurons have been
identified that might serve as latch neurons.*#
Theoretically, should the latch circuit malfunc-
tion, then the eye would not get on target, but
would prematurely decelerate; such behavior
is encountered in certain disorders (see
Prematurely Terminated Saccades).3325%

LONG-LEAD BURST NEURONS AND
THE CENTRAL MESENCEPHALIC
RETICULAR FORMATION

Neurons that start to discharge 40 ms or more
before saccades are found throughout the
brainstem. Some long-lead burst neurons
(LLBN) lie in the pons and midbrain,®* and
receive projections from the superior collicu-
lus.%%" They project to pontine EBN,
medullary IBN, and omnipause neurons; they
also project to the nucleus reticularis tegmenti
pontis (NRTP). These mesencephalic LLBN
discharge before and during saccades to their
“movement field.” The portion of the mesen-
cephalic reticular formation that lies just
lateral to the CN III nucleus (central mesen-
cephalic reticular formation, cMRF) 11 con-
tains neurons that have reciprocal connections
with the superior colliculus,!®%8 and it has
been postulated that they may serve in a feed-
back loop.™2 These neurons also receive pro-
jections from the supplementary eye fields and
fastigial nucleus; they project heavily to omni-
pause neurons and NRTP, and start to dis-
charge more than 40 ms before saccades.?6
Within the population of ¢cMRF neurons are
some units with low background activity that
could provide a “trigger signal” to the.omni-
pause neurons; other units with high back-
ground activity could provide tonic inputs to
omnipause neurons and specify saccade size
via projections to NRTP.2% Experimental
lesions of the cMRF cause hypermetria of con-,
tralateral and upward saccades and hypometria
of ipsilateral and downward saccades; fixation
may be disrupted by large saccadic intru-
sions.™? More rostral inactivation of the MRF
impairs vertical saccades.™

Other LLBN lie in NRTP and project
mainly to the cerebellum via the middle
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peduncle; some LLBN project to the PPRF.5%7
Thus, it seems that LLBN may serve more
than one function. Those LLBN that receive
input from the superior colliculus may syn-
chronize the onset and end of saccades, by

virtue of their projections to omnipause and
288,627

premotor burst neurons.

Higher-Level Control of the
Saccadic Pulse Generator

It is now clear that several distinct cortical areas
are involved in the voluntary control of sac-
cades. The anatomical connections of these
areas and the way that they project to the brain-
stem saccadic pulse generator are summarized

in the text and Boxes of Chapter 6, anq
Figure 3-12. The two main brainstem targ,
of the cortical eye fields are the superior ¢
liculus and the pontine nuclei, especig
NRTP, which project, in turn, to the cereh
lum. In comparison, direct projections from th,
cortical eye fields to the PPRF and riMLF
meager, although projections to omnipayse
neurons have been demonstrated.5™ .

The superior colliculus, which receives
inputs from all the cortical eye fields, may
coordinate the discharge of burst and ompj.
pause neurons. The importance of the superigy
collicultts is demonstrated by the finding that
inactivation of collicular burst neurons blocks
the effects of frontal eye field stimulation 22
However, destructive lesions here do ng
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Saccade
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Saccadic Pulse

Command

anently abolish voluntary saccades, 7271
o the cortical projection to NRTP and
the cerebellum also seems important. Conver-
o]y, saccades can still be made after destruc-
iﬁg’ frontal eye field lesions. A crucial finding
is that bilateral lesions of the frontal eye fields
and the superior colliculus cause an endur-
ing, severe deficit of voluntary saccades.®” A
similar defect occurs with combined bilat-
eral lesions of the frontal and parietal eye
felds.*® Thus, parallel descending pathways
_ are involved in generating voluntary saccades,
and it appears that each is capable of perform-
ing spatial-to-temporal and retinotopic-to-
 craniotopic transformations of neural signals.

.
Pds

Superior Colliculus

VISUAL AND MOTOR LAYERS OF
THE SUPERIOR COLLICULUS

The superior colliculus consists of seven lay-
ors. B09.761422.458576 Farly studies established that
the dorsal layers of the superior colliculus are
“visual” in terms of their properties and that
the more ventral intermediate and deep layers
are “motor.”10* The dorsal layers receive an
orderly retinal projection, such that the visual
field (which is compressed logarithmically
relative to amplitude) is mapped onto its sur-
face (Fig. 3-13A).1% These layers receive
visual inputs directly from the retina and from
the striate cortex and send efferents to the
pretectal nuclei, lateral geniculate body, and
pulvinar.

The ventral layers contain a “motor map”
(Fig. 3-13B) defined by the eye movements
that are produced by electrical stimula-
tion.516%6 “Although there are connections
between the dorsal and the ventral layers, 56457
in primates, cerebral cortical projections to the
ventral superior colliculus are dominant.
Furthermore, there is some independence
between visually induced activity in the dorsal
layers and movement activity in ventral layers,
and there is a 40-ms delay between visual
activity in the dorsal and ventral layers.4%.7!
Thus, in primates, the superficial layers do not
seem critical for generating eye movements,
and the rest of this section will deal with only
the connections and properties of the ventral
layers of the superior colliculus.*® To preview
our discussion, the role of the superior collicu-

Figure 3-12. Block diagram of the
major structures that project to the brain-.
stem saccade generator (premotor burst
neurons in PPRF and riMLF). Also
shown are projections from cortical eye -
fields to superior colliculus. DLPC, dor-
solateral prefrontal cortex; FEF, frontal
eye fields; IML, intramedullary lamina of
thalamus; NRTP, nucleus reticularis
tegmenti pontis; PEF, parietal eye fields;
PPC, posterior parietal cortex; SEF, sup-
plementary eye fields; SNpr, substantia
nigra, pars reticulata; STN, subthalamic
nucleus. Not shown are the pulvinay,
which has connections with the superior
colliculus and both the frontal and pari-
etal lobes, projections from the caudate
nucleus to the subthalamic nucleus via
globus pallidus, and the pathway that
conveys efference copy from brainstem
and cerebellum, via thalamus, to cerebral
cortex. —, inhibition, +, excitation.
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lus depends on its retinotopic map, and the rel-
ative timing and level of neuronal activity
across that map. The rostral pole is concerned
with fixation and small saccades, and more cau-
dal portions of the superior colliculus are
important for target selection and initiation of
eye and eye-head gaze shifts.

ANATOMICAL CONNECTIONS
OF THE VENTRAL LAYERS
OF THE SUPERIOR COLLICULUS

Afferents

Important projections to the ventral layers
arise from striate, extrastriate and parietal cor-
tex, and from the frontal lobes (Fig. 3-12).5
Thus, the frontal eye field, supplementary eye
field, and dorsolateral prefrontal cortex all
project to the superior colliculus; some of
these pathways are direct and some are via the
basal ganglia, including the caudate nucleus
and the pars reticulata of the substantia nigra
(SNpr). In addition, the pedunculopontine
tegmental nucleus (PPTN), which appears to
promote saccade generation as part of a gen-
eral effect on attention, sends nicotinic projec-
tions to the superior colliculus.363-365

The superior colliculus has reciprocal con-
nections with the central mesencephalic retic-
ular formation,*® and receives inputs from the
nucleus prepositus hypoglossi.* The rostral
pole receives an input from the cerebellar
fastigial nucleus.*® Serotonin, acetylcholine,
and gamma-amino butyric acid (GABA) have
all been identified as transmitters in the ventral
layers.

Efferents

The ventral layers project to critical structures
in the brainstem that' generate the premotor
commands for saccades. These include the
PPRF and riMLF, the nucleus prepositus
hypoglossi, the nucleus reticularis tegmenti
pontis (NRTP), the central mesencephalic
reticular formation, and the vestibular nuclei,
The ventral layers also send ascending projec-
tions to the FEF via the central and medial
dorsal thalamus. 86856 Descending outputs
from the ventral layers of the superior collicu-
lus are carried via an ipsilateral tectopontine
pathway and a contralateral tectoreticular
pathway. The latter crosses in the dorsal
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Figure 3-13. The topography of maps in the superior colliculus. (A) Representation of the visual field on the surface of
the right colliculus. The stippled area represents the part of the contralateral visual field within 5 degrees of the fovea
Stippled and striped areas combined represent the part of the contralateral visual field within 10 degrees of the fovea
(Reproduced from Cynader M, Berman N. Receptive field organization of monkey superior colliculus. Neurophysiol 35
187-201, 1972, with permission of the American Physiological Society.) (B) The motor map of the ventral layers of the Ieftﬂ
superior colliculus, based on stimulation studies. On the left, arrows indicate the direction and amplitude of saccades pro-
duced by stimulation. On the right are smoothed contours of the motor map. Iscamplitude lines (2 to 50 degrees) run from
medial to lateral, and isodirection lines (~60 to +60 degrees) run from anterior to posterior. (Reprinted from Robinson DA.
Eye movements evoked by collicular stimulation in the alert monkey. Vision Res 12, 1795-1808, 1972, with permission from

tegmental decussation of Meynert and, as the FUNCTIONAL ANATOMY OF
predorsal bundle, lying ventral to the MLF, THE SUPERIOR COLLICULUS
carries descending branches destined for the REVEALED BY STIMULATION

ascending branches destined for the rostral  Microstimulation of the ventral layers of the
superior colliculus has provided many insights

into the organization of this structure. 55
gtimulation of the rostral pole of the motor
map SUppTesses saccades.? This “fixation zone”
of the superior colliculus sends a monosynaptic
excitatory projection to omnipause neurons,!!
which inhibit premotor burst neurons.
Stimulation more caudally induces saccades
ot latencies that imply disynaptic connections
with premotor burst neurons;*®! it is suggested
that long-lead burst neurons are interposed.**
In general, the direction and size of the sac-
cade are functions of the site of stimulation

(above a certain threshold), rather than the

strength of the stimulus. However, the current
position of the eye also influences saccade size,
with the amplitude of contralateral saccades
increasing as the eye starts from progressively
more ipsilateral positions. Furthermore, thresh-
old required to stimulate a saccade is raised if
the subjects actively fixates the target.®” None-
theless, once threshold has been reached, sac-
cades occur in an ‘all or none” fashion. The

_ smallest saccades are elicited rostrally, the

largest caudally. Saccades with upward compo-

those with downward components, with more
lateral stimulation. Purely vertical saccades
only occur with bilateral simultaneous stimula-

‘tion of corresponding points.

This “motor map” is in polar coordinates
(Fig. 3-13B), but lacks the 3-D (i.e., torsional)

_information required to implement Listing’s

law, which must be computed elsewhere.™

Saccades of similar size (isoamplitude) corre-

spond to lines running medial-to-lateral
(largest with stimulation caudally), and sac-

“cades of similar direction (isodirection) corre-

spond to lines running anterior to posterior (0
degree corresponding to a pure, horizontal,
contralateral saccade). Stimulation in the cau-
dal third of the ventral motor map produces
combined eye-head gaze-shifts; both eye and
head movements are directed contralateral to
the side stimulated;!2® eye-head movements
are discussed further in Chapter 7.

NEURAL ACTIVITY OF THE VENTRAL
SUPERIOR COLLICULUS
DURING SACCADES

The first studies of the activity of single neu-
fons in the ventral layers of the superior col-

 lieulus in monkeys trained to make saccades to
Visual targets revealed a variety of cell types

nents occur with more medial stimulation,
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that showed responses related to either the
visual stimulus, or to the saccadic movement,
or to both.17L67L70.782 Many subsequent stud-
ies have identified neurons with a range of
properties. Thus, some neurons that respond
to visual stimuli do so in anticipation of a sac-
cade that will bring a target into their receptive
field,™ or show activity related to the likeli-
hood that a target will be the goal of a sac-
cade.”>*! Quasivisual neurons hold in spatial
register the amplitude and the direction of
the upcoming required saccade (ie., they
encode the motor error signal necessary to
acquire the target).’™ Neurons may even be
active during covert shifts of visual attention,
during which there is no eye movement.3?!
Neurons also respond to auditory stimuli,
either alone or in combination with visual stim-
uli, when the two are spatially aligned.® Such
units may also have somatosensory receptive
fields.3™8 Thus, the superior colliculus neu-
rons have multisensory properties, which are
generally encoded in retinotopically coded
movement fields. 253335748

Two main populations of saccade-related
cells have been defined in the ventral layers:
build-up neurons, which have a prelude of
activity before their saccade-related burst, and
collicular-burst neurons, which are intermixed
and slightly more dorsal. #1047.%! Both build-
up and saccadic-burst neurons project out of
the superior colliculus, and may be extremes of
a continuum rather than two separate types of
cells.*™ The rostral pole of the motor map, cor-
responding to small saccades, projects to omni-
pause neurons, and may be important for
sustaining fixation. 101220463470

Build-up neurons start to discharge when a
visual stimulus becomes the target for a sac-
cade.*2 Like collicular burst neurons, the loca-
tion of build-up cell activity initially occurs at
a site on the motor map related to the ampli-
tude and direction of the upcoming saccade.
However, unlike the location of discharging
collicular burst cells, which remains constant
throughout the eye movement, there appears
to be a rostral spread of prelude activity of
build-up neurons (a moving wave or hill)
towards the rostral pole.?6147 It had been pos-
tulated that this spread of activity amongst the
build-up neurons population could achieve the
spatial-temporal transformation of signals that
is needed to provide the reticular burst neu-
rons with the saccadic command. Thus, it was




134 Part 1: The Properties and Neural Substrate of Eye Movements

postulated that when the spreading wave of
activity reached the fixation neurons at
the rostral pole, the saccade would end.*™
However, electrophysiological studies have
provided evidence against this hypothesis; the
superior colliculus seems important in trigger-
ing, but not in steering or stopping, saccades.'*
624861 The prelude of activity on build-up neu-
rons is much smaller than the saccade-related
burst, and its role in movement control is
uncertain.

The site of maximum activity on the collicu-
lar motor map is related to the desired dis-
placement, or change in eye orientation.
During the course of a saccade, the site of max-
imum activity of the saccade-related burst
neurons does not change, but their discharge
rates decline as the eye approaches the tar-
get. Although it was found that the temporal
discharge of collicular neurons decays in
proportion to instantaneous motor error (the
difference between current and desired eye
position),™! subsequent evidence found that
their discharge is not calculating a dynamic
motor error signal 13.173,389.468

Build-up and burst neurons located in the
caudal part of the superior colliculus appear to
encode the overall intended gaze displace-
ment,® and their discharge properties are con-
sistent with the notion that they indirectly
drive premotor burst neurons in the brainstem
reticular formation. Thus, when large target
jumps elicit multiple small saccades to reach
the goal, the locus of activity on the superior
colliculus restarts after each small saccade at
the locus corresponding to the remaining dis-
tance to the goal % Thus, although the superior
colliculus does not compute a dynamic motor
error (e.g., to control saccade trajectory) dur-
ing a saccade, it does represent the static
motor error between saccades.

During more complex tasks, such as sac-
cades to two sequentially flashed targets, > or
visual search,®%#! saccadic trajectories can
become strongly curved if the brain starts
going toward one target and then, in mid-
flight, turns toward another target. Neurons in
the ventral layers clearly encode the retino-
topic location of each target, and the site with
the highest activity switches during the saccade
to indicate which target is the instantaneous
goal. In these studies, it was found that the
locus of activity on the superior colliculus cor-
responded to the locations of the target, but

not to the direction and amplitude of syhg
quent saccades. These studies reveal
whenever the retinotopic location of the targ
does not match the ensuing saccade, the collj
ular activity always reflects the location of g,
target, and does not encode the saccade. In t;
context of early collicular studies that showe
that monkeys can make saccades after superiq;
colliculus lesions,®7 this dissociation leads ;-
an important conclusion. The ventral superiop
colliculus does not encode saccadic eye move.
ments, rather it encodes the current retin
topic goal; the movement needed to reach that
goal is dontrolled from somewhere else, pre.
sumably the cerebellum.>*® The application of
multi-electrode arrays,™** and functional imag.
ing,®> may provide further insights into how
ensembles of superior colliculus neurons con-
tribute to a range of ocular motor behaviors,

neurons,75° However, inputs from structures
other than the superior colliculus, such as
MRF, also influence omnipause neurons and
the timing of saccadic onset."® If muscimol is
iniected locally into the superior colliculus at a
oint corresponding to small saccades (Fig.
3.13), and the monkey makes a large saccade,
the saccade has a curved trajectory and the
error depends on how far the goal is from the
site of the lesion. This finding supports
the hypothesis that the initial direction of a
saccade is determined by a population average
(such as the center of gravity of the distribu-
tion of activity),®" which is displaced away
from the area that has been pharmacologically
inactivated.>*8

Conventional lesion studies have been less
revealing than acute pharmacological inactiva-
tion, in part because of the effects of recovery
and adaptation. Discrete electrolytic lesions of
the superior colliculus cause an enduring
increase in reaction time as well as some slow-
ing of saccades,?”! but the accuracy of saccades
recovers. Following larger surgical lesions, the
frequency of spontaneous saccades is dimin-
ished during scanning of a visual scene, but not
in complete darkness.!” During fixation of a
stationary target, the monkey without a supe-
rior colliculus is less easily distracted by
peripheral stimuli and makes fewer saccades
away from the fixation target. Saccadic accu-
racy is mildly impaired. Most important, short-
latency express saccades are permanently
abolished.® When lesions of the superior col-
liculus are combined with lesions of the caudal
medial thalamus, '8 or with the frontal eye field
(see Frontal Eye Field, in the following sec-
tion), more long-lasting and severe ocular
motor abnormalities are produced.8?

Lesions restricted to the superior colliculi
are rare in humans. One patient had under-
gone removal of an angioma from the right
superior colliculus, and but also had evidence
of dorsal midbrain syndrome.®! Spontaneous
horizontal saccades to the left occurred less
frequently and were more commonly followed
by corrective saccades; saccadic latency was
normal. Another patient with a hematoma
largely restricted to the right superior collicu-
lus showed defects in latency and accuracy for
contralateral saccades, and increased numbers
of errors in the antisaccade task.3” Recent
functional imaging has demonstrated activa-
tion of the superior colliculus in humans

EFFECTS OF PHARMACOLOGICAL
INACTIVATION AND LESIONS OF
THE SUPERIOR COLLICULUS

Insight into the role of the ventral layers of the
superior colliculus in saccade generation has
been gained by local injection of two agents:
the GABA-A agonist muscimol, which
increases normal GABA inhibition and thereby
decreases neuronal activity, and the non-
specific GABA antagonist bicuculline, which
increases neuron activity by decreasing normal
GABA inhibition. Injection of muscimol into
the rostral pole of the superior colliculus
reduces latencies to those of express saccades;
furthermore, steady fixation is disrupted by
saccadic intrusions. Conversely, injection of
bicuculline into the rostral pole increases sac-
cadic latency, and sometimes no saccade is
generated. Injection of muscimol or bicu-
culline into more caudal regions of the supe-
rior colliculus reverses their effects. Thus,
inactivation with muscimol (or lidocaine)
causes impaired initiation of saccades, which
are hypometric and slow.%2304387 Caudal bicu-
culline injections cause fixation instability, with
saccadic intrusions. Injection of nicotine into
the superior colliculus produces express sac-
cades for movements corresponding to the site
of the injection.'? These findings support the
suggestion that the fixation neurons at the ros-
tral pole of the superior colliculus suppress
saccades both through excitation of omnipause
neurons,'™ and by inhibiting collicular burst
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engaged in visual search,>96%0 and showed

increased inactivation for saccades made at
decreased latency in response to testing with

the gap paradigm.*%3

A SYNTHESIS OF THE INFLUENCE
OF THE SUPERIOR COLLICULUS
ON THE CONTROL OF SACCADES

In summary, based upon an intense research
effort over the past 30 years, it appears that the
superior colliculus plays an important role in
target selection, and initiating saccades, and
contributing to their speed. The superior col-
liculus may initiate saccades by providing a
“trigger signal” to omnipause neurons, burst
neurons, and possibly the cerebellum. How-
ever, another part of the brain, perhaps the
frontal eye fields, must be able to adapt and
provide a substitute for that trigger signal after
superior colliculus lesions. Furthermore, cere-
bellar lesions lead to enduring saccadic dysme-
tria, implying that the superior colliculus alone
cannot control saccades. Recent research has
emphasized that whenever the target location
and required eye movement differ, the supe-
rior colliculus always encodes the target loca-
tion in retinal coordinates, but not the
required eye movement.>® Thus, it appears
that the details of generating the saccade and
getting it on target depend much more on the
brainstem reticular formation and cerebellum,
respectively. Clinicians seldom think about the
superior colliculus when they interpret abnor-
mal eye movements, partly because of the rar-
ity of selective lesions in humans. It is also
possible that the effects of superior colliculus
lesions have been missed, since special testing
for changes of saccade latency is usually
needed. The new hypothesis that links collicu-
lar function to saccade latency and the initia-
tion and speed of the saccade, but not to
saccade accuracy, suggests future clinical tests
that could more easily detect the consequences
of superior colliculus lesions. Functional imag-
ing studies are beginning to confirm a similar
role for the superior colliculus in humans as in
macaque. 240483620

The Role of the Frontal Lobe

Since Ferrier stimulated the premotor cortical
area 8 of monkeys and elicited contralateral
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eye movements,'% several distinct areas of
prefrontal cortex have been identified that
contribute to the voluntary control of saccades.
The best known is the frontal eye field, which
was first identified in humans by electrical
stimulation.*#35%5 The [ocation of the homo-
logue of the frontal eye field in humans has
been recently defined by functional imaging
studies, and lies in the anterior wall of the pre-
central sulcus, close to the intersection with
the superior frontal sulcusi®? Three other
areas, the supplementary eye field, dorsolateral
prefrontal cortex, and anterior cingulate cortex
have also been shown to influence voluntary
saccades. In addition, other areas of cortex,
such as in the dorsomedial frontal lobes, likely
contribute to saccades made as a component of
more complex behaviors.®#9 As we discuss
each cortical area, we will summarize studies
in monkey that have defined its role, and sup-
plement this with information from humans,
based upon functional imaging, magnetic or
intra-operative stimulation, and behavioral
changes caused by lesions. The anatomical
location and connections of these three areas
are described in Chapter 6 and summarized in
Figure 6-8, and Boxes 6-19, 6-20, and 6-21.

THE ROLE OF THE FRONTAL
EYE FIELD

Effects of Microstimulation
of Frontal Eye Field

In rhesus monkey, microstimulation studies
have been crucial in defining the extent of the
FEF (along the posterior portion of the arcu-
ate sulcus—part of Brodmann area 8),”! and
have also provided insights into FEF function.
Stimulation at any site on the FEF elicits a sac-
cade of a specific direction and amplitude. A
“motor map” is present with larger saccades
evoked from stimulation of the dorsomedial
portion of the FEF, and smaller saccades from
stimulation of the ventrolateral part.®! Usually,
the movement is oblique, with a contralateral
horizontal component; bilateral stimulation is
required to elicit a purely vertical saccade. The
latency from frontal eye field stimulation to the
onset of a saccade is about 30 ms—45 ms, simi-
lar to that for stimulation in the superior col-
liculus. Stimulation in FEF at currents that are
below the threshold needed to produce sac-
cades may change properties of neurons in sec-
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ondary visual areas; this finding presumg
reflects a mechanism by which visual areas
normally advised of upcoming eye Moy,
ments. 91452 Intra-operative FEF stimula;
in humans undergoing surgery for intractyly
epilepsy, at the posterior end of the mjg
frontal gyrus, produces eye movements th
are directed contralaterally, often with
upward component; the direction sometim
depends on starting eye position.”™
Microstimulation of the FEF can also g
press saccades under certain eXperimenty|
conditions.®! Thus, stimulation of a wide an
of the FEF suppresses ipsiversive visyg]

neurons in the pons.®29267 Stimulation is most.
effective in suppressing saccades when applied
40 ms-50 ms before saccade onset, probably
having its effects at the level of the superior
colliculus or PPRF. Stimulation of one FEF
affects the activity of cells in the other FEF,
in a manner conducive to coordination:
between the two eye fields.% In a patient with
a frontal lobe tumor, per-operative stimula-
tion over parts of the FEF arrested self-paced
saccades.*!

Physiological Properties of Frontal
Eye Field Neurons

Only occasional FEF neurons discharge before
spontaneous saccades made in complete dark-
ness, though many neurons discharge after
such movements. The most useful information
about activity of single neurons in the FEF
has been gained from experiments in which
monkeys were trained to perform a variety of
saccadic tasks for reward %26 Different sub-
populations of FEF neurons encode the visual
stimulus,®™3%6 the planned saccadic move-
ment,® or both. Like the superior colliculus
and parietal eye fields, some FEF cells show ,
movement of their receptive fields that antici-
pate the visual consequences of planned sac-
cades.”® Although the discharge of FEF
neurons is related to the amplitude and direc

tion ades does not dynamically encode sig-

bet\VGen curtre
which i
targ ot).6%

visual
saccades.
syste

cades.
:S(li)ute 43 potably dorsolateral prefrontal cortex

 (discussed below). When monkeys perform a
_ Jouble-step task, in which two target hgl}ts are
flashed in succession before the eye has time to
__move, most units discharge not in relation to
the retinal location of the second target but
according to the saccade needed to acquire
£ Such cells behave similarly to quasivisual
_ cells of the superior colliculus, since their
activity encodes the desired change in eye
position. Pharmacological inactivation of the
 mediodorsal thalamus, which relays corollary
discharge from the superior colliculus to FEF,
causes the second saccade in response to a
‘double-step stimulus to become inaccurate,
implying that the FEF rely on efference copy
information to correctly program the second
saccade.

of voluntary saccades, their discharge dur-

(the difference
nt and desired eye position,
required to guide the eyes to their

Frontal eye field neurons also discharge: for
and motor aspects of memory-guided
208719 FEF lesions in humans cause
matic errors of memory-guided sac-
522 However, other cortical areas con-

667

Neurons that appear to be concerned with

disengaging fixation before a saccade increase

their discharge when the fixation light is turned

out, even before the new target becomes

visible.’* Some FEF neurons show properties

indicating that they contribute to selection
of the target to which a saccade will be

made,%! the decision whether to lock at it or

not,” and the process of visual scanning of a

complex visual scene. %327

The FEF appear to contribute to program-
ming of the antisaccade response (Fig. 12-14).
Thus, functional imaging studies indicate that
FEF are activated bilaterally during both
prosaccades and antisaccades, but more so for
the latter. 126 Patients with FEF lesions show a
normal percentage of errors on the antisaccade
task, but their correct antisaccades are made at
increased latency.5325%7 Thus, it has been sug-
gested that, during the antisaccade task, trig-
gering of the intentional, correct antisaccade
depends upon FEF, whereas inhibition of
reflexive misdirected saccades is due to dorso-
lateral prefrontal cortex, which is discussed
below.5%2
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The FEF are also activated during covert
visual search, during which eye movements are
suppressed.!®! Furthermore, magnetic stimu-
lation over human FEF interferes with visual
search tasks in which eye movements are not
required.*83 Additional insights into the mech-
anism that suppresses saccade initiation can be
gained from a countermanding task, in which
monkeys are required to make visually guided
saccades on most trials but, on a fraction of
trials, to withhold a saccade on the basis of
reappearance of the fixation cue.®® Electro-
physiological properties of FEF during this
task have identified neurons that reflect behav-
ioral responses, and indicate that these units
are concerned with generation or suppression
of saccades.

Effects of Frontal Eye Field Lesions
on Saccade Generation

Acute pharmacological inactivation with mus-
cimol causes a contralateral “ocular motor sco-
toma” with abolition of all reflex, visual, and
voluntary saccades with sizes and directions
corresponding to the injection site.!® With
unilateral muscimol inactivation of FEF, dur-
ing attempted fixation there is a gaze shift
towards the side of the lesion, and inappropri-
ate saccades directed ipsilaterally may disrupt
fixation. Thus, these results are similar to the
effects of injecting these agents into the supe-
rior colliculus; inactivation of either structure
causes substantial defects in reflex visual and
voluntary saccades. Acute destructive lesions
of the FEF in monkeys produce an increase of
latency for contralateral saccades and a
decrease of latency for ipsilateral movements;
in other words, an increase of express saccades
ipsilateral to the side of the lesion.50

More subtle changes in the generation of
visually guided saccades are present with
chronic experimental lesions of the FEF,
including decreased frequency and size of
movements,?7 and defects of saccades made to
paired or multiple targets that are presented
asynchronously.®®> In humans also, chronic
lesions of the FEF cause relatively minor
deficits. There is increased latency of visually
guided saccades to contralateral targets, espe-
cially when tested using the overlap paradigm
(fixation light remains on during testing, Fig.
3-2A) 85414567 Although abnormalities on the
antisaccade task have been reported,*® this
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may reflect additional involvement of dorsolat-
eral prefrontal cortex, an issue discussed
below.?* Visual and memory-guided saccades
are also inaccurate (see Box 19-21, Chapter
12).2% In summary, the FEF in humans
appears more concerned with voluntary than
reflexive saccades, a view supported by func-
tional imaging studies.*>*

ROLE OF THE SUPPLEMENTARY
EYE FIELD

The supplementary eye field (SEF) lie just
anterior to the supplementary motor cortex, in
the dorsal medial portion of the frontal lobe;®!?
in humans this corresponds to the upper part
of the paracentral sulcus.®® Stimulation in the
SEF elicits saccades at low thresholds though
at slightly longer latency than in the frontal eye
fields.5!2 Initial studies, using microstimulation,
seemed to indicate that the eye was driven to a
specific orbital position.®*! This was unlike the
results of stimulation of the FEF, which pro-
duced an eye movement of specific size and
direction, determined by the site stimulated.
More recent evidence indicates that rostral
SEF encodes saccades in an eye-centered
frame whereas caudal SEF encodes saccades
in a head-centered frame #18521.614

Like the FEF, SEF contain neurons that
discharge prior to voluntary saccades,® but
also discharge during a range of more complex
behaviors. Thus, SEF neurons also respond
during conditional learning'* and antisac-
cades.%"* Some SEF units fire before eye
movements to the right or left end of a hori-
zontal bar, irrespective of the location of the
bar in the visual field; such neuronal activity is
referred to as object-centered.’® During a
countermanding task, in which subjects make
visually guided saccades on most trials but, on
some, are required to withhold a saccade on
the basis of reappearance of the fixation cue,
SEF neurons are variously active after errors,
after successful withholding, or in association
with reinforcement.%® Thus, SEF units show
interesting differences from FEF neurons on
the countermanding task,%° and while some
FEF neurons appear concerned with genera-
tion or suppression of saccades, neurons in the
SEF (and the anterior cingulate cortex)
respond on trials in which a saccade is erro-
neously not canceled and reward will not be
given.®® In comparison with other cortical eye
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fields, SEF appears most concerned with inte
nally guided target selection based upo
reward during prior trials. 19106117 :

Neurons in SEF are active when monke
are trained to make a learned sequence of s,
cades 355493 This finding is consistent Wi
clinical studies that suggested that the SE
lesion, especially on the left side, disruptt
ability to carry out a learned sequence of g,
cades.®>?5 Inactivation of SEF in monke
impairs the ability to respond to a double-gt
task,%% and TMS over SEF in humans disry
the ordger of responses to a double-step stim
lus.™? Dyuring testing of sequences of saccad
(Fig. 3-2E), TMS studies have shown that t},
SEF could be crucial at two distinct times: d
ing the learning phase (presentation of t
visual targets), and just after the go sign
when the subject must initiate the sequence’
saccades.*™ Further support for the noti
that the SEF is concerned with eye mov
ments that are programmed as part of learne
complex behaviors is supported by function
imaging studies in humans, which ha
demonstrated increased activation during 3
series of memory-guided saccades.2805%8 Hoy
ever, other cortical areas also contribute to
longer-term memory of sequences of saccades,
including the right medial temporo-occipital

area, which was activated in the vicinity of thet

il movements.™™ The cerebellum is
b ortant for learning motor sequences,
ellar lesions do not impair visuomo-
- memory or spatial working memory.*58
ROLE OF DORSOLATERAL
pREFRONTAL CORTEX

Although not a conventional “eye field” (as
Jefined by low threshold for stimulation of sac-
cades), neurons in the dorsolateral prefrontal
cortex (DLPC) of monkey, in the posterior
third of the principal sulcus (see Fig. 6-8,
Chapter 6), corresponding to Walker’s area 46,
_contribute to the voluntary control of sac-
cades (Box 6-21).272® DLPC is reciprocally
connected with posterior parietal cortex, and
;’ inactivation of either area similar reduces
ctivity of the other’s neurons during memory-
wuided saccades.! Networks of neurons in
_ DLPC of monkey show an ability to hold spe-
cific visuospatial coordinates in a topographical
‘memory map; thus, they are important for gen-
erating saccades to remembered target loca-
tions,12+1288%7 including visual search.®®® Some
units in DLPC that respond to spatial signals
show increased activity during a response for
which reward is expected.®® Both DI1-
dopamine and 5 hydroxytryptamine 2-A recep-
tors appear to play an important facilitating
role in this spatial working memory, and injec-
tion of antagonist for either transmitter impairs

performance on memory-guided saccade
takes, 596,599,738

i, as well as the parieto-occipital
fissure.?>>53%

The role of the supplementary motor area;
(SMA) in general, and SEF in particular, has
recently been linked to pre-supplementary
motor cortex (pre-SMA), which is active dur-
ing learning new sequences of movements,”?
including eye movements when they are
contextually relevant to a task.32%403 Micro-
stimulation of pre-supplementary motor cortex
in monkey reduces the reaction time of
upcoming saccades.*** One patient with a dis-
crete lesion affecting one SEF had difficulty in
changing the direction of his eye movements,
especially when he had to reverse the direc-
tion of a previously established pattern of
response.®® Functional activation in parts of
human pre-SMA in humans appear to corre-
sponding to volition and conflict (Fig. 1-7,
Chapter 1), whereas registration of success or
failure activates the supplementary eye
fields.*"" Therefore, SEF, SMA, and pre-SMA
may work together to coordinate complex and

In humans, DLPC is activated when sub-
jects make memory-guided saccades.3%54%
P52 Patients with lesions affecting this area
show defects of memory-guided saccades, with
increased variability.5*54 Functional imaging
studies suggest that DLPC contributes to spa-
tial memories for up to about 20 seconds;?®
thereafter other mechanisms assume impor-
tance for “medium-term” memory. Further-
more, single-pulse or repetitive transcranial
magnetic stimulation over DLPC in normal
subjects impairs the accuracy of memory-
guided saccades, but only if delivered within a
few seconds of target presentation 84473493494
Evidence for a substrate for medium-term spa-
tial memory comes from studies of patients
with lesions involving the parahippocampal
cortex, who show inaccuracy of saccades made
to target locations that were committed to
memory up to 30 seconds previously.?

jumps.
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Parahippocampal cortex may operate both
serially with DLPC and in parallel through
connections with posterior parietal cortex.>
For spatial memory ranging up to minutes, the
hippocampal formation may be important.5®
Patients with lesions affecting DLPC also show
impaired ability to make “predictive saccades”
that anticipate regularly occurring target
532

Both the FEF and DLPC appear to con-
tribute to programming of the antisaccade
response, but in different ways. Thus, on the
one hand, the right hemisphere DLPC is acti-
vated during antisaccades,*#2% and patients
with lesions affecting the DLPC have an
increased percentage of errors in the antisac-
cade test.>* On the other hand, patients with
FEF lesions have a normal percentage of
errors on the antisaccade task, but make their
correct antisaccades at increased latency.
Taken together, it appears that during the anti-
saccade task, inhibition of reflexive misdi-
rected saccades is due to DLPC, whereas
triggering of the correct antisaccade depends
upon FEF3>® Evidence from patients with
subcortical lesions has indicated that increased
errors on the antisaccade task can be ascribed
to interruption of a pathway running from
DLPC to the superior colliculus in the anterior
limb, genu, or anterior part of posterior limb of
the internal capsule.!25230

THE ROLE OF CINGULATE CORTEX

Cingulate cortex includes Brodmann areas 24
(anterior cingulate) and 23 (posterior cingu-
late). The anterior cingulate makes oligosynap-
tic connections with brainstem ocular motor
structures.* Some, but not all, electrophysio-
logical studies have suggested that the anterior
cingulate cortex is important for monitoring
the consequences of saccades, such as learnin
new motor sequences, particularly if they are
rewarded.348 T ess is known about posterior
cingulate cortex, where neurons discharge
after saccades, in proportion to reward size,
and expected saccade value. #7505

In humans, functional imaging demon-
strates activation in the anterior cingulate
cortex during self-paced saccades, memory-
guided saccades, memorized triple saccades,
and antisaccades 2162205280529 Thys it has
been proposed that, in humans, there is a cin-
gulate eye field, located in the posterior part of

¢
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the anterior cingulate cortex, at the junction of
Brodmann areas 23 and 24.%3

Studies of two patients with small infarcts in
the cingulate eye field on the right hemisphere
caused increased saccadic reaction time and
decreased gain for saccades made during the
overlap task (Fig. 3-2A), and bilateral errors
on the antisaccade task (Fig. 3-2D).2* In a
more recent study, surgical resections of
tumors involving the anterior cingulate cortex
also caused errors on the antisaccade task.*©
More electrophysiological and clinical studies
are needed to clarify the role of cingulate cor-
tex in the control of saccades.

The Role of the Parietal Lobe

The parietal lobe appears to influence the con-
trol of saccades in two principal ways. First, the
posterior parietal cortex is important for shifts
of visual attention, which may be accompanied
by saccades. Second, the parietal eye fields
(PEF) are directly involved in programming
saccades to visual targets.

ROLE OF POSTERIOR
PARIETAL CORTEX

Electrophysiological studies have shown that
in monkey, area 7a of the inferior parietal lob-
ule contains populations of neurons that
respond to visual stimuli and discharge mainly
after saccades have been made (Fig. 6-8).46 It
appears that the activity of some of these neu-
rons is influenced not just by visual stimuli but
also by eye and head position.228588 This find-
ing has led to the hypothesis that a neural net-
work of such cells could encode a visual target
in spatial or craniotopic coordinates.22767
Furthermore, neurons in the posterior parietal
lobe may be involved in representing visual
locations during visual search, and maintain-
ing a memory for the location of saccadic
targets. 36

Functional imaging studies in humans have
demonstrated preferential activation in the
right angular gyrus, during visually induced,
but not internally generated, saccades,** and
an analogous role has also been attributed to
the supramarginal gyrus.527

In normal human subjects, a defect of
memory-guided saccades is produced if tran-

ing white matter are stimulated, the direction
of the resulting eye movemgnﬁs appears to
Jepend upon starting eye position. Thus, the
aep med output of the population of neurons
fur;lEF may be concerned with saccades to tar-
m‘ts coded in head-centered coordinates.™®
eUnﬁke area 7a, LIP neurons discharge prior
1o saccades;*®*" some neurons also discharge
during fixation (suppression of saccades).®
 1ike cells in area 7a, the response of LIP neu-
_ rons is influenced by eye position,” as well as
 other sensory modalities such as sounds.*®
 These cells in LIP also show a shift of their
visual response field that anticipates the conse-
quence of the upcoming gaze-shift; 6937 the
phenomenon is also reported in other visual
_ areas,*™ and corresponding changes have been
_ seen in humans using functional imaging. #3343
‘Thus, the ensemble activity of LIP neurons
encodes the spatial and temporal dynamics of
the monkey’s attention across the visual field.”
_ Another important property of LIP neurons
is their ability to remain active while the mon-
key is required to withhold eye movements
and remember the desired target location #7518
Some neurons also encode a memory of motor
error, similar to quasivisual cells found in the
superior colliculus and frontal lobe.83120:4%.
3055 During antisaccades, LIP neurons
respond to the visual stimulus,™! but show lit-
tle saccade-related behavior.?® Thus, LIP neu-
rons appear to encode not so much the
intended saccade, but rather the current locus
of attention.>#5540

- Experimental inactivation of LIP causes
increased latency for both visually and memory-
guided saccades into contralateral hemi-
space.®® Saccade dynamics are spared.
Contralesional memory-guided saccades also
become hypometric whereas ipsilesional sac-
cades may be hypermetric. The accuracy of
the second saccade in a contralateral double-
step response is also impaired.®® In addition,
inactivation of LIP increases search time for a
contralateral target during serial visual search,
suggesting that one important contribution of
LIP to oculomotor behavior is the selection
of targets for saccades in the context of
competing visual stimuli.™® These results
are consistent with the hypothesis of an atten-
tional network contributing to fixation engage-

ment and disengagement in a subregion of
LIPS 88 &

scranial magnetic stimulation is applied to
posterior parietal area early during the me
ory period. #8315 If TMS is applied while g,
jects respond to double-step target jumps,
the stimulus is timed just after the first ¢
cade, then the second saccade becomes ip
curate because of disruption of the craniotq
coding.™ Antisaccades are also delayed’ by
transcranial magnetic stimulation over pariey]
cortex; a similar effect is possible over frontg]
cortex if the stimulus is delivered later, g,
gesting flow of information from posterior t
anterior during presaccadic processing, 74
Acute human unilateral posterior pariets]
lesions, especially right-sided, cause contralat.
eral hemispatial neglect and may confine sy
cades to the ipsilateral hemifield of gaze (Box
12-20, in Chapter 12).*3 Such patients shoy
increased latency of visually guided saccades,
and this is especially the case with right-sided
lesions.? Because of hemineglect, patients
have impaired ability to search contralatera]
space with saccades. In addition, such patients
are unable to retain in working memory which
targets they have seen before during visual
search.3® Thus, the defect of visual search in
patients with parietal hemineglect combines a
hemispatial attentive bias with an impaired
memory for targets previously seen, which are
reported as new.57 ‘
Bilateral posterior parietal lesions cause
Balint’s syndrome,®! which includes difficulty
initiating voluntary saccades to visual targets,
and impaired visual scanning.*® These deficits,
which are described further in Chapter 19,
may reflect disruption of the normal mecha-
nisms by which posterior parietal cortex trans-
forms visual signals into head or body-centered
coordinates.

ROLE OF THE PARIETAL
EYE FIELD

Animal Studies

In rhesus monkey, the PEF lies adjacent to
area 7a, in the caudal third of the lateral bank
of the intraparietal sulcus, an area called LIP
(Fig. 6-8). Electrical stimulation on the lateral
wall of the intraparietal sulcus produces sa
cades of similar direction irrespective of the
starting position of the eye.™ However, if the
floor of the intraparietal sulcus and its underly-
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The PEF projects to the superior colliculus,
and is important in the triggering of visually
guided saccades.’®* Electrophysiological stud-
ies have revealed that, from parietal cortex to
colliculus, there is a continuous evolution of
signal processing, representing activity at
nearly every stage of visuomotor transforma-
tion.519763 Moreover, the time course of the
neural response suggests that monkey PEF
accumulates sensory signals pertinent to the
selection of targets for saccades.5® Evidence
from monkeys and humans indicates that the
parietal-superior colliculus pathway runs in the
most posterior region of the posterior limb of
the internal capsule; lesions of this pathway
impaired reflexive but not memory-guided
saccades.>!

Human Studies

In humans, functional imaging has located the
PEF in the medial wall of the posterior half of
the intraparietal sulcus, adjacent laterally to
the anterior part of the angular gyrus and
medially to the posterior part of the superior
parietal lobule.®®#™ A similar area shows
retinotopic activation during saccades to
remembered targets.53

Lesions involving the PEF in humans cause
prolonged latency of visually guided saccades
during gap or overlap stimuli (Fig, 3-2).47 534
Increased latency of visually guided saccades is
more pronounced with right-sided parietal
lesions, and is more prominent than with FEF
or SEF lesions. %533 A similar effect results in
normal subjects if transcranial magnetic stimu-
lation is applied to the PEF region.!"71% It has
been suggested that the greater latency that
results when the fixation light is left on indi-
cates that the PEF is important for disengage-
ment of fixation before generating a saccade.>

Parietal lesions also impair the ability to
make two saccades to two targets flashed in
quick succession. In response to this double-
step stimulus, the brain must take into account
not only the retinal location of both targets, but
also the effect of the eye movements.[70281.281
Patients with right parietal lesions show errors
when the first target appears in the left hemi-
field and the second in the right; the first sac-
cade may be accurate, but the second is not.
This deficit may be present even though there
is no inattention or difficulty responding to the
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reverse order of presentation, or of making sin- eral nuclei, and the pulvinar. In humans, fune.
gle saccades to left-sided targets. It appears  tional imaging has shown activation of the thal.
that there has been disruption of the ability to ~ amus during voluntary saccades.®
monitor the size of the first saccade using

that he was unable to register a change of eye  studies of the effects of pulvinar lesions in
novement during the memory period, perhaps ~ humans, which reported difficulties in disen-
pecause of interruption of an efference copy of ~ gaging visual fixation when a shift of attention
his pursuit movements. is to be made.**8™ Taken together, these

efference copy.!70281281 THE ROLE OF THE INTERNAL A third region is the ventrolateral thalamus,  experimental and clinical results suggest that

MEDULLARY LAMINA which relays cerebellar signals to cerebral cor- the pulvinar in humans contributes to the

SUMMARY OF FRONTO-PARIETAL , tex concerned with self-triggered saccades.™  mechanisms for shifting visual attention, but
INFLUENCES ON THE CONTROL Neurons scattered throughout the interna| When disease affects the cerebellar thalamus, ~ more research is needed.

medullary lamina (IML), which is the fiber

OF SACCADES pathway separating the medial from the latera]
To summarize, the influence of frontal and  thalamic mass, show saccade-related proper-
parietal cortex on the control of saccades  ties.S10610615702 IMI, neurons receive inputs
appears to be via two parallel descending path-  from cortical and brainstem structures con-
ways (Fig. 3-12). One pathway is via the  cemed with eye movements, including the
frontal eye field to the superior colliculus  superior colliculus, but project only to the cor-
(directly, and indirectly, via the basal gan-  tex and basal ganglia. These connections sug-
glia).*® The supplementary eye fields and dor-  gest that IML might be important for relaying
solateral prefrontal cortex also project to  an efference copy of eye movement commands
brainstem regions. Pathways from these pre-  from the brainstem to the cortical eye
frontal areas appear more concerned with  fields.516.666 ;
preparation for self-generated changes in gaze Electrical stimulation in the region of the
as part of remembered, anticipated, or learned ~ IML elicits contralaterally directed saccades
behavior.?" The other pathway is directly from  that may either be of fixed size and direction or
posterior parietal cortex to the superior col-  directed to an orbital position. Neurons in
liculus. This pathway is more concerned with ~ IML discharge in relationship to spontaneous
reorienting gaze to novel visual stimuli and in  and visually guided, contralateral saccades.51®
particular with shifting visual attention to the ~ During a visually guided delayed saccade task,
location of new targets appearing in extra- neurons encode the visual stimulus, the delay,
personal space. However, the strong intercon- presaccadic and motor signals; some units
nections between parietal and frontal lobes  appear to carry an efference copy of eye move-
and their common projection sites preclude a  ments.”® Consistent with the effects of stimu-
strict separation of function between the two  lation, some units appear to encoded saccades
pathways.53 Thus, for example, lesions of both  in craniotopic rather than retinotopic coordi-
posterior parietal cortex and DLPC may  nates. Other types of neurons in IML stop dis-
impair memory-guided saccades®3 Also  charging during saccades but show a strong

patients show impaired ability to adapt their
-saccades to novel visual demands as well as to .
responding correctly to double-step target dis- ~ The Role of the Basal Ganglia
placements.59'93‘
Although the frontal and parietal eye fields
roject directly to the superior colliculus (Fig.
THE ROLE OF THE PULVINAR 5—12), a second pathwayprunning through ﬂﬁe
Two separate parts of the pulvinar, which has  basal ganglia plays an important role, especially
reciprocal connections with posterior parietal  in selecting targets that will be rewarded.*” In
cortex,?®0 are related to saccades. Each appears essence, the substantia nigra pars reticulata
to make distinctive contributions to saccades. (SNpr) maintains a tonic inhibition of collicu-
Neurons in the inferior-lateral pulvinar  lar-burst neurons. Thus, for a saccade to be ini-
respond to retinal image motion when it is tiated by this pathway, the caudate nucleus
produced by a moving stimulus, but much less ~ must disinhibit the SNpr. In turn, the caudate
soif it is due to a saccade. Thus, this region  depends on cortical inputs to signal the need to
might contribute to the process of saccadic ~ suppress the tonic inhibition of the superior
suppression, although this suggestion needs  colliculus by SNpr. In considering what role
confirmation. this pathway could play in the control of sac-
In the dorsomedial pulvinar, visually  cades, we examine the properties of the cau-
responsive neurons are not retinotopically  date nucleus, SNpr, and the subthalamic
organized and seem more important for shifts  nucleus. We then provide a synthesis of the
of attention towards salient features in the  possible overall function of the basal ganglia in
environment 835045 Injection of GABA antag-  the control of saccades, and consider the
onists and agonists into the dorsal medial por-  effects of human lesions.
tion of the lateral pulvinar facilitates or retards,
respectively, the ability of an animal to shift its
attention toward the contralateral visual _gjfjgg'h? SSgSEEJS

important are connections between each cere-  postsaccadic increase in activity, or discharge field*® In humans, functional imaging sup-

bral hemisphere, since split-brain monkeys  during steady fixation 510615 ports that idea that the pulvinar is important ~ The caudate (and parts of the putamen)
show impaired responses to double-step tasks Another important region is the mediodor- for directing visual attention. 34537 receive inputs concerning the programming of
when each stimulus is presented into a differ-  sal nucleus, which serves as a thalamic gateway Electrolytic lesions in the pulvinar of mon-  saccades from the FEF, SEF, DLPC, and the

ent visual hemifield % Subsequent recovery  to prefrontal cortex,” and relays, amongst a

implies that subcortical pathways, at least in  range of other modalities, signals from the
monkey, are able to compensate for loss of  superior colliculus.®®% Thus, after inactiva-

keys cause a paucity of saccades towards blank  intramedullary lamina (IML) region of the
portions of the visual field, and gaze appearsto  thalamus.®" A second important input is a
be “captured” by visual stimuli.”® Other stud-  dopaminergic projection from the substantia

interhemispheric connections. Finally, neu-  tion of the mediodorsal thalamic nucleus with ies, however, have revealed relatively normal ~ nigra, pars compacta, which may convey
rons in each of these cortical areas may modu-  muscimol, on a double-step task, monkeys con- patterns of visual search after pulvinar  reward-related signals. The caudate projects
late their activity when the correct behavior is  sistently show inaccuracy of the second sac- lesions.5 As previously noted in the Behavior  directly to the SNpr and, via the external sep-
to be rewarded.!” cade.5’ Consistent with this concept, tasks  of the Saccadic System, normal subjects show  ment of the globus pallidus, to the subthalamic

’d_decrease in saccadic reaction time if the fixa-  nucleus.*®? Saccade-related neurons in the
tion point is turned off synchronously with the ~ caudate lie at the junction of the head and
appearance of the visual target compared with  body of this structure (the central longitudinal

requiring a sequence of saccades (such as the

double-step paradigm) are impaired when the
The Role of the Thalamus central thalamus is affected by disease.? In

Chapter 12, a patient with a thalamic metasta- leaving the fixation target on (overlap para- zone).
Several different parts of the thalamus con- sis is described, who made normal visually digm). However, patients with posterior thala- Projection neurons have a low rate of dis-
tribute to the programming of saccades, includ-  guided and memory-guided saccades, except mic lesions, but without hemineglect, show no  charge that increases prior to saccades. 24295649
ing the central nuclei of the internal medullary ~ when he made a smooth pursuit movement such decrease in reaction time for visually trig- ~ This presaccadic activity is related more to the

lamina, the mediodorsal nuclei, the ventrolat-  during the memory period. Thus, it appeared gered saccades.%! This result confirmed older ~ behavioral context of the saccade than its size
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and direction.?®® Specifically, the activity of  tion, the SNpr receives excitatory projectin: . s 305 5
these caudate neurofl)ls showsy a strong depthd— from the su%thalamic nucleusr{l'gi .Jegflon SYNTHESIS O T ot ON pected since Hitzigh and Ferrer Pelicited
ene v { X ) g 3-19 OF BASAL GANGLIA TO THE eye movements by electrical stimulati
y on memory, expectation, attention, and Stimulation of caudate neurons produces g, NTROL OF SACCADES Althouet Y S ation.
reward, 296329348750 Thys, some neurons change  pression or facilitation of SNpr neurons, th co though more than one cerebellar area con-
b ! g y INprnet » the la INTHE CONTEXT OF tributes to the pro f d
their discharge rate systematically, even before  ter possibly due to a multisynaptic pathway; NICAL DISORDERS dorsal the programming ot saccades, the
the appearance of the visual target, and usually =~ However, neurons in the SNpr that seeme cll kors vermis and caudal fash.glal nucleus play
fire more when the contralateral position is  important for memory-guided saccades 4y, A r(?les. The cerebellar hemispheres may also
associated with reward.?%3%¢ Putative inter-  usually inhibited by stimulation of the cauda, gonmg%tf A the control of saccades (Fig.
neurons show less reward-related modulation The SNpr sends inhibitory projections to th, dngl)’d . Dut their role has yet to be
of their activity.®® Functional imaging studies ~ superior colliculus, which are probab} ‘21 o theszgme p true o~f th'e basal intersti-
in humans have demonstrated activation of the =~ GABAergic. Injection of muscimol (a GAB . ilvlil]il?i& Before reviewing these areas,
putamen and substantia nigra during memory-  agonist) into SNpr has a similar effect to injec we 1 st examine the role of a pontine
guided saccades.*% tion of bicuculline (a GABA antagonist) int o 3;15 that is & major relay for saccadic com-
Experimental, unilateral dopamine deple-  the supérior colliculus: repetitive, irrepressib| mands to the cerebellum.
tion of the caudate and adjacent putamen  saccades occur, which are directed contralate types of saccades made in the context of
causes impairment of contralaterally directed  ally to the side of the injection.®® These sa Jearned behaviors, prediction, memory, and NUCLEUS RETICULARIS
saccades.*® The major deficit is for memory-  cadic intrusions appear to occur due to loss reward. Conversely, the basal ganglia could aid TEGMENTI PONTIS
guided saccades, which become hypometric,  the normal suppressive effect of SNpr on co steady fixation by preventing unwanted reflex- 1 1 . . ) )
slow, and delayed.3® In addition, there is con- licular-burst neurons rather than any effect ive saccades to stimuli that, at that particular (NIB{TI? e i‘.lsl ﬁem‘ﬂans tegmenti pontis
tralateral hemineglect.*® Dopamine also likely the fixation neurons at the rostral pole of th moment, would be disruptive. As is discussed ( F‘)’ W6—1§ 17()?5 Ventr_al to the rostral PPBF
plays an important role in reward-contingent  superior colliculus.*® in Chapter 12, the means by which the frontal ife & 1) ;" contains neurons that dis-
saccadic behavior, since studies of learning in eye fields influence the superior colliculus is chares in r? acilnion o vanet%/mof eye move:
patients with Parkinson’s disease have shown THE ROLE OF THE complex and might produce either difficulties ments,  Inc uding saceades.  Its medial
that they become more sensitive to positive out- SUBTHALAMIC NU in initiating or suppressing saccades. Both porbf)n receives mputs grs?%the frontal and
comes (carrot) than negative ones (stick) after CLEUS deficits have been described in patients with S‘;PII\)I ementary eye ﬁelds. *°"" The caudal p?u't
they are administered dopamine medication.®”  Another basal ganglion, the subthalam disorders affecting the basal ganglia, such as o 11i EJTPZBIS ceives inputs from the SupehoT
In a patient with bilateral lesions affecting  nucleus, contains neurons that discharge Huntington's disease.?®* However, the system E}? cdus.al Portlops of the NRTP p roject to
the body of the caudate nucleus, memory-  relation to saccades.**’ The subthalam s almost certainly more complex; for example, e] 150768 Tho and causial fastigial
guided saccades were impaired whereas mem-  nucleus appears to provide a second basal gan the direct and indirect caudate projections to ﬁuc eus. " The NRTP contains longlead
ory-guided finger-pointing was intact.”®  glionic pathWway by which the cortical eye fiel SNpr may be serving different functions dur- ugs;r];;ugcé;& which project to the cerebellum
Patients with chronic lesions involving the = may influence the control of saccades via th _ ing complex behaviors. anN < Lo
putamen show deficits in saccades made to  basal ganglia (Fig. 3-12). The caudate nucle _ Studies of the effects of human diseases i euronﬁ:i?ﬂthe caudal NRTP show similari-
remembered locations and in anticipation of ~ projects, via the external segment of the glob affecting basal ganglia have focused on behav- cesto dc gjrc ar burst neurons, encoding the
predictable target motion; visually guided paliidus, to the subthalamic nucleus.*? Thi __ior such as memory-guided or predictive sac- Slzl;:j a:lll ection of saccades. However, unlike
saccades are intact.”* pathway appears to be double inhibitory, . cades. For example, memory-guided saccades f](i) lc S tl;g:gf encode the 3-D) eye
that the overall effect of caudate inputs is exc _ ue impz_u'red after pallidotomy for Parkinson’s P P ficemf}r;t veqtors_. Neurons in N.RTP dif-
THE ROLE OF SUBSTANTIA NIGRA tation of the subthalamic nucleus. The subth disease,” but improved with subthalamic diect?;ﬁs of(') :e - 1;1MLF by encoding both
PARS RETICULATA amic nucleus sends excitatory projections nucleus stimulation.>® Pallidotomy increases f the brai orsmxl\l/r movement on each side
the SNpr. Thus, it seems that the caudate has saccadic intrusions on steady fixation— “square O 1o bramstem. }crostm.lul.atlon in NRTP
The saccade-related cells in SNpr lie in its lat-  both a direct pathway to SNpr that wave jerks."*#7" In the future studies of elicits movements with an {psﬂateral compo-
eral portion (near the cerebral peduncle) and  inhibitory, and an indirect pathway via the su patients with basal ganglionic disease, there is nent that has a fixed torsional component.
project to the intermediate layers of the supe-  thalamic nucleus that may be facilitatory.  need for development of experimental strate- phactivation of DEIP with muscimol caused
rior colliculus. Neurons in SNpr have high  Consistent with this, stimulation of caudal gies that involve reward for carrying out mem- torsional “errors” implyin & that NRTP nor-
tonic discharge rates that decrease prior tovol-  neurons may produce either suppression or ory-guided and other saccade tasks. mally ensures thafsusaccad.lc eye movements
untary saccades that are either visually guided  facilitation of SNpr neurons, the latter possibly ' obey Listings law.™ The influence of NRTP
or made to remembered target locations.®"*%  due to the indirect pathway.>® k The Cerebellar Contributi on the 3D qontrol of &e movements, may
299-301 These neurons probably contribute to In human patients undergoing placement of toS d oniribation Sppend upon it . ebellar projections. ™ The
b(l)th target selection and saccade initiation.5 stimulating electrodes for treatment of accades 1\3{3‘% ;t).lso con"imnsd neurons Withhelllctivity,
Those SNpr neurons that decrease their dis-  Parkinson’s di i i j’ i ‘ect : refatec to pursult and vergence, maxing it a
charge, ang thereby disinhibit superior collicu- recordS(s)inSglé11 Zﬁ: ’hittl?gs v:r?tiz gﬁﬂffeﬂw ;: rtr(l)ajglreproj ecbhciln from' the cortical eye ﬁeld§ possible site for coordination of these different
lus neurons, may show greater modulation of  subthalames nuslevs. swhoro anite deehange in' Fin 5 9(:671‘3(3 ellum, via the ponupe nuclei  classes of eye movements. The dorsolateral
responses that are rewarded.?685% relation to, but usu;llly following, eye mgove# ,’ sacild ldl)A dIn addition, Ny everal ymportant - pontine nucleus (DLPN) also contains neurons
The direct projections from the caudate  ments.19 I’)ischarge of some hungl;m Zubthal projecte ;)etzfcersgilt;l::sf&molth? bghamsmm thﬁl show saccade related %Cﬁw.tt}% - but gen-
nucleus to TR N . ) t . A role for the cere-  erally seems more concerned with smooth pur-
SNpr are mainly inhibitory. In addi-  mic neurons is cued to self-paced saccades. : bellum in the control of saccades has been sus- suit.y Pursuit and vergence aspects of Pthe

A simplified view of this basal ganglia pathway
is that there are two serial, inhibitory links: a
udo-nigral inhibition that is only phasically
active and a nigro-collicular inhibition that is
tonically active. In addition, the subthalamic-
nigral pathway is excitatory. Through these
sathways, the basal ganglia appear to facilitate
the initiation of more voluntary, self-generated
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pontine nuclei are discussed in Chapters 4 and
8, respectively.

THE ROLE OF THE DORSAL VERMIS

The “ocular motor vermis” consists of lobules
VI and VII (parts of the declive, folium, tuber,
and pyramis); its anatomical connections are
summarized in Box 6-12.7 Purkinje cells in
the dorsal vermis discharge about 15 ms before
saccades in a preferred direction.5%
Stimulation of the vermis produces saccades
with an ipsilateral component;?% with currents
near to threshold, a topographic organization is
evident.*®® Stimulation of vermal lobule V
evokes saccades that range from upward to
horizontal, while stimulation of lobules VI and
VII evokes saccades that range from horizontal
to downward. The vertical component of the
elicited saccade is larger when stimulation is
more inedial. Saccadic direction is largely dic-
tated by the anatomic location of stimulation in
the cerebellum just as it is in the frontal eye
fields and in the superior colliculus. In contrast
to the latter structures, though, saccades
evoked by cerebellar stimulation are graded in
amplitude and, to a minor extent, direction, as
a function of stimulus intensity. Furthermore,
the amplitude of the elicited saccade, and the
amount of postsaccadic drift, depend upon the
initial position of the eye in the orbit.

If the vermis is stimulated while the monkey
is making a naturally occurring saccade, the
saccade trajectory is modified more than if
stimulation is applied during fixation.%? This
implies that the cerebellum may be directly
involved in feedback control of the amplitude
of individual saccades. Furthermore, if an ani-
mal’s eyes are perturbed by cerebellar stimula-
tion just prior to the generation of a voluntary
saccade to a visual target, the ensuing saccade
does not land on target.** This is unlike the
accurate corrective movements that occur when
the frontal eye field,® or the superior collicu-
lus 57 are stimulated just prior to a saccade.

Unilateral pharmacological decortication of
the dorsal vermis causes marked ipsilateral
hypometria and mild contralateral hyperme-
tria, with a gaze deviation away from the side
of the inactivation (see Box 12-4).5%¢ Ablative
lesions of the dorsal vermis also cause saccadic
dysmetria that is mainly hypometria.® The
dysmetria concerns the saccadic pulse, and
there is no post-saccadic drift as is seen after
ablation of the cerebellar flocculus and
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this scheme, after dorsal vermis lesions, the  burst neurons in the rostral medulla, excitatory
de of saccades become more variable.5  burst neurons in the PPRF and riMLF, the
mesencephalic reticular formation, thalamus,
and the rostral pole of the superior collicu-
lus.#3 Some of these connections are summa-
rized in Box 6-13, and in Figure 3-12.
Neurons in the caudal fastigial nucleus dis-
charge about 8 ms before onset of saccades
with contralateral components, but generally
towards the end of saccades with ipsilateral
components.?13283501 These neurons also mod-
ulate their discharge according to saccade size
and eye velocity, but not eye position. Under
normal circumstances, the fastigial nucleus
might influence saccades by providing an early
drive to premotor burst neurons during con-
tralateral saccades and a late brake during ipsi-
lateral ones.?3 These ideas are summarized in

paraflocculus,”™ or total cerebellectomysta
Symmetrical lesions cause bilateral hypometﬁa
of horizontal saccades, with a slight increase i,
saccadic latency. Asymmetrical lesions cayge
hypometria and increased latency of ipsilaterg]
saccades, so that express and anticipatory sae.
cades are abolished.*® Centrifugal movemeng,
tend to be smaller and made at longer latency
than centripetal movements. The dynamie
characteristics of saccades are also affected,
with abnormal waveforms, and decreaseq
speed during both the acceleration and decel.
eration phases; these changes are not depend-
ent of the starting position of the eye in the
orbit. Finally, the ability to adapt saccades to
visual demands is impaired by lesions of the
dorsal vermis.5%

How do the dorsal vermis (lobule VII) and

_ amplitu

HE ROLE OF THE
 FASTIGIAL NUCLEUS

Besides receiving inputs from Purkinje cells of
the dorsal vermis, the caudal part of the fasti-
- sial nucleus, the fastigial oculomotor region
(FOR), also receives a copy of the saccadic
commands, which are relayed by NRTP from
the frontal eye fields and superior colliculus.*
The main projection from the fastigial nucleus
crosses within the fellow fastigial nucleus, and
enters the uncinate fasciculus, which runs in
the dorsolateral border of the superior cere-
pellar peduncle, to reach the brainstem.
Important projections of the caudal fastigial

the caudal part of the fastigial nucleus, to nucleus are to omnipause neurons, inhibitory = Figure 3-15.
which it projects, play such key roles in gov.
emning the accuracy of saccades? Althougl
Purkinje cells in the dorsal vermis show vari
ability in the timing of their discharge with - .,
respect to each saccade, the populations o = \]?orsa} < 2,
these neurons encode the time when a saccade r erms *,
must stop to land on target.”™%” Consistent with g s
y Feedback
Pontine ; Fastigial [ H Control
: T | Nucleus [-——————— 1
Nuclei < : (FOR) i :
B //// V2N |
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Figure 3-15. Hypothetical scheme for the role of the cerebellum in the generation of saccades. The superior concuh{s,
and probably the frontal eye field, provide a neural signal representing desired change in eye position (AE), which is com-
pared with an efference copy of current eye position (Eeff), to give motor error, the signal that drives the premotor burst
neurons (EBN). The superior colliculus rostral pole also provides the trigger signal to initiate the saccade, which inhibits
omnipause neurons (OPN), which then stop inhibiting EBN, and (projection not shown) inhibitory burst neurons (IBN).
The EBN project to IBN, which act as a latch circuit to stop OPN from discharging until the end of the saccade (when
motor error is zero). The output of EBN and IBN constitute the saccadic command, which projects to ocular motoneu-
rons. To generate Eeff, the output of EBN (and IBN, not shown) must be integrated (Resettable NI) and adjusted to
account for non-linearities due to the orbital contents (“Plant”). This local feedback circuit may be partly located in the
cerebellum. The dorsal vermis and fastigial ocular motor region (FOR) receive inputs from the pontine nuclei, such as
NRTP, and climbing fiber inputs from the inferior olive (not shown). The dorsal vermis inhibits FOR, which projects to
several elements of the brainstem saccade generator (broken lines), including EBN, IBN, and OPN. The dorsal vermis and
FOR could lie within the internal saccadic feedback loop (dotted ellipsoid). —, inhibition, +, excitation.

Figure 3-14. Activity of the cerebellum during a saccadic
task as revealed by functional magnetic resonance imaging
(fMRI). The subject was making voluntary, self-paced sac-
cades between two visible targets. There is increased
metabolic activity in the midline cerebellum (dorsal vermis
and underlying fastigial nuclei) and also in the cerebellar -
hemispheres. Similar activation occurred if saccades were
made in darkness between remembered target locations
(Courtesy Dr. Manabu Honda of Kyoto, Japan.) (From
Honda M, Zee DS, Hallett M. Cerebellar control of vol-
untary saccadic eye movements in humans. Soc Neurosci
Abstr 15, 1189, 1997.)

;
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Fastigial nucleus lesions produce marked
hypermetria of saccades.®*.632 Destructive
lesions are effectively bilateral because axons
destined for the brainstem cross within the
fastigial nucleus itself. A more effective way of
demonstrating the contribution of the fastigial
nucleus to saccade generation has been to use
muscimol to pharmacologically inactivate the
caudal fastigial nucleus on one side (see Box
124, Chapter 12).581.34 A unilateral injection
causes hypermetria of ipsilateral saccades (typ-
ical gain 1.3) and hypometria of contralateral
saccades (typical gain of 0.7),5% which affects
saccades of all sizes.3* The acceleration of ipsi-
lateral saccades is increased and that of con-
tralateral saccades is decreased. Hypermetria is
slightly greater for centripetal (centering) sac-
cades than centrifugal saccades. Vertical sac-
cades show ipsipulsion (diagonal trajectory
towards the side of inactivation) with unilateral
fastigial nucleus lesions. With bilateral injec-
tions, all saccades, both horizontal and vertical,
become hypermetric.?* Microstimulation of

Scheme for the Control of Saccadic
Metrics by the Dorsal Vermis and
Fastigial Nucleus

Based on electrophysiology and the pharmacq
logical inactivation studies summarized aboye
it is possible to offer a hypothetical scheme fy
way that the dorsal vermis and fastigial nucley
govern saccades to get the eye on target. Thyg
early activity in one fastigial nucleus could b
important for accelerating the eye at the begin
ning of a saccade, and the later activity in th
other fastigial nucleus could be critical fo
stoppingithe eye on target. Thus, delay or abg
lition of the later, decelerating fastigial activi
will cause hypermetria (Fig. 3-6) because th
eye will not decelerate and stop on targe
Central to this scheme is the concept that th
brain monitors its own motor commands
referred to as corollary discharge or efferenc
copy. Since saccades are brief, vision cannot b
used to guide the eye to the target. Howeve
the cerebellum could monitor a corollary dis
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3. Purkinje cell in dorsal
vermis of cerebellum
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Figure 3-16. Hypothetical scheme to account for lateropulsion of saccades. 310 Interruption of climbing fibers orig-
inating from the inferior olivary nucleus may occur prior to their crossing in the medulla (1) or as they enter the inferior
cerebellar peduncle (in Wallenberg’s syndrome. (2). Loss of climbing fiber inputs to Purkinje cells in the dorsal vermis
causes the latter to inhibit the fastigial nucleus (4), which causes ipsipulsion of saccades. Pharmacological inactivation of
the dorsal vermis (3) causes contrapulsion (although clinical lesions produce bilateral hypometria). Interruption of crossed
fastigial nucleus outputs in the superior cerebellar peduncle (uncinate fasciculus, 5) causes contrapulsion. Thus, contra-
‘pulsion arises at sites 1, 3 and 5, and ipsipulsion at sites 2-4.

the fastigial nucleus also inhibits its activity and
has a similar effect to muscimol. Such stimula-
tion only biases the trajectory of saccades if it is
applied during the course of the movement.>**
Complete cerebellectomy in trained mon-
keys creates an enduring saccadic pulse dys-
metria®!2 In this case, all saccades overshoot,
though the degree of overshoot is greatest for
centripetally directed movements. The degree
of saccadic hypermetria may be so great that
the animal shows repetitive hypermetric sac-
cades about the position of the target, a form of
macrosaccadic oscillations (see Video Display:
Disorders of Saccades). Monkeys with a com-
plete removal of the cerebellum also show
postsaccadic drift, implying pulse-step mis-
match dysmetria. At the end of the rapid, pulse
portion of the saccade, the eyes drift on, as a
glissade, for a few hundred milliseconds,
toward the final eye position. As noted above,
saccadic pulse dysmetria can be attributed to
involvement of the dorsal vermis and fastigial,
whereas post-saccadic drift reflects involve-
ment of the vestibulocerebellum (flocculus and
paraflocculus).” Thus, the dorsal cerebellar
vermis and underlying fastigial nuclei appear
to function in controlling the size of the sac-
cadic pulse, while the flocculus and parafloccu-
lus seem to be responsible for appropriately
matching the saccadic step to the pulse.

charge of the saccadic command and terminat
the eye movement when it is calculated to b
on target. How could this be achieved
Corollary discharge of all ocular motor signals
are encoded on cell groups of the paramedian
tracts (PMT), a group of neurons distributed
throughout the brainstem to which all premo
tor ocular motor structures project.!®® The
PMT cell groups project to the cerebellum and
could, along with other mossy fiber projections
from pontine nuclei, provide the cerebellum
with the corollary discharge that it needs &
stop the saccade on target. For vertical sac-
cades, a different circuit including the poste-
rior interpositus nucleus, which receives inputs
from the ventral paraflocculus, could providea
similar role.?®® Such feedback of motor signals
through the cerebellum requires that eye
velocity signals be converted to a representa
tion of current eye position by a resettable
integrator.3%8511 ‘\

Thus, in patients with saccadic hypermetria_
(Fig. 3-6B) (see Video Display: Disorders of;
Saccades), feedback signals to the fastigial
nucleus—which are required to stop the eye
on target—could arrive late, or not at all*®!
Clinically, fastigial nucleus lesions are effec-
tively bilateral, because the axons cross in the
opposite nucleus; affected patients show bilat-
eral hypermetria (Fig. 12-4). However, inter-

ruption of inputs to the cerebellum in the infe-
rior peduncle—as occurs in Wallenberg’s syn-
drome—causes ipsipulsion (Fig. 3-16); it is
postulated that increased activity of Purkinje
cells causes a unilateral fastigial nucleus
“lesion”.™® Interruption of the crossed output
of the fastigial nucleus in the superior cerebel-
lar peduncle causes contrapulsion of saccades
(overshooting contralaterally, undershooting
ipsilaterally) 58370 Rarely, climbing fibers from
the inferior olivary nucleus are lesioned before
crossing the midline and passing into the
inferior cerebellar peduncle;™!! this causes
contrapulsion of saccades. Experimental stud-
ies indicate that lesions of the posterior inter-
_ Ppositus nucleus may affect the accuracy of
vertical saccades, but this has not yet been
documented clinically.

In sum, the cerebellum appears to be impor-
tant for the control of saccadic accuracy, includ-
ing both amplitude and direction, and possibly
In correcting for position-dependent changes in
the mechanical properties of the eye muscles

and orbital tissues. This capability appears to
function both in an “on-line” fashion, since
cerebellar dysmetria is apparent immediately
after inactivating the fastigial nuclei, as well as
in the long term, as part of the process of adap-
tive control of saccade accuracy. This pivotal
role of the cerebellum in the control of sac-
cades is supported by finding that neither
frontal eye field or superior colliculus lesions
alone causes enduring changes in saccadic met-
rics; in each case, another area must be com-
puting the size and dynamics of saccades, and
the cerebellum seems the likely candidate. The
role of the cerebellum is taken further in the
next section, which attempts to identify its
place in models for saccade generation.

MODELS FOR SACCADE
GENERATION

With advances in knowledge of the saccadic
system, quantitative hypotheses (models) to
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account for generation of these movements
have grown in scale and complexity. Initial
attempts used a- classic control systems
approach (see David A. Robinson’s notes on
the accompanying compact disc) whereas,
more recently, neural-network models, which
attempt to describe the contributions by dis-
tinct populations of neurons, are cast from a
neuromimetic point of view. Here we briefly
present a history of how saccadic models have
developed, to provide the reader with a notion
of the way that concepts about the generation
of saccades have grown over the past half-cen-
tury.#% Most of our account will be concerned
with models of brainstem and cerebellar con-
tributions to saccade generation, since the
effects of cerebral cortex and basal ganglia on
saccade dynamics are less well worked out.
However, attempts have been made to model
more complex aspects of saccadic behavior
such’as responses to remembered targets by
neurons in LIP*5.™6 visual search by FEF,*6
and the role of the superior colliculus in a
range of behaviors, including antisaccades.™3

MODELS FOR HORIZONTAL
SACCADES

Early notions of the generation of saccades
proposed that the duration of the pulse of
activity that creates saccades was predeter-
mined or preprogrammed according to desired
saccadic amplitude.™ Studies of patients with
slow saccades, however, led to an alternative
hypothesis that suggested saccades are gener-
ated by a mechanism that drives the eyes to a
particular orbital position rather than moves
the eyes a specified distance.”" By continu-
ously comparing desired eye position and
actual eye position (the latter is probably based
on monitoring an internal, efference copy of
the eye position command) the neurons that
generate the saccadic pulse would be driven
until the eye reaches the target, when they
would automatically cease discharging. This
is the original local-feedback model for sac-
cades proposed by D.A. Robinson®™ (Fig.
3-17A). It has the advantage that it automati-
cally generates the main sequence relation-
ships between amplitude and peak velocity or
duration for saccades (Fig. 3-2). The model
also accounts for slow but accurate saccades
made both by some patients with neurological
disease and by normal subjects taking various

sedative or hypnotic medications.?* It can als
produce saccadic oscillations such as flutter
the omnipause neurons malfunction or gp,
inhibited.”™ Although the notion of local fee
back has sometimes been called into que
tion, 39 the evidence to support it remaiy
substantial. Thus, if a saccade is arrested
mid-flight by briefly stimulating the omnipay,
neurons, a new saccade is generated to get th
eye on target within 70 ms (Fig. 3-11), whic
is shorter than could have been achieved |
responding to the visual consequences of the
arrested  movement.>*#%°  Furthermore_
patientsivith slow saccades often get their eye
on target, 177" and slow saccades induced by
experimental inactivation of the rostral PPRF.

may be accurate.*® Thus, it appears that 5 .- . N T
signal is used to ensure that the burst neurons Ea ¢ (esn <( (&t
discharge until the planned movement is ~ I \\4, _J—L

achieved.

Subsequent physiological studies have
called for modifications of the original
Robinson model, while retaining the notion of
local feedback control of saccade generation,
One important revision is that the command
signal is a desired change in eye position (Fig,
3-17B).33 This signal would be compared con-
tinuously with an efference copy of the actual
change in eye position, to determine when to
terminate the saccade. Inherent in this modifi-
cation of the local-feedback model is the idea
of separate integrators, one common neural
integrator for conversion of eye velocity to eye
position commands (for all types of conjugate
eye movements, discussed in Chapter 5) anda
separate resettable neural integrator that oper-
ates specifically on saccadic velocity commands
in the feedback loop that controls the duration
of the saccadic pulse,349336.375455670673

At present, the anatomical basis for local
feedback control of burst neurons and the
resettable integrator for saccades is not under-
stood.2#98% One proposal is that the feedback
involves long-lead burst neurons rather than
premotor burst neurons.®”? In this model
(Fig. 3-17C), long-lead burst neurons are also
the proposed site for the second, saccade-
specific integration. However, this model is not
consistent with some anatomical projections of
the superior colliculus,'®! cannot simulate the
staircase of saccades that occurs with sustained
stimulation of the superior colliculus, 8 and
cannot account for saccadic oscillations such as
flutter and opsoclonus.

e @

Figure 3-17. Models of the saccadic pulse generator. (A) Model after Robinson.5™ A desired eye position signal (Ed)
excites burst neurons (EBN), which in turn project to the ocular motoneurons (OMN), to the neural integrator (NI) and
to the inhibitory burst neurons (IBN). Omnipause neurons (OPN) have a tonic level of discharge (TONE) but are inhib-
Ited by a trigger signal (TRIG) when a saccade is desired. During the saccade, OPN are kept silent by IBN. The output of.
the NI is fed back as an efference copy of eye position to EBN via an inhibitory intemneuron (IIN). When this signal
becomes equal to Ed, the burst neurons cease discharging and the saccade is over. (B) Model after Jiirgens and col-
leagues 336 The input to the burst neurons is now a desired change in eye position (EA). This signal is compared with an
eﬂ‘e.rence copy of eye position, which is now derived from a separate, resettable neural integrator (RI) specific to the sac-
cadic system. (C) Model modified from Scudder.52 Long-lead burst neurons (LLBN) receive excitatory signals from the
Superior colliculus (SC) and are the site for the saccade-specific integration of velocity to position signals. The saccade is

terminated by comparing the integral of an efference copy of saccade velocity (via IBN) and the integral of the input from
1e superior colliculus. -
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A second suggestion is that feedback control
of saccades and the saccadic integrator
involves the superior colliculus.™ However,
pharmacological inactivation of the superior
colliculus does not produce effects consistent
with predictions of this model,'? as is discussed
in the section on the superior colliculus.3®

Third, it has been proposed that local feed-
back occurs via a cerebellar loop (Fig.
3-15).389511549 This proposal is consistent with
the anatomical connections between the pre-
motor burst neurons, dorsal vermis and fasti-
gial nucleus, and with experimental evidence
that the cerebellum is important for getting
saccades on target.?95115% However, high-
frequency oscillations, thought to be saccadic
in origin®? occur in patients with lesions
involving the fastigial nucleus that cause
hypermetria (see Video Display: Disorders of
Saccades). This and other observations have
led to an alternative model to account for sac-
cadic oscillations, 3. which depend on the
synaptic connections between burst neurons
(Fig. 3-10). Specifically, it has been shown that
there are connections by which IBN inhibit
IBN;%?2 these form positive feedback loops that
are potentially unstable. For example, during a
saccade to the right, left-sided EBN will be
inhibited by IBN. However, when the saccade
is over, if EBN show post-inhibitory
rebound,*"#8 they will start discharging again.
It has been postulated that this is the mecha-
nism underlying high-frequency saccadic oscil-
lations, such as ocular flutter.5

MODELS FOR OBLIQUE SACCADES

The ocular motoneurons innervate extraocular
muscles that rotate the eyes approximately in
Cartesian coordinates (e.g., the medial and lat-
eral rectus rotate the globe a specified distance
horizontally). However, the saccade-related
neurons in the superior colliculus and premo-
tor burst neurons in the brainstem discharge
for oblique movements, and so one aspect of
modeling saccades is whether these structures
encode the saccadic command in polar or
Cartesian coordinates. In other words, do the
two populations in the PPRF and riMLF
become strongly coupled or do they remain
independent? In one view of the way that
oblique saccades are programmed, the “com-
mon source” saccade model, the command
from the superior colliculus to burst neurons is

specified in polar coordinates: an obj
(radial) velocity at angle 6.7 Neural circyj
then converts this into a signal multiplieq
cosine O for the horizontal PPRF burst pe
rons and a signal multiplied by sine 8 for g
vertical iMLF burst neurons. This model] pr
dicts: (1) the horizontal and vertical comp
nents of oblique saccades may have differe
durations and peak velocities than when sip
lar-sized movements are made as purely ho
zontal or vertical saccades; (2) the horizon
and vertical components will have synchrong
onset and offset; (3) the peak velocities of the
horizontal and vertical components of the sge.
cade are scaled by cosine 6 and sine 6, respe
tively; (4) the trajectory of the oblique sacca
will be straight. An alternative hypothesis,

Cartesian coordinate model, proposes that the
central command for the oblique saccade is
broken down into horizontal and vertical eye
displacement components before being sent to
the horizontal and vertical burst neurons.572%
The critical predictions of this so-called inde-
pendent model are: (1) the horizontal and ver-
tical saccadic components of oblique saccades
will have the same duration and peak velocity
as when made as purely horizontal or vertical
saccades; (2) although the horizontal and verti-
cal components of oblique saccades will have a
synchronous onset, they may end at different
times; (3) the trajectory of oblique saccades
could be curved. V

Normal human saccades are so brief that it
is often difficult to distinguish between the
predictions of these two models. However,
oblique saccades that have dissimilar horizon-
tal and vertical components often appear
curved,® and could have different times of off-
set of the two components.® Nonetheless,
peak velocities of horizontal and vertical com-
ponents are reported to be scaled as predicted
by the common source model.™’

Studies of patients with selective slowing of
the vertical or horizontal components provide
interesting results. Thus, patients with selec-
tive slowing of vertical saccades due to
Niemann-Pick type C disease show markedly
curved oblique saccades (Fig. 3-5B).5% The
initial movement is mainly horizontal and most
of the vertical component occurs after the
horizontal component has ended (i.e., the two
components end at quite different times).
After completion of the horizontal component
of an oblique saccade, the eyes oscillate hori-

«n place” at 10 Hz-20 Hz until the
zgﬂrgii{ comgonent ends (Fig. 3-5C). These
: ,Eoﬁzontal oscillations probably occur because
 omnipause neurons are silent until the vertical
 component is complete, and after the horizon-
al component is over, the normal horizontal
 burst neurons lack a motor error signal to drive
 them and so oscillate until the whole saccade is
- completed. Similar oscillations are encoun-
tered during some oblique saccades made by
_ normal subjects.>’ Curved oblique saccades are
Jlso encountered in patients with spinocere-

ellar ataxia who show selective slowing of hor-
 ;zontal saccades (see Video Display: Disorders
of Saccades). Partial inactivation of the PPRF
in monkey with lidocaine also produces
_oblique saccades with curved trajectories.*®

'Nonetheless, monkeys and some healthy
humans make straight saccades during oblique
movements. To account for straight trajecto-
ries of oblique saccades, a third model was sug-
gested in which there was cross-coupling
between the output of horizontal and vertical
pulse generators.®® However, other studies
‘have shown that changes of peak velocity pre-
dicted by this model with coupled outputs do
not occur, and suggested that it is more likely
that it is the inputs that are coupled (common
source). 957 A fourth model to account for the
variable curving of oblique saccades encoun-
tered in humans and monkeys consists of a dis-
tributed network of neurons, which is able to
simulate several characteristics of oblique sac-
cades, with no cross-coupling between the two
pulse generators.® Thus, the data are still
somewhat conflicting and further studies of
normal subjects and patients with selective
slowing of horizontal or vertical saccades
should provide the opportunity to test these
several models.

NEUROMIMETIC MODELS
- FOR SACCADES IN TWO
AND THREE DIMENSIONS

More recently, models have been developed
that seek to account more realistically for the
way that the brainstem and cerebellum control
saccade generation. Thus, some models
attempt to account for saccades interrupted by
Sllg:ctrical stimulation of omnipause neurons,”
“ as well as the curved trajectories encoun-
tered when more than one visual stimulus is
presented in terms of activity of multiple pop-

The Saccadic System 153

ulations of superior colliculus neurons.?® Other
efforts have modeled the resettable integrator
for saccades as a population of neurons in the
fastigial nucleus.3*

The development of reliable methods to
measure 3-D eye rotations has led to develop-
ment of models to account for rotations of the
eye in three planes during saccades. In fact,
the position of saccadic eye rotations are essen-
tially restricted to rotation about axes that lie in
the frontal plane (Listing’s plane—see Fig. 9-3
in Chapter 9), and so three degrees of freedom
are reduced to two degrees. What remains to
be settled is the mechanism that imposes
Listing’s law, and the relative contributions
made by the mechanical and suspensory prop-
erties of the orbital tissues on the one
hand, 142510558619 and by neural factors on the
other.30717 Specifically, rotations are non-
commutative, which means that the brain must
specify the order of rotations to get the eye to
the correct tertiary position. The discovery of
pulleys that guide the extraocular muscles (dis-
cussed in Chapter 9) may provide a means by
which the brain can delegate at least some
aspects of the complexities of 3-D rotations to
a mechanical “analog computer” in the orbit.}4!
This topic is discussed further in Chapter 9.

ADAPTIVE CONTROL OF
SACCADIC ACCURACY

The first reports of adaptation in the saccadic
system were in patients with partial abducens
nerve palsies who preferred to view with their
paretic eye, because it had better vision.367
With the affected eye viewing, saccades made
by the paretic eye were accurate even in the
direction of the muscle weakness. The sac-
cades of the nonparetic eye, on the other hand,
were much larger and had post-saccadic drift.
With the paretic eye covered and the “normal”
eye viewing, the saccades of the nonparetic eye
both overshot the target and showed post-
saccadic drift. In other words, saccadic inner-
vation had been readjusted (to both eyes, con-,
sistent with Hering’s law of equal innervation)
in an attempt to improve the performance of
the habitually fixating but paretic eye. Both the
pulse amplitude and the pulse-step match dys-
metria created by the palsy had been repaired.
Kommerell and colleagues®" then patched the
paretic eye of their patients continuously,
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requiring them to use their nonparetic eye. Saccadic adaptation may be specific to g,
When examined after three days, the patients  context of the stimulus conditions;*" for exap,
had readjusted the "amplitude of the saccadic  ple, adaptation for movements in one directi,
pulse and the pulse-step match so that saccades ~ does not automatically lead to adaptation ;
made by the nonparetic eye became accurate.  another.* Adaptation may depend on orhj,
In other words, the central nervous system  eye position and the vector of the movemey
changed saccadic innervation to meet best the  this is important for everyday life, when v
visual needs of the habitually viewing eye. make saccades from constantly changing star

It was subsequently shown that the change  ing positions in a range of directions.!® Thy,
in saccadic amplitude was accomplished by  adaptation with increased gain can be induce
prolonging the duration of the saccadic pulse  with the eyes in right gaze and with decrease
alone, without an increase in its height.53® If  gain in left gaze.5 When adaptation
pulse height had increased, the peak velocity =~ required for just one size of saccade, move.
of saccades made by the normal eye would  ments of other sizes or directions are legs
have increased; it did not. Moreover, the adap-  adapted. %7 When adaptation is required f;
tive changes were specifically tailored to the  two movements, averaging saccades (which f;
mechanical needs dictated by the particular ~ between the two visual targets) also show som
orbital positions from and to which the saccade ~ adaptation.* During adaptation in a context
was to be made.>® Another clinical example of ~ based manner (such as a gain increase on right
this adaptive capability concerns patients with  gaze and a gain decrease on left gaze), subjects
internuclear ophthalmoplegia, who often show  adapt better if they are given rest period
saccadic overshoot and backward postsaccadic =~ between each training state.” This is the phe-
drift in the abducting eye. This “abduction nys-  nomenon by which consolidation of motor.
tagmus” may be accounted for, in some  learning is facilitated and has potential impli-
patients, by the same mechanism that adjusts ~ cations for rehabilitation of ocular motor and
innervation conjugately in response to a  vestibular disorders by programs of eye move-
peripheral muscle palsy.!5" Further discus-  ment training. Once induced, saccadic adapta-
sion on saccadic changes in paralytic strabis-  tion may last for days.!>
mus is provided in Chapter 9. The visual features of the stimulus, such as
color or visual background,® as well as
otolithic signals,5 have relatively small effects
on the learning process compared with the
nature of the saccadic response.!*® Thus, on
In normal subjects, saccadic pulse dysmetria  the one hand, saccadic gain adaptation induced
can be simulated by changing the position of by step movements of a single target does not
the target just before the eye reaches it, forc-  transfer to saccades made during scanning of
ing the subject to make a corrective saccade  an array of targets, or to remembered locations
after every target jump.3104% After as few as  of single targets.!*” On the other hand, adapta-
150 such trials, subjects automatically make  tion achieved during scanning an array of tar-
saccades that are bigger or smaller, depending  gets transfers to memory-guided saccades, but

o express saccades, suggesting the importance ~ tional imaging of human subjects while they
of cortical and cerebellar contributions.®®  are carrying out a saccadic adaptation task
Furthermore, adaptation to visually guided  shows selective activation in the cerebellar
qaccades transfers to express saccades. Briefly  dorsal vermis, but not in the FEF or superior
V Jelaying the presentation of the post-saccadic  colliculus.!*® Furthermore, experimental cere-
et impedes adaptation, and has led to the  bellectomy completely abolishes the adaptive
suggestion that the brain compares the post-  capability—for both the pulse size and the
accadic image with the one that would be pre-  pulse-step match.>> Monkeys with lesions
dicted for the planned saccade® All these  restricted to the dorsal cerebellar vermis can-
fndings emphasize the important role of con-  not adapt the size of the saccadic pulse—they
text in motor learning, and suggest that multi-  have pulse-size dysmetria.*3%% Fastigial nucleus
le areas of the brain may be involved in  neurons show changes in their discharge prop-
facilitating motor learning, so that saccadic  erties after saccadic adapation,’® and inactiva-
metrics are tailored to a specific environmental ~ tion of the fastigial nucleus impairs ‘saccadic
circumstance (see below). adaptation.3*>%2 Monkeys with floccular lesions
show a different disturbance of saccadic adap-
tation: they cannot match the saccadic step to
the pulse to eliminate pulse-step mismatch dys-
metria.®® Patients with cerebellar disease, espe-
How can these diverse properties of saccadic  cially cerebellar degeneration, show impaired
adaptation be explained? Although results from  saccadic adaptation.® Finally, neuronal activity
adaptation experiments in monkeys may dif-  in nucleus reticularis tegmenti pontis (NRTP),
fer,?262 the transfer of adaptation from one  which projects to the cerebellum, shows
type of saccade in human is specific and has  changes during saccadic adaptation.®®

suggested a hypothesis based on current Taken together, this evidence suggests that
notions of the control of saccades.!®® Thus, the repair of conjugate saccadic dysmetria is
memory-guided ‘saccade adaptation may  mediated by two different cerebellar struc-
depend on dorsolateral prefrontal cortex; scan-  tures. The dorsal cerebellar vermis and the
ning saccades adaptation on the frontal eye  fastigial nuclei control pulse size; the flocculus
field; and adaptation of saccades to target  and paraflocculus control the pulse-step
jumps on the parietal eye field and superior ~ match. Does the cerebellar contribution to
colliculus. Such a hypothesis could be tested by ~ saccadic adaptation extend to all types of sac-
studying saccadic adaptation in patients with  cades? One patient with a midline cerebellar
discrete cortical lesions, and provides a tool to  hemangioblastoma showed greater hyperme-
clinicians to investigate the cerebral control of  tria for saccades made to single-target presen-
saccades.'” A model to account for the way  tations than during saccadic scanning of a
that the superior colliculus could contribute to  display of targets.®® This finding implies that
saccadic adaptation, by changes in the nature  the cerebellum is also involved in context-
of the spreading of activation, has also been  specific motor learning. In fact, the cerebellum
proposed.®” Other aspects of saccadic adapta- s ideally poised to implement context-specific

Hypotheses to Account
for Saccadic Adaptation

Experimentally Induced
Saccadic Adaptation

upon the particular nature of the induced dys-  not to step movements of a single target.'*" tion such as occur following abducens nerve  motor learning as it has access to all the neces-
metria. 6152633684 Saccadic adaptation also pro-  Furthermore, adaptation of memory-guided palsy are discussed under Adaptive Changes  sary afferent and corollary discharge signals
duces a recalibration of shifts of attention that  saccades does not transfer to saccades during of Eye-Head Saccades in Chapter 7, to determine the context in which the next
accompany saccades.*?s The presence and tim-  scanning or to single target jumps.!* ‘ Disconjugate Adaptation in Chapter 8, and  saccade is to occur.

ing of the post-saccadic visual error are impor- Saccades induced by electrical stimulation
tant determinants of the amount (gain) of  of the superior colliculus in monkeys can be
adaptation.83.628.63 adapted if a visual stimulus is presented at a

Saccades in Paralytic Strabismus in Chapter 9. The dorsal vermis and fastigial nucleus may
also participate in the repair of disconjugate
saccadic dysmetria, since patients with cere-,

Neural Substrate for Saccadic

A pulse-step match dysmetria can be simu-  location different from where the eye move- - L bellar disease show disconjugacy of sac-

; . . . 437 Pl . . Adaptation: The Role of 735 . :
lated by making a large, projected visual stim-  ment ended.**” This adaptation shows incom- the Cerebellum cades,™ experimental vermal lesions cause
ulus drift briefly after every saccade. Both  plete transfer to normal visually guided _ saccadic disconjugacy,’® and experimental
humans and monkeys soon learn to prepro-  saccades, suggesting need for involvement of Which structures in the central nervous system  inactivation by cooling of the fastigial nucleus
gram a postsaccadic drift of the eyes, by creat-  cortical areas in normal adaptation of saccades participate in the adaptive control of saccadic ~ causes disconjugate dysmetria.”" Although
ing a pulse-step mismatch that nearly matches  to single target jumps. However, adaptation of accuracy? The most compelling evidence sup-  visual signals are probably most important in

the artificial motion of the visual scene.?-509 normal visually guided saccades does transfer

ports a role for the cerebellum. Thus, func-  providing the error signal that drives disconju-
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gate saccadic adaptation, extraocular proprio-
ception also contributes. Thus, monkeys
deprived of proprioceptive information by sec-
tion of the ophthalmic branch of the trigeminal
nerve show abnormalities in disconjugate
adaptation after surgically induced CN IV
palsy, although it does not interfere with visu-
ally mediated adaptation.3%.%7

Other Areas Contributing
to Saccadic Adaptation

Although the cerebellum projects to pre-
saccadic circuits, there is evidence that it may
not have the final word on saccadic behavior.
For example, in normal monkeys that have
undergone saccadic adaptation training, tasks
requiring a sequence of saccades (such as the
double-step paradigm) are performed appro-
priately, because even if the initial response is
adapted (and inaccurate), the subsequent sac-
cade gets the eye on target.”® One possible
explanation for this behavior relates to projec-
tions of cerebellar regions concerned with
saccadic accuracy to cerebral cortex via the
thalamus. Thus, inactivation or lesions of the
dorsal vermis,®5 the fastigial nucleus,3? or
the ventrolateral thalamus to which the cere-
bellum projects,®” all impair the ability to
adapt saccades to new visual demands.

Inactivation of another pathway from the
superior colliculus via the medial dorsal thala-
mus to the frontal eye field impairs the second
saccade in the response to double-step stimuli
in non-adapted monkeys, suggesting that this
pathway is important so that the brain can keep
a record of prior movements using corollary
discharge signals to the cortex.%” However,
this pathway seems not to play a role in
responses to saccadic adaptation since electro-
physiological evidence indicates that the supe-
rior colliculus does not contribute to saccadic
adaptation, although more rostral sites such as
the frontal lobes and basal ganglia might.'™ In
this regard, an interesting finding is that
patients with Parkinson’s disease have difficul-
ties with adaptation of memory-guided, but
not visually guided, saccades.*12

SACCADES AND MOVEMENTS

tematically studied.!® At a cortical level, g
FEF, SEF, and PEF are all activated duriy,
both saccades and blinks,™ although there ;
perhaps more activation of the inferior precep
tral sulcus with blinks.3*” Here we focus on ty,
aspects: the coordination of vertical saccads
and eyelid movements, and the effects g
blinks on saccades. The interaction of four se
arate forces determines the position of the eye
lids. Upward forces are mainly due to th
levator palpebrae superioris (LPS),186
Miiller's smooth muscle, which bridges th
LPS and its tendon, making a minor contriby
tion. Downward forces are due to stretching
tendons and ligaments connected to LPS, an
the orbicularis oculi muscle.188

The eyelids closely follow vertical ga
shifts, including saccades. Thus, eye and i
saccades show similar dynamic properties. '
262 Upward lid saccades are due to a burst o
activity in the LPS muscle and its motoneu
rons,?!! which lie in the unpaired, central cau
dal nucleus of the oculomotor nuclear comple:
(see Fig. 9-9 , Chapter 9). Downward lid sac
cades are due entirely to elastic forces, which
close the eye when the LPS relaxes. The orbic
ularis oculi muscle is electrically silent except
during blinks or voluntary lid closure. Thus,
neural coordination of vertical gaze and lid
position is due to a synkinesis between the ver
tically acting extraocular muscles and the LPS
How is this achieved?

The main elevator of the eye, the superior
rectus, has a common embryology to LP
and these two muscles are connected by a
common sheath of intermuscular fasci
However, the muscles are structurally diffe
ent, and their motoneurons lie in distinct sub
nuclei of the oculomotor nucleus. It appear
that a key structure in the coordination of ver
tical saccades is the M-group of neuron
which lie adjacent and medial to the caud
third of the riMLF, and project strongl
to the LPS motoneurons, but also to subnucle
supplying the superior rectus and inferio
oblique, and frontalis muscles.3!2 The M-grou
appears to receive inputs from upward burs
neurons in the riMLF, and may have connec
tions with the nucleus of the posterior com
missure. Thus, whereas lid retraction is

. Blinks typically occur 20 times per minute.
During 2 blink, a burst of activity occurs in the
normally quiescent orbicularis oculi muscle,
. while at the same time, tonic activity in the lev-
ator palpebrae ceases.®® How do they affect
eve movements? If blinks are made during fix-
ation of a stationary target, the eyes transiently
move down and toward the nose;'® such
movements are slower than saccades and are
 due to a co-contraction of all extraocular mus-
cles except the superior oblique muscle.!®!
Blinks are often made with saccades; the prob-
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ability of a blink occurring increases with the
size of the gaze shift.11% Blinks caused sub-
stantial changes in the dynamic properties of
horizontal saccades, decreasing peak velocity
and increasing duration.*% These changes
are unlikely to be due to a summation of the
down-and-inward movement produced by
blinking and the saccade, since there is no
direction preponderance in the slowing of sac-
cades. Furthermore, saccades made with
blinks show an increased incidence of dynamic
overshoots (Fig. 3-18).5%

position

without blinks with blinks

10 deg
—

open :
closed:

00 01 02 03 04 00 01 02 03 04
time (g) time (s)
velocity
without blinks with blinks

T T T

00 01 02 03 04

00 01 02 03 04

time (s) time (s)

classic sign of posterior commissure lesions,’ Figare 3-18, Effect of b
patients who have slow vertical saccade , vebeiy traees. éi; l :\st I?If) o tri]kast on :}?CC?de‘sﬁ from a n(z)ilmalfsub_!ecitl. P_O'Sltlc(lm recilrds ar[e shg\vn agove glr;d l;orae}s;ﬁmdmg
accompanied by lid lag but without lid retrac 2 . that peak velocities are smaller, for similar-sized saccades, when the subject blinks with the sac-

! p y id lag [ _ {ce. Also note that dynamic overshoots (DO)—oppositely directed postsaceadic movements—oceur more frequently with
tion could have involvement of the M ' ks. LH, left horizontal position; LHV, left horizontal velocity; RH, right horizontal position; RHYV, right horizontal veloe-
group'218,312 (Courtesy of Klaus G. Rottach.)

OF THE EYELIDS

Saccades are often accompanied by blinks, but
only recently have their interactions been sys-
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Electrophysiological studies have demon-  of normal velocity? Are they promptly ip;
strated suppression of discharge in superior  ated? Are they accurate? Do the eyes mq
colliculus burst neurons during blinks; after  together? (See Appendix A for a summary)
the blink, activity resumes and persists until Saccadic slowing, such as the lag of g,
the perturbed saccade is completed®® Since  adducting eye in internuclear ophthalmople
blink-perturbed saccades generally get on tar-  (INO), can be best appreciated when
get, it seems likely that there is a mechanism,  patient is instructed to rapidly refixate betwe
downstream from the superior colliculus, to  two widely spaced targets (see Video Disply
compensate for the blink-induced saccade per-  Pontine Syndromes); identification of m;
turbation. It may even relate to the cerebel-  INO often requires measurement of eye moy,
lum, since vermal lesions lead not only to  ments.?’® Another useful technique to detg
saccadic dysmetria but also a decrease in the  slow adduction is with a hand-held “opto
blinks associated with saccades. It also seems ~ netic” drum or tape. Quick phases made by the
likely that omnipause neurons are silent during  affected eye are smaller and slower. If slowing
both blinks and saccades and, if the blink out- of saccades occurs in only one plane of mov
lasts the saccade, the eyes might briefly oscil-  ment, it can be easily appreciated when the
late around the new eye position as a dynamic ~ patient makes saccades between diagonally
overshoot. Normal subjects and patients with  placed targets. The rapid, normal component is

. the ability of the patient to make a sac-  sions—which imply impaired ability to suppress
mfle to a suddenly appearing visual target. saccades) should be noted. Subtle degrees of
= rermine if saccades can be made without a  abnormal fixation behavior can be best appre-
:g:ual target or in response to auditory targets,  ciated during ophthalmoscopy. The motion of
ask the patient to refixate under closed lids  the optic nerve head of one eye is observed as
b= behind Frenzel goggles. Loss of voluntary  the patient attempts to fixate a target with the
ccades with preservation of reflexive sac-  other. In some patients, saccadic oscillations
cades and quick phases is characteristic of  such as flutter and opsoclonus can be induced
acquired ocular motor apraxia. One can also by blinks or by asking the patient to make a
;est the ability to make more volitional types of ~ combined saccade-vergence movement.®
saccades by asking the patient to make sac-
cades, rapidly, back and forth, between two ; di
stationary targets, first to command and then Measurement of Saccadic ‘
ontaneously. In Parkinson’s disease, for exam- ~ Eye Movements
ple, the ability to make predictive saccades can
be assessed by asking the patient to change fix- ~ While many abnormalities of saccadic velocity,
ation while the examiner holds up the index  initiation, and accuracy can be easily appreci-
finger of each hand, positioned to elicit hori-  ated at the bedside, more subtle changes can

opsoclonus or ocular flutter may show oscilla-  completed before the slower, orthogonally zontal saccades across the patient’s midline.  be detected only by analysis of eye movement
tions during blinks,** >0 or during eyelid  directed component, so that the saccade trajec- Initially the patient is instructed to “look at the ~ recordings. To obtain reliable recordings of
closure. tory is strongly curved (see Fig. 3-5B and finger on your right, on your left,” and so on  saccade trajectories, one must have a measur-

Although blinks tend to slow down saccades, ~ Video Display: Disorders of Saccades). ~ until the patient falls into a predictable  ing system with a high bandwidth (preferably

a paradoxical finding is that blinks may actually Saccade latencies can be appreciated by not-
speed up abnormally slow saccades in patients  ing the time it takes the patient to initiate the
with degenerative or other diseases.”™ In this  saccade. Saccadic dysmetria can be inferred by
case, the blink may cause a more synchronized  the direction and size of corrective saccades
and complete inhibition of the omnipause neu-  made to acquire the fixation target (see Video
rons, allowing the burst neurons a better chance Display: Disorders of Saccades). Since small
to discharge. This may also be the mechanism  saccades (as little as 1/2 degree) can be
that patients with ocular motor apraxia employ ~ detected by careful observation, saccadic dy
(along with a head movement) to initiate a sac-  metria can be easily observed clinically at the
cade (see Video Display: Acquired Ocular  bedside. Normal individuals may undershoot
Motor Apraxia). Whatever the mechanism, itis  the target by a few degrees when refixations

sequence set by the examiners instructions.  greater than 150 Hz, which requires a digiti-
Then the examiner asks the patient to continue ~ zation rate of at least 300 Hz), and which
making such saccades on his or her own (i.e.,  reproduces faithfully the saccade trajectory.
without verbal cues). Certain patients, typically ~ These methodological issues are reviewed in
those with Parkinson’s disease, make accurate  Appendix B. The search coil and corneal reflec-
saccades during verbal instructions but hypo-  tion techniques usually meet these require-
metric saccades when they are self-paced (see  ments as well as offering adequate sensitivity
Video Display: Parkinsonian Disorders). (<0.1 deg), and linear range (= 20 deg).

It is also possible to elicit antisaccades at the Electrooculography (EOG), however, induces
bedside. The examiner holds both hands up ~ a number of artifacts in the eye movement
and asks the patient to look to the finger that  trace due to movement of the lid, movement of

clear that studies of saccades must take into  are large, and saccadic overshoot may occur does not move.!® Errors on the antisaccade  the opposite eye, and a muscle action poten-
account the occurrence of blinks, which may  normally for centripetal and especially down- task, with saccades towards the visual stimulus  tial spike at the onset of the saccade.!®® With
substantially affect these eye movements. Fur-  ward saccades. This tendency toward down- are encountered with disease affecting the pre-  EOG, the speed of abducting saccades appears
thermore, methods of eye movement record-  ward overshoot in normals may also appear frontal cortex. to be lower than that of adducting saccades
ing that depend upon measuring a biological ~ when making horizontal refixations, when a If saccade initiation seems impaired, though recordings with the search-coil and
signal such as the corneal-retinal potential,  slight downward component necessitates an observe gaze changes when the patient makes  infrared reflection techniques indicate that the
may be confounded by lid movements (see ~ upward corrective saccade. The dysmetria a combined eye-head movement to see if an  opposite is actually the case. EOG is unreliable
Appendix B). should disappear with repetitive refixations accompanying head movement can facilitate  for measurement of vertical saccades.

between the same targets. :

If a saccade abnormality is detected, the

EXAMINATION OF SACCADES strategy is to localize the télisturbance within
. the hierarchical organization of the saccadic
Clinical Examination of Saccades eye movement system (Table 3-1). First,
establish whether or not the disease process

Saccadic eye movements are best examined at  affects reflexive types of saccades. Quick
the bedside by instructing the patient to fixate  phases can be examined by spinning the
alternately upon two targets—such as the tipof ~ patient in a swivel chair to elicit vestibular nys-
a pen and the examiner’s nose. Saccades in  tagmus or by using an optokinetic drum to

the production of a saccade. Some patients Saccadic gain (saccade amplitude/target
with ocular motor apraxia employ this strategy ~ amplitude) is the usual measure of saccadic
(see Video Display: Acquired Ocular Motor  accuracy. Saccadic amplitude is usually defined
Apraxia). The effect of blinks should also be by the position of the eye at the start of the sac-
noted since they may facilitate the ability to  cade and the position of the eye when the sac-
initiate saccades,?*® speed-up slow saccades,”  cadic pulse is finished. (Conventionally, saccade,
or induce saccadic oscillations.?® Finally, the  onset is defined by the rise of eye velocity to
effects of fatigue upon saccadic eye move-  some arbitrary value, such as 30 degrees per
ments, for example in myasthenia gravis, may  second, and saccade pulse offset is defined by
be tested by asking the patient to repetitively  the dropping of eye velacity below that value.)

each direction can be examined in each field of  elicit optokinetic nystagmus. Loss of quick refixate between two targets. Saccadic gain can be tested using both station-
gaze in both the horizontal and vertical planes. ~ phases usually points to a brainstem process During attempted steady fixation, extrane-  ary and moving targets; both target position
The examiner should determine: Are saccades  affecting premotor burst neurons. Next, exam- ous saccadic eye movements (saccadic intru-  and velocity are used in programming of mov-
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ing targets,” and lesions in the posterior cere-
bral hemisphere may produce a specific deficit
in saccade accuracy for moving targets.”"#4
The most common measurements of sac-
cadic dynamics are peak velocity and duration;
both are conventionally plotted as a function of
amplitude (Fig. 3-2). In addition, the shape of
the velocity waveform and its skewness (the
ratio of time-to-peak velocity to total saccadic
duration, see Fig. 3-1) may be helpful. Post-
saccadic drift, the unusual waveforms observed
in myasthenia gravis, and some types of ocular
oscillations are examples of saccadic abnormal-
ities that are best detected with eye movement
recordings. Recordings of eye movements are
essential if one wants to analyze carefully quick
phases of vestibular nystagmus induced in
darkness, saccades made to auditory targets,
and saccades made in combination with head
movements. Comparison of latencies of sac-
cades made in different behavioral contexts
(e.g., gap-overlap tasks, antisaccades, predic-
tive saccades, saccades on command) also
requires quantitative measurements of eye
movements. Measurement of saccades is also
helpful to confirm the diagnosis of internuclear

ophthalmoparesis. After measuring a range of

horizontal saccades, the ratio of abductiy
adducting peak velocity or peak acceleratiop
calculated for the patient and compared tg
normative database.

Even though certain properties of sg
cades—such as peak velocity—are relative y
“machine-like,” such measures are influenceq
by a number of factors, such as target lumy
nance and attention, and possibly by the age of
the patient. It is therefore essential to compare
measurements in any patient with 95% conf.
dence limits defined by an age-matched cop.
trol group during similar testing in that
laboratozy.

PATHOPHYSIOLOGY OF
SACCADIC ABNORMALITIES

The clinical disorders that cause saccadic
abnormalities are described in Chapters 10
and 12, and some abnormalities are summa-
rized in Table 3-3. Here our review aims fo
apply current knowledge about the normal
generation of saccades to present a scheme for
thinking about saccadic abnormalities (see also
Video Display: Disorders of Saccades). From

Table 3-3. (continued)
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m—— .
site of Lesion

General Effects of Lesions

'Dorsolateral prefrontal cortex

Impaired ability to make saccades to remembered target
locations and errors on the antisaccade task. Impaired
visual search

Difficulties in initiating voluntary saccades in tasks that
require learned or predictive behavior, and working
memory (such as visual search)

. *More than one behavioral disturbance has been attributed to certain lesions.

a pathophysiological point of view, abnormali-  reflects discharge frequency, causes slow sac-
ties of saccades can be classified into disor- cades. A mismatch between the saccadic pulse
ders of the saccadic pulse, disorders of the  and step creates post-saccadic drift or glis-
saccadic step, or saccadic pulse-step mismatch  sades. If the saccadic step cannot be sustained,
(Fig. 3-19). For example, a change in the the eye drifts toward the central position after
amplitude (size) (approximately width X  each eccentric saccade, creating gaze-evoked
height) of the saccadic pulse creates overshoot  nystagmus. In addition, there may be distur-
or undershoot (saccadic dysmetria). A decrease  bance of the voluntary initiation or suppression -
in the height of the saccadic pulse, which  of saccades.

Normal saccade

‘/'— Hypometric saccade

Table 3-3. Summary of Enduring Effects of Lesions on Saccades*

Site of Lesion General Effects of Lesions

Motoneurons and ocular motor nerves Slowed saccades; limited range of movement

Premotor burst neurons Slow saccades T
PPRF Horizontally Slow saccade
RiIMLF Vertically and torsionally

Omnipause neurons Saccadic oscillations (opsoclonus and flutter);

Slow horizontal and vertical saccades

Saccadic hvpometria Figure 3-19. Disorders of the saccadic
yp pulse and step. Innervation patterns are

shown on the left, eye movements on the

Cerebellar dorsal vermis (bilateral)
Cerebellar fastigial nucleus (bilateral)

Gaze-evoked nystagmus
Saccadic hypermetria

Superior colliculus
Thalamus
Farietal eye field

Frontal eye field

Supplementary eye field (SEF)
and pre-SEF

Loss of short-latency (express) saccades

Inaccurate responses to double-step stimuli

Increased latency of visually guided saccades

Inaccurate responses to double-step stimuli

Impaired visual search

Bilaterally increased latency to overlap stimuli, remem-
bered targets, and in antisaccade task

Contralateral hypometria to visual or remembered targets

Impaired ability to make a remembered sequence of sac-
cades, and to reverse the direction of a previously estab-
lished pattern of response

. right. Dashed lines indicate the normal

response. (A) Normal saccade. (B)
Hypometric saccade: pulse amplitude
{width X height) is too small but pulse
and step are matched appropriately. (C)
Slow saccade: decreased pulse height
with normal pulse amplitude and normal
pulse-step match. (D) Gaze-evoked nys-
tagmus: normal pulse, poorly sustained

step. (E) Pulse-step mismatch (glissade):

step is relatively smaller than pulse. (F)
Pulse-step mismatch due to internuclear

_ ophthalmoplegia (INO): the step is larger

than the pulse, and so the eye drifts
onward after the initial rapid movement.

Pulse-step mismatch -

Adduction lag {INO)
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Disorders of Saccadic Velocity

Saccades are usually defined as being too slow
or too fast if their peak velocities fall outside
the normal peak velocity-amplitude relationship
(main sequence, Fig. 3-3). Small-amplitude
saccades that appear to be too fast usually
occur when a saccade is interrupted in mid-
flight, such that its final intended position is
not reached. They are characteristic of myas-
thenia gravis (see Video Display: Diplopia and
Strabismus).?1%97 Thus the saccade, rather than
being too fast, is actually too small; this, in
effect, increases its peak velocity-amplitude
relationship. Abnormalities in the orbit, such as
tumors, which restrict the motion of the globe
in certain orbital positions can also lead to these
seemingly fast saccades. Saccades that actually
are faster than normal occur in some patients
with saccadic oscillations such as Hutter and
opsoclonus (see Figs. 3-4 and 10-15)%4 (see
Video Display: Disorders of Saccades), or
macrosaccadic oscillations,®! in patients with
prematurely terminated saccades (Fig. 3-20),
and in some individuals who stutter.

Slow saccades of restricted amplitude usu-
ally reflect abnormalities in the ocular motor
periphery, such as an extraocular muscle or
ocular motor nerve paresis, or in the medial
longitudinal fasciculus (MLF), such as the slow
adduction of internuclear ophthalmoplegia

166

(see Video Display: Pontine Syndromes). g
saccades occurring with a full ocular mq;
range are usually caused by central neur] ; [ ¢
cal ;giisorders, su)r,nmarized{n Table 10—15& ;dysfuncﬁon (riMLF) (see Video Display:
Video Display: Disorders of Saccads;
Possibilities include direct disruption in th
brainstem neural networks generating the g,
cadic pulse, either because of intrinsic disy,
bances of burst neurons, or because of fajl
to recruit a portion of burst cells. This Iag,
problem could arise from a loss of higher-le
excitatory inputs to burst cells or an abnorm
ity in inhibition of omnipause cells. If
omnipause cells are at fault, slow saccades ¢
be explained by desynchronization of the
charge of burst neurons or by failure to recny
a certain proportion of burst neurons during
the saccade. Alternatively, slow saccade m
occur because omnipause neurons no longer
provide glycine, which can facilitate N-methy].
D-aspartate (NMDA) receptor currents;!! th
burst neurons may lack the post-inhibitory
rebound that is postulated to produce the high
31 acceleration typical of saccades 474848~
Thus, while it was originally believed that
slow saccades due to central disorders were
pathognomonic of burst cell dysfunction, it has
become apparent that disturbances of higher
level structures including the cerebral hemi-
spheres,”® and superior colliculus,
to saccade slowing. Nonetheless, selective

can lead

wing of horizontal saccades indicates pon-
ge disease (PPRF), whereas selective slowing
of vertical saccades suggests upper midbrain

\idbrain Syndromes).% In patients with selec-
e slowing of horizontal or vertical saccades,
ﬁdmg(mal saccades often show a characteristi-
cally curved trajectory (Fig. 3-5B). Some
atients with slow vertical saccades show
curved trajectories even during vertical refixa-
tions; this might be an adaptive strategy that
employs a normal horizontal component to
completely inhibit omnipause neurons and so
maximize the vertical component. In Gaucher’s
disease, a similar curved trajectory looping
ypwards is seen in association with slow hori-
sontal saccades. Finally, saccadic velocities
may be lower in drowsy, inattentive, or drug-
intoxicated patients 3%6.:618.710

Disorders of Saccadic Accuracy

Saccadic pulse dysmetria, especially hyperme-
tria, is the hallmark of cerebellar disease. It
_is often asymmetric—lateropulsion, so that
 there is hypermetria of saccades in one direc-
_tion and hypometria of saccades in the other. It
is possible to offer a hypothesis that accounts
_for the direction of lateropulsion encountered
in such patients (see Fig. 3-16 and Video
Display: Disorders of Saccades). An important
experimental finding, on which this hypothesis

rests, is that pharmacological inactivation of
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metria of contralateral saccades and hypome-
tria of ipsilateral saccades.

Patients with extreme degrees of saccadic
hypermetria may show macrosaccadic oscilla-
tions: a series of hypermetric saccades made
about the position of the target (see Video
Display: Disorders of Saccades).326%2 Qccasion-
ally, saccadic hypermetria reflects an adaptive
response to a peripheral ocular motor deficit®s”
or occurs after edrophonium is given to a
myasthenic patient (see Video Display: Diplopia
and Strabismus).366

Saccadic hypometria occurs with a variety of
cerebellar and brain stem disorders. Post-
saccadic drift, reflecting pulse-step match dys-
metria, has been reported in patients with both
central and peripheral ocular motor disorders.
Visual defects may also lead to saccadic dysme-
tria. For example, patients with hemianopia
may make hypermetric and hypometric sac-
cades (depending on direction) to keep the
target within the intact part of the visual
field.#34438516 Patients with lesions in posterior
parietal-temporal cortex may show saccadic
dysmetria that is specific for moving, but not
stationary, targets (Fig. 4-9).3 Large unilat-
eral lesions of the cerebral hemispheres may
cause ipsilateral hypermetria and contralateral
hypometria (see Video Display: Disorders of
Smooth Pursuit), especially if there is neg-
lect.*® Unilateral hemispheric lesions may also

lead to a biasing of vertical saccades toward the
side of the lesion.*35716

40 ) 400 the fastigial nucleus causes ipsipulsion (Fig.
Eye Velocity ~ 3-16, site 4).3% Thus, interruption of olivo-  Prematurely Terminated Saccades

30 1  Target Position - 300 g cerebellar climbing fibers within the medulla
8 before they cross (Fig. 3-16, site 1), cause con-  In certain disorders saccades are very hypo-
T 20 1 T 200 ¢ trapulsion.™" More commonly climbing fibers ~ metric and the eye gets on target through a
) 9 are interrupted within the inferior cerebellar ~ “staircase of small saccades.” In Parkinson’s
_§’ 10 - L 100 ’;-’) peduncle (Fig. 3-16, site 2) in Wallenbergs  disease, this occurs when patients make either
e S syndrome, causing ipsipulsion. In both cases,  memory-guided saccades,® or self-generated
S o o £ interruption of climbing fibers may lead to  saccades (see Video Display: Parkinsonian
3 3 increased simple-spike activity of Purkinje Disorders). However, in such patients, the
o g cells in the ipsilateral dorsal vermis, which, in  intersaccadic interval between each saccade in
-10 4 F-100 o tun, inhibits the underlying fastigial  the series is no different from control subjects,
w nucleus.™ Conversely, removal of inhibition  about 200 ms. )
=20 - - -200 on fastigial nucleus neurons by pharmacologi- Distinct from this phenomenon are tran-
. . . cal inactivation of the dorsal vermis (Fig. 3-16,  sient decelerations, evident on the velocity
00 0.2 0.4 0.6 0.8 site 3) causes contrapulsion,? although clini-  records especially of larger saccades. Although

Time (seconds)

¢l lesions of the vermis are usually bilateral
and so cause bilateral hypometria. Since the

normal subjects occasionally show this behav-
ior for large saccades,” it is encountered during

Figure 3-20. Representative records of horizontal saccades made by a patient with late-onset Tay-Sachs disease. The
velocity record shows saccades with transient decelerations during which eye velocity declines, but not to zero, and then
increases again (indicated by*). Thus these saccades appear to stall in mid-flight, a behavior similar to that induced by
experimentally stimulating omnipause neurons during a saccade (Fig. 3-11). '

output of the fastigial nucleus is crossed, then
lesions of the superior cerebellar peduncle
 (Fig. 3-16, site 5) cause contrapulsion—hyper-

most gaze shifts in patients with some disor-
ders affecting the brainstem and cerebellum,
such as late-onset Tay-Sachs disease and




164 Part 1: The Properties and Neural Substrate of Eye Movements

Wernicke’s encephalopathy (Fig. 3-20).%%251

Since the intersaccadic interval is shortened,
and peak deceleration is increased for any
saccadic pulse size (measured from peak
velocity), it has been postulated that these dis-
orders constitute a specific disorder of the
“latch” circuit (Fig. 3-9) that normally inhibits
omnipause neurons until the planned saccade
is completed.®® Support for this hypothesis
is provided by similar findings when saccades
are interrupted by experimental stimula-
tion of the omnipause neurons (compare
Fig. 3-11 and Fig. 3-20).%° Note that tran-
sient decelerations also cause an abnormal
velocity waveform with peak velocity/average
velocity (Q) values that exceed 2.0 (see
Saccadic Waveform).3™

Disorders of Saccadic Initiation

Disorders of saccade initiation range from
slight increases in saccadic reaction time, not
perceptible at the bedside, to latencies greater
than several seconds. The variability of reaction
time may also be increased. Allowances must
be made for the patients age, state of con-
sciousness, and level of attention. Saccadic
latencies are increased in the presence of visual
abnormalities such as amblyopia.!l’® Patients
with focal hemispheric lesions, especially those
affecting the cortical “eye fields” may show
increased latencies. Bilateral frontoparietal
lesions produce a severe defect of saccade initi-
ation called ocular motor apraxia (see Video
Display: Acquired Ocular Motor Apraxia).33
Such patients may be alert and cooperative but
have impaired or delayed initiation of voluntary
saccades, whereas random saccades and quick
phases of nystagmus are normal.

Patients with disease of the basal ganglia
such as Huntington’s disease show a character-
istic abnormality of saccadic initiation (see Box
12-17, in Chapter 12). Single saccades made in
response to the sudden appearance of a visual
target—reflexive saccades—are performed rel-
atively normally with appropriate latencies and
amplitudes. More volitional saccades, however,
are impaired. Patients with Huntington’s dis-
ease show a greater increase in latency for
initiating saccades on command and during
predictive tracking than for more reflexive
saccades to novel visual stimuli.®®! Patients
with Parkinson’s disease show difficulties in
making self-paced saccades between two visi-

ced in frequency when sul?jects attempt atsq
- the remembered location of a target.*”
I subjects who have frequent square-
rks have no accompanying disorders of
Jic control.®! Square-wave jerks are
ient in certain cerebellar disorders
cially Friedreich’s ataxia) and PSP, These
569 be due to dysfunction of saccad,
ders may be due to dysfunction ofsaccade
atrol by the superior colliculus or its inputs.
4, microinjection of nicotine into the cau-
superior colliculus in monkeys causes
ress saccades,'* and nicotine is reported to
erease square-wave jerk frequency in humans.
% The superior colliculus has reciprocal con-
tions with the central mesencephalic reticu-
o formation, which is involved in PSP, and
receives inhibitory projections from the sub-
qntia nigra, pars reticulata. Pallidotomy as
herapy for Parkinson’s disease is reported to
increase the frequency of square-wave jerks,®
i nerhaps by disrupting projections from the
asal ganglia to the superior colliculus.
Another disorder that disrupts steady fixa-
on is macrosaccadic oscillations (see Video
isplay: Disorders of Saccades). These may be
extreme form of saccadic hypermetria (Fig.
3.6), and are encountered in cerebellar dis-
ase that involves the fastigial nucleus or its
utput,®*2 but are also reported with discrete
ontine lesions that involved the region of the
mnipause neurons. 2
At the other end of the spectrum of saccadic
bnormalities are back-to-back horizontal sac-
des without an intersaccadic interval. If such
cillations occur only in the horizontal plane,
ey are termed ocular flutter; if they occur in
directions, the oscillation is called opso-
donus (see Video Display: Disorders of
Saccades). Some normal individuals can gener-
ate brief bursts of horizontal saccadic oscilla-
tions  (voluntary flutter or “voluntary
nystagmus”) (see Video Display: Disorders of
Saccades). Diseases associated with flutter and
opsoclonus often also cause brainstem and
cerebellar findings. Such oscillations probably
reflect an inappropriate, repetitive, alternating
discharge pattern of different groups of burst
leurons. It was originally proposed that three
factors contributed to “saccadic oscillations
vithout an intersaccadic interval: (1) the inher-
ently high discharge rates (gain) of saccadic
burst neurons, even for very small saccades; (2)
the existence of central processing delays that
make a system susceptible to oscillations; and
 (3) abnormalities of the brain stem omnipause

ble targets (see Video Display: Parkj,
Disorders). :

Diffuse hemispheric disease may
impaired ability to anticipate the locat,
target moving in a predictable fagh;
Patients with Alzheimer’s disease make ¢
saccades in response to a gap stimulys, s?n
to normals, but also show greater variahil;
saccadic reaction times, probably due tq
culties with sustaining attention and S“PP”
ing reflexive movements.® Finally, in g,
circumstances, saccadic latencies may achy,
be decreased, for example in some pag
with progressive supranuclear palsy (PSp
which the superior colliculus and its cop,
tions with the brainstem reticular forms
may be involved.33 :

Inappropriate Saccades: Saccadic
Intrusions and Oscillations

Saccades are inappropriate if they interfe
with foveal fixation of an object of intere:
Normally, subjects can suppress saccades dy
ing steady fixation. Saccadic intrusions ar
inappropriate movements that take the ¢
away from the target during attempted fixati
(see Box 10-14 and Fig. 10-15, in Chapter I
They occur spontaneously, without the appe
ance of a novel visual stimulus. They should|
differentiated from excessive distractib
wherein novel visual targets that are behav-
iorally irrelevant evoke inappropriate saccades.
Excessive distractibility can be demonstrated
in the antisaccade task (Fig. 3-2D).7 When
instructed to make a saccade in the direction
opposite to that of a visual stimulus, patients
with Huntington’s disease, Alzheimer’s disease,
schizophrenia, and frontal lobe lesions make
an inappropriate saccade to the visual tar
(see Fig. 12-14 in Chapter 12).304214260;
335639 Patients with Parkinson’s disease also
make more errors on the antisaccade task.!?
Several types of saccadic intrusions are rec-
ognized (Box 10-14, Chapter 10). At one end
of the spectrum are square-wave jerks, which
are small (typically 0.5 degrees), horizontal,
involuntary saccades that take the eyes off the
target and are followed, after an intersaccadic
interval of about 250 ms, by a corrective sac-
cade that brings the eyes back to the target
(see Video Display: Parkinsonian Disorders).
They may occur in normal individuals at fre-
quencies of 20 per minute or greater;! they are
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cells (or their inputs), which normally inhibit
burst neurons during fixation.” In support of
this hypothesis, some patients manifest tran-
sient saccadic oscillations in association with
blinks,®®* or vergence movements,® both of
which inhibit omnipause neurons. Against the
hypothesis that omnipause cell dysfunction is
the primary cause of opsoclonus or flutter are
two findings: (1) at autopsy some patients who
had had opsoclonus showed no abnormalities
in the region in which omnipause cells are
located 3% and (2) pharmacological inactiva-
tion of the omnipause cell region in monkeys
produces slow saccades,3*%662 not oscillations.
Nonetheless, ocular flutter has been reported
due to a pontine demyelinative lesion, with
subsequent resolution of the oscillations as the
patient recovered from the exacerbation of
multiple sclerosis.®?!

An alternative hypothesis for flutter and
opsoclonus is that saccadic oscillations arise
because of the synaptic organization of premo-
tor burst neurons (Fig. 3-10), in which positive
feedback loops and post-inhibitory rebound
properties of burst neurons predispose to sac-
cadic oscillations.*#7#48533 "Changes in the
synaptic weighting of such circuits could pro-
duce oscillations whenever the omnipause
neurons are inhibited.?® In addition, cerebel-
lar disease might, through projections of the
fastigial nucleus to the premotor burst neu-
rons, indirectly increase the likelihood of sac-
cadic oscillations. Experimental lesions of the
cerebellum in monkey have never led to flutter
or opsoclonus, but this might be due to species
differences. Patients with saccadic oscillations
show activation of the fastigial nucleus on func-
tional imaging,?® but this might simply reflect
increased frequency of saccades. New models
for saccades that incorporate the membrane
properties of burst neurons, or cerebellar neu-
rons,” may provide stiggestions for new treat-
ments for opsoclonus. This is discussed further
in Chapter 10.

SUMMARY o

1. Saccades are rapid eye movements that
change foveal fixation. They comprise
both voluntary refixations and the quick
phases of vestibular and optokinetic nys-
tagmus. Saccades are characterized by a
relatively invariant relationship between

their amplitude and peak velocity (Fig.
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3-3). The velocity of large saccades may
exceed 500 degrees per second and their
duration ‘is generally less than 100 ms,
which is less than the visual reaction time.

. Saccades have many characteristics that

suggest that they are under open loop or
ballistic control. However, the saccadic
system can acquire and use visual infor-
mation continuously up to the initiation
of the saccade to modify the ampli-
tude and the direction of the impending
saccade.

3. The main innervational change underly-
ing saccadic eye movements is a pulse-
step: the pulse is a saccadic eye velocity
command that overcomes orbital viscous
drag; the step is an eye position com-
mand that holds the eye in position
against orbital elasticity (Fig. 1-3).

4. Excitatory burst neurons, within the pon-
tine and mesencephalic reticular forma-
tion, generate the premotor commands
for the horizontal and vertical compo-
nents of saccades, respectively. Inhibitory
burst neurons, located in the rostral
medulla for horizontal saccades, assure
reciprocal innervation by suppressing
activity in motoneurons of antagonist
muscles. Burst neurons are tonically
inhibited by omnipause neurons except
when a saccade is required. The duration
of burst cell discharge appears to be
under internal feedback control by neu-
ral pathways, since vision is too slow to
guide saccades to their target.

5. The cerebral hemispheres can trigger
saccades via parallel descending path-
ways (Fig. 3-12) to the superior collicu-
lus and thence to the brainstem reticular
formation. More volitional saccades (Table
3-1), made in the context of learned or
remembered behavior, depend upon the
frontal eye fields, which project both
directly and indirectly (via the basal gan-
glia) to the superior colliculus. More
reflexive saccades, to the locations of
novel targets suddenly appearing in the
external world, depend more upon direct
projections from the parietal cortex to
the superior colliculus. When the supe-
rior colliculus is damaged, recovery is
probably mediated by direct projections
from the frontal eye fields to the brain
stem.

6. The basal ganglia, via serial, inhibitory

o
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