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SUMMARY

AND

CONCLUSIONS

1. Microstimulation
is used to investigate how activity in the
superior colliculus (SC) contributes to determining the properties
of primate saccadic eye movements. The site of collicular stimulation, the duration of the stimulation train, and the frequency of the
stimulation train are each varied to examine the relative contributions of the locus, duration, and level of collicular activity to determining saccade amplitude, direction, duration, and velocity.
2. For any given site of stimulation,
a relationship
between
movement amplitude
and train duration can be demonstrated.
Movement amplitude is a monotonically
increasing, but saturating,
function of increasing train duration. The size of the largest movement is dictated by the site of stimulation. Within the range over
which amplitude can be modulated, movement offset is linked to
the offset-of the stimulation train. As a result, each decrement or
increment in train duration produces a corresponding
decrement
or increment in movement duration.
3. The peak velocity of an evoked movement is influenced by
the frequency of stimulation;
a higher frequency of stimulation
produces a movement of higher velocity.
4. The effects of train duration and frequency can be traded to
produce movements that have comparable amplitudes but different
dynamic characteristics; high-velocity
movements of short duration
and low-velocity
movements of long duration can be produced by
stimulating
with high-frequency,
short-duration,
and low-frequency, long-duration
trains, respectively. Across stimulation frequencies, the amplitude of an evoked movement is best related to
the total number of pulses in the stimulation train.
5. Because it is possible to compensate for reduced velocity by
increasing the duration of the stimulation train, the same site-specific maximum amplitude can be attained with different frequencies
of stimulation.
6. Small, but significant, changes in movement direction occur
as a result of varying train duration or train frequency.
7. The latency to movement onset (i.e., interval from stimulation onset to movement onset) depends upon the frequency of
stimulation. A higher frequency of stimulation produces a movement of shorter latency.
8. These data demonstrate that both the site of stimulation and
the parameters of stimulation contribute to determining the properties of a movement evoked from the primate SC. In doing so, they
contradict the results of early microstimulation
studies that suggest
that the properties of eye movements evoked from the primate SC
are determined solely by the site of stimulation. The findings conflict with the traditional view of collicular function that suggests
that the collicular motor representation is purely anatomic. Rather,
these data support a revised view whereby the locus, duration, and
level of collicular activity contribute to determining the properties
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of a primate saccadic eye movement. According to this view, independent information
relating to desired displacement and saccade
velocity are extracted from the spatiotemporal
profile of collicular
activity.

INTRODUCTION

Although there were earlier reports that electrical stimulation of the superior colliculus (SC) produces conjugate eye
movements (Adamuk 1870; Hess et al. 1946)) it was not
until 1972 that Robinson systematically explored the effects
of collicular stimulation in alert monkeys. Robinson ( 1972)
found that stimulation with constant current pulse trains produces contralateral saccadelike movements having amplitudes and directions that depend on the site of collicular
stimulation. Through microstimulation, Robinson revealed a
topographic representation of saccade amplitude and direction, and, subsequently, Schiller and Stryker ( 1972) reported
that this motor map is in topographic register with the sensory map formed by retinotopic projections to the superficial
layers of the SC. Both Robinson (1972) and Schiller and
Stryker ( 1972) reported that, within broad limits, the properties of stimulation-induced
movements are independent of
either the parameters of microstimulation or the initial location of the eye in the orbit.
Collectively, the results of Robinson ( 1972) and Schiller
and Stryker (1972) argued strongly that, within the SC,
information relating to the properties of a saccade are encoded solely by the spatial distribution of activity and that
neither the level nor duration of activity play a role in determining the properties of the movement. First, they observed that stimulation of different collicular sites produces
saccades having very different amplitudes, directions, velocities, and durations even if the parameters of stimulation
(duration, frequency, pulse width, current level) are similar.
Second, they reported that the properties of a movement
evoked from any given site are not influenced by varying
stimulation parameters even though such manipulations are
presumed to affect the level and/or duration of collicular
activation.
The notion of a purely anatomic code within the SC has
important implications for the neural mechanisms underlying
saccade programming. As noted by Robinson ( 1972), a spatial to temporal transformation would be needed to transform
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a purely topographic collicular representation into the temporally formatted signals that produce saccadic movements
of the eyes. Ocular motoneurons have a pulse-step discharge
pattern; the high-frequency pulse causes the transient increase in muscle tension needed to move the eye at saccadic
velocity and the step of activity specifies the level of steady
state tension needed to hold the eye at its new location in
the orbit (for reviews, see Fuchs et al. 1985; Robinson 1981;
Sparks and Mays 1990). The temporal pattern of the discharge of an excitatory burst neuron located in either the
pons or rostra1 midbrain indicates that these cells provide
the high-frequency pulse of activity that, via the motoneurons, drives the eye at saccadic velocity. Accordingly, the
temporal profile of this premotor burst does relate to the
temporal features of the saccade; burst rate correlates with
saccade velocity, burst duration with saccade duration, and
the total number of spikes in the burst, with saccade amplitude (Keller 1974; King and Fuchs 1979; Luschei and Fuchs
1972; Van Gisbergen et al. 198 1) .
The problem of how to transform a locus of collicular
activity into premotor bursts of appropriate frequency and
duration (referred to as the spatial to temporal transformation) still is unresolved. However, more recently, several
lines of evidence challenge the notion of a purely topographic motor representation within the primate SC. For
example, Sparks and Mays ( 1983) and Schiller and Sandell
( 1983) each reported that the amplitude of evoked movements is influenced by current strength. Further, it was demonstrated that pharmacological inactivation of collicular regions by injection of lidocaine (Hikosaka and Wurtz 1986;
Lee et al. 1988) or muscimol (Hikosaka and Wurtz 1985)
causes dramatic decreases in the velocity of visually guided
saccades. Lee et al. ( 1988) emphasized that, despite collicular deactivation, saccade amplitude was normal because reductions in velocity were compensated for by increases in
duration. The fact that saccade amplitude was impervious to
presumed changes in the level of collicular activity was taken
as evidence that the computation of desired displacement is
based on a vector average of the movement tendencies of
active cells. A further implication, deriving from the fact
that deactivation could influence velocity without affecting
amplitude or direction, is that independent signals for displacement and velocity are derived from the spatial and temporal profiles of collicular activity; a signal of desired displacement derives from the spatial distribution of activity,
whereas the level of collicular activity influences movement
velocity.
Although a vector averaging scheme accounts for the effects of collicular deactivation, it has been noted that the
effect of varying current strength on the amplitude of stimulation-induced
movements (Schiller and Sandell 1983;
Sparks and Mays 1983) is not consistent with an averaging
mechanism (Van Opstal et al. 1990). In a systematic study
extending earlier microstimulation results, Van Opstal et al.
( 1990) reported movement amplitude to be an increasing,
but saturating, function of current strength. Assuming that
variations in current strength influence the size and vigor
of the active collicular population, they suggested that the
computation of desired displacement does, in fact, depend
on the level of collicular activity. Despite apparently inconsistent observations, Van Opstal et al. ( 1990) noted that
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differences in the effects of deactivation and current strength
might be reconciled by considering the possibility that the
duration of collicular activity is important. In agreement with
the deactivation studies, Van Opstal et al. ( 1990) reported
decreases in movement velocity with decreases in current
strength and suggest that reductions in amplitude might reflect a failure to compensate for decreases in velocity with
suitable increases in the duration of collicular activation. As
Van Opstal and colleagues note, neither they, nor previous
investigators that varied current strength (Schiller and Sandell 1983; Sparks and Mays 1983)) varied train duration. If
true, microstimulation results and deactivation studies would
together make a strong case for a dual coding scheme within
the SC whereby saccade amplitude (and direction) is determined by the spatial distribution of activity according to a
vector averaging scheme (a computation that is sensitive to
the relative, but not the overall level of activity within the
population), and saccade velocity is related to the overall
level of activity. According to this scheme, collicular activity
sustains the movement until the site-specific desired displacement is achieved.
The results of the present study support the hypothesis
that independent signals relating to saccade amplitude and
velocity are derived from the spatial and temporal aspects
of collicular activity. To test this hypothesis, we have varied
systematically the duration and frequency of the stimulation
train. We chose to manipulate the level of collicular activation by varying frequency, rather than current strength, so
that we could relate movement properties to the product of
frequency and duration, the total number of pulses delivered.
Consistent with the dual coding scheme, we have established
a close temporal linkage between the duration of the stimulation train and the ongoing movement and a relationship between stimulation frequency and movement velocity; we
also established that the effects of train duration and frequency can be traded to produce movements having the
same, site-specific, amplitude but different durations and velocities; movement amplitude is best related to the total number of stimulation pulses delivered.
Our results are consistent with the effects of varying stimulation parameters on the nature of evoked orienting movements in several nonprimate species (cat: eye/head movements, Pare et al. 1994; barn owl: head movements, du Lac
and Knudsen 1990; rat: head/body movements, King et al.
1991; Tehovnik 1989). Collectively, the results of the present study and those from nonprimate species indicate that
both the spatial and temporal aspects of collicular activity
are critical to the programming of every type of orienting
movement mediated by the SC, including, eye, head, and
body movements. A portion of the data to be presented is
the subject of a preliminary report (Stanford et al. 1993).
METHODS

Preparation

of experimental

animak

Two adult rhesus monkeys (Macacca mulatta) were prepared
for microstimulation
experiments. Two sterile surgical procedures
were performed on each monkey using general anesthesia. During
the initial surgery, a stainless steel post was attached to the skull
using stainless steel screws and orthopedic bone cement (Palaces
R; Smith and Nephew Richards) and a coil of fine, insulated wire
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secured to one eye (Judge et al. 1980). The post was used to
immobilize the head’ and the eye coil permitted recordings of eye
position (Fuchs and Robinson 1966; Robinson 1963) during later
training and experimental sessions.During a 2- to 4-wk postoperative recovery period, monkeys were provided food and water ad
libitum. Analgesics and antibiotics were administered as prescribed
by an attending veterinarian.
After recovery from surgery, the monkeys were trained to fixate
and generate saccades to visual targets for liquid reward. After
extensive behavioral training, a stainless steel cylinder was positioned stereotaxically over a small opening in the skull during a
second surgical procedure (Mays and Sparks 1980). The cylinder,
centered about the midline at stereotaxic coordinate 0 (anteriorposterior) and secured to the skull using bone screws and orthopedic cement, provided accessto a circular region (-15mm diam)
of dura through which a microelectrode could be lowered to the
SC. All surgical and experimental protocols were in accordance
with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the University of
Pennsylvania Animal Care and Use Committee.
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Event Sequence 0 > S > A
Target 0
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m

Target A

Visual targets
Visual targets were either green light-emitting diodes (LEDs)
or small red spots provided by a pair of Helium-Neon lasers (Uniphhse). Target LEDs were selected from a 42 (rows) x 49 (columns) array of equally spaced LEDs. At a viewing distance of 57
in, the distance among LEDs represented 1 deg of visual angle,
allowing targets to be presented over a horizontal and vertical range
of 524 and 221 deg, respectively. Laser stimuli were obtained by
directing the beams onto the rear of an opaque screen. For each
laser, the horizontal and vertical position of the spot was controlled
using a series of two (X and Y) servo-controlled mirrors (General
Scanning) to deflect the beam. Spot onset and offset were controlled by TTL-gated acousto-optic modulators (IntraAction) ,
which gated the beam silently and with a temporal resolution of
> 10 ps. All spatial and temporal aspectsof the visual stimuli were
controlled by either a PDP 11/73 or PC/AT computer.

Microstimulation
Constant current stimulation trains were generated using a Grass
S88 stimulator in combination with a Grass PSIU6 isolation unit.
Trains consisted of monopolar, cathodal pulses. Stimulation parameters, train duration, frequency, pulse duration, and current level
were dictated by the experimental design (see below). Microstimulation was applied to the SC through parylene-coated, tungsten
microelectrodes (Micro Probe) having impedances of between 0.9
and 1.5 MR at 1 kHz.

Behavioral tasks and experimental procedures
During training and experimental sessions, the monkey was
placed in a very dimly lit room and seated in a primate chair facing
either an array of LEDs or a projection screen (see above). All
aspectsof the experiment (e.g., visual stimuli, electrode advancement, microstimulation parameters) were controlled from an adjacent room. During data collection, the monkey performed the two
’ In one monkey, some data were obtained while the head was unrestrainedin an attemptto produce stimulation-induced gaze shifts (eye/head
movements). Details of this procedure will be included in a separate report
focusing on stimulation-induced gaze shifts (Freedman et al. 1996). Only

eye movementsthat were not accompaniedby significantmovementsof
the head are considered in this report.

horiz eye
vert eye

Time Superior Colliculus
LOG.1. Behavioral tasks. Top left: spatial description of trial type 0 >
A. Target 0, l ; target A, o. Arrow (OA) represents execution of a visuallyguided saccade from target 0 to target A. Top righr: temporal description
of trial type 0 > A. Target 0, shaded rectangle; Target A, open rectangle;
horiz. eye, horizontal eye position as a function of time. By convention,
upward (downward) deflections of horizontal trace indicate rightward (leftward) movements. Vert. eye, vertical eye position as a function of time.
By convention, upward (downward) deflections of vertical trace indicate
upward (downward) movements. Bottom lef: spatial description of trial
type 0 > S(tim) > A (above) and schematic of a stimulation site with
respect to the motor map in the left superior colliculus (SC; below). Target
0, l ; targer A, o. Arrow (OS) represents stimulation-induced movement.
Arrow (SA) represents a visually guided saccade to target A. Bottom right:
temporal description of trial type 0 > S(tim) > A. Target 0, shaded
rectangle; stimulation train, solid rectangle; target A, open rectangle. Horizontal and vertical eye position as described above. Motor map abbreviations: A, anterior; P, posterior; M, medial; L, lateral.

tasks diagrammed in Fig. 1. Both visual (Fig. 1, top) and stimulation (Fig. 1, bottom) trials required fixation of an initial spot (target
0) for a variable period of time. On visual trials, target 0 was
extinguished and, simultaneously, a second spot (target A) was
illuminated. Reward was contingent upon execution of a saccade
from target 0 to target A within 500 ms. On stimulation trials, the
offset of target 0 was accompanied by the onset of a train of
stimulation pulses. After the end of the stimulation-induced movement, target A was presented at a random location and the monkey
was rewarded for making a saccadeto target A within 500 ms.
Several features of the stimulation trial type are noteworthy.
First, the initial fixation target permitted control over the initial
position of the eye, thus ensuring that observed differences in
the properties of stimulation-induced saccadeswere not orbitalposition effects. Second, both the location and onset time of target
A were randomized to ensure that the amplitudes and directions of
stimulation-induced movements would not reflect the programming
of a saccadeto an anticipated target location (Sparks et al. 1987).
Third, monkeys were unable to predict when stimulation would

ELECTRICALLY

EVOKED

EYE

MOVEMENTS

occur because visual and stimulation trials were randomly interleaved and indistinguishable until the time at which the stimulation
train was delivered. Finally, presenting a visual target after the
stimulation-induced movement permitted reinforcement of correct
performance on both visual and stimulation trials, thus ensuring a
steady level of performance throughout the experimental session.
At the beginning of each experimental session, the electrode was
positioned within the cylinder using a X-Y translation stage. The
dura was pierced with a 2 l-gauge hypodermic needle and a parylene-coated tungsten microelectrode was advanced through the needle and down to the SC using a hydraulic microdrive. Amplified
and filtered (300 Hz to 4 kHz) neural activity was monitored using
an oscilloscope and an audio monitor.
The electrode was advanced until multiunit saccade-related activity could be identified within the SC* and microstimulation with
a standard stimulation train (50 ms, 500 pulses/s, 0.5 ms/pulse,
25-50 PA) reliably produced saccades. The parameters of the
standard train were chosen to be the same or comparable with
those used in earlier stimulation studies of the primate SC (Robinson 1972; Schiller and Stryker 1972; see McIlwain 1982 for a
comprehensive summary). When an electrode site had been selected, visual and stimulation trials were interleaved randomly
(stimulation

trials were 30-40%

of the total) and the duration

PROM

PRIMATE

SC
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frequency of the stimulation train varied systematically. Usually,
tram duration was varied first, during which time, frequency was
held constant (usually at 500 pulses/s). Blocks of trials with the
same train duration were presented until - 10 stimulation
trials

were performed. Typically, train duration was varied from a minimum of 10 ms to a maximum of 50-300 ms, depending upon the
site and frequency of stimulation. Next, stimulation frequency was
changed and train duration varied, as before, at the new frequency.

Time permitting, the effects of varying train duration were assessed
at two or more frequencies of stimulation. Pulse duration (0.5
ms) and current level were fixed (between
manipulations
of duration and frequency.

25 and 50 PA) during

Data storage and measurement
For each experimental
trial, several events were digitized and
stored for off-line analysis. Horizontal
and vertical eye position
were sampled every 2 ms (500 Hz). Target positions, onset and
offset times, and the onset and offset times of the stimulation
train were stored with a resolution
of 2 ms. Velocity
criteria
were used to define the onset (>30 deg/s) and offset (<30

deg/s) of visually guided or stimulation-induced saccades. Once
defined, horizontal and vertical component durations and amplitudes were derived. Component velocities were obtained by differentiation
of the eye position signals. Values obtained for the
horizontal and vertical components were used to compute vectorial amplitude and velocity.
RESULTS

Visually guided saccades
As a reference for the following examination of stimulation-induced eye movements, some of the characteristics of
saccades directed toward visual targets are illustrated in Figs.
’ Histology
trode tracks
participate
in
tics of activity
any structure
with stereotaxic
tion.

was performed
on one monkey
(4777)
and verified that elecwere within
the SC. The second
monkey
(T) continues
to
experiments.
However,
because the physiological
characterisin the SC are unique, well documented,
and unlike those of
in its immediate
vicinity,
physiological
criteria, in combination
coordinates,
are adequate for verifying
the site of stimula-

00
0 5 10 15 20 25 30 35
Horizontal
Amplitude (deg)

00
0 5 10 15 20 25 30 35
Horizontal
Amplitude (de@

FIG. 2.
Relationships
among amplitude,
velocity,
and duration
for visually guided saccades
of 1 subject
(monkey
4777).
A and B: horizontal
position
(A) and velocity
(B) as a function
of time for 6 saccades. Position
and velocity
traces are aligned on saccade onset to facilitate
comparison.
C and D : horizontal
peak velocity
( C) and duration
(D) as a function
of
horizontal
amplitude
for a large sample of visually
guided saccades.
Saccades are directed
to eccentric
targets of 5, 10, 15, 20, 25, and 30 deg.

2 and 3 for one monkey subject. As has been shown to be
typical for both man (Bahill et al. 1975; Robinson 1964;
Westheimer 1954) and monkey (Fuchs 1967)) increases in
both peak velocity and duration are associated with increasing saccade amplitude. As is consistently observed from
subject to subject, peak velocity is a nonlinear, saturating
function of saccade amplitude (Fig. 2C), whereas duration
is an approximately linear function of amplitude (Fig. 2 0).
Examples of individual saccades are shown in Fig. 2, A and
B, which plots horizontal eye position (Fig. 2A) and velocity
(Fig. 2B) as a function of time for purely rightward saccades
of -5, 10, 15, 20, 25, and 30 deg. Note that, because of the
saturating relationship between peak velocity and amplitude,
a relatively prolonged deceleration phase is required to accomplish larger movements (Fig. 2B). The resulting asymmetry in the velocity profile is a common characteristic of
large-amplitude saccades (Baloh et al. 1975; Hyde 1959;
Van Gisbergen et al. 1984).
Although not so great as to obscure the general relationships,
there is considerable variability in the velocity and duration of
saccades of a given amplitude (Fig. 2, C and 0). For example,
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in Fig. 2 is evident; both peak velocity and duration increase
with movement amplitude, and, as for visually guided saccades, larger movements demonstrate a greater degree of
asymmetry due to a relatively prolonged deceleration phase.
For these four sites, which produced movements ranging in
amplitude from 8 (Fig. 4, A and E) to 35 deg (Fig. 4, D
and H), velocity ranged from <500 to >800 deg/s and
duration from 26 to 76 ms, values that fall within a range
that is normal for visually guided saccades.
Given that the parameters of stimulation were identical,
differences in the amplitude, velocity, and duration among
the movements shown in Fig. 4 must be attributed to differences in the locus of stimulation. The importance of stimulation site to determining the properties of an evoked move-

A
8”

B

C

11 o

C
D
35 o

I
0

25

50

75

100

125

150

Timetms)

of the same amplitude
but different
dynamics.
A-C:
FIG. 3. Saccades
horizontal
position and velocity
as a function
of time for 2 saccades directed
toward
an eccentric
target at 5 deg (A ) , 10 deg (B),
and 15 deg ( C) .
Higher velocity
(heavy traces) and lower velocity
(thin traces) are aligned
on movement
onset to facilitate
comparison.

F

590 x3
32 ms
748 ‘/s
49 ms

815 %
76 ms

H

I

movements

Numerous studies have shown that microstimulation
of
the SC produces movements that are qualitatively, if not
quantitatively, similar to visually guided saccades. Figure 4
illustrates movements elicited by stimulation of four different sites within the SC of one monkey. The parameters of
stimulation are identical in all cases (80-ms train, 500
pulses/s, 50 PA). For each site, the horizontal position (Fig.
4, A-D) and velocity (Fig. 4, E-H) traces of three stimulation-induced movements are superimposed (For clarity, position and velocity profiles are shown for the major component only). The qualitative similarity of these stimulationinduced movements to the visuallv guided saccades shown

427 Vs
28 ms

G

for this monkey, a saccade of 15 deg could give a peak velocity
ranging from 750 to 450 deg/s and a duration from 30 to
50 ms. Figure 3 compares individual saccades of comparable
amplitude, but different velocity and duration, directed to targets of 5 (Fig. 3A), 10 (Fig. 3B), and 15 (Fig. 3C) deg to
illustrate some of the qualitative differences that have been
described previously (Bon and Lucchetti 1988; Van Gisbergen
et al. 1984; Van Opstal and Van Gisbergen 1987). In particular,
for a given amplitude, saccades of lower velocity (thin traces)
tend to be less symmetric (e.g., Fig. 3B) and are more likely
to demonstrate irregularities in shape (e.g., Fig. 3A).
Stimulation-induced
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4. Examples
of movements
evoked by presenting
identical stimulation trains to 4 different
sites in right SC of 1 monkey
(monkey
T). A-D:
horizontal
position
as a function
of time for movements
evoked from each
of 4 sites. Top to bottom : sites tb22fe, tbl9fe, tc23fe, and tulofe. For each
site, 3 movements
are superimposed.
E-H:
horizontal
velocity
as a function
of time for same movements
(same ordering
as above).
Stimulation
parameters: train duration,
80 ms; stimulation
frequency,
500 pulses/s;
current, 50
PA. Position and velocity
traces are aligned on stimulation
onset (t = 0).
Stimulation
offset (t = 80) is indicated
( * ) above each set of traces. Mean
amplitude
for movements
evoked at stated stimulation
parameters
is shown
(right
of position
traces for each site). Means + SD: site tb22fe, 7.6 -+
0.4 deg, n = 9; site tbl9fe,
1 1.3 _+ 0.5 deg, n = 6; site tc23fe, 22.8 + 1.1
deg, n = 7; site talOfe,
34.9 _+ 2.9 deg, n = 1 1. Mean peak velocity
(above)
and duration
(below)
are indicated
to the right of the corresponding
velocitv
profiles.
FIG.
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ment can be appreciated by noting that evoked movements
terminate despite continuation of the stimulation train (asterisk indicates offset of the stimulation train). Thus in these
examples, there is a clear dissociation between the time
course of the stimulation train and the time course of an
evoked movement.
Based upon results similar to those shown in Fig. 4, it
was concluded in earlier reports that the site of stimulation,
not the parameters of stimulation (e.g., train duration), determines the properties of an evoked movement (Robinson
1972; Schiller and Stryker 1972). Although it is clear from
Fig. 4 that termination of an evoked eye movement does not
require termination of the stimulation train, these data do
not preclude the possibility that continued activation of the
SC is needed to sustain the movement until the amplitude
that is characteristic of a given site is accomplished. To test
the hypothesis that continued activation of the SC is required
to sustain the movement, we systematically varied the duration of the stimulation train at each site. If true, it should be
possible to demonstrate a temporal linkage between stimulation offset and movement offset by decreasing the duration
of the stimulation train; when train duration no longer meets
or exceeds some critical value (i.e., that which is just sufficient to produce the site-dependent amplitude), the movement will be truncated and its termination will be linked to
the offset of the stimulation train.
Effects of vurying train duration
For sites at which stimulation produced movements of
relatively large amplitude and long duration (e.g., Fig. 4, D
and H), it was not difficult to demonstrate a temporal linkage
between the offset of the stimulation train and the offset of
the movement. For example, Fig. 5 illustrates movements
evoked by presenting trains of 100, 80, 60, 40, and 20 ms
for the “35deg”
site depicted in Fig. 4, D and H. For each
train duration, the position (left) and velocity (right) profiles
of three movements are superimposed, aligned with respect
to stimulation onset (t = 0). For this site, a relationship
between train duration and movement offset, best appreciated by examining the velocity profiles, is suggested for
trains in the range from 80 to 20 ms. A decrease in train
duration from 100 to 80 ms does not change any aspects of
these movements, but, <80 ms, a decrease in movement
duration and a corresponding decline in movement amplitude roughly parallels the decrease in train duration? The
systematic effects of varying train duration on movement
amplitude and duration are further illustrated in Fig. 5F
which superimposes the movement profiles for all train durations.
For trains that are too brief to produce the maximum
possible amplitude, a change in the velocity profile of the
ongoing movement can be seen - lo- 14 ms after offset of
3 On some trials, termination
of the stimulation-induced
movement
was
followed
immediately
by a small movement
in the opposite direction
(e.g.,
Fig. 5, C-E).
For our analyses,
the end of the movement
is considered
to
be the time at which velocity
initially
crosses 0. Therefore,
in subsequent
figures and tables, estimates
of movement
duration
and amplitude
reflect
the excursion
in the initial direction,
not the reversal.
Reversals
were often
observed
when termination
of the stimulation
train appeared to produce
a
truncation
of the ongoing
movement.
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the train. This is apparent when, as shown in Fig. 6, averaged
velocity profiles for movements evoked by different train
durations are superimposed. Each trace represents an average
of between 5 and 10 individual movements, aligned on stimulation onset (t = 0: stimulation onset; sample interval: 2
ms). Viewed in this way, the effect of decreasing the duration of the stimulation train is readily apparent as the difference between superimposed traces. For example, Fig. 6B
compares movements evoked by trains of 60 ms ( 0) and
80 ms (0) for the same site shown in Fig. 5. The velocity
traces are identical for approximately the first 70 ms (relative
to stimulation onset at t = 0), but diverge thereafter. With
ongoing stimulation, the “80 ms” trace (0) continues to
decelerate at a relatively constant rate, whereas, at t = 7074, or lo- 14 ms after offset of the stimulation train, the
“60 ms” trace (0) shows an increased deceleration. Similar
results are shown in Fig. 6C (60 and 40 ms) for this site,
and in Fig. 6F (30 and 50 ms) for a second site. In each
case, the movements are identical until - IO- 14 ms after
termination of the shorter train, at which point, the profiles
diverge due to the increased deceleration of the movements
corresponding to the just terminated train (arrows indicate
train offsets). The data shown in Fig. 6, D, G, and H are
consistent in that differences in the compared velocity profiles appear within lo- 14 ms after offset of the shorter train,
however, for trains this brief, the effect is to truncate the
acceleration phase of movement. As a result, varying train
duration in this range produces a change in peak velocity as
well as duration.
As shown in Fig. 4 (See also Robinson 1972; Schiller
and Stryker 1972), the termination of evoked movements
does not require termination of the stimulation train. Accordingly, evoked movements should be indistinguishable for
any train duration that meets or exceeds that necessary to
produce the site-specific maximum amplitude. The traces
compared in Fig. 6, A and E, are examples. In Fig. 6A, the
movements produced by 80- and lOO-ms trains are virtually
identical, as are the movements produced by the 50- and 80ms trains shown in Fig. 6E. Although, in both cases, the
briefer train ends before the movement does, failure to produce a truncated movement is consistent with an estimate
of lo-14 ms as the time from the offset of the stimulation
train to its manifestation as a change in the velocity profile
of the evoked movement. In both cases, IO- 14 ms after
stimulation offset, the movement is near completion and
velocity approaches 0 whether or not stimulation is ongoing.
Because of mechanisms that bring movements to a stop
despite continued stimulation, sites for which the largest
evoked movements are relatively small (e.g., Fig. 4, A and
E, and B and F) provide limited opportunity to influence
aspects of the movement by varying the duration of the
stimulation train. Figure 7 compares averaged velocity traces
of movements produced by trains of 80, 40, 30, 20, and 10
ms for the sites shown in Fig. 4, A and B. At these and
similar smaZ2 amplitude sites, the most obvious effect of
decreasing train duration is the decrease in peak velocity that
occurs for the shortest trains (Fig. 7, D and H). Although
statistically significant effects on movement duration do occur (e.g., Fig. 7C), the effects are small and produce only
minor changes in amplitude.
The relationships between train duration and the proper-
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A 100ms

FIG. 5.
Effect of varying
train duration
on stimulation-induced
movements.
A-E: horizontal position (left)
and velocity
(right)
traces for movements
evoked by
trains of 100, 80, 60, 40, and 20 ms in duration
at site
talofe. For each train duration 3 movements are superimposed. F: traces from A-E superimposed.
Stimulation
parameters:
frequency,
500 pulses/s;
current, 50 PA. Position and velocity
traces are aligned on stimulation
onset
( t = 0). Time course of stimulation
is indicated
(0 circles above each velocity
trace). Mean amplitude
+ SD
for movements
evoked at stated stimulation
parameters
are: 100 ms, 35.3 5 1.9 deg, y2 = 7; 80 ms, 34.9 + 2.9
deg, n = 11; 60 ms, 32.0 + 1.3 deg, y2 = 10; 40 ms,
24.7 5 1.0 deg, n = 12; 20 ms, 13.6 + 1.9 deg, n = 7.
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ties of evoked movements are summarized in Fig. 8 for the
four sites shown in Fig 4. Figure 8, A-C plots the mean t
SD of amplitude (Fig. 8A), duration (Fig. 8B), and peak
velocity (Fig. 8C) as a function of increasing train duration
for each of the four sites. For the small amplitude sites
( filled symbols), the principal effect of train duration occurs
between 10 and 20 ms where increases in peak velocity (Fig.
SC) underlie significant increases in amplitude (Fig. 8A).
Above 20 ms, increases in train duration have no effect on
velocity (Fig. SC) and produce only modest increments in
movement duration (Fig. 8B) and amplitude (Fig. 8A) .4
In contrast, for the large amplitude sites (open symbols),
movement duration (Fig. 8B) and amplitude (Fig. 8A) in4 At some sites, prolonged
stimulation
produces
a low-velocity
“tail”
that immediately
follows the high-velocity
saccadelike
movement.
The “80ms” traces shown in Fig. 7, A and E (filled symbol)
are examples.
Unlike
the “40-ms
” traces (open symbol),
which maintain 0 velocity
beyond t =
50 ms, prolonged
stimulation
sustains a low-velocity
(-30
deg/s)
movement for the duration
of the train (beyond
60 ms not shown).
Although
not studied systematically,
we find that the low-velocity
movement
can be
eliminated
by reducing stimulation
frequency.
A similar phenomenon
is the
subject of a recent preliminary
report (Breznen
et al. 1994).

crease monotonically for train durations 550 ms ( 0) and
80 ms (El), respectively. As is true for all sites, effects on
peak velocity (Fig. SC) are limited mainly to the shortest
trains ( 530 ms) , trains that are too brief to sustain the entire
acceleration phase.
An obvious difference between the small and Large amplitude sites shown in Fig. 8 is the rate at which movement
duration changes with train duration. To quantify this relationship, the slope of a straight line fit to plots of movement
duration versus train duration was computed. To ensure that
the analysis includes only movements for which train duration was a limiting factor, movements that ended in advance
of the stimulation train are excluded. To eliminate movements like those shown in Fig. 6, A and E (open symbol),
which, although ending after the stimulation train, are unlikely to have been limited by train offset, we also excluded
movements that ended < 15 ms after the offset of stimulation. The results, which are summarized for 16 stimulation
sites in Table 1, 5 indicate a significant relationship (P <
5 Stimulation

sites

referred

Monkey 4777. Those having

by name with the first letter ‘ ‘d” are from
the first letter ‘ ‘t” are from Monkey 7’.

ELECTRICALLY

,h

l rl

T
+
g

EYE

MOVEMENTS

FROM

PRIMATE

SC

3367

-400
-600
-800
-1000

,h
et-4
TJg
?

-400
-600
-800
-1000

22
%g
>

-400
-600
-800
-1000

l w

EVOKED

FIG. 6. Relationship
between offset of stimulation
and
offset of evoked
movements
for 2 large amplitude
sites.
A-D : comparisons
of averaged horizontal
velocity
profiles
(major
component)
for movements
evoked
by trains of
different
duration
for site talOfe ( see also Figs. 4 and 5 ) .
A : train durations:
100 ms ( l ) and 80 ms ( 0). B: train
durations:
80 ms (0) and 60 ms ( 0). C: train durations:
60 ms ( l ) and 40 ms ( 0). D: train durations:
40 ms ( l )
and 20 ms ( 0). E-H:
same as above for site tc23fe except
E: train durations:
80 ms ( l ) and 50 ms ( 0). F: train
durations:
50 ms ( l ) and 30 ms ( 0). G: train durations:
30 ms (0) and 20 ms (0). H: train durations:
20 ms (0)
and 10 ms (0). Averages
are on movements
aligned with
respect to stimulation
onset (t = 0). Arrows indicate stimulation offset.
Stimulation
parameters
for all movements:
frequency,
500 pulses/s;
current, 50 PA.
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0.005) between train duration and movement duration in all
cases. Furthermore, the data suggest that the slope of this
relationship is related to the size of the largest movement
that can be evoked from a given site. Slopes range from
0.24 for a site yielding a maximal movement of 7.6 deg, to
0.95 for a site that produces maximal movement of 30.2
deg. Both the degree of correlation and the slope of the
relationship between train duration and movement duration
are positively correlated with maximum amplitude (correlation coefficient vs. maxamp; r = 0.72; P < 0.005; slope vs.
maxamp: r = 0.80; P < 0.001).
The effect of train duration on the parameters of evoked
movements was assessed statistically using a single-factor
analysis of variance (ANOVA). Separate assessments were
made using movement duration, velocity, amplitude, direction, and latency (the time from stimulation onset to onset
of the movement) as dependent measures.< At every site, a
main effect for train duration is observed for movement
duration, velocity, amplitude, and direction (P < 0.001).
With latency as the dependent measure, a main effect for

train duration reaches significance at the P < 0.001 level at
only two sites, whereas at nine sites, a significant effect is
not observed (P > 0.05). The values provided in Table 2
are an index to the magnitude of the effects observed at each
site. Shown for each measured parameter are the means for
movements produced by short-duration (Zefi column) and
long-duration (right column) trains! Consistent with the
data shown in Figs. 5-8, Table 2 shows that brief stimulation
trains consistently produce movements of shorter duration,
lower peak velocity, and diminished amplitude. Not surprisingly, the difference in amplitude, and thus the range over
6 The long-duration
train always represents
the longest train tested. In
most instances,
the longest trains outlast the movements,
thus further increases in train duration are unlikely
to have produced
significant
changes
in movement
parameters.
Estimates
of minimum
values are less likely to
reflect true minima because very brief ( <30-ms)
trains were not tested at
some sites and the shortest trains evoked movements
less reliably;
because
we sought to base mean estimates
on a minimum
of five movements,
for
some sites, the movements
produced by the briefest trains are not tabulated
for failure to meet this criterion.

T. R. STANFORD,

3368

A
G
2
.g
3
+

B
G
2
2
$
+

C
z
2
.i?
4
?

D
G
2
Q
4
>

l

E. G. FREEDMAN,

AND

D. L. SPARKS

100
0
-100
-200
-300
-400
-500
-600

100
0
-100
-200
-300
-400
-500
-600

FIG. 7. Relationship
between
offset
of stimulation
and offset of evoked movements
for 2 small amplitude
sites. A-D : comparisons
of averaged horizontal
velocity
profiles
(major
component)
for movements
evoked by
trains of different
duration for site tb22fe. A : train durations: 80 ms ( l ) and 40 ms ( 0). B: train durations:
40
ms ( l ) and 30 ms ( 0). C: train durations:
30 ms (0)
and 20 ms ( 0). D : train durations:
20 ms ( l ) and 10
ms ( 0). E-H:
same as above for site tbl9fe. Averages
are on movements
aligned with respect to stimulation
onset at t = 0. Arrows indicate stimulation
offset except
* for the 80 ms traces (A and E, l ) in which stimulation
offset is beyond the bounds of plot. Stimulation
parameters for all movements:
frequency,
500 pulses/s;
current,
50 /LA.
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which it is possible to modulate amplitude, depends on the size
of the largest movement that can be evoked. For example, at
site da0208, the mean amplitudes of movements produced by
the longest and shortest trains differ by 1.9 deg, whereas at
site talofe (bottom row), the difference is 21.7 deg.
Independent of the general direction of the movement (by
convention, a straight right movement has a direction of 0
deg, up = 90 deg, left = 180 deg, and down = 270 deg),
the shorter trains (left column) usually produce movements
with more upward directions. The effect of train duration
on movement direction occurs in parallel with its effect on
movement amplitude. An example of the relationship between movement direction and train duration is shown in
Fig. 9A. As amplitude increases from -5 to 13 deg with
increasing train duration from 10 to 50 ms (inset), direction
changes from -21 to 7 deg. Horizontal (heavy trace) and
vertical (thin) velocity traces are shown for individual movements evoked by trains of 10 ms (Fig. 9B), 25 ms (Fig.
SC), and 50 ms (Fig. 9 0). In addition, the X -Y trajectories
of nine movements are shown superimposed for each train

duration (insets). Inspection of the velocity profiles indicates that varying train duration differentially affects the
major (horizontal) and minor (vertical) components of the
movement. For example, varying train duration at this site
affects both the duration and peak velocity of the horizontal
component but only the duration of the vertical component.
As a result, changes in train duration can alter the relative
size and timing of the horizontal and vertical components.
Changes in movement direction and, in many cases, curved
trajectories (Fig. 9B) are the result.
Effects of varying stimulation frequency
Changing the frequency of the stimulation train has pronounced effects on the velocity of evoked movements. Figure 10 plots the relationship between peak velocity and train
duration for two frequencies of stimulation for four stimulation sites. For each site, and for all train durations, stimulating at a lower frequency (open symbols) produces movements of lower velocity. Because the duration of an evoked
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movement depends upon the duration of the stimulation train
(see Figs. 5 -8)) for any given train duration, the reduction
in velocity leads to a corresponding decline in amplitude.
This is illustrated in Fig. 11, which plots the relationships
between amplitude and train duration for the same data
shown in Fig. 10. Due to the decrease in velocity, longer
trains are required to produce movements of comparable
TABLE

1.

Relationship

between train duration

and movement

duration
Site

n

Amplitude
at 500 pps

da0208
tb22fe
da0202
da0203
tbl9fe
da0212
da01 26
tal5fe
tbl6fe
tc23fe
da0119
tb24fe
ta26fe
da0113
tal Ofe

44
29
79
75
24
69
40
57
33
31
33
55
106
62
60

5.4
7.6
10.0
10.1
11.2
13.9
17.2
21.2
23.5
23.5
25.1
27.7
30.2
30.3
35.3

Correlation
Coefficient
0.75
0.68
0.90
0.95
0.75
0.81
0.87
0.96
0.84
0.93
0.94
0.99
0.98
0.88
0.94

(r)

Slope
0.36
0.24
0.41
0.58
0.46
0.38
0.50
0.84
0.66
0.65
0.76
0.88
0.95
0.50
0.84

60
80
Duration

100
(ms)

120

amplitude at lower frequencies of stimulation. Thus for example, at the site shown in Fig. 11 A, an 8-deg movement
is produced by a 30-ms train at 400 pulses/s (amplitude:
8.5 t 0.3 deg; peak velocity: 429 t 17.1 deg/s; duration:
35 t 2.8 ms) or a 60-ms train at 200 pulses/s (amplitude:
8.6 t 0.4 deg; peak velocity: 340 t 36.0 deg/d; duration:
43.6 t 3.7 ms). For a different site, Fig. 11 D shows that a
14-deg movement is elicited by a 20-ms train at 500 pulses/
s (amplitude: 13.6 _+ 1.9 deg; peak velocity: 734 t 25 degl
s; duration: 35 t 5 ms), or a 40-ms train at 250 pulses/s
(amplitude: 13.5 _+ 2.0 deg; peak velocity: 599 t 18 deg/
s; duration: 47 t 7 ms). The ability to trade the effects
of train duration and frequency to produce movements of
comparable amplitude suggests that the amplitude of a stimulation-induced movement might be best related to the number of pulses in the stimulation train. When the data shown
in Fig. 11 are replotted as a function of the total number of
pulses in the train (Fig. 12), comparison of the relationships
for the two frequencies indicates that the number of stimulation pulses is in fact a reasonably good predictor of movement amplitude.
For visually guided saccades, differences in peak velocity
are associated with changes in saccade amplitude according
to the relationship shown in Fig. 2C. As shown in Fig. 3,
differences in velocity that are independent of changes in
saccade amplitude are observed also for visually guided saccades. If the features of stimulation-induced movements are
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Amplitude,

da0208
tb22fe
da0202
da0203
tbl9fe
da0212
da01 26
tal5fe
tal9ma
tc23fe
tbl6fe
da0119
tal6ma
tb24fe
ta26fe
da01 13
tal Ofe

3.5
3.6
6.5
3.6
4.8
4.6
5.9
5.8
14.7
12.5
10.1
4.3
12.5
4.6
6.7
12.0
13.6

Peak Velocity,
deg/s

deg
5.4
7.5
10.0
10.1
11.2
13.9
16.9
21.2
21.9
23.5
23.5
25.1
27.3
27.7
30.2
30.3
35.3

247
233
418
237
317
317
397
396
493
636
567
307
598
327
439
669
735

Duration,
261
427
453
449
575
651
848
587
612
750
656
923
714
674
623
923
818

L. SPARKS

41.8
27.8
42.4
40.0
32.7
42.6
38.0
84.0
70.7
50.5
62.0
51.9
71.6
83.3
116.6
59.6
73.7

Direction,
26.5
195.4
22.3
44.9
195.2
21.7
23.1
214.7
68.8
189.0
177.4
14.8
77.5
210.7
201.7
14.4
168.2

deg
22.7
198.9
15.3
29.4
205.5
6.6
13.8
232.0
70.5
196.5
192.3
5.4
75.9
223.4
218.3
0.6
174.2

Latency,
16.4
18.2
15.9
24.4
16.2
15.5
16.2
23.8
29.1
16.8
18.5
25.0
25.1
28.3
24.7
18.2
18.3

ms
16.6
16.2
15.3
25.0
15.7
15.0
14.5
23.2
24.7
17.2
17.0
20.9
22.5
22.7
24.0
17.7
19.4

and lower stimulation frequencies. Figure 13 illustrates this
in more detail by plotting the means of peak velocity (Fig.
13A), movement amplitude (Fig. 13 B) , and movement duration (Fig. 13C) as a function of increasing stimulation
frequency for a site at which stimulation frequency was varied over a considerable range. For this site, peak velocity
increases monotonically, from -550 to 700 deg/s, with increasing stimulation frequency from 200 to 500 pulses/s

0212.777

site:

!

ms

27.8
21.4
29.0
25.3
22.0
27.3
27.3
25.2
55.1
35.3
34.0
26.3
45.1
25.1
28.2
38.4
34.6

to be related to those of visually guided saccades, then, the
effects of stimulation frequency on peak velocity are more
analogous to the velocity differences illustrated in Fig. 3.
As shown in Figs. 11 and 12, manipulating collicular activity
by varying stimulation frequency can affect movement velocity independently of amplitude. For example, in Fig. 11 A,
B, and D, the size of the largest movement that could be
produced from these sites is nearly the same for the higher
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Effects of train duration
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50 ms

FIG. 9. Effect of train duration on movement
direction.
A : mean + SD movement
direction
as
a function of train duration for site da0212. Inset
A : mean + SD movement
amplitude
vs. train
duration.
B-D : horizontal
( heavy traces)
and
vertical
(thin traces) velocity
profiles for train
durations
of 10 (B), 25 (C), and 50 ms (D).
Insets B-D:
trajectories
of several movements
are superimposed
for each train duration. Arrows
reflect mean direction.
Stimulation
parameters
for all movements:
frequency,
500 pulses/s;
current, 50 PA.
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(mean t SD) vs. train duration for 2 frequencies of stimulation. Stimulation current, 50
PA. Stimulation sites and stimulation frequencies are indicated. A and B: monkey 4777. C
and D: monkey T.

600

00
0

20

40

60

Stimulation

80

Duration

100

120

0
0

200
400

80

Duration

100

120

(ms)

site:
0
0212.777

pps
pps

0

12 -

60

20
40
Stimulation

B

site: 0202.777

A

0

(ms)

2oopps
soopps

16
12
8
4

0’

0
0

20

site:
0
0

0

40

60

80

100

tc23fe
200
500

20
40
Stimulation

20

80

Duration

100
(ms)

120

0

60

40

80

site: talOf e

D

pps
pps

60

0

0
0

20

250 pps
soopps

40

60

80

100

120

FIG. 11. Effect of stimulation frequency on
relationship between amplitude and train duration. A-D: amplitude (mean + SD) vs. train
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data as in Fig. 10.
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(range is highlighted by filled symbols). Over the same
frequency range, movement amplitude is unchanged (Fig.
13B) due to decreases in movement duration (Fig. 13C).
Note that the compensatory decline in movement duration
reflects a mechanism intrinsic to the neural circuitry activated by the stimulation train, not an experimental manipulation (decrease) of train duration. Termination of the movements represented in Fig. 13 is not due to offset of the
stimulation train; most movements ended before the end of
the stimulation train and, of those that did not, only those
that ended < 15 ms after stimulation offset are included in
the analysis.
Figure 13, D-G, illustrates qualitative changes in the velocity profiles associated with the changes in peak velocity
that result from varying stimulation frequency. Comparing
averaged velocity profiles for movements evoked by trains
of 500 pulses/s (open symbol) with those for movements
evoked by 400 (Fig. 13D), 300 (Fig. 13E), and 200 (Fig.
13 F) pulses/s ( filled symbol) demonstrates a systematic
change in the relative symmetry of the velocity profile. As
tends to be true for visually guided saccades ( see Fig. 3),
for a given amplitude, the velocity profiles of slower movements are more asymmetric due to prolongation of the deceleration phase.
Although not in parallel with the declines in peak velocity,
significant declines in maximum movement amplitude may
occur as stimulation frequency is lowered. For example, as
shown in Fig. 13, trains of 100 pulses/s produce movements
of smaller amplitude even though train duration is not a
limiting factor. A diminished amplitude is also apparent in
Fig. 11 C, which shows that the maximum amplitude pro-

20
# Stimulation

duced by lower frequency stimulation (200 pulses/s: open
symbols) approaches, but falls short, of that attained by
stimulating at higher frequency (500 pulses/s: filled symbols). Table 3 summarizes the effects of frequency for these
and all other sites at which multiple stimulation frequencies
were tested. The means of amplitude, peak velocity, and
duration, as well as those for direction and latency are tabulated. To ensure that differences in the properties of the
evoked movements reflect the effects of stimulation frequency alone, the analysis includes only movements that
ended before or < 15 ms after stimulation offset to minimize
or eliminate any effect of train duration.
All of the entries in Table 3 indicate an effect of stimulation frequency on peak velocity, most on maximum amplitude, and several are good examples of the relative independence of the effects that changing stimulation frequency has
on the amplitude and peak velocity of the evoked movements. In many cases, there is a range over which amplitude
changes little, or not at all, whereas peak velocity changes
substantially. Already discussed in this context is the first
entry (site taMma: See Fig. 13, A-C).
Similarly, site
tal9ma illustrates no change in amplitude (ANOVA; P >
0.05) with changes in stimulation frequency whereas peak
velocity changes by > 100 deg/s, a difference that is statistically significant (ANOVA; P < 0.001) . The results of a
single-factor ANOVA indicate a main effect for stimulation
frequency on peak velocity for all sites ( 14114; P < 0.001 ),
whereas effects on movement amplitude and duration are
significant for 12/14 sites.
Although significant for most sites ( lO/ 14) at the P <
0.001 level, the effect of frequency on movement direction
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Effect
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frequency
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velocity,
maximum
amplitude,
and duration.
A-C: means + SD of peak velocity (A), maximum
amplitude
(B), and duration
( C) vs. frequency
of
stimulation
for site taMma. Included
are movements that ended before or < 15 ms after stimulation offset (see text);
filled/open
symbols
(see
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is relatively minor, being < 10 deg in all but three cases.
In contrast, varying stimulation frequency produces large,
systematic, effects on movement latency. In general, the
higher the frequency of stimulation, the shorter the time
between stimulation and movement onset. Effects on latency are present for all stimulation sites (ANOVA; P <
0.001) and, for several, the difference in mean latency
exceeded 100 ms for the lowest and highest frequencies
tested. Figure 14 illustrates the effect of frequency on
movement latency for two sites. For each site, horizontal
position and velocity profiles (Fig. 14, A and B) for movements evoked by trains of 200 (thin traces) and 500
( heavy traces) pulses/s are shown in relation to stimulation onset at t = 0 (3 movements are superimposed for
each frequency). In addition, distributions of latency representing all of the movements evoked from these sites at
these frequencies are shown (Fig. 14, C and D). For both
sites, substantial differences in latency are observed for
stimulation at these two frequencies. At one site (Fig. 14,

A and C), the difference in mean latency is 13 ms (500
pulses/s: 15.1 2 1 ms, y1= 108; 200 pulses/s: 27.8 t 4.7
ms, y2 = 98) whereas at the other (Fig. 14, B and D), the
difference is 15 ms (500 pulses/s: 17.0 t 2.2 ms, y2 =
54; 200 pulses/s: 32.0 t 7.7 ms, y1 = 73).
In addition to changes in mean latency, Fig. 14 shows
that variability in onset time is affected by changing the
frequency of stimulation. Because continued stimulation
is necessary to sustain an ongoing movement, increased
variability in latency produces increased variability
in
movement duration and amplitude as well. For trains that
are too brief to produce maximal movements, the sooner
a movement begins, the longer its duration and the greater
its excursion. Figure 15A illustrates this point by plotting
the relationship between amplitude and latency for nine
saccades evoked by a train of 50 ms at 200 pulses/s. As
shown in Fig. 140 for this site, latency to movement onset
was quite variable at 200 pulses/s, ranging from 20 to 50
ms at this train duration. A highly significant inverse linear
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Peak Velocity,
degls

Duration,
ms

Direction,
de

Latency,
ms

553
540
627
680
714
687
696
463
467
472
470
509
612
572
581
695
768
816
820
853
167
418
607
627
656
437
480
549
740
199
341
412
427
318
584
574
569
279
453
506
218
449
425
302
376
624
292
422
644
586
815
362
587
466
657

74.4
88.2
87.0
80.8
71.6
78.6
75.5
84.0
83.8
81.7
84.0
82.4
70.7
74.8
44.8
41.7
40.3
39.1
37.9
38.0
48.6
49.4
40.2
42.0
39.8
60.3
58.4
55.0
49.3
54.5
43.1
40.2
42.1
33.7
29.0
30.6
32.5
45.6
38.7
35.9
26.7
24.8
27.6
94.2
165.3
74.6
99.2
150.1
106.1
68.0
72.4
99.5
70.2
75.5
62.7

66.3
72.8
76.2
76.8
75.9
76.4
75.9
60.0
63.6
62.9
68.6
68.2
70.4
69.2
15.9
14.5
14.3
13.1
14.6
13.7
31.7
9.4
7.1
7.8
6.7
196.0
197.9
198.1
197.2
27.8
20.7
17.6
17.2
197.0
203 .O
205.3
204.7
32.7
30.1
27.6
194.4
199.2
200.3
226.3
227.0
221 .o
221.7
221.2
214.3
171.0
174.1
229.7
232.4
187.7
191.5

133.9
47.6
29.8
24.2
22.5
23.8
22.8
175.5
145.5
94.9
42.5
36.8
25.1
26.7
27.0
21.7
18.6
16.0
14.3
13.8
93.4
26.2
19.3
16.0
15.0
111.0
31.5
21.6
17.3
115.9
25.8
19.0
16.8
71.3
22.6
16.0
13.9
30.8
24.1
19.9
55.3
22.7
15.8
149.0
49.0
25.1
135.6
37.3
21.6
23.4
18.4
30.6
21.8
26.5
17.6

25.1
27.6
28.8
28.3
27.3
28.5
27.2
22.0
23.6
23.1
22.2
22.8
21.9
20.8
15.3
17.0
17.2
17.1
16.3
17.2
5.6
12.3
14.0
13.8
13.9
16.7
18.7
19.4
22.8
7.2
8.6
9.3
9.0
7.7
10.9
10.7
11.1
7.8
10.0
10.2
4.4
7.3
7.5
16.5
33.7
22.5
16.2
30.8
32.4
26.7
34.3
18.0
19.3
20.0
23.4

relationship (P < 0.001) indicates that, the shorter the
latency, the greater the amplitude of the evoked movement. The position and velocity traces for six of these
saccades are superi .mposed in Fig. 15 B to further illustrate
this relat ionship.
DISCUSSION

Contrary to the results of early microstimulation
studies
of the primate SC (Robinson 1972; Schiller and Stryker

1972), we find that varying the duration or frequency of
a stimulation train applied to the SC produces systematic
alterations in the properties of evoked eye movements.
These results confirm and extend more recent findings
suggesting that, in addition to the site of activity, temporal
aspects of collicular activity contribute to determining the
properties of a saccadic eye movement (Lee et al. 1988;
Schiller and Sandell 1983; Sparks and Mays 1983; Van
Opstal et al. 1990). Consistent with the findings of Lee
et al. ( 1988), these results support the hypothesis that
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frequency
on movement
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profiles
for movements
evoked
by 200
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lines) and 500 (thin lines) pulses/s
at sites dd212
(A) and tc23fe (B). Three movements
are superimposed
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each frequency.
Traces are aligned on stimulation
onset (t =
0). C and D: distributions
of latency for movements
evoked
by 200 (down
histogram)
and 500 pulses/s
(up histogram)
for sites da0212 (C) and tc23fe (0). Stimulation
parameters:
all train durations
included;
current,
50 PA. Latency
detined
as time from stimulation
onset to movement
onset.
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independent signals relating to saccade displacement and
velocity are represented within the spatial and temporal
aspects of collicular activity.
Assumptions regarding

the effects of microstimulation

Although numerous studies have employed microstimulation of the SC to generate saccadic eye movements, little is
known about the spatial distribution and temporal profile of
the collicular activity evoked by a given electrical stimulus.
Thus to draw inferences about the role of the SC in saccade
generation based on microstimulation results, one must make
certain assumptions about the effects of microstimulation on
collicular projection neurons. For this study, it is relevant to
consider the effects that varying the duration and/or frequency of stimulation might have on the size of the active
collicular population and on the duration and frequency of
firing of neurons within the activated population. It is known
that, for any given region of the brain, current strength is
the primary determinant of the size of the population that is
activated directly by microstimulation.
It has been shown
that the minimum current strength required to activate directly a neuron increases in proportion to the square of its
distance from the stimulating electrode (Alexander and
Delong 1985; Stoney et al. 1968). Although this relationship
seems to hold for different brain regions, for a given current
strength, the radius of effective current spread will depend
on properties that are specific to the neuropil being stimu-

lated (see Ranck 1975 for review). Estimates of the relationship between current level and effective current spread are
not available for the SC. Thus it is not possible to know
what proportion of the collicular efferent population might
be directly activated by a given electrical stimulus. We did
not vary current in this study, therefore, we assume that, for a
given stimulation site, the effective current spread remained
relatively constant.
Varying the frequency of stimulation may exert a direct
effect, and an indirect effect, on the vigor of collicular activity. Frequency exerts a direct effect by influencing the firing
rate of cells within the area of effective current spread, and
an indirect effect, by increasing the activity level and size
of a population that is activated synaptically. The route by
which the latter occurs is not known, but, McIlwain ( 1982)
has shown that stimulation at a single site in the cat SC may
activate collicular efferent neurons 53 mm remote from the
stimulating electrode. The extent of synaptically mediated
excitation& increased by presenting multiple pulses at frequencies that would permit temporal summation of postsyn&tic effects (see also, Asanuma et al. 1976; Jankowska et
al. 1975). Assuming a similar phenomenon occurs in the
primate SC, we expect that increasing the frequency of stimulation leads to an increase in the number of neurons that
are simultaneously active as well as an increase in the firing
rates of active cells.
It is assumed that the duration of evoked activity is
commensurate with the duration of the stimulation train.
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striking degree of similarity between stimulation-evoked and
naturally induced saccades suggests that, at least from the
perspective of the motoneuron pools that innervate the extraocular muscles, the patterns of neural activity preceding
these two classes of saccade must be qualitatively similar.
Considered from this perspective, the results of carefully
controlled and systematic microstimulation studies can provide important insights into the mechanisms underlying saccade generation. Our results, obtained within the context of
the paradigm outlined in METHODS
(see Fig. 1 ), demonstrate
some very dramatic and reliable effects of varying the duration and frequency of stimulation on the properties of movements evoked from the primate SC. Possible implications
for these results for the role of the SC in determining saccade
kinematics and dynamics are discussed below.

A
25

AND

15.

A straightforward relationship between train duration and
evoked activity is suggested by the results of intracortical
microstimulation
of primary motor cortex demonstrating
that repetitive stimulation elicits sustained trains of both
direct and indirect (i.e., synaptically mediated) efferent
volleys from pyramidal cells (Asanuma et al. 1976; Jankowska et al. 1975; Stoney et al. 1968), Nevertheless, this
is an unproven assumption for the SC and, as discussed
below, alternative assumptions are considered in interpreting the present results.
Last, we point out that microstimulation of the SC does
not activate (at least not in the usual sense) oculomotorrelated structures that might influence eye movements in
parallel with the SC (e.g., FEF, cerebellum). Thus even
given certain assumptions about the properties of evoked
collicular activity, one must recognize that, under natural
circumstances, a similar collicu lar output might not produce
an identical behavioral result. Despite these caveats, the

Implications
of the SC

of microstimulation

results for the role

The results of early primate microstimulation experiments
suggested that neither the amplitude, direction, velocity, nor
the duration of evoked movements depend on the parameters
of microstimulation ( Robinson 1972; Schiller and Stryker
1972). Given the underlying assumption that the extent,
vigor, and duration of evoked activity will be affected by
varying one or more stimulation parameters (see above),
these results were interpreted as evidence that only the location of activity within a topographically organized motor
map, not the temporal aspects of the activity within a given
population, specifies information relevant to saccadic programming. It was thought that a saccade of fixed, site-dependent direction and amplitude occurs whenever collicular activity is of sufficient vigor to trigger the downstream circuits
that constitute the saccadic pulse generator. The pulse generator, acting upon a site-specific collicular output signal of
desired displacement, produces a premotor pulse of appropriate frequency (saccade velocity) and duration (saccade
duration).
EVIDENCE
FOR
INDEPENDENT
COLLICULAR
SIGNALS.
More
recently, a number of studies have yielded results that are
inconsistent with those of early microstimulation
studies.
Both Sparks and Mays (1983) and Schiller and Sandell
( 1983) reported a graded relationship between current
strength and the amplitude of movements evoked from single
sites within the SC, thus contradicting the all-or-none interpretation and suggesting that the level of collicular activity
may be important for specifying saccade amplitude. Subsequently, it was shown that local pharmacological deactivation of SC regions produces substantial reductions in the
velocity of visually guided saccades (Hikosaka and Wurtz
1985, 1986; Lee et al. 1988), however, as demonstrated by
Lee et al. ( 1988), saccades remain accurate due to compensatory increases in duration.
Although stimulation (Schiller and Sandell 1983; Sparks
and Mays, 1983) and deactivation (Hikosaka and Wurtz
1985, 1986; Lee et al. 1988) studies similarly conflict with
earlier microstimulation
results (Robinson 1972; Schiller
and Stryker 1972)) they are not entirely consistent with one
another. In the case of varying current level, less vigorous
collicular activity (lower current strength) produces movements of uncharacteristically small amplitude, whereas the
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reduction in activity produced by pharmacological deactivation influences the velocity of visually guided saccades, but
due to compensatory increases in duration, saccade amplitude is normal. To explain the finding that saccades are
normometric despite reductions in collicular activity, Lee et
al. ( 1988) proposed that movement vector (amplitude and
direction) is computed by averaging the movement tendencies of active cells. However, as noted by Van Opstal et al.
( 1990)) a vector averaging scheme is not consistent with an
effect of current strength (also presumed to affect the level
of activity) on movement amplitude, an effect that they verified in a systematic study. However, Van Opstal et al. ( 1990)
also noted that such microstimulation studies, including their
own, had not examined the possibility that, in addition to
the level of activity, the duration of collicular activity is an
important determinant of saccade metrics. Specifically, they
suggest that, by increasing the duration of collicular activity,
it might be possible to compensate for a reduced level of
activity to once again produce normometric saccades.
Our findings indicate that, in fact, the site, level, and duration of collicular activity each contribute to determining
movement amplitude, direction, velocity, and duration. Although the site of stimulation dictated the maximum size of
a movement that could be evoked, movements of smaller
amplitude could be evoked by varying train duration below
a critical value (i.e., that required to produce the site-specific
maximum). Varying the frequency of stimulation had systematic effects on movement velocity; higher frequencies
produced movements of higher velocity. By virtue of their
primary effects on movement duration and velocity, we
found that train duration and frequency could be traded to
produce movements of comparable amplitude but with different dynamic characteristics. These results are entirely consistent with the findings of Lee et al. (1988) and, like the
results of collicular deactivation, suggest that independent
signals relating to desired displacement and movement velocity are derived from the spatial distribution and level of
collicular activity, respectively. According to this scheme, a
signal of desired displacement (amplitude and direction) is
derived from the spatial distribution of activity, the level of
collicular activity influences movement velocity, and ongoing collicular activity sustains the movement until the desired
displacement is accomplished.
IMPLICATIONS
FOR MODELS.
Evidence that the level of collicular activity influences velocity independently of saccade
amplitude is not consistent with earlier models of saccadic
control. For example, in Robinson’s classic local feedback
model of the pulse generator (Robinson 1975; Van Gisbergen et al. 198 1; Zee et al. 1976) and its variants (e.g.,
Jurgens et al. 198 1) displacement and velocity are not determined by independent inputs. In these models, the input
to the pulse generator specifies the desired eye position (or
desired displacement) (Jurgens et al. 198 1) and the pulse
generator output specifies saccade velocity (because of a
local feedback loop that compares current and desired eye
position or displacement, duration need not be encoded
explicitly). For these models, the relationship between displacement and velocity (hence duration) is an intrinsic
property of the pulse generator and saccade amplitude, velocity, and duration are constrained to covary in accord
with its input/output
function.
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Though these models would not allow for collicular activity to influence saccade velocity independently of displacement, independence of displacement and velocity is accomplished purportedly by changing the gain, and thus the input/
output function of the pulse generator (Robinson 1975; Zee
et al. 1976). Because of the feedback loop, changes in duration compensate for the velocity effects of increasing or
decreasing the gain of the pulse generator and saccades remain normometric. In principle, a relatively conservative
modification of this class of model would be needed to account for the majority of our findings, as well as the results
of Lee et al. ( 1988). The necessary modification would be
one that permits the SC to provide both a site-specific, levelindependent signal of desired displacement (e.g., a vector
average) as input to the pulse generator and a signal proportional to the overall level of collicular activity that sets the
gain of the pulse generator. Such a mechanism has been
suggested recently (Nichols and Sparks 1996). According
to this scheme, a signal proportional to the level of collicular
activity sets the gain of the mechanism that determines how
excitatory burst neurons (EBNs) of the pulse generator
translate signals of motor error into velocity pulses. If the
level of collicular activity is low, EBNs fire at a reduced
rate, velocity is decreased and duration is increased correspondingly. It is therefore relatively simple to account for
our finding that movements having the same site-specific
maximum amplitude but different velocities and durations
can be produced by trading the frequency and duration of
the stimulation train (see Fig. 13; Table 3 ) .
A reasonable explanation for the effects of train duration
on movement duration and amplitude ( see Figs. 5 -8; Table
2) is also possible when considered in the context of models
that have a downstream comparator of desired and current
displacement. All that is required is the assumption that
ongoing collicular activity is necessary to sustain the signal
of desired displacement. Failure to sustain this signal, as
might be the case with brief stimulation trains, would remove
excitatory drive to the pulse generator and result in movement truncation (e.g., see Figs. 5-8; Table 2). Furthermore,
the fact that stimulation-induced
movements terminate despite continued stimulation is parsimonious with such a
model because the output of the downstream comparator
reduces to 0 when desired displacement and current displacement are equal, an eventuality even if the signal of desired
displacement persists indefinitely.
Several more recent models have incorporated evidence
that activity in the SC influences velocity independently of
displacement. Common to these models is the requirement
that the integral of collicular efferent activity be appropriate
for the desired displacement. For example, Scudder ( 1988)
proposed a model in which the frequency, duration, and
integral of the premotor burst is related to the level, duration,
and integral of collicular activity. Specifically, this model
predicts that, as long as the integral of collicular activity
remains constant, the level and duration of collicular activity
can be traded to produce faster or slower saccades of comparable amplitude. Even more recently, several models propose
that the SC is within a dynamic feedback loop such that the
ongoing saccade is represented by continuous changes in the
level and/or locus of collicular activity (Munoz et al. 199 1;
Optican 1994: Van Opstal and Kappen 1993; Waitzman et
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al. 199 1). Because the collicular efferent neurons are proposed to be within the feedback loop, these models predict
that changes in the level of efferent activity are compensated
for by changes in duration such that the integrated output
remains appropriate for the desired displacement.
A strict relationship between the integral of collicular efferent activity and the resultant displacement is a feature
that distinguishes this class of model from those described
above (i.e., Jurgens et al. 1981; Robinson 1975). Thus to
account for the observation that stimulation-induced movements terminate in a site-dependent manner despite continued stimulation, one must assume that collicular output is
curtailed appropriately despite direct microstimulation of the
SC. As noted above, the relationship between the duration
of microstimulation and the duration of the activity it evokes
from the population of collicular efferent neurons is not
known. However, in a study examining the properties of
stimulation-induced gaze shifts (Freedman et al. 1996), we
have demonstrated that at least a subset of collicular efferent
neurons are activated for the duration of the stimulation
train; we have shown that head movements persist for the
entire duration of the stimulation train well beyond the duration of the gaze shift, which is stabilized by compensatory
counterrotation of the eyes. If, as some models suggest, collicular efferent neurons provide a single “gaze-related”
signal, rather than separate signals related to eye and head
displacement (see Freedman et al. 1996 for discussion), it
follows then that cessation of collicular activity is not required for termination of a saccadic eye movement. As discussed above, this is problematic for models that place the
comparator within the SC.
INITIATION.
We found that the latency of an
evoked movement increased with decreasing stimulation frequency ( see Fig. 14; Table 3 ), suggesting that the time
required to reach a threshold for saccade initiation is influenced by the vigor of collicular activity. Similar findings
recently have been reported for stimulation-induced
gaze
shifts in cats (Munoz et al. 1991; Pare et al. 1994). Results
suggesting that the level of collicular activity influences latency are consistent with the hypothesis that collicular saccade-related activity, directly or indirectly, causes brain stem
omnipause neurons ( OPNs ) to cease firing, thereby releasing
the premotor neurons of the pulse generator from a potent
tonic inhibition. It has been suggested that the effect of
saccade-related activity on OPNs is indirect and mediated
through fixation-related cells found in the rostra1 pole of the
SC (Munoz and Wurtz 1993). According to this scheme,
saccade-related collicular activity inhibits fixation-related
collicular activity and thereby removes an excitatory drive
that the fixation neurons provide to the OPNs.
The possibility that microstimulation at low frequencies,
or with low current strength, does not completely silence
collicular fixation-related activity has been proposed as an
explanation for the reduced amplitudes of stimulation-induced gaze-shifts in cats (Pare et al. 1994). Pare et al.
( 1994) reported that, even with prolonged stimulation,
movements evoked by low stimulation frequencies or low
current levels often were reduced in amplitude. Specifically,
they propose that the amplitude of an evoked movement
could reflect the relative level of activity among mutually
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inhibitory collicular sites, the site of stimulation and the
fixation zone of the rostra1 pole. Although we have shown
that reductions in stimulation frequency can reduce velocity
without decrementing amplitude (given a compensatory increase in train duration), there was a limit to the range of
frequency over which this was possible. At low frequencies
of stimulation we also observed reductions in amplitude that
could not be compensated for by increasing train duration
(See Fig. 11 C; Table 3).
Given the above, the effects of varying the parameters of
stimulation suggest interplay between neural mechanisms
that favor and oppose movement, a competition that may be
a normal part of saccade generation. This is also suggested
by earlier microstimulation studies showing that the current
threshold for evoking saccades from the SC is increased
during active fixation (Sparks and Mays 1983 ) . Also consistent, permanent or reversible lesions of the SC increase the
latency of saccades to visual targets and decrease the frequency of spontaneous saccades (Albano and Wurtz 1982;
Albano et al. 1982; Hikosaka and Wurtz 1983, 1985; Mohler
and Wurtz 1977; Schiller et al. 1987; Sparks et al. 1990;
Wurtz and Goldberg 1972) whereas potentiation of collicular activity by pharmacological or electrical means has the
converse effect (Munoz and Wurtz 1993; Sparks et al.
1990). Despite the parallels between the effects of collicular
activity on stimulation-induced
and visually guided saccades, it is a given that microstimulation does not faithfully
mimic all of the neural events associated with the generation
of a saccade, including perhaps, those that contribute to the
release of fixation. In many stimulation studies, including
our own, a visual fixation target is presented to align gaze
before stimulation; stimulation typically is applied soon after
offset of the fixation target, before a naturally elicited (spontaneous or visually guided) movement can occur. Whether
the interval between the offset of the fixation target and the
onset of the stimulation train has an impact on the properties
of evoked movements has not been examined systematically.
However, preliminary findings (unpublished observations)
suggest effects on latency, amplitude, velocity, and duration
that are consistent with intuition; for a given set of stimulation parameters, increasing the time between offset of fixation and onset of stimulation leads to a decrease in latency
and increases in amplitude, velocity, and duration.
Our observation that the amplitude of a stimulation-induced movement is related to latency ( see Fig. 15) is new.
A relationship between amplitude and latency emerges because, as we have shown (see Figs. 5-8; Table 2)) the
ongoing movement is sustained by collicular stimulation until amplitude saturates. Thus for a train that is too brief to
produce the site-specific maximum amplitude, the sooner the
eye begins to move, the larger the excursion. It is useful,
therefore, to consider the stimulation train as composed of
two segments: an initial interval that contributes to reaching
a threshold for initiation; and a second interval that influences the time course of the eye movement. At low frequencies of stimulation, the time of movement onset was quite
variable and led to corresponding variability in movement
amplitude. It is interesting to note that latency and peak
velocity demonstrated no obvious relationship (e.g., see Fig.
15B). This observation is not consistent with models that
propose collicular activity is integrated before movement
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onset and that the duration of time over which activity is
integrated has an impact on the velocity of the ensuing movement (Scudder 1988; Van Opstal and Kappen 1993). Specifically, these models predict that longer latencies would
produce movements of higher peak velocity.
Related stimulation

studies

Although novel for primates, the systematic effects of
varying the duration and frequency of stimulation that we
observe are similar to those described in earlier studies of
several nonprimate species (cat: Crommelinck et al. 1990;
Munoz et al. 199 1; Pare et al. 1994; barn owl: du Lac and
Knudsen 1990; rat: King et al. 199 1; Tehovnik 1989). Common to all of these studies is the ability to modulate systematically the amplitude, velocity, and duration of an evoked
movement by varying the parameters of stimulation. For
example, du Lac and Knudsen ( 1990) reported similar effects of varying train duration and frequency on head movements evoked by stimulating the optic tectum of the barn
owl; head movement amplitude and duration increased with
increasing train duration, whereas varying current or frequency produced effects on velocity. As discussed above,
similar effects of changing the duration and frequency of
stimulation on the properties of combined eye/head gaze
shifts evoked from the SC of the cat have been reported
previously (Munoz et al. 199 1; Pare et al. 1994).
As we observe for the primate, studies in nonprimates
suggest that the site of stimulation constrains the effects of
stimulation parameters in a manner that is consistent the
topographic organization of the SC. Thus du Lac and Knudsen ( 1990) reported that the ‘ ‘characteristic vectors’ ’ of the
evoked movements corresponded with the receptive field
tuning of sensory neurons in the region. Similarly, Pare et
al. ( 1994) reported agreement between the movement fields
of cells with gaze-related activity and the size of the maximal
movement that could be evoked from a given site. Furthermore, these studies indicate that the site of stimulation also
constrains maximum peak velocity. Similar to the amplitude/
velocity relationships for naturally evoked movements,
higher peak velocities were possible for sites that produced
larger movements. Our findings also suggest a relationship
between maximum peak velocity and site-specific maximum
amplitude if, for each site, we consider the movements
evoked by the highest frequency of stimulation (e.g., see
Fig. 4; Table 3).
One previous study has reported changes in direction with
varying stimulation parameters. Van Opstal et al. (1990)
reported that current level influences the direction of evoked
movements. We observe changes in direction as a result of
varying either frequency or duration. The direction changes
produced by changing stimulation frequency are small (usually <lO deg- see Table 3 ), but comparable in magnitude
with those observed as a result of varying current level (Van
Opstal et al. 1990). Van Opstal et al. ( 1990) attribute direction changes to the spatial asymmetries presumed to result
from the effects of current level on the size, shape, and center
of gravity of the active collicular population. Although it
is possible that changing the frequency of stimulation also
could have nonsymmetric effects on the spatial distribution
of collicular activity, it is equally plausible that the direction
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changes we observe are due to slight differences in the way
separate downstream horizontal and vertical pulse generator
circuits are influenced by changes in the level of collicular
activity. Varying train duration also produces small, but significant, changes in movement direction (see Fig. 9; Table
2). In these cases, the changes we observe seem to be due
to the differential effects of varying train duration on the
time courses of the horizontal and vertical components of
the movement ( see Fig. 9).
It is likely that the combinations of stimulation sites and
parameter ranges tested in early primate microstimulation
studies (Robinson 1972; Schiller and Stryker 1972) were
not conducive to demonstrating effects like those that we
report here. Due to limits set by the site of stimulation,
effects of stimulation parameters on the properties of movements are not seen unless parameters are varied within
ranges that can be quite limited. For example, effects of train
duration on movement duration, amplitude, and velocity (see
Figs. 5-8; Table 2) are not observed unless train duration
is reduced below a critical value that depends on the site
and other parameters of stimulation (e.g., frequency). At
500 pulses/s, a frequency commonly used in earlier studies,
we find that trains of 550 ms are sufficient to produce
movements of -20 deg. At sites for which the maximal
movements are relatively small (e.g., < 10 deg), the effects
of varying train duration are not obvious unless train duration
is varied in a range <30 ms ( see Figs. 7 and 8, A-C).
Effects of varying frequency are similarly range dependent.
SUMMARY

The results presented support the hypothesis that, in addition to the location of collicular activity, the level and duration of activity contribute to determining the properties of a
saccadic eye movement. These findings contradict the results
of early microstimulation studies of the primate SC and contribute to a growing body of evidence suggesting that motor
activity in the SC is not strictly an anatomic code for saccade
amplitude and direction. Instead, our findings suggest that
independent signals relating to desired displacement and saccade velocity are derived from the spatial and temporal aspects of collicular activity. The similarities between these
findings and those from microstimulation studies of nonprimate species suggest that similar mechanisms mediate the
contribution of collicular activity to the programming of
several classes of orienting movements, including eye, head,
and body movements.
We thank J. M. Levine
for providing
valuable
assistance
during data
collection.
Thanks also to Drs. M. James Nichols,
Laurel H. Camey,
and
Sascha du Lac for helpful comments
during preparation
of this manuscript.
This work was supported
by grants from the National Eye Institute ( R37EY-01189
and F32-EY-06320).
Address
for reprint requests:
T. R. Stanford,
Dept. of Neurobiology
and
Anatomy,
Bowman
Gray School of Medicine,
Medical
Center Blvd., Winston-Salem,
NC 27 157.
Received

4 October

1995;

accepted

in final form

2 July

1996.

REFERENCES
E. Uber die Innervation
der Augenbewegungen.
Zentrulbl.
Med.
8: 65-67,
1870.
ALBANO, J. E., MISHKIN, M., WEST-BROOK,
L.E., AND WURTZ, R. H. VisuoADAMUK,

Wiss.

3380

T. R. STANFORD,

E. G. FREEDMAN,

motor deficits following
ablation of monkey
superior colliculus.
J. Neurophysiol.
48: 338-351,
1982.
ALBANO, J. E. ANLI WIJRTZ, R. H. Deficits
in eye position following
ablation
of monkey
superior
colliculus,
pretectum,
and posterior-medial
thalamus.
J. Neurophysiol.
48: 318-337,
1982.
ALEXANDER,
G. E. AND DELONG,
M. R. Microstimulation
of the primate
neostriatum.
I. Physiological
properties
of striatal microexcitable
zones.
J. Neuroph?*siol.
53: 1401- 1416, 1985.
ASANUMA,
H., ARNOLD, A., AND ZARZECKI, P. Further
study on the excitation of pyramidal
tract cells by intracortical
microstimulation.
Exp. Brain
Res. 26: 443 --461, 1976.
BAHILL, T. A., CI,ARK, M. R., AND STARK, L. The main sequence
as a tool
for studying
human eye movements.
Math Biosci.
24: 181-204,
1975.
BALOH, R. W., Surs,
A. W., KUMLEY, W. E., AND HONRUBIA, V. Quantitative measurement
of saccade amplitude,
duration, and velocity.
Neurology
25: 1065-1070,
1975.
BON, L. AND LUCCHETTI,
C. The motor programs
of monkey’s
saccades:
an attentional
hypothesis.
Exp. Brain Res. 71: 199-207,
1988.
BRE~NEN, B., Lu, S. M., AND GNADT, J. W. Disrupting
the saccadic feedback
by microstimulation
in the monkey
superior
colliculus.
Sot. Neurosci.
Abstr.
20: 142, 1994.
CROMMELINCK,
M., PARE, M., AND GUITTON,
D. Gaze shifts evoked
by
superior
colliculus
stimulation
in the alert cat. Sot. Neurosci.
Abstr.
16:
1082, 1990.
DU LAC, S. AND KNUDSEN, E. I. Neural maps of head movement
vector and
speed in the optic tectum of the barn owl. J. Neurophysiol.
63: 13 l146, 1990.
FREEDMAN, E. G., STANFORD, T. R., AND SPARKS, D. L. Combined
eye-head
gaze shifts produced
by electrical
stimulation
of the superior colliculus
in
rhesus monkeys.
J. Neurophysiol.
76: 927-952,
1996.
FUCHS, A. F. Saccadic
and smooth pursuit eye movements
in the monkey.
J. Physiol.
Land. 191: 609-613,
1967.
FUCHS, A. F., KANEKO, C. R. S., AND SCUDDER, C. A. Brainstem
control
of saccadic
eye movements.
Annu. Rev. Neurosci.
8: 307-337,
1985.
FUCHS, A. F. AND ROBINSON,
D. A. A method for measuring
horizontal
and vertical eye movement
chronically
in the monkey.
J. Appl. Physiol.
21: 1068-1070,
1966.
HESS, W. R., BURGI, S., AND BUCHER, V. Motorische
Funktion
de1 Taktalund Tegmentalgtebietes.
Monatsschr.
Psychiatr.
Neural.
112: l-52,
1946.
HIKOSAKA,
0. AND WURTZ, R. H. Visual and oculomotor
functions
of
monkey
substantia
nigra pars reticulata.
IV. Relation
of substantia
nigra
to superior
colliculus.
J. Neurophysiol.
49: 1285- 1301, 1983.
HIKOSAKA,
0. AND WURTZ, R. H. Modification
of saccadic eye movements
by GABA-related
substances.
I. Effect of muscimol
and bicuculline
in
monkey
superior
colliculus.
J. Neurophysiol.
53: 266-291,
1985.
HIKOSAKA,
0. AND WURTZ, R. H. Saccadic
eye movements
following
injections of lidocaine
into the superior
colliculus.
Exp. Brain Res. 61: 53 l539, 1986.
HYDE, J. E. Some characteristics
of voluntary
human ocular movements
in
the horizontal
plane. Am. J. Opthalmol.
48: 85-94,
1959.
JANKOWSKA,
E., PADEL, Y., AND TANAKA,
R. The mode of activation
of
pyramidal
tract cells by intracortical
stimuli. J. Physiol. Land. 249: 617636, 1975.
JUDGE, S. J., RICHMOND,
B. J., AND CHU, F. C. Implantation
of magnetic
search coils for measurement
of eye position:
an improved
method. Vision
Res. 20: 535-538,
1980.
JURGENS, R., BECKER, W., AND KORNHUBER,
H. H. Natural
and drug-induced variations
of velocity
and duration
of human saccadic eye movements:
evidence
for a control
of the neural pulse generator
by local
feedback.
Biol. Cybern.
39: 87-96,
1981.
KELLER, E. L. Participation
of medial pontine reticular
formation
in eye
movement
generation
in monkey.
J. Neurophysiol.
37: 316-331,
1974.
KING, S. M., DEAN, P., AND REDGRAVE,
P. Bypassing
the saccadic
pulse
generator:
Possible
control of head movement
trajectory
by rat superior
colliculus.
Eur. J. Neurosci.
3: 790-801,
199 1.
KING, W. M. AND FUCHS, A. F. Reticular
control
of vertical
saccadic eye
movements
by mesencephalic
burst neurons.
J. Neurophysiol.
42: 861876, 1979.
LEE, C., ROHRER, W. H., AND SPARKS, D. L. Population
coding of saccadic
eye movements
by neurons in the superior
colliculus.
Nature Land. 332:
357-360,
1988.
LUSCHEI, E. S. AND FUCHS, A. F. Activity
of brain stem neurons
during
eye movements
of alert monkeys.
J. Neurophysiol.
35: 445-461,
1972.

AND

D.

L. SPARKS

L. E. AND SPARKS, D. L. Dissociation
of visual and saccade-related
responses
in superior
colliculus
neurons.
J. Neurophysiol.
43: 207-232,
1980.
MCILWAIN,
J. T. Lateral spread of neural excitation
during microstimulation
in intermediate
gray layer of cat’s superior
colliculus.
J. Neurophysiol.
47: 167-178,
1982.
MOHLER,
C. W. AND WURTZ, R. H. Role of striate cortex
and superior
colliculus
in visual guidance of saccadic eye movements
in monkeys.
J.
Neurophysiol.
40: 74-94,
1977.
MUNOZ,
D. P., GUII-TON, D., AND PELISSON, D. Control
of orienting
gaze
shifts by the tectoreticulospinal
system in the head-free
cat. III. Spatiotemporal characteristics
of phasic motor discharges.
J. Neurophysiol.
66:
1642-1666,
1991.
MUNOZ, D. P. AND WURTZ, R. H. Fixation
cells in monkey
superior
colliculus. II. Reversible
activation
and deactivation.
J. Neurophysiol.
70: l14, 1993.
NICHOLS, M. J. AND SPARKS, D. L. Component
stretching
during oblique
stimulation-evoked
saccades: the role of the superior colliculus.
J. Neurophysiol.
76: 582-600,
1996.
OPTICAN, L. Control
of saccade trajectory
by the superior
colliculus.
In:
Contemporary
Ocular Motor and Vestibular
Research:
A Tribute to David A. Robinson,
edited by T. Brandt,
A. Fuchs, and D. Zee. Berlin,
Germany:
Verlag. In press.
PARE, M., CROMMELINCK,
M., AND GUIDON,
D. Gaze shifts evoked
by
stimulation
of the superior
colliculus
in the head-free
cat conform
to the
motor map but also depend on stimulus
strength
and fixation
activity.
Exp. Brain Res. 101: 123-139,
1994.
RANCK, J. B., JR. Which
elements
are excited
in electrical
stimulation
of
mammalian
central nervous system: a review.
Brain Res . 98: 4 17-440,
1975.
ROBINSON,
D. A. A method of measuring
eye movements
using a scleral
coil in a magnetic
field. IEEE Trans Biomed. Eng. 10: 137 - 145, 1963.
ROBINSON,
D. A. The mechanics
of human saccadic
eye movement.
J.
Physiol.
Land. 174: 245-264,
1964.
ROBINSON, D. A. Eye movements
evoked
by collicular
stimulation
in the
alert monkey.
Vision Res. 12: 1795- 1808, 1972.
ROBINSON,
D. A. Oculomotor
control
signals.
In: Basic Mechanisms
of
Ocular Motility
and Their Clinical
Implications,
edited by P. Bach-yRita and G. Lennerstrand.
Oxford,
UK: Pergamon,
1975, p. 337-374.
ROBINSON,
D. A. Models of the mechanics
of eye movements.
In: Models
of Oculomotor
Behavior
and Control,
edited by B. L. Zuber. Boca Raton,
FL: CRC, 1981, p. 21-42.
SCHILLER,
P. H. AND SANDELL, J. H. Interactions
between
visually
and
electrically
elicited saccades before and after superior colliculus
and frontal eye field ablations
in the rhesus monkey.
Exp. Brain Res. 49: 38 l392, 1983.
SCHILLER, P. H., SANDELL, J. H., AND MAUNSELL,
J. H. R. The effect of
frontal eye field and superior
colliculus
lesions on saccadic
latencies
in
the rhesus monkey.
J. Neurophysiol.
57: 1033- 1049, 1987.
SCHILLER, P. H. AND STRYKER, M. Single-unit
recording
and stimulation
in superior
colliculus
of the alert rhesus monkey.
J. Neurophysiol.
35:
915-924,
1972.
SCUDDER, C. A. A new local feedback
model of the saccadic burst generator.
J. Neurophysiol.
59: 1455- 1475, 1988.
SPARKS, D. L., LEE, C., AND ROHRER, W. H. Population
coding
of the
direction,
amplitude,
and velocity
of saccadic eye movements
by neurons
in the superior
colliculus.
Cold Spring Harbor
Symp. @ant.
Biol. 55:
1990, p. 805-811.
SPARKS, D. L. AND MAYS, L. E. Spatial localization
of saccade targets. 1.
Compensation
for stimulation-induced
perturbations
in eye position.
J.
Neurophysiol.
49: 45-63,
1983.
SPARKS, D. L. AND MAYS, L. E. Signal transformations
required
for the
generation
of saccadic
eye movements.
Annu. Rev. Neurosci.
13: 309336, 1990.
SPARKS, D. L., MAYS, L. E., AND PORTER, J. D. Eye movements
induced
by pontine stimulation:
interaction
with visually-triggered
saccades.
J.
Neurophysiol.
58: 300-3 18, 1987.
STANFORD, T. R., FREEDMAN, E. G., LEVINE, J. M., AND SPARKS, D. L. The
effects of stimulation
parameters
on the metrics and dynamics
of saccades
evoked by electrical
stimulation
of the primate superior
colliculus.
Sot.
Neurosci.
Abstr.
19: 786, 1993.
STONEY, S. D., JR., THOMPSON,
W. D., AND ASANUMA,
H. Excitation
of
MAYS,

ELECTRICALLY

EVOKED

EYE

pyramidal
tract cells by intracortical
microstimulation:
effective
extent
of stimulating
current.
1. Neurophysiol.
31: 659-669,
1968.
TEHOVNIK,
E. J. Head and body movements
evoked
electrically
from the
caudal superior
colliculus
of rats: pulse frequency
effects. Behav. Brain
Res. 34: 71-78,
1989.
VAN GISBERGEN, J. A. M., ROBINSON, D. A., AND GIELEN, S. A quantitative
analysis of generation
of eye movements
by burst neurons. J. Neurophysiol. 45: 417-442,
1981.
VAN GISBERGEN, J. A. M., VAN OPSTAL, A. J., AND OTTES, F. P. Parametrization of saccadic
velocity
profiles
in man. In: Theoretical
and Applied
Aspects of Eye Movement
Research,
edited by A. G. Gale and F. Johnson.
North Holland,
Amsterdam:
Elsevier,
1984, p. 87-94.
VAN OPSTAL, A. J. AND KAPPEN, H. A two-dimensional
ensemble
coding
model for spatial-temporal
transformation
of saccades in monkey
superior
colliculus.
Network
4: 19-38,
1993.
VAN OPSTAL, A. J. AND VAN GISBERGEN, J. A. M. Skewness
of saccadic

MOVEMENTS

FROM

PRIMATE

SC

3381

velocity
profiles:
a unifying
parameter
for normal
and slow saccades.
Vision Res. 27: 731-735,
1987.
VAN OPSTAL, A. J., VAN GISBERGEN, J. A. M., AND SMIT, A. C. Comparison
of saccades evoked by visual stimulation
and collicular
electrical
stimulation in the alert monkey.
Exp. Brain Res. 79: 299-3 12, 1990.
WAITZMAN,
D. M., MA, T. P., OPTICAN, L. M., AND WURTZ, R. H. Superior
colliculus
neurons
mediate the dynamic
characteristics
of saccades.
J.
Neurophysiol.
66: 1716-1737,
1991.
WESTHEIMER,
G. Mechanism
of saccadic
eye movements.
A. M. A. Arch.
Opthalmol.
52: 710-724,
1954.
WURTZ,
R. H. AND GOLDBERG,
M. E. Activity
of superior
colliculus
in
behaving
monkey:
III. Cells discharging
before eye movements.
J. Neurophysiol.
35: 587-596,
1972.
ZEE, D. S., OPTICAN, L. M., COOK, J. D., ROBINSON,
D. A., AND ENGEL,
W. K. Slow saccades in spinocerebellar
degeneration.
Arch. Neural.
33:
243-251,
1976.

