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SUMMARY AND CONCLUSIONS 

I. We electrically stimulated the intermediate and deep layers 
of the superior colliculus (SC) in two rhesus macaques free to 
move their heads both vertically and horizontally (head unre- 
strained). Stimulation of the primate SC can elicit high-velocity, 
combined, eye-head gaze shifts that are similar to visually guided 
gaze shifts of comparable amplitude and direction. The amplitude 
of gaze shifts produced by collicular stimulation depends on the 
site of stimulation and on the parameters of stimulation (frequency, 
current, and duration of the stimulation train). 

2. The maximal amplitude gaze shifts, produced by electrical 
stimulation at 56 sites in the SC of two rhesus monkeys, ranged 
in amplitude from -7 to -80 deg. Because the head was unre- 
strained, stimulation-induced gaze shifts often included movements 
of the head. Head movements produced at the 56 stimulation sites 
ranged in amplitude from 0 to -70 deg. 

3. The relationships between peak velocity and amplitude and 
between duration and amplitude of stimulation-induced head move- 
ments and gaze shifts were comparable with the relationships ob- 
served during visually guided gaze shifts. The relative contributions 
of the eyes and head to visually guided and stimulation-induced 
gaze shifts were also similar. 

4. As was true for visually guided gaze shifts, the head contri- 
bution to stimulation-induced gaze shifts depended on the position 
of the eyes relative to the head at the onset of stimulation. When 
the eyes were deviated in the direction of the ensuing gaze shift, 
the head contribution increased and the latency to head movement 
onset was decreased. 

5. We systematically altered the duration of stimulation trains 
(lo-400 ms) while stimulation frequency and current remained 
constant. Increases in stimulation duration systematically increased 
the amplitude of the evoked gaze shift until a site specific maximal 
amplitude was reached. Further increases in stimulation duration 
did not increase gaze amplitude. There was a high correlation 
between the end of the stimulation train and the end of the evoked 
gaze shift for movements smaller than the site-specific maximal 
amplitude. 

6. Unlike the effects of stimulation duration on gaze amplitude, 
the amplitude and duration of evoked head movements did not 
saturate for the range of durations tested ( lo-400 ms), but contin- 
ued to increase linearly with increases in stimulation duration. 

7. The frequency of stimulation was systematically varied 
(range: 63- 1,000 Hz) while other stimulation parameters remained 
constant. The velocity of evoked gaze shifts was related to the 
frequency of stimulation; higher stimulation frequencies resulted 
in higher peak velocities. The maximal, site-specific amplitude was 
independent of stimulation frequency. 

8. When stimulating a single collicular site using identical stim- 
ulation parameters, the amplitude and direction of stimulation-in- 
duced gaze shifts, initiated from different initial positions, were 
relatively constant. In contrast, the amplitude and direction of the 
eye component of these fixed vector gaze shifts depended upon 

the initial position of the eyes in the orbits; the endpoints of the 
eye movements converged on an orbital region, or “goal,” that 
depended on the site of collicular stimulation. 

9. When identical stimulation parameters were used and when 
the eyes were centered initially in the orbits, the gaze shifts pro- 
duced by caudal collicular stimulation when the head was re- 
strained were typically smaller than those evoked from the same 
site when the head was unrestrained. This attenuation occurred 
because stimulation drove the eyes to approximately the same or- 
bital position when the head was restrained or unrestrained. Thus 
movements produced when the head was restrained were reduced 
in amplitude by approximately the amount that the head would 
have contributed if free to move. 

10. When the head was restrained, only the eye component of 
the intended gaze shift was observed. This resulted in a dissociation 
of the “desired’ ’ gaze amplitude specified by the locus of collicular 
activity and the observed movement. Because, during head-re- 
strained stimulation, the observed movement is only a portion of 
the movement encoded by the locus of collicular activity, the colli- 
cular ‘ ‘motor map’ ’ defined using microstimulation in head-re- 
strained subjects may be distorted. 

11. The directions of the eye, head, and gaze components of 
stimulation-induced movements, evoked from different initial posi- 
tions, were different. For example, during an oblique gaze shift 
directed 45 deg above the horizontal meridian, the eye component 
of the gaze shift could be almost purely vertical and the head 
component almost purely horizontal. This produced a dissociation 
of the eye, head and gaze movement directions. 

12. Collectively, these data are inconsistent with the hypothesis 
that the SC generates separate eye and head displacement com- 
mands. Instead, the findings are interpreted as support for the hy- 
pothesis that a signal of desired gaze displacement is derived from 
the locus of collicular activity. The level of collicular activity can 
influence the velocity of gaze shifts without affecting the gaze 
displacement signal. 

INTRODUCTION 

The quality and quantity of sensory information about the 
environment may be augmented by movements that change 
the orientation of spatially tuned receptors. In different spe- 
cies, the form of these orienting movements depends on the 
mobility of the receptors or of associated, directionally tuned 
structures (e.g., pinnae). For example, the way in which a 
reorientation of the line of sight is accomplished depends 
on the range of mobility of the eyes and head. Rhesus mon- 
keys and humans can accomplish 40-deg changes in the 
direction of gaze with a single movement of the eyes. In 
contrast, barn owls will accomplish the same 40-deg gaze 
shift with a single movement of the head; their eyes are 
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limited to -2 deg of movement. Some reptiles and amphibi- 
ans may need to make whole body rotations to accomplish 
a reorientation of the line of sight of comparable amplitude. 
Independent of the form of the movement, orientation im- 
proves localization and characterization of sensory stimuli 
by changing the direction of the sensory receptors. From 
a neurophysiological perspective, regardless of the specific 
implementation, reorientations of the eyes, head, pinnae, or 
body, all require complex sensory-to-motor transformations 
to convert sensory signals from various sources (e.g., visual, 
auditory, somatosensory) into appropriate motor commands. 
Converging lines of evidence from many species implicate 
the optic tectum and superior colliculus (the mammalian 
homologue) in the sensory-to-motor transform and in the 
generation of commands to produce these reorientations of 
the sensory apparatus. 

Systematic studies of the role of the superior colliculus 
(SC) in the generation of orienting movements began with 
work on rhesus monkeys. In this species, when the head is 
prevented from moving, suprathreshold stimulation of the 
SC produces conjugate, contraversive movements of the eyes 
(Robinson 1972; Schiller and Stryker 1972). The relation- 
ship between peak velocity and amplitude of these stimula- 
tion-induced movements is comparable with visually guided 
movements of the same amplitude and direction. Robinson 
also reported that stimulation produced a site-specific, fixed 
vector displacement of the eyes rather than directing the 
eyes to a particular orbital location. According to these early 
reports (Robinson 1972; Schiller and Stryker 1972) the di- 
rection, amplitude, and velocity of the evoked movements 
were unaffected by variations in the parameters of stimula- 
tion (intensity, frequency, pulse width, and train duration). 

An early study of the effects of collicular stimulation de- 
livered when the monkey’s head was free to move ( Stryker 
and Schiller 1975) also reported that the evoked movements 
were relatively independent of stimulation current or fre- 
quency. Long-duration stimulation trains produced a series 
of relatively constant amplitude eye movements, but, if the 
stimulation continued after the eyes had been driven to ec- 
centric positions in the orbits, a head movement was ob- 
served. Under these conditions the stimulation-induced head 
movements had variable amplitudes, variable latencies, and 
were slower than the large head movements observed during 
coordinated eye-head gaze shifts to visual stimuli. The con- 
clusion (Stryker and Schiller 1975 ) that the SC “is not 
the prime site for the initiation of head movements or the 
elaboration of eye/ head coordination’ ’ in the monkey was 
reinforced by the failure to find single cell activity in the 
monkey SC related to head movements (Robinson and Jarvis 
1974). Thus the primate SC was thought to be involved in 
the production of saccadic movements of the eyes but not 
in the implementation or coordination of combined eye-head 
movements that occur during large gaze shifts. 

Stimulation studies in nonprimates led to very different 
conclusions about the role of the SC in the production of 
eye, head, body, pinnae, and vibrissal movements. In fish, 
amphibians, and reptiles, stimulation of the optic tectum can 
produce eye, head, and body movements that are part of 
coordinated orienting responses (e.g., goldfish, Salas et al. 
1994; toad, Ewert 1984; alligator, Schapiro and Goodman 
1969). In rodents, SC stimulation can produce movements 

including head and body rotations as large as 300 deg (Dean 
et al. 1986; Ellard and Goodale 1986; King et al. 1991; 
McHaffie and Stein 1982; Northmore et al. 1988; Sahibzada 
et al. 1986). In the barn owl, stimulation of the optic tectum 
produces contraversive, “saccadic” movements of the head 
that are similar to orienting movements made to visual or 
auditory targets (du Lac and Knudsen 1990). In cats free 
to move their heads (with body restrained, Harris 1980; Pare 
et al. 1994; Roucoux et al. 1980), SC stimulation produces 
coordinated movements of the eyes and head. In freely mov- 
ing cats (Hess et al. 1946; Schaefer 1970; Syka and Radil- 
Weiss 197 1) , collicular stimulation can produce movements 
of the eyes, head, body, pinnae, and limbs. 

Movements evoked by SC stimulation in nonprimates de- 
pend on stimulation parameters (intensity, train duration, 
and frequency). For example, in barn owls, variations in the 
duration, frequency, and intensity of the stimulation train 
have systematic effects on the duration, amplitude, and peak 
velocity of stimulation-induced movements (du Lac and 
Knudsen 1990). Similarly in the cat, the amplitudes, peak 
velocities, and durations of eye or combined eye/head gaze 
shifts generated by SC stimulation are affected by the param- 
eters of stimulation (Guitton et al. 1980; Pare et al. 1994; 
Straschill and Reiger 1973). In contrast, movements pro- 
duced by stimulation of the monkey colliculus are reported 
to be independent of stimulation parameters. 

The amplitude and direction of movements produced by 
stimulation of the primate SC are reported to be independent 
of initial eye position (e.g., Robinson 1972). In contrast, 
when the head is restrained, stimulation of the cat SC (espe- 
cially in more caudal regions) produces saccadic movements 
with amplitudes and directions that depend heavily on the 
orbital position of the eyes at the time of stimulation (Guitton 
et al. 1980; Hyde and Eason 1959; Hyde and Eliasson 1957; 
McIlwain 1986, 1990; Pare et al. 1994; Roucoux and Crom- 
melinck 1976; Straschill and Reiger 1973 ) . These move- 
ments were described by Hyde and Eason ( 1959) as being 
‘ ‘goal directed’ ’ because they brought the eye to a region 
of the orbit (the orbital goal). If the eyes are deviated beyond 
the orbital goal, stimulation of the SC can produce ipsiver- 
sive saccades (Guitton et al. 1980; McIlwain 1986; Pare et 
al. 1994). When the head is unrestrained, stimulation at 
sites that previously produced ‘ ‘goal directed’ ’ movements 
produced combined eye/head gaze shifts of constant ampli- 
tude and direction (Pare et al. 1994; Roucoux et al. 1980). 
In primates, there have been no systematic studies of the 
effects of initial eye position on the amplitude and direction 
of movements produced by stimulation of the caudal SC 
(although, see Segraves and Goldberg 1984). 

Recent findings are inconsistent with the hypothesis that 
the functional organization of the primate SC is fundamen- 
tally different from that of other species. For example, the 
amplitude of evoked saccades depends on stimulation cur- 
rent in the monkey (Schiller and Sandell 1983; Sparks and 
Mays 1983; van Opstal et al. 1990), as it does in other 
species, and the level of collicular activity has a dramatic 
effect on the velocity of saccades (e.g., Hikosaka and Wurtz 
1985; Lee et al. 1988; Stanford et al. 1993). However, the 
role of the primate SC in the control of movements other 
than saccades remains unclear. For instance, using electrical 
stimulation of the SC, Segraves and Goldberg ( 1992) were 
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able to elicit coordinated eye/head gaze shifts that were 
similar to gaze shifts made to visual targets. But, more re- 
cently, Cowie and Robinson ( 1994) reported that combined 
eye/head movements evoked by SC stimulation are variable 
and are not like the high velocity, coordinated eye/ head 
movements observed during large visually guided move- 
ments. Thus there is no unified view of the role of the primate 
SC in the production of eye and head movements nor is it 
clear whether the striking differences between the results of 
collicular stimulation in primates and nonprimates result 
from actual species differences or from different metho- 
dologies. 

METHODS 

Subjects and surgical procedures 

Two surgical procedures were performed under aseptic condi- 
tions, and isoflourane anesthesia was used on each of the two 
rhesus monkeys (Macaca mulatta) that served as subjects. First, a 
scleral coil was implanted for monitoring of eye/gaze (see below) 
movements (Fuchs and Robinson 1966; Judge et al. 1980)) and 
during the same procedure, a head-restraint device was secured to 
the skull. After full recovery, training was initiated. A stainless 
steel cylinder that served as the receptacle for a hydraulic micro- 
drive (Kopf) was secured to the skull in a separate procedure. The 
cylinder was placed above a 15mm-diam craniotomy, centered on 
the midline at stereotaxic anterior-posterior position 0. Postopera- 
tive analgesics were administered as directed by the attending vet- 
erinarian. All surgical and experimental procedures were approved 
by the University of Pennsylvania Animal Care and Use Committee 
and were in accordance with the National Institutes of Health Guide 
for the Care and Use of Animals. In addition, all care and mainte- 
nance of animals was carried out under the auspices of full-time 
veterinary personnel. 

Behavioral training and experimental apparatus 

During all training and experimental sessions, animals were 
seated in a modified primate chair that prevented movements of 
the hips and restricted upper body rotations to approximately 220 
deg but did not restrict movements of the head. Animals were 
monitored using an infrared video system (Sanyo Electric) and 
typically sat with hips and shoulders aligned and parallel to the 
fronto-parallel plane. Subjects were trained to make gaze shifts 
from one visual target to another under two conditions. In the head- 
unrestrained condition, the head was free to move in any direction 
and liquid rewards were delivered through a tube that moved with 
the head. The only impediment to head movement was the mass 
(-250 g) of the x-y positioner, microdrive, and the reward tube. 
In the head-restrained condition, a restraining bar secured the head 
to the frame of the chair preventing head movements. 

Visual targets (- 10 min diam) could be back projected at any 
location ( I-deg resolution) on a tangent screen (75 cm from the 
subject) that subtended 245 deg horizontally and 540 deg verti- 
cally. Positioning of the target was accomplished using a pair of 
mirrors attached to galvanometers (General Scanning) to deflect a 
laser beam (Uniphase). The locations of the initial fixation target 
and the eccentric target were controlled independently by separate 

’ laser-galvo systems. Targets were gated on and off with an acousti- 
cal-optical shutter (IntraAction) . During training and experimental 
sessions, a computer program randomly selected target and fixation 
positions from an array of potential locations determined by the 
experimenter. 

Changes in gaze (defined as the 2-dimensional rotation of the 
eyes relative to a fixed, external frame of reference) were measured 

using the standard scleral coil. Head movements were measured 
using an identical coil mounted daily on the animal’s head. The 
gaze coil was calibrated by having the animal fixate different loca- 
tions on the screen. The head coil was calibrated on the monkey 
by manually rotating the head through known angles and adjusting 
the signal gain appropriately. The small translational movements 
of the head that can occur during combined eye/head gaze shifts 
failed to move the eye and head coils out of the uniform portion 
of the magnetic fields (20 cm diam centered in the 85-cm diam 
coils). Coil signals are translation-invariant within this region of 
the magnetic fields, so the small head translations observed did 
not affect the recorded signals of gaze or head position. The two 
coil signals were sampled at 500 Hz and stored for off-line analysis. 
The head and gaze signals were corrected for the nonlinearities 
inherent in the coil system (after Judge et al. 1980)) and the eye 
position relative to the head was calculated off-line by subtracting 
the head signal from the gaze signal. 

Experimental procedures 

STIMULATION TRIALS. With the ambient room lights off, after 
subjects fixated an initial target for 800- 1,200 ms ( lOO-ms incre- 
merits), the initial target was extinguished for 40- 100 ms (20-ms 
increments). The stimulation train was delivered after this interval. 
Two hundred to 250 ms after the end of the stimulation train, a 
second visual target appeared at a random location on the screen 
and the monkey was rewarded for looking to the location of the 
second target. Because reward was contingent upon visually guided 
movements occurring after stimulation-induced movements, sub- 
jects were reinforced on both stimulation and visual trials. This 
procedure increased the duration of data collection sessions and 
reduced the likelihood that the trajectory of the stimulation-induced 
movement would be modified by interactions with short-latency, 
stereotyped, self-generated movements often observed using other 
paradigms (see Sparks and Mays 1983, for examples of interactions 
between stimulation-induced and voluntary movements). Stimula- 
tion trials (-30% of the total) were interleaved randomly with 
visual trials. 

VARIATIONS IN INITIAL EYE POSITION. Testing the effects of 
initial eye position on the relative contributions of the head and 
eyes to the overall gaze shift required a large range of initial eye 
positions at the onset of stimulation. This was accomplished by 
decreasing the initial fixation time to -400 ms and by randomly 
presenting one of several potential initial fixation targets. Typically, 
during the randomly varied (800- 1,200 ms) intertrial interval, 
subjects directed gaze to a region of the screen near the location 
of the fixation target that appeared on the previous trial. Because 
subjects could not accurately predict the location of the subsequent 
fixation light, the onset of the fixation stimulus was often followed 
by a small ( < 15 deg ) saccade of variable direction and amplitude. 
Generally, no head movement was associated with these small 
saccades. Thus stimulation trains delivered shortly after this small 
saccade elicited gaze shifts when the eyes were in many different 
initial orbital positions. Occasionally, when a larger movement was 
required to look to the fixation light, a slow head movement oc- 
curred. Data reported in this paper include only trials in which 
both gaze and head position were stable at the onset of the stimula- 
tion train. 

Electrical stimulation (0.5-ms cathodal pulses) was presented 
using a Grass S48 stimulator and stimulus isolation unit (Grass 
PSIU06). In most experiments, the current level was fixed and 
the duration and frequency of the stimulation train were varied 
systematically. Current levels were generally 50 PA although other 
current levels (ranging from 10 to 50 I-LA) were used as noted. 
The duration of the stimulation train ranged from 10 to 400 ms 
and was systematically altered at a fixed stimulation intensity and 
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frequency. The stimulation frequency then was changed, and the 
range of stimulation durations presented again at this new fre- 
quency. Stimulation frequencies ranged from 63 to 1,000 Hz but 
were typically 500, 250, or 125 Hz. 

Localization of stimulation sites 

Both monkeys are subjects in ongoing experiments, so identifi- 
cation of stimulation sites is based upon the functional properties 
of cell activity recorded at the stimulation site, properties that are 
not shared by cells in brain regions surrounding the SC. Stimulation 
was only carried out at collicular regions where cells had clear 
motor-related discharges; if single units were isolated, they were 
characterized by collecting movement field data (Freedman and 
Sparks 1994). The amplitude and direction of gaze shifts associ- 
ated with the maximal activity of isolated cells or multi-unit activity 
closely corresponded to the maximal amplitude and direction of 
stimulation-induced gaze shifts elicited at that site. 

Data analysis 

Data were analyzed off-line on Sparcl workstations (Sun Micro- 
systems). Onsets and offsets for horizontal and vertical gaze, hori- 
zontal and vertical head, and horizontal and vertical eye movements 
were defined using separate velocity criteria. Total head movement 
amplitude is defined using separate onset and offset velocity crite- 
ria. A second measure of the head movement occurring during the 
shift in gaze is defined as the head contribution to the gaze shift. 

RESULTS 

We studied the movements produced by electrical stimula- 
tion of the deeper layers of the SC at 56 sites in two monkeys. 
At 39 of these sites, gaze shifts consisted of combined eye/ 
head movements in which the head movement was >2 deg. 
The low velocities of small (<2 deg) head movements made 
the use of velocity criteria to define head movement onset 
and offset difficult, and we considered combined movements 
to be those in which the total head movement was >2 deg. 
The amplitude of the evoked gaze shift and the relative 
contribution of the eyes and head to these combined move- 
ments depended upon the location of the stimulating elec- 
trode within the SC, the parameters of stimulation, and the 
positions of the eyes relative to the head at the time of 
movement initiation. To examine the effects of varying the 
parameters of stimulation and for direct comparison of visu- 
ally guided and stimulation-induced gaze shifts (Figs. 2-9) 
only data obtained when the eyes were within 10 deg of the 
center of the orbits were considered. The effects of varying 
the initial eye position are treated explicitly in subsequent 
figures. 

In general, the maximal amplitude and direction of the 
gaze shifts produced by stimulation at a particular site were 
predictable, based upon the general organization of the colli- 
culus described by Robinson ( 1972). The maximal gaze 
shift amplitude increased as the site of stimulation was 
moved from rostra1 to caudal regions; medial stimulation 
sites produced movements with upward components and lat- 
eral sites produced movements with downward components. 
In addition, the direction and maximal amplitude of stimula- 
tion-induced movements were predictable from a knowledge 
of the movement field properties of neurons recorded at the 
site of stimulation (Freedman and Sparks 1994). 

Figure 1 illustrates combined eye/head movements 
evoked by collicular stimulation. In these examples, the ver- 
tical component of the stimulation-induced gaze shifts was 
< 10”; for simplicity, only the horizontal position (A-C) 
and velocity (D-F) are illustrated. Stimulation at the three 
sites produced horizontal gaze shifts of -40 (A) or -80 
deg (B and C). The head contribution to these gaze shifts 
was -10 (A), -30 (B), and -55 deg (C). Gaze shifts 
began shortly after stimulation onset (first upward arrow), 
and the initial portion of the gaze shift was accomplished 
by movements of the eyes only. After a short delay, the head 
began to move in the direction of the gaze shift. The gaze 
shift ended before (A) or shortly after (B and C) the stimula- 
tion train terminated ( second upward arrow), but the head 
continued to move. During this continuing head movement, 
gaze position did not change because of compensatory coun- 
terrotation of the eyes. Note that, because of the technical 
limitations of the search coil system and the target presenta- 
tion apparatus, we only could measure accurately gaze shifts 
within about 270 deg of straight ahead, and visual targets 
could only be presented within ?45 deg of the center of the 
screen. Thus large-amplitude movements were made across 
the midline, as shown in Fig. 1, B and C. Visually guided and 
stimulation-induced gaze shifts are compared in subsequent 
sections. 

The velocity traces of the movements in Fig. 1, A-C, are 
illustrated in D-F. The movement in Fig. 1 F was fairly 
typical of large-amplitude (80 deg) gaze shifts; an initial 
acceleration phase was often followed by a deceleration or 
plateau and a subsequent re-acceleration toward the end of 
the gaze shift. The movement shown in Fig. 1, B and E was 
selected to show that stimulation could produce gaze shifts 
with high peak velocities ( > 1,000 degh ) . Visually guided 
gaze shifts with similar peak velocities were observed in 
this subject. Table 1 provides details about the stimulation- 
induced movements evoked from 18 sites selected to repre- 
sent a range of gaze shift amplitudes. 

Efsects of stimulation parameters 

GAZE. Duration of the stimulation train. Figure 2 illustrates 
the effects of stimulation duration on gaze (A-E) and head 
(F-J; see below) movements evoked from a single collicu- 
lar site. Gaze amplitude increased from - 15 to 25 deg as 
stimulation duration was increased from 30 (A) to 50 ms 
(B). Gaze shifts ended shortly after the end of the stimula- 
tion train when these short trains were used. Stimulation 
with train durations of 100 ( C) and 150 ms (0) produced 
3%deg gaze shifts (the largest amplitude elicited at this site), 
which ended before the stimulation train was terminated. 
Stimulation trains of 200 ms also initially produced a 38- 
deg maximal movement, which ended 100 ms after stimula- 
tion onset and a second gaze shift beginning -75 ms after 
completion of the first. The second movement ended just 
after the stimulation train ended. Although not illustrated, if 
the train duration were further extended, the amplitude of 
the second gaze shift increased until it was also -38 deg. 

The relationships between gaze amplitude and stimulation 
train duration for three different stimulation sites are shown 
in Fig. 3. Gaze amplitude was a nonlinear, saturating func- 
tion of stimulation duration. The asymptotic value depended 



ROLE OF THE MONKEY SC IN PRODUCTION OF GAZE SHIFTS 931 

D G 750 
3 \ 500 1 40 

-1 

site# T8 

t? 
s 250 

E 0 

EYE 

GAZE 

HEAD 

HEAD 

GAZE 

HEAD 

HEAD 

8 -250 
ti -500 

GAZE 

100 200 300 400 100 200 300 400 
TIME (ms) TIME (ms) 

P 
. . 

z 250 *. . . . . . . . . / 

g - 0 -1000 
5: -1250 I I 1 

HEAD 

EYE 

GAZE 

loo 200 300 400 
TIME (ms) 

loo 200 300 400 
TIME (ms) 

60 

40 

20 

0 

-20 

-40 

-40 

-80 

si te# T25 

GAZE . ‘..% . . . .._ 
-.-._ 

E 0 

8 -250 
ti -500 
> 
EJ -750 
w 0 -1000 

=d -1250 
150 250 350 450 150 250 350 450 

TIME (ms) TIME (ms) 

FIG. 1. Stimulation-induced movements evoked at 3 different collicular sites. Horizontal gaze, head, and eye position 
(A-C), and velocity (D-F) are shown. Stimulation frequency, 500 Hz; current = 50 PA; left vertical arrow, stimulation 
onset; right vertical arrow, stimulation offset. In all panels, downward deflection indicates leftward movement. Gaze traces 
are shown in bold. 

upon the site of stimulation, and we refer to this asymptotic 
gaze amplitude as the site-specific maximal gaze amplitude 
(-12 deg in Fig. 3A; -35 deg in Fig. 3B; and -48 deg 

at this site evoked a maximal movement of 12 deg at the 
site in Fig. 3A. 

Frequency of stimulation. The velocity of combined eye/ 
head gaze shifts was affected by the frequency of the stimu- 
lation train. The effects of varying both train duration and 
frequency ( 125, 250, and 500 Hz) at a single stimulation 
site are illustrated in Fig. 4, A and B. Note, in Fig. 4A, that 
stimulation at 500 Hz ( Cl) with different train durations 
produced gaze shifts that varied from -3 to 35 deg in ampli- 
tude and that the peak velocity of gaze shifts was related 
systematically to gaze amplitude, saturating at -650 deg/s. 
Stimulation of the same site with 250-Hz trains (0) for 
varying durations also produced gaze shifts that ranged from 
-3 to 35 deg, but peak gaze velocity saturated at -500 
deg/ s at this stimulation frequency. Site-specific maximal 
amplitude gaze shifts were also produced using 125-Hz stim- 
ulation trains (LI) but peak velocity only reached 400 deg/ 

in C) . The general relationship between stimulation duration 
and gaze amplitude illustrated in Fig. 3 was observed at 
every stimulation site at which train duration was varied 
(n = 49) ( see also Stanford et al. 1993 ) . Train duration had 
to be equal to or greater than the sum of movement latency 
and the duration of the maximal movement to evoke the site 
specific maximal amplitude. Shorter train durations evoked 
truncated gaze shifts. For example, at the site illustrated in 
Fig. 3C, truncated movements were observed when the train 
duration was < 100 ms (latency at 500 Hz = 15 -20 ms; 
duration of the 4%deg maximal movement = 90 ms). A 33- 
deg movement rather than a 4%deg movement occurred 
when a 40-ms train was used. The same stimulation train 
duration (40 ms) that evoked a truncated (33 deg) gaze shift 
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TABLE 1. Maximal movement amplitudes and latencies 

Site n Horizontal Gaze Vertical Gaze Horizontal Eye Vertical Eye Horizontal Head Vertical Head Gaze Latency Head Latency 

T5 15 
TlO 22 
T26 17 
S18 12 
S22 26 
T28 7 

15.43 2 4.49 
-10.12 t 0.44 
-14.90 5 2.17 
- 13.36 + 0.76 
-24.14 + 1.09 

8.18 + 0.77 

-3.34 2 1.97 12.72 5 3.98 
-4.63 + 0.32 - 10.14 5 0.45 
21.73 + 3.23 - 12.59 + 2.08 
-6.33 + 0.64 -13.35 2 0.74 
-4.95 ? 0.85 -23.22 5 0.79 

-12.45 + 1.25 6.03 2 3.75 

-2.71 t 1.17 
-4.68 + 0.39 
20.78 + 2.94 

-6.32 + 0.69 
-4.78 + 0.83 

-10.15 + 4.18 

6.67 + 2.81 -2.55 2 0.99 38.67 + 2.69 
14.00 5 0.87 
26.12 + 1.11 
13.50 + 2.58 
19.46 + 2.23 
27.71 + 1.80 

56.08 + 16.17 

-7.50 + 3.36 3.08 + 1.87 66.71 it 14.2 

-5.37 2 1.74 
1.49 It 0.70 

-1.32 + 0.99 
-0.84 + 0.23 

73.92 _+ 17.19 
41.71 + 18.31 

T6 21 
T18 11 
T32 12 
Sl 9 
s2 5 
s9 19 

33.69 ? 4.39 
-30.45 2 1.39 
-35.14 + 4.89 
-34.64 2 2.12 
-30.24 + 4.15 
-30.28 + 4.40 

14.94 or 1.78 21.15 + 4.20 
3.76 t 0.73 -27.15 + 1.79 

35.21 + 4.55 -25.05 t 2.76 
12.05 rt 3.25 -31.62 + 1.57 
37.25 I? 2.21 -26.45 + 3.28 

1.98 t 5.67 -22.25 + 5.04 

15.08 + 1.86 
3.64 ? 0.75 

33.94 IT 3.46 
11.48 t 3.11 
36.54 !I 2.08 

1.84 + 5.81 

17.93 + 2.56 
-8.33 -i 2.88 

-19.12 5 6.27 
-11.00 5 3.33 

-9.72 5 3.52 
- 18.97 t 5.48 

1.13 + 1.51 
0.53 + 0.36 
4.42 + 2.52 
1.44 2 0.98 
2.10 + 1.05 

-0.68 2 1.02 

25.43 5 2.98 
17.64 + 0.81 
24.50 + 4.68 
14.98 + 1.05 
16.40 5 2.61 
16.95 + 1.93 

29.43 ? 8.08 
47.09 IT 9.57 
50.33 + 15.23 
39.33 + 4.58 
37.60 + 5.73 
32.32 + 2.93 

T22 53 
S6 7 
s7 5 
SlO 6 
s14 5 
s15 10 

-36.59 + 4.38 
-82.65 + 5.34 
-49.13 5 4.61 
-44.64 + 3.24 
-50.88 + 6.60 
-42.80 5 6.72 

6.94 + 6.87 -27.76 t 4.07 
15.04 2 2.81 -62.62 2 2.58 
14.17 + 4.59 -34.00 2 I .73 
18.91 + 5.16 -36.86 + 3.84 

-2.20 + 3.02 -40.26 + 4.28 
-0.20 5 2.03 -39.17 + 5.99 

7.31 2 7.11 
11.46 5 2.09 
11.16 + 2.43 
18.49 5 5.49 

1.97 + 5.51 
0.07 5 2.01 

-16.77 + 5.48 
-31.77 I!I 4.03 
-30.66 + 6.52 
-15.17 2 5.15 
-20.85 2 3.22 
- 12.03 + 4.92 

43.32 5 6.30 
28.29 + 8.12 
26.40 + 4.56 
31.25 + 3.71 
32.00 IL 3.16 
36.80 + 14.37 

0.70 2 0.74 
5.83 5 3.94 
4.17 + 3.12 
0.74 5 1.01 

-2.74 + 1.52 
-1.00 + 0.80 

22.64 + 2.85 
16.86 iz 3.24 
16.00 + 2.83 
13.88 + 1.36 
20.00 + 1.41 
18.20 + 2.20 

Values are means + SD except n, which is number of sites. Site specific maximum gaze, eye, and head amplitudes and gaze and head latencies for 
18 stimulation sites. These 18 sites represent the range of movements produced across the rostro-caudal extent of the SC. Only data from trials in which 
stimulation occurred when the eyes were centered in the orbits are included. Gaze and head latencies are relative to stimulation onset. The head 
contribution to the gaze shift can be obtained by subtracting eye amplitude from gaze amplitude. Similarly, head latency relative to gaze onset is the 
difference between head latency (re: stimulation onset) and gaze latency (re: stimulation onset). 

s and stimulation duration had to be increased (Fig. 4B) to 
allow the movements to be completed. 

At a different stimulation site (Fig. 4, C and D), it was 
not possible to elicit maximal amplitude gaze shifts using 
stimulation frequencies of 250 or 125 Hz. The failure to do 
so was due, in part, to the effect of movement latency on 
the amplitude of evoked gaze shifts (see below). Effects 
of stimulation frequency on gaze velocity similar to those 
illustrated in Fig. 4 were observed at every site at which 
frequency was systematically varied (~2 = 33) (see also 
T. R. Stanford, E. G. Freedman, and D. L. Sparks, unpub- 
lished observations). Maximal amplitude movements were 
produced at each frequency tested for 21 of these 33 sites 
(64%) ; the remaining sites were similar to the one illustrated 
in Fig. 4C. 

The latency of stimulation-induced movements was vari- 
able when the frequency of stimulation was low (e.g., 125 
Hz). With a fixed train duration, variations in movement 
latency resulted in variability in the amplitude of the evoked 
gaze shifts. Increased movement latency reduced the time 
between movement onset and stimulation train offset. As a 
consequence of this reduction and the truncation of gaze 
shifts associated with short train durations, gaze amplitude 
was reduced when movement latency increased. Figure 5A 
illustrates four movements, aligned on stimulation onset, 
elicited using 125-Hz (250 ms) stimulation trains. Variations 
in movement latency ( 164-244 ms) were associated with 
movement amplitudes that varied from 24 to 4 deg. The 
overall relationship between gaze latency and gaze ampli- 
tude for one site ( 125-Hz, 250-ms trains) is illustrated in Fig. 
5B. As movement latency increased, movement amplitude 
decreased. When 500-Hz stimulation trains were used at the 
same site, there was little variability in movement latency 
( 18 t 3.1 ms, mean t SD; n = 35) and correspondingly 
little variability in gaze amplitude (37 t 2.4 deg). 

Figure 4, A and C, illustrates the effects of stimulation 
frequency on the relationship between peak velocity and 
amplitude for stimulation-induced gaze shifts. Movements 
elicited using 500-Hz stimulation trains were similar to visu- 
ally guided movements (see below), whereas those elicited 
using 125 Hz had very different properties. The velocity 
(Fig. 5C) and position (Fig. 5 D) traces of two movements 
produced using identical stimulation parameters ( 125 Hz 
and 150 ms) illustrate this point. The larger movement has 
a pronounced deceleration and subsequent reacceleration, 
which were not characteristic of normal visually guided 
movements of this amplitude or of stimulation-induced 
movements using higher stimulation frequencies. The 
smaller movement had the same latency as the larger move- 
ment but ended before the end of the stimulation train and 
before the site-specific maximal movement was achieved. 
The failure, at some sites, to evoke maximal movements 
using low-frequency stimulation was due, at least in part, to 
the effects of movement latency on movement amplitude 
and on the premature cessation of movements as shown in 
Fig. 50. 

Stimulation intensity. In the present experiments, we 
systematically varied the duration and frequency of the 
stimulation train. For comparison at several sites (n = 7), 
the current intensity was varied while holding frequency 
constant. Figure 6A shows the effects of varying stimula- 
tion current at a representative site. Stimulation at each 
current intensity produced the same maximal amplitude 
movement. Because peak gaze velocity was lower during 
maximal movements elicited using lower current levels 
(Fig. 6B), stimulation duration had to be increased to 
permit the full expression of the site specific movement 
(Fig. 6A). Thus higher stimulation intensities evoked 
gaze shifts with higher peak velocities without altering 
the maximal amplitude. 



ROLE OF THE MONKEY SC IN PRODUCTION OF GAZE SHIFI’S 

GAZE HEAD 

B 40 

20 

loo 200 300 400 500 

TIME (ms) 

C loo 200 300 400 500 

TIME (ms) 
- 
8p 

40 

3 20 100 ms . 
8 0 
f: -20 

8 -40 z -60 P 

loo 200 300 400 500 

TIME (ms) 

100 200 300 400 500 100 200 300 400 500 
TIME (ms) TIME (ms) 

c 
I‘ - 30. 

8P 
3 20 30 ms 

H 
loo 200 300 400 500 

TIME (ms) 
- 
t? 

30 

3 20 1OOms 
’ 8 10 

k 0 

8 -10 
x -20 4 

loo 200 300 400 500 

T  TIME (ms) 

933 

100 200 300 400 500 100 200 300 400 500 

TIME (ms) TIME (ms) 

FIG. 2. Horizontal gaze (A-E) and associated head (F-J) movements produced by stimulating at a single site with 
different train durations. Stimulation onset (left arrow) and offset (right arrow) are marked in each plot. Stimulation durations, 
30 ms (A and F) , 50 ms (B and G) , 100 ms ( C and H) , 150 ms (D and I), and 200 ms (E and J) . Stimulation frequency 
(500 Hz) and intensity (50 pA) were fixed. Downward (negative) deflection indicates leftward movements. 

HEAD. Variations in the parameters of stimulation affected (20-300 ms) that evoked single gaze shifts (durations that 
not only the amplitude and velocity of gaze shifts, but also elicited multiple gaze shifts as in Fig. 2J were excluded), 
influenced the amplitude and velocity of the head component the head continued to move for the duration of the stimula- 
of the gaze shift. Figure 2 (F-J) illustrates single trials in tion train (Fig. 7B), even after the site-specific maximal 
which the amplitude of the head movement increased as the gaze shift had been accomplished (Fig. 7A). Head amplitude 
duration of the stimulation train increased. The effects of (Fig. 7B) and duration (Fig. 7 D) were related linearly to 
systematic variations in stimulation duration at a single site stimulation duration. Thus total head movement amplitude 
are illustrated on Fig. 7. For the range of train durations increased linearly with stimulation duration but the head 
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FIG. 3. Effects of stimulation duration on gaze amplitude for 3 different 
stimulation sites. Maximum amplitudes are 12 deg (A ) , 35 deg (II), and 
48 deg (C). Symbols represent means + SD for each stimulation duration. 
Total number of trials in A-C was 90, 43, and 54, respectively. 

contribution to the gaze shift remained constant (Fig. 7G) 
for stimulation durations > 150 ms (the minimum duration 
that evoked a maximal amplitude gaze shift). The additional 
movement of the head produced by the longer-duration stim- 
ulation trains occurred after the gaze shifts were completed 
and did not affect the head contribution to the gaze shift 
because of compensatory counterrotation of the eyes. The 
effects of stimulation parameters upon the head amplitude 
and head contribution illustrated in Fig. 7 were typical of 
the results obtained at the 14 additional sites at which compa- 

rable experiments were performed. Table 2 summarizes the 
results for these 14 sites. 

The head contribution to gaze shifts did not depend on 
the frequency of stimulation. In Fig. 7E, the relationship 
between head contribution and gaze amplitude is illustrated 
during movements produced by stimulation at three different 
frequencies. The head contributed - 10 deg to a 45deg gaze 
shift whether this gaze shift had a high velocity (produced 
using a 500-Hz train) or lower velocity (produced using a 
200-Hz train). To contribute the same 10 deg during the 
45deg gaze shifts of different durations, head velocity had 
to be influenced by stimulation frequency. Over the range 
of frequencies tested at this site ( 150-500 Hz), a linear 
relationship between head velocity and stimulation fre- 
quency was observed for amplitude-matched head move- 
ments (Fig. 7F). The effect of stimulation frequency on 
head velocity was less pronounced than the effect on gaze 
velocity (see Fig. 4). Comparable analyses were performed 
at 12 sites where at least three different stimulation frequen- 
cies were used and stimulation elicited gaze shifts with sig- 
nificant head contributions. Significant correlations between 
stimulation frequency and head velocity were observed at 
all sites. Correlation coefficients for all sites were >0.60, 
and slopes of the lines of best fit ranged from 0.09 to 0.21. 

Comparison of stimulation-induced and visually guided 
gaze shifts 

Although we made no effort to manipulate the frequency 
of stimulation so that the velocity of stimulation-induced 
movements would match exactly the velocity of visually 
guided movements, the nonlinear relationships between peak 
gaze velocity and gaze amplitude were strikingly similar. In 
Fig. 8A, the relationships between peak velocity and ampli- 
tude for stimulation-induced gaze shifts (0) are superim- 
posed on the relationship observed dui-ing visually guided 
gaze shifts ( n ; data from the same subject). The data for 
the stimulation-induced movements were obtained by stimu- 
lation of three different sites using a frequency of 500 Hz 
and a range of train durations. For both visually guided and 
stimulation-induced movements, gaze velocity increased for 
amplitudes from 0 to -25 deg and then saturated. The linear 
relationships between gaze duration and gaze amplitude for 
stimulation-induced (0) and visually guided ( E ) move- 
ments were also similar (Fig. 8B). As gaze movement am- 
plitude increased, the duration of head movements increased 
and then saturated (Fig. 8 D; although, see Fig. 7 and discus- 
sion of the relationship between stimulation duration and 
head movement duration below), while the peak velocity 
increased linearly with increasing gaze amplitude (Fig. SC). 
The relationship between head peak velocity and gaze ampli- 
tude was linear whereas the relationship between gaze peak 
velocity and gaze amplitude was nonlinear (Fig. 8, A and 
C); the reverse was seen for the relationships between dura- 
tion and amplitude for gaze shifts and the associated head 
movements (Fig. 8, B and 0). The data plotted in Fig. 8 
were selected because, for the stimulation sites in this subject 
that evoked large amplitude gaze shifts with comparable 
vertical components, stimulation at these three sites pro- 
duced the highest, lowest, and median peak gaze velocities. 

As illustrated in Fig. 8 (see also Figs. 3 and 4), systematic 
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FIG. 4. Effects of stimulation frequency on relationship between gaze peak velocity and gaze amplitude for movements 
produced by SC stimulation at 2 different sites (A and C) . Frequencies of stimulation are 500 Hz (0) , 250 Hz ( l ) , and 
125 Hz (A). Relationship between gaze amplitude and stimulation duration for the movements shown in A and C are 
illustrated in B and D, respectively. Means + SD are plotted. Duration of stimulation train was varied to produce the range 
of movement amplitudes at each site and at each frequency. Stimulation current was not changed (50 PA). Note that scales 
of ordinates are different. 

variations in the duration of the stimulation train delivered 
at a single collicular site produced gaze shifts and head 
movements with a wide range of amplitudes. The duration 
and velocity of all the movements produced by altering the 
stimulation duration at a particular site (using 500 Hz) were 
similar to the duration and velocity of amplitude-matched 
visually guided movements. The similarities were evident 
even though the different amplitude movements that result 
from stimulation were produced by activation of a single 
collicular site, whereas visually guided gaze shifts of differ- 
ent amplitudes are associated with activity at different loca- 
tions across the collicular map (see DISCUSSION). Truncated 
movements elicited by short train durations (at 500 Hz) 
at relatively caudal sites were almost identical to maximal 

amplitude movements of the same amplitudes produced from 
more rostra1 sites. This facilitated comparison of visually 
guided and stimulation-induced gaze shifts because a range 
of stimulation-induced gaze shifts could be produced from 
a single site. 

The total head movement amplitude produced by collicu- 
lar stimulation was related to the amplitude of the evoked 
gaze shift. The relationship between total head amplitude 
and gaze amplitude for stimulation-induced gaze shifts is 
shown in Fig. 9, A (monkey T) and 23 (monkey S), and for 
gaze shifts to visual targets [Fig. 9, D (monkey T) and E 
(monkey S)] . Data from five stimulation sites in each subject 
are pooled in Fig. 9, A and B. These sites illustrate a range of 
gaze amplitudes and were matched for movement direction 
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FIG. 5. A : 4 individual movements produced by stimulation at 125 Hz. Traces are aligned on stimulation onset (not 
shown). Stimulation offset is (t ). Numbers above traces indicate latency to gaze onset for each movement. B: relationship 
between gaze latency and gaze amplitude for 125Hz stimulation trains (stimulation duration = 200 ms) . For 1 stimulation 
site means and standard deviations are plotted. Velocity ( C) and position (0) for 2 different stimulation-induced gaze shifts 
are shown to emphasize altered dynamic properties of movements produced using low-frequency stimulation ( 125 Hz, 50 
,wA, 200 ms; see text for details). 
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(within t 15 deg of horizontal; see below) ; only trials in 
which the eyes were centered in the orbits at stimulation 
onset were included ( see below). The head moved very little 
for gaze shifts <20 deg during either stimulation-induced 
or visually guided gaze shifts. For larger gaze shifts, total 
head movement amplitude increased linearly with increasing 
gaze amplitude. The head contribution to gaze shifts pro- 
duced by stimulation (Fig. 9C) and during visually guided 
(Fig. 9F) gaze shifts is plotted as a function of gaze ampli- 
tude for comparison. The head contributed to gaze shifts 
with amplitudes greater than -25-30 deg. Although head 
movements occurred during smaller gaze shifts, the head 
movement often began after the gaze shift was completed 
and did not contribute to the shift in gaze. 

The head contribution to visually guided gaze shifts de- 
pended upon the direction of the gaze shift. Figure 10 plots 
the head contribution to gaze shifts of different directions 
(horizontal in A; 30 deg in B, and 70 deg in C) . Both the 
gaze amplitude at which the head began to contribute and 
the slope of the head contribution function depended on the 
direction of movement. The head contribution decreased as 
the gaze shift became more vertical. The head made a smaller 

contribution to the vertical component of the gaze shift than 
to a comparable horizontal component, as illustrated for 
movements directed 45 deg above the horizontal meridian 
that require equal amplitude horizontal and vertical compo- 
nents (Fig. 100). This is also the case for stimulation- 
induced movements directed 45 deg above the horizontal 
meridian (Fig. 10E). The slope of the head contribution 
function was greater for the horizontal component of the 
movements than for the vertical component. The difference 
in the intercepts of the plots in Fig. 10, D and E, does 
not represent a fundamental difference between stimulation- 
induced and visually guided gaze shifts but occurs because 
of an effect of the position of the eyes at the time of stimula- 
tion. For the small number of stimulation sites in our sample 
that produced gaze shifts with a direction of -45 deg, re- 
quired for this analysis (n = 4), the stimulation-induced 
gaze shifts did not begin with the eyes centered in the orbits. 
In Fig. IOE, the eyes began deviated in the direction of the 
impending gaze shift and consequently the head contribution 
during these stimulation-induced movements was greater 
than for visually guided movements beginning with the eyes 
centered (Fig. 10 D) . In general, the head contribution to 
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gaze amplitude and velocity. A : amplitude of gaze shifts produced by stimu- 
lation at a single site using 4 different current levels: 10 PA (0; n at this 
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means + SD. 

the vertical component of stimulation-induced gaze shifts 
was comparable with the vertical head contribution to visu- 
ally guided gaze shifts made in the same direction. 

Effects of initial eye position 

Figure 11 (A-D) shows the relationship between hori- 
zontal head contribution and horizontal gaze amplitude when 
stimulation occurred with the eyes in different initial hori- 

zontal positions. The gaze amplitude at which the head began 
to contribute to the gaze shift decreased when the eyes were 
deviated in the direction of the ensuing stimulation-induced 
movement. Similarly, the head contribution to gaze shifts 
of a particular amplitude increased when the eyes began 
ipsilateral to the gaze shift and decreased as the eyes began 
in less eccentric positions (compare Fig. 11, A-C). When 
the eyes were deviated in the opposite direction (contralat- 
era1 to the movement; Fig. 11 D), the head contribution was 
further reduced. With different initial eye positions, the head 
contribution to a 30-deg gaze shift varied from 0 to 20 deg 
(Fig. 11 E). The eye component of these gaze shifts varied 
from 30 to 10 deg (Fig. 11 F) to maintain the constant 30- 
deg gaze amplitude (Fig. 11G). The range of initial eye 
positions and the amplitude of evoked head movements were 
large enough to explicitly test the effect of eye position 
on head contribution at 19 stimulation sites. The general 
relationships illustrated in Fig. 11 were observed at every 
site. 

Using a single stimulation frequency and with the eyes 
centered in the orbits, the mean latency from stimulation 
onset to gaze onset was 20.09 t 1.35 ms for the site illus- 
trated in Fig. 12A and the mean latency to head movement 
onset was 33.60 t 5.42 ms. With the eyes centered in the 
orbits, the onset of the head movement followed gaze onset 
by 13 ms over the range of movement amplitudes elicited 
by changing stimulation train duration at this site (Fig. 12B). 
However, the latency of the head relative to gaze onset de- 
pended upon initial eye position (Fig. 12C). If stimulation 
occurred when the eyes were deviated in the direction of the 
stimulation-induced movement (ipsilateral to the move- 
ment), head latency was reduced to 4 ms. Head onset was 
delayed relative to gaze onset when the eyes were deviated 
in the opposite direction. A comparable relationship between 
initial eye position and the relative timing of the eyes and 
head during stimulation-induced gaze shifts was observed at 
all (n = 19) stimulation sites at which large head movements 
were evoked when the eyes were in different initial positions. 

We stimulated at 19 different sites when the head was 
both restrained and unrestrained while varying the initial 
eye/gaze positions. For three different stimulation sites, Fig. 
13 (A-C) shows the average initial (0) and average final 
( n ) gaze positions of movements produced by collicular 
stimulation in the head-unrestrained monkey. Stimulation- 
induced gaze shifts starting from different initial positions 
had similar, but not identical, amplitudes and directions 
when the head was unrestrained. Note that the eyes were 
not centered in the orbits at the beginning of most of these 
gaze shifts (Fig. 13, D-F). For example, in Fig. 13A, some 
gaze shifts began with an initial gaze position of 20 deg up, 
an initial position accomplished by a 20-deg upward rotation 
of the eyes in the orbits (Fig. 13 D), and no vertical displace- 
ment of the head (not shown). 

The amplitude and direction of eye movements that oc- 
curred during the gaze shifts illustrated in Fig. 13, A-C, 
depended on the initial eye position (Fig. 13, D-F). The 
eyes were driven to orbital positions that depended on the 
location of the stimulating electrode ( - 10 deg left and -25 
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FIG. 7. A-D: effects of stimulation duration on gaze and head amplitude and duration for movements produced by 
stimulation at a single site (eyes centered) with a frequency of 500 Hz and current level 50 /IA. Correlation coefficients and 
slopes of lines of best fit are given in B and D. E: head contribution to gaze shifts produced using 3 different stimulation 
frequencies: 200 Hz (H), 300 Hz (A), and 500 Hz (0). Range of gaze amplitudes produced by stimulation at this site was 
obtained by varying stimulation train duration. F: effect of stimulation frequency on average head velocity during constant 
amplitude head movements for 4 different stimulation frequencies ( 150, 300, 400, and 500 Hz; stimulation current = 50 
,wA, duration = 250 ms) . G: head contribution ( n ) and total head movement amplitude ( l ) as a function of stimulation 
duration (stimulation frequency = 500 Hz, current = 50 PA). Error bars in E-G show means 5 SD. 
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TABLE 2. The relationship between stimulation train duration 
and head movement amplitude and duration 

Site n 
Head Duration vs. 

Stimulation Duration 
Head Amplitude vs. 
Stimu lation Duration 

T6 
T7 
T17 
T20 
T21 
T22 
T26 
s2 
s3 
S6 
s9 
s17 
s20 
s22 

77 
99 
77 
89 
60 

191 
37 
44 
63 
35 

208 
35 

100, 
36 

Y = 0.82, Slope = 1.30 
r = 0.91, Slope = 1.17 
I- = 0.92, Slope = 0.95 
F = = 0.93, 0.97, Slope 

Slope 
= = 0.91 1 .Ol 

r = 0.93, Slope = 0.87 
r = 0.75, Slope = 0.97 
r = 0.86, Slope = 0.99 
r = 0.87, Slope = 0.90 
r = 0.66, Slope = 0.90 
r = 0.85, Slope = 1.31 
r = 0.76, Slope = 0.85 
r = 0.82, Slope = 0.85 
r = 0.83, Slope = 1.02 

r = 0.90, Slope = 0.11 

: = = 0.91, 0.86, Slope Slope = = 0.10 0.06 
r = 0.89, Slope = 0.09 
r = 0.79, Slope = 0.06 

: = = 0.79, 0.80, Slope Slope = = 0.09 0.09 
r = 0.91, Slope = 0.07 
r = 0.73, Slope = 0.08 
r = 0.87, Slope = 0.30 

: = = 0.92, 0.78, Slope Slope = = 0.15 0.11 
r = 0.82, Slope = 0.08 
r = 0.82, Slope = 0.05 

Regression analysis of head duration on stimulation duration and head 
amplitude on stimulation duration. At 15 sites the head amplitude was 
sufficiently large and the range of stimulation durations tested were suffi- 
cient to carry out the regression analysis shown in the table (data from 14 
sites are shown in the table, data from the 15th site is provided in Fig. 7). 
Slopes and correlation coefficients are provided for both analyses for each 
site. 

deg up in Fig. 130; -25 deg left and -8 deg up in Fig. 
13 E; and -30 deg left and slightly down in Fig. 13 F) . 
Comparison of the gaze shifts in Fig. 13, A-C, with the eye 
components of those gaze shifts in Fig. 13, D-F, shows 
that the direction of stimulation-induced gaze shifts and the 
direction of the eye component of the same gaze shifts were 
not identical. For example, when the initial gaze position 
was 20 deg left ( -20 deg; Fig. 13A), the direction of the 
stimulation-induced gaze shifts was -60 deg above the hori- 
zontal meridian whereas the direction of the eye components 
of these gaze shifts was -95 deg (eye movements beginning 
- 13 deg left in Fig. 13 0). For the eye component of these 
oblique gaze shifts to be essentially vertical, the head had 
to contribute all of the horizontal component. Thus the direc- 
tions of the eye and head components were not the same, 
and neither the eye nor head components were in the same 
direction as the evoked gaze shift. This dissociation between 
the direction of gaze, head, and eye movements was ob- 
served at all 19 sites. Related differences in eye and head 
trajectories have been reported during visually guided move- 
ments (Glenn and Vilis 1992; Tweed et al. 1995). 

The orbital positions of the eyes at the end of the stimula- 
tion-induced movements were similar, regardless of whether 
the head was restrained (Fig. 13, G-I) or unrestrained (Fig. 
13, D-F) . Because the range of initial eye positions was 
greater when the head was restrained, the effects of initial 
eye position on the amplitude and direction of evoked move- 
ments were even more apparent, and ipsiversive movements 
occurred when the initial eye eccentricity was beyond this 
orbital region (shown in Fig. 13, G and H) . The effects 
illustrated in Fig. 13, G-I, were quite similar to the effects 
of stimulation in the caudal SC of the cat (e.g., Guitton et 
al. 1980; McIlwain 1986; Pare et al. 1994; Roucoux et al. 
1980). As in the cat, “goal directed” movements elicited 
when the monkey’s head was restrained occurred at sites 

that elicited combined eye-head movements when the head 
was unrestrained. 

As illustrated in Fig. 13 (G-l), when the head was re- 
strained, the endpoints of stimulation-induced movements 
were clustered in a particular region of the orbits. The extent 
to which eye movements were “goal directed” was reflected 
in the slope of the linear relationship between initial hori- 
zontal and vertical positions and the amplitude of these com- 
ponents. If movements were perfectly goal directed (i.e., 
the end points of all stimulation-induced movements were 
identical), the slopes of both lines of best fit would be - 1. If 
stimulation-induced eye movements with the head restrained 
were fixed vector movements, the slopes of both lines would 
be 0. Figure 14 illustrates, for a single stimulation site, the 
dependence of horizontal (Fig. 14A) and vertical (Fig. 14E) 
eye amplitude on the initial horizontal and vertical position 
of the eyes in the orbits when the head was restrained. The 
linear relationships (slope for horizontal = -0.83, slope for 
vertical = -0.66) demonstrate this dependence. The ampli- 
tude of the horizontal and vertical eye movements evoked 
when the head was unrestrained also depended upon initial 
horizontal (Fig. 14B) and initial vertical (Fig. 14F) eye 
position (slope for horizontal = -0.85, slope for vertical = 
-0.67). For the horizontal component, the effect of initial 
eye position on eye movement amplitude was counterbal- 
anced by the inverse effect of horizontal eye position on 
the horizontal head amplitude (Fig. 14C). Consequently, 
horizontal gaze amplitude was relatively unaffected by initial 
horizontal eye position (Fig. 140). In contrast, the vertical 
head movement (Fig. 14G) was not sufficiently affected by 
initial vertical eye position to balance the effects of eye 
position on the vertical eye component (Fig. 14F). The 
result was stimulation-induced gaze shifts with vertical am- 
plitudes that depended upon initial vertical eye position (Fig. 
14H). This effect is also illustrated in Fig. 13B in which 
the horizontal components are relatively constant, but the 
vertical gaze components depended on initial eye position. 
Similar effects of eye position were observed at all 19 stimu- 
lation sites for which these analyses could be performed. A 
final determination of the extent to which the amplitude and 
direction of stimulation-induced gaze shifts depend on initial 
gaze position (or the extent to which gaze shifts are indepen- 
dent of initial position) can only be made if the initial gaze 
positions are varied without coincident variations in initial 
eye position; a condition that our current paradigm, and that 
of Segraves and Goldberg ( 1992), did not satisfy. Nonethe- 
less, stimulation-induced gaze shifts elicited from different 
initial horizontal positions have similar vectors, unlike the 
vectors of the eye components of these gaze shifts. 

DISCUSSION 

Microstimulation studies in a number of nonprimate spe- 
cies have established an important role for the SC in the 
coordination of the eyes, head, and body during orienting 
movements. The degree to which the primate SC is involved 
in this function has been questioned (see INTRODUCTION) 

based on both microstimulation (Stryker and Schiller 1975) 
and single-unit recording (Robinson and Jarvis 1974). To 
determine whether the results observed in monkeys and non- 
primates might be accounted for by methodological differ- 
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FIG. 8. Relationship between gaze amplitude and peak velocity for gaze (A ) and head ( C) movements and relationships 
between movement duration and (gaze, B ; head, D) and movement amplitude. Data from visually guided trials ( n ) are 
superimposed on data from stimulation-induced movements for 3 different stimulation sites ( 0). Variations in gaze and head 
amplitudes at any particular site are produced by varying duration of stimulation train. Note different ordinate scales. 
Stimulation frequency = 500 Hz, current level = 50 PA for all stimulation-induced movements in this figure. Means 2 SD. 

ences, rather than species differences, we systematically var- implications of these findings for models of the gaze control 
ied the site and parameters of stimulation in rhesus monkeys system. 
free to move their heads. We found that stimulation of caudal 
regions of the SC produced gaze shifts involving coordinated 
movements of the eyes and head that were remarkably simi- 

Major @dings 

lar to normal visually guided gaze shifts and qualitatively The amplitude of the gaze shift produced by collicular 
similar to the orienting movements produced by stimulation stimulation depends upon the site of stimulation and upon 
of the SC (or optic tectum) in nonprimates. the duration of the stimulation train. The site of stimulation 

In the following sections, we summarize our major find- specifies the maximal amplitude of the stimulation-induced 
ings and compare these results with those obtained in experi- movement (see Nichols and Sparks 1995, for conditions that 
ments using nonprimate subjects; try to reconcile these data can result in stimulation-induced movements which exceed 
with the results of previous studies of SC stimulation in the maximal amplitude determined by the site of collicular 
rhesus monkeys; interpret our findings as support for the stimulation). However, movements smaller than the maxi- 
hypothesis that neurons in the monkey SC generate a signal ma1 amplitude will occur if the stimulation train terminates 
of desired gaze displacement, rather than separate signals of prematurely. Thus there is a high correlation between gaze 
the desired displacement of eyes and head; and discuss the duration and stimulation duration until the maximal move- 
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FIG. 9. Total head movement amplitude as a function of gaze amplitude during stimulation-induced (A and 23) and 
visually guided (D and E) gaze shifts, from monkey T (A and D) and monkey S (B and E). Data shown consist of trials in 
which head and gaze were aligned initially (within 10 deg) and movement direction was within 10 deg of horizontal. C and 
F represent same trials shown in B and E, respectively, but plot head contribution (that portion of head movement that 
occurs during gaze shift) as a function of gaze amplitude. Line of best fit is calculated for trials in which head movement 
was >2 deg. Slopes and correlation coefficients are given to facilitate comparisons between stimulation-induced and visually 
guided movements. n = number of points used to fit regression line (head amplitude >2 deg) out of total number points 
plotted. Range of gaze amplitudes shown in A-C is a result of varying stimulation duration at each site of stimulation 
(frequency = 500 Hz, current = 50 PA ) . Data in A and B are pooled from 10 different sites ( 5 sites from each monkey ) . 

ment is attained; thereafter, further increases in the stimula- 
tion duration affect neither the amplitude nor the duration 
of the evoked gaze shift. Similar correlations between stimu- 
lation duration and movement amplitude and duration have 
been described during stimulation of the SC in the cat (Guit- 
ton et al. 1980; Pare et al 1994), in the rabbit (Schaefer 
1970)) in the rodent (Ellard and Goodale 1986; King et al. 
199 1) , and during stimulation of the optic tectum in the 
barn owl (du Lac and Knudsen 1990). The observation 
that movements of all amplitudes (up to and including the 
site specific maximal movement amplitude) can be produced 
by stimulating a single collicular site is, perhaps, an unex- 
pected finding. It is especially surprising because the param- 
eters (e.g., peak velocity, duration, ratio of eye/head contri- 
bution to the gaze shift) of this range of stimulation-induced 
gaze shifts produced from a single collicular site are remark- 

ably similar to those of amplitude-matched visually guided 
movements. As illustrated in Fig. 8 (A and B), stimulation 
of caudal sites that produce maximal movements of -4O- 
50 deg, may elicit lo-deg movements when short train dura- 
tions are used. This IO-deg movement has a similar peak 
velocity and duration as a lo-deg visually guided movement 
normally associated with neural activity at a more rostra1 
site, and it is also similar to a lo-deg maximal movement 
evoked by stimulation at a more rostra1 site. This implies 
that collicular activity at any site initially drives gaze along 
a similar amplitude/velocity curve. This finding should be 
considered in future modeling of the gaze control system. 

The frequency and intensity of stimulation influence gaze 
velocity without necessarily affecting the specification of the 
maximal gaze amplitude. Similar results have been demon- 
strated in other species (du Lac and Knudsen 1990; Guitton 
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et al. 1980; King et al. 199 1) and in head-restrained monkeys 
(Standford et al. 1993). Thus the specification of movement 
amplitude and direction can be dissociated from movement 
velocity at the level of the SC. The gaze displacement speci- 
fied by the locus of collicular activity is reached rapidly if 
the level of activity is high (high stimulation frequency or 
high current level) but slowly if the level of activity is low 
(low frequency or current, or after local inactivation) (Hiko- 
saka and Wurtz 1985; Lee et al. 1988). In general, despite 
the slow movements associated with low-frequency stimula- 
tion or low current levels, the site-specific maximal gaze 
displacement will be accomplished if the stimulation dura- 
tion is extended. However, using low-frequency stimulation 
trains (e.g., 125 Hz) the effects of movement latency on 
movement amplitude, the altered dynamic properties of stim- 
ulation-induced gaze shifts, and the premature termination 
of stimulation-induced gaze shifts (before the maximal am- 
plitude is accomplished and before the end of the stimulation 
train) can prevent the production of the maximal movement 
amplitude at some sites (see Fig. 5 ) . These findings could 

guided (D) and stimulation-induced (E) 
gaze shifts along a 45deg trajectory. 
Means 2 SD (error bars) are shown. 

be a result of a failure to fully suppress the activity of omni- 
pause neurons (OPNs) in the reticular formation when the 
level of collicular activity is low. 

With long stimulation trains, gaze shifts may end before 
the trains end. Presumably, under these conditions, gaze 
shifts end because the stimulation-induced movements that 
have been evoked match the signal of desired gaze displace- 
ment derived from the locus of collicular activity. However, 
sustained collicular stimulation continues to drive the head 
even after the gaze shift has ended, resulting in a linear 
relationship between stimulation duration and head move- 
ment amplitude and duration (Fig. 7) (see also du Lac and 
Knudsen 1990). Long stimulation trains producing sustained 
head movements do not produce corresponding increments 
in the amplitude of the gaze shift after the maximal ampli- 
tude is attained, because of VOR compensation. Therefore, 
the relationship between stimulation duration and head con- 
tribution is nonlinear. This can result in head movements 
that are ‘ ‘inappropriately’ ’ large for the associated gaze shift 
amplitude. For example, with a 250-ms train duration, the 
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FIG. 11. Effects of initial eye position on head contribution to stimulation-induced gaze shifts (A-D). Trials were grouped 
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Regression lines are fit for trials in which head amplitude exceeds 2 deg (n = number used for regression calculation out 
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amplitude (G) stimulation-induced gaze shifts (same site as in A-D). Stimulation parameters were not altered: stimulation 
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total head movement produced by stimulating the site shown 
in Fig. 7G was 50% larger than the total head movement 
amplitude observed during amplitude-matched visually 
guided gaze shifts. 

The data in Fig. 7 and Table 2 consist of head movements 
elicited by stimulation durations that produced single gaze 
shifts. Longer train durations can elicit multiple gaze shifts 
(see Fig. 2E), but the interpretation of sustained head move- 
ments associated with multiple gaze shifts is ambiguous and 
so were excluded from this analysis. The ambiguity stems 
from the inability to distinguish between alternative hypothe- 
ses describing what appears to be a single head movement 

associated with multiple gaze shifts (compare Fig. 2, E and 
J) . This “single head movement” could result from a single 
head movement command issued by a head controller, which 
is separate from the controller driving the multiple gaze 
shifts. Alternatively, the single head movement could result 
from multiple commands issued by a common gaze control- 
ler but appear to be a single movement because of head 
plant characteristics (i.e., high inertia). Further discussion 
of the implications of these data appears below, 

Stimulation of a particular site using constant stimulation 
parameters produces gaze shifts having relatively constant 
amplitudes and directions. However, the constancy of gaze 
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amplitude and direction does not depend upon a particular 
eye movement being coupled with a particular head move- 
ment. Rather, stimulation-induced gaze shifts of similar di- 
rections and amplitudes can be accomplished with many 
combinations of eye and head components, depending on 
the initial positions of the eyes in the orbits. For example, 

if the eyes are deviated in the direction of the impending 
gaze shift (ipsilaterally ) collicular stimulation may produce 
a 30-deg gaze shift that is accomplished with a combined 
eye-head movement in which the head contributes 20 deg 
of the total 30-deg movement. If the eyes are deviated contra- 
laterally, identical stimulation at the same site, can produce 
a 30-deg gaze shift that is accomplished with a 30-deg move- 
ment of the eyes and no head contribution. These data sug- 
gest that signals of the positions of the eyes in the orbits 
separately influence the eye and head commands so that the 
eye and head contributions to constant amplitude gaze shifts 
are related inversely. Furthermore, the influence of initial eye 
position on eye and head movements must occur downstream 
from the colliculus because the site of collicular activation 
is constant. The relative contributions of eyes and head also 
depend on the direction of the gaze shift during both visually 
guided and stimulation-induced gaze shifts (see Fig. 10); 
the head contributes less and the eyes more to gaze shifts as 
the vertical amplitude increases. The horizontal and vertical 
commands to the eyes and head need to be adjusted sepa- 
rately as the directions of gaze shifts change. 

During gaze shifts produced by SC stimulation in the 
head-unrestrained monkey, the eyes are driven to regions of 
the orbits that depend on the locus of stimulation. When the 
head is restrained, stimulation of the same sites produces 
movements of the eyes toward similar regions of the orbits. 
Similar results were obtained with collicular stimulation in 
cats (Hyde and Eason 1959; Hyde and Eliasson 1957; Guit- 
ton et al. 1980; McIlwain 1986, 1990; Pare et al. 1994; 
Roucoux and Crommelinck 1976; Roucoux et al. 1980; 
Straschill and Reiger 1973). Several hypotheses have been 
formulated to account for these ‘ ‘goal-directed’ ’ movements, 
which can include ipsiversive movements when the eyes 
begin in orbital positions that are more eccentric than the 
“goal.” Roucoux and colleagues (Roucoux et al. 1980) 
hypothesized that commands for saccades are generated in 
different coordinate frames depending on the rostro-caudal 
position of the electrode in the colliculus. Activity in rostra1 
regions produces commands to move the eyes in oculocentric 
coordinates (i.e., activity produces a fixed eye displacement 
regardless of initial eye position), whereas activity in caudal 
regions generates saccadic commands in craniocentric coor- 
dinates (i.e., activity specifies the final positions of the eyes 
relative to the head). This hypothesis predicts that caudal 
neurons should discharge in association with all movements 
that bring the eyes to a specific orbital region. As a result, 
‘ ‘movement fields’ ’ of caudal cells would include eye move- 
ments of any amplitude and direction with end points in the 
region of the orbital goal, including ipsiversive movements. 
Our recent physiological data are not consistent with this 
prediction. Motor-related cells in the caudal SC discharge 
maximally before and during gaze shifts with similar vectors 
(Freedman and Sparks 1994). 

A different hypothetical mechanism for producing goal- 
directed saccades has been proposed by Guitton and cowork- 
ers (Galiana and Guitton 1992; Guitton et al. 1990; Pare et 
al. 1994). In their models, goal-directed movements occur 
because of a neurally imposed eye position limit that is 
implemented before the collicular command reaches the 
burst generator which provides a velocity signal to the eye. 
It is not clear how the model would produce the ipsiversive 
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FIG. 13. Initial ( l ) and final ( n ) positions for stimulation-induced gaze shifts (A-C) from different initial positions. 
Each line segment connects average starting and average final positions from ~8 individual trials. Eye components of gaze 
shifts shown in (A-C) are shown in (D-F). At same 3 sites, stimulation when head is restrained produces the movements 
in G-Z. Largest SD for initial gaze positions (A-C) were less than + 1.9 deg, for initial eye positions (D-F), less than 
24.2 deg, and for initial eye positions (G-Z), less than -+ 1.8 deg. Largest SD for gaze final positions (A-C) less than t 8 
deg and >80% were less than 22.5 deg; in D-F SD for final positions were less than t5 deg, and in G-Z, they were less 
than k4.3 deg. Stimulation parameters for all 3 sites with head restrained and unrestrained were constant: duration 150 ms, 
frequency 500 Hz, current 50 PA. 

movements observed in the head-restrained cat (Guitton et 
al. 1980; McIlwain 1986, 1990; Pare et al. 1994) and mon- 
key (this report). Ipsiversive movements occur when the 
eyes begin in orbital positions that are more eccentric than 
the goal and, paradoxically, more eccentric than the neurally 
imposed eye position limit. Furthermore, the location of the 
goal depends on the site of stimulation (in Fig. 13H, the 
“limit’ ’ is -12 deg; in Fig. 131, the limit is -30 deg). 
According to the above hypothesis, the neurally imposed 
limit must change with different sites of collicular activity 
and, in the monkey, can be an eye position that is only 12 
deg from the center. 

We propose an alternative account of the goal-directed 
movements observed during stimulation in the head-re- 
strained monkey. We assume that the colliculus generates 

a signal of desired gaze displacement. Downstream from 
the colliculus an eye position signal is used to modify 
this gaze command to produce separate signals: one for 
controlling the eye component of the gaze shift and a 
different signal used to drive the head. Thus the input 
signal to the eye controller is a command to displace the 
eyes from the current orbital position toward the region 
of the orbital goal. This scheme has the advantage of 
allowing identical gaze displacement commands (issued 
by the SC) to produce eye movements with very different 
amplitudes and directions that depend on the initial posi- 
tion of the eyes in the orbits, and ipsiversive movements 
can result from eye positions that are more eccentric than 
the goal. 

The production of goal-directed eye movements in re- 



946 E. G. FREEDMAN, T. R. STANFORD, AND D. L. SPARKS 

A 20 1 EYE (Head Restrained) 

. 
g -30 

2 -40 

-50 

-40 -20 0 20 40 

INITIAL HOR. EYE POS. (de@ 

EYE (Head Unrestrained) 

INITIAL VER. EYE POS. (deg) 
B 20 

al 2o 
3 
k? 10 N=179 

R = -0.85 
Slope = -0.64 

-50 -30 I  I  I  1 1 

-40 -20 0 20 40 

INITIAL VER. EYE POS. (deg) 

1 HEAD 

-40 -20 0 20 40 

c 20 
INITIAL HOR. EYE POS. (de@ 

I 
HEAD 

G 10 

G 30 

c4 -40 

1 
-50 ; I I 1 1 -30 *I 

-40 -20 0 20 40 

D 0 
INITIAL HOR. EYE POS. (de@ 

1 GAZE 

-40 -20 0 20 40 

H 300 
INITIAL VER. EYE PO!% (deg) 

‘Eb 2o 43 N=179 

2; lo- 
R = -0.93 

a 
2 
2 o- 

: - 
2 

-lO- 

9 -20 - 

-30 I I I I 

-40 -20 0 20 40 

INITIAL VER. EYE POS. (deg) 

N=179 
R=-O21 

c4 -60 

1 
-70 I  

I  1 1 I  1 

-40 -20 0 20 40 

INITIAL HOR. EYE POS. (deg) 
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sponse to caudal SC stimulation when the head is restrained 
has further implications for models that rely on gaze feed- 
back for the control of movements (Guitton and Volle 1987; 
Guitton et al. 1990; Laurutis and Robinson 1986; Phillips et 
al. 1995; Roucoux et al. 1980; Tomlinson 1990). If the SC 
produces a gaze displacement command and movements are 
under gaze feedback control, then information about the head 
contribution to the gaze shift must be incorporated into the 
feedback signal. If vestibular signals were the exclusive 
source of this feedback, then gaze shifts produced by collicu- 
lar stimulation when the head is restrained should remain 
fixed vector gaze shifts. There is no vestibular contribution 
to the feedback signal when the head is restrained, and gaze 
error will not be 0 until the eyes have accomplished the 
desired gaze displacement. However, goal-directed move- 
ments are produced under these conditions suggesting that 
either there are alternate sources for the head component of 
the feedback signal that are unaffected by restraining the 
head (i.e., corollary discharge and/or neck muscle afferents) 
or the eye component of the gaze shift is not controlled by 
a gaze feedback controller. If, as we proposed above, the 
collicular signal of desired gaze displacement is translated 
into an eye displacement signal that specifies an orbital end 
point, goal-directed eye movements could result whether 
the head were restrained or unrestrained and whether head 
movement feedback were mediated by the canals or from 
other sources. 

According to this interpretation, the eye movements ob- 
served during head-restrained stimulation are the eye compo- 
nents of intended gaze shifts. This results in dissociations 
between the desired gaze displacement normally specified 
by a particular locus of collicular activity and the amplitude 
and direction of observed movements produced by collicular 
stimulation in head-restrained subjects. Thus the motor map 
of Robinson ( 1972), which was based upon microstimula- 
tion experiments in the head-restrained monkey, is a map of 
the eye component of gaze. Furthermore, the map is possibly 
distorted by the use of brief stimulation trains. An accurate 
description of “the motor map” of the superior colliculus 
awaits new microstimulation experiments in head-unre- 
strained subjects using stimulation parameters that elicit site 
specific maximal movements. 

Other collicular microstimulation studies in the head- 
unrestrained monkey 

Stryker and Schiller ( 1975 ) stimulated the SC of rhesus 
monkeys when the head was free to move in the horizontal 
plane. They observed stimulation-induced head movements 
in response to long-duration stimulation trains but only after 
a series of smaller eye-only movements had driven the eyes 
to an eccentric orbital position. These head movements had 
variable size and latency and had no clear electrical thresh- 
old. Thus the properties of evoked head movements, reported 
by Stryker and Schiller ( 1975 ) , were very different from 
those occurring during visually guided gaze shifts. More 
recently, Cowie and Robinson ( 1994) produced small head 
movements by collicular stimulation, but observed no sys- 
tematic relationships between the latency, amplitude, or peak 
velocity of eye and head movements. 

In contrast, and consistent with a brief report by Segraves 

and Goldberg ( 1992), we found that collicular stimulation 
can produce coordinated movements of the eyes and head. 
Stimulation-induced movements have properties similar to 
visually guided movements of comparable amplitude and 
direction: the head latency relative to gaze onset is short, 
consistent and depends on the initial position of the eyes in 
the orbits; the amplitude of the head movement is highly 
correlated with the amplitude of the gaze shift; the contribu- 
tion of the head to the overall gaze shift depends on the 
amplitude and direction of the gaze shift; and the initial 
positions of the eyes in the orbits have a marked effect upon 
the amplitude of the head and eye components of stimula- 
tion-induced movements. Additionally, both the amplitude 
and velocity of the eye and head components of the gaze 
shift are affected by changing the parameters of stimulation. 
The discrepancies between the findings of these several re- 
ports can be reconciled by considering three factors: the 
parameters of stimulation used to generate the gaze shifts; 
the location of the electrode within the collicular motor map; 
and the positions of the eyes in the orbits at stimulation 
onset. 

The head movements observed by Stryker and Schiller 
( 1975 ) were quite different from the high-velocity, short- 
latency head movements that are a component of large visu- 
ally guided gaze shifts. The small amplitude of the initial 
eye movement, the variability in head latency and amplitude, 
the dependence of the head movement upon the eccentricity 
of the eyes, the lack of a clear electrical threshold for produc- 
ing a head movement, and the lack of similarity between 
these evoked movements and visually guided gaze shifts are 
all consistent with stimulation in a relatively rostra1 region 
of the SC. We suggest that the data reported by Stryker and 
Schiller ( 1975) differ from the data we obtained because 
different locations within the motor map of the SC were 
stimulated in the two studies. 

Cowie and Robinson ( 1994) report no systematic relation- 
ship between the amplitude, velocity, or latency of the eye 
and head components of gaze shifts produced by collicular 
stimulation. These negative findings can be accounted for 
by considering the effects of train duration and initial eye 
position on stimulation-induced movements. For stimulation 
sites at which we were able to elicit high-velocity combined 
eye/head gaze shifts, if the train duration were reduced to 
40 ms, the resulting gaze shift was significantly reduced. 
Thus by exclusively using 40-ms stimulation trains, it is 
unlikely that Cowie and Robinson ( 1994) evoked the gaze 
shifts normally specified by collicular activity at caudal colli- 
cular sites. The variability in relative timing of the eyes and 
head and the variability in relative eye and head contribu- 
tions reported by Cowie and Robinson ( 1994) can be attrib- 
uted to the effects of initial eye position on these aspects of 
stimulation-induced gaze shifts. 

Evidence for a single collicular signal of desired gaze 
displacement 

Below, we consider four hypotheses related to the role of 
the SC in the generation of orienting movements: the SC 
only issues commands related to movements of the eyes 
relative to the head; the SC generates two separate com- 
mands, a command to move the eyes relative to the head 
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and a separate command to move the head; the SC sends a 
single gaze command to move the line of sight in space to 
a single gaze controller, which drives both the eyes and 
head; and the SC sends a single gaze-related command to 
separate eye and head controllers. 

EYE-ONLY HYPOTHESIS. The hypothesis that the SC only 
issues commands related to movements of the eyes relative 
to the head, derived from early experiments with monkeys, 
should be rejected. It is now clear that coordinated eye- 
head gaze shifts can be produced by collicular stimulation 
in primates (Segraves and Goldberg 1992; present report), 
and this has been well documented in other species (Dean 
et al. 1986; du Lac and Knudsen 1990; Ellard and Goodale 
1986; Ewert 1984; Hess et al. 1946; King et al. 1991; 
Northmore et al. 1988; Pare et al. 1994; Roucoux et al. 1980; 
Salas et al. 1994; Sahibzada et al. 1986; Schaefer 1970; 
Schapiro and Goodman 1969; Syka and Radil-Weiss 197 1) . 
Clearly, the SC plays some role in the generation of coordi- 
nated eye and head movements. 

SEPARATE CHANNEL HYPOTHESIS. Anatomic, microstimula- 
tion, and electrophysiological data have been interpreted as 
evidence that the SC generates two separate commands: a 
command of desired eye displacement and a command of 
desired head displacement. May and Porter ( 1992) identified 
two groups of neurons projecting in the predorsal bundle. 
The first has cells of origin in the upper portion of the stratum 
griseum intermediale (upper SGI) and projects to the para- 
medial pontine reticular formation, an area known to be 
involved in the production of saccades (for review, see Kel- 
ler 1980). The second group of cells originates in the lower 
SGI and projects to the lateral pontine reticular formation, 
an area containing cells that project to the cervical spinal 
cord (Holstege and Cowie 1989; Peterson et al. 1978; Vidal 
et al. 1988). Cells of the tecto-reticula-spinal pathway also 
project via the predorsal bundle to regions of the pontine 
reticular formation that have been implicated in eye and gaze 
control (Grantyn and Berthoz 1987; Grantyn and Grantyn 
1982; Grantyn et al. 1987; Harting 1977; Harting et al. 1973; 
Keller 1979; Olivier et al. 199 1; Sparks and Hartwich-Young 
1989). Because of these separate efferent pathways from 
the SC to separate regions of the reticular formation, May 
and Porter ( 1992) proposed that the SC generates two sepa- 
rate commands: a command originating in cells in the upper 
SGI to move the eyes and a command originating in the 
lower SGI to move the head. It is important to recognize 
that while anatomic studies can identify the existence of 
separate efferent pathways, they cannot identify the func- 
tional properties of the signals that are conveyed along those 
pathways. 

Robinson and Jarvis ( 1974) correlated the discharge of 
collicular neurons with the onset of either an eye movement 
or a head movement. They found good temporal correspon- 
dence between the onset of firing and the onset of the eye 
movement, but no relationship between onset of firing and 
the onset of the head movement. These data were interpreted 
as support for either the hypothesis that the SC produces a 
command to move the eyes or the hypothesis that the SC 
produces an eye command in one region (the one recorded 
from by Robinson and Jarvis 1974) and a head command 
in a different region (the gaze hypothesis was not consid- 

ered). The movements described in that report were small- 
amplitude movements (3-35 deg), and because there was 
little or no head contribution, the amplitude of the eye move- 
ment and the amplitude of the gaze shift were virtually iden- 
tical. Under these conditions, the cell’s activity is correlated 
with both the change in gaze and the change in eye position. 
Only under circumstances in which gaze shifts are accom- 
plished with different combinations of eye and head contri- 
butions, is it possible to determine if motor activity is related 
to the gaze shift or to the eye movement. 

Cowie and Robinson ( 1994) interpreted results of their 
stimulation experiments as supporting the separate signal/ 
separate controller hypothesis. As discussed earlier, they 
found no consistent relationships between the amplitudes, 
latencies, or peak velocities of stimulation-induced eye and 
head movements. They argued that the observed variability 
in these aspects of the movements occurred because the 
separate eye and head regions of the SC were not activated in 
the correct proportions during stimulation. These arguments 
must be discounted for the reasons given in the preceding 
section: the 40-ms stimulation train duration was too short 
to produce large-amplitude gaze shifts specified by the site 
of collicular activation and the initial positions of the eyes 
in the orbits were not considered in the analysis. 

Based on this analysis of the existing data, we conclude 
that there are no data that provide compelling support for 
the hypothesis that functionally distinct eye and head dis- 
placement commands are generated by, and coexist in, the 
monkey colliculus. Furthermore, several aspects of the data 
presented in this report are difficult to reconcile with the 
separate channel hypothesis. First, the hypothesis has diffi- 
culty accounting for the powerful effect of initial eye posi- 
tion upon the eye and head contribution to gaze shifts. It is 
not clear how the separate channel hypothesis, which as- 
sumes that the appropriate eye displacement and head dis- 
placement commands are generated separately by the colli- 
culus, can account for the fact that stimulation at a single 
site using identical stimulation parameters produces such a 
large range of eye and head movements. Presumably, the 
separate channel hypothesis would need to be modified so 
that activity in the upper SGI (specifying an eye displace- 
ment) and activity in the lower SGI (specifying a head dis- 
placement) could be in different locations in the collicular 
map during the same gaze shift, and the exact locations 
within the two layers would have to depend on initial eye 
position. For example, during the 30-deg gaze shifts in Fig. 
11 G, when the eyes began 10 deg contralateral to the move- 
ment, activity in the lower SGI would have to centered at 
-0 deg at the same time that activity in the upper SGI would 
have to centered at -30 deg. This spatial dissociation of 
activity in the upper and lower SGI would need to occur 
even though there is a single site of stimulation. Furthermore, 
there is no physiological evidence for this type of differential 
shift in the active population of cells in the upper and lower 
SGI. An alternative hypothesis, that separate eye and head 
commands are generated downstream from the colliculus, 
makes fewer assumptions. 

The predictions of the separate channel hypothesis that 
some collicular regions produce eye-only displacement com- 
mands whereas other distinct regions produce head-only dis- 
placement commands are inconsistent with results of our 
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FIG. 15. A : horizontal gaze, head, and eye position traces are shown during stimulation of a relatively rostra1 site in the 
superior colliculus with eyes initially centered in orbits. Under these conditions, movement produced is a 20-deg movement 
of eyes only. B : stimulation at same site using same stimulation parameters produces a 20-deg gaze shift with a 17-deg eye 
component and a 3-deg head contribution. C: horizontal gaze, head, and eye position traces in which a “head-only” movement 
occurred (see text for discussion). Upward arrows mark the onset (left arrow) and offset (right arrow) of the stimulation 
train. Stimulation parameters used on this trial were similar to those used by Cowie and Robinson ( 1994; their reported 
parameters are shown in parentheses for comparison) : frequency of stimulation: 250 Hz (400 Hz) ; stimulation current: 50 
/IA (40 PA) ; stimulation duration: 40 ms (40 ms) . D : stimulation of same site using different stimulation parameters results 
in a large, combined eye-head gaze shift: frequency = 500 Hz; current = 50 PA; duration = 200 ms. Note that initial eye 
positions in C and D are not identical, and this may contribute to the reduced head movement latency in C. Gaze traces are 
plotted in bold for clarity. 

collicular stimulation. The separate channel hypothesis pre- 
dicts that microstimulation of the eye displacement region 
should result in only eye movements and stimulation of the 
head displacement region should produce only head move- 
ments. Ostensibly, the fact that stimulation of the rostra1 SC 
(with the eyes centered in the orbits) produces movements 
of only the eyes is consistent with the predictions of the 
separate channel hypothesis, but the gaze hypothesis makes 
the same predictions. Differential predictions arise only 
when the eyes begin deviated in the orbits at the time of 
stimulation. Figure 15A shows a movement evoked by colli- 
cular stimulation when the eyes were centered initially in 
the orbits. The evoked movement was a -20-deg gaze shift 
accomplished with the eyes alone. When stimulation was 
delivered with the eyes in an eccentric position (Fig. 15 B) , 
stimulation of the same site using identical stimulation pa- 
rameters, produced a 20-deg combined eye-head gaze shift 
in which the eyes contributed - 17 deg and the head contrib- 

uted the difference ( -3 deg; total head movement -7 deg). 
Thus even stimulation of relatively rostra1 sites in the SC 
generates commands to displace the line of sight (gaze). 
Whether this gaze displacement is accomplished with an 
eye-only saccade or a combined eye-head movement does 
not depend on the locus of SC activity but on the position 
of the eyes in the orbit and on the amplitude of the evoked 
movement. 

Consider the prediction of the separate channel hypothesis 
that stimulation of some sites should result in “head-only” 
movements. The only report of head-only movements pro- 
duced by collicular stimulation (excluding data from the 
barn owl) is that of Cowie and Robinson ( 1994), a finding 
they attribute to the activation of head-only sites in the colli- 
culus. Figure 15C shows a stimulation-induced movement 
produced using stimulation parameters similar to those used 
by Cowie and Robinson ( 1994). The stimulation-induced 
head movement was -4 deg, a movement comparable with 



950 E. G. FREEDMAN, T. R. STANFORD, AND D. L. SPARKS 

the amplitude of head-only movements reported by Cowie 
and Robinson ( 1994). Using different stimulation parame- 
ters, stimulation of this site evoked a 3%deg combined eye- 
head gaze shift with a 20-deg head component and an 1% 
deg eye component (Fig. 15 0). In Fig. 15 D, note that the 
latency to the initiation of the gaze shift was -40 ms. Thus 
with a 40-ms train duration (Fig. 1X), the gaze shift was 
just being initiated when the stimulation train ended, and, 
as our data clearly demonstrate, sustained stimulation is nec- 
essary for the expression of the full, site-specific gaze shift. 
As illustrated in Fig. 15, stimulation at some collicular sites, 
using certain stimulation parameters and under certain initial 
conditions can produce movements of the head without a 
gaze shift (head-only movements). However, these data (or 
the similar data reported by Cowie and Robinson) do not 
provide evidence for a head-only command. Instead, head- 
only movements are probably artifacts of the stimulation 
conditions that produce them. 

Finally, the separate channel hypothesis predicts that the 
activity of cells in the SC should be correlated with either 
the eye or head components of gaze shifts. However, the 
motor-related activity of cells in the SC that are active during 
constant amplitude and direction gaze shifts with different 
eye and head components is well correlated with the gaze 
shift and weakly correlated with either the eye or head com- 
ponents (Freedman and Sparks 1994). We interpret the data 
outlined above as support for the hypothesis that the locus 
of collicular activity encodes a single functional signal of 
desired gaze displacement. 

COLLICULAR GAZE HYPOTHESES. The two remaining 
hypotheses (the single gaze controller hypothesis and the 
separate eye and head controller hypothesis) both use a sin- 
gle gaze related output from the colliculus as input to down- 
stream comparators. The experiments described in this report 
were not designed to distinguish between these two hypothe- 
ses. Nonetheless, some aspects of our data may be problem- 
atic for models assuming that a single gaze controller drives 
both the eye and head plants (e.g., Guitton et al. 1990). The 
finding that sustained collicular activation continues to elicit 
head movements, even after the site specific gaze amplitude 
has been accomplished and gaze is stable, appears to be 
inconsistent with the single controller hypothesis. The gaze 
error signal is reduced to 0 by the completion of the gaze 
shift but the head continues to be driven by sustained collicu- 
lar stimulation. Second, as discussed earlier, the finding that 
goal-directed movements result from caudal collicular stimu- 
lation when the head is restrained (in cats cf. Guitton et al. 
1980; McIlwain 1986, 1990; Pare et al. 1994; Roucoux and 
Crommelinck 1976; Roucoux et al. 1980) is difficult to rec- 
oncile with the single gaze controller hypothesis. Third, dur- 
ing a particular stimulation-induced movement, the eye, 
head, and gaze components can have very different direc- 
tions. It is not clear how this can be accomplished using a 
single controller that issues identical commands to the eye 
and head plants. Finally, the eye and head contributions to 
constant amplitude gaze shifts are inversely, and therefore 
separately, influenced by initial eye position in the orbits. 
Although this does not preclude the use of a single controller, 
the signals to the two plants are no longer identical gaze- 
related signals. 

An alternative model of the gaze control system (Phillips 
et al. 1995; see also Tweed et al. 1995 ) proposes two control- 
lers that separately drive the eye and head components of 
gaze shifts. In the Phillips et al. ( 1995) model, the head 
movement is controlled through a local feedback loop that 
compares a head displacement reference signal with an esti- 
mate of current head displacement, and the head movement 
ends when “head error” (the difference between desired 
and current displacement) equals 0; the desired head dis- 
placement signal might be derived from a collicular gaze 
displacement signal. In this report, we have shown that the 
head continues to move for the duration of the stimulation 
train and that this can result in head movements that are 
‘ ‘inappropriately’ ’ large when compared with head move- 
ments observed during matched visually guided gaze shifts. 
If head movement amplitude is controlled through a local 
feedback loop, the head reference signals during these identi- 
cal stimulation-induced and visually guided gaze shifts 
would have to be different. It is not clear how identical gaze 
commands can result in different head reference commands 
in the Phillips et al. ( 1995) model. 

An alternate possibility is that head displacement is not 
controlled solely by a signal of head error. Instead, the head 
could continue to move after the gaze shift has ended until 
the eyes are within a central region of the orbits ( - lo- 15 
deg ) . Thus a signal derived from the collicular gaze com- 
mand could drive high-velocity head movements for the du- 
ration of the collicular burst (or stimulation train), and an 
additional signal of eye position in the orbits could continue 
to drive the head toward the line of sight after the gaze shift 
ends. Evidence of an appropriate neck muscle electromyo- 
graphic signal proportional to ipsilateral eye position has 
been reported (e.g., Andre-Deshays et al. 1988; Lestienne 
et al. 1984; Vidal et al. 1982). 

Summary 

Several points discussed earlier have important implica- 
tions for modeling of the gaze control system. First, the 
locus of collicular activity provides a signal of desired gaze 
displacement. Second, the level of collicular activity can 
influence the velocity of the evoked gaze shift without alter- 
ing the desired displacement command. Third, the level of 
activity also can affect the initiation of gaze shifts; move- 
ment latencies increase and become increasingly variable as 
stimulation frequency is lowered. Fourth, the SC does not 
generate separate eye displacement and head displacement 
signals. Fifth, movement direction and the initial positions 
of the eyes in the orbits have different effects on the signals 
that drive the eyes and the head. Sixth, collicular stimulation 
continues to drive the head for the duration of the stimulation 
train even after the gaze shift has ended and gaze position 
is stable. Unlike the collicular specification of maximal gaze 
amplitude, the site of collicular activity does not appear to 
specify a maximal head amplitude. Seventh, the eye compo- 
nents of stimulation-induced gaze shifts initiated from differ- 
ent initial positions have endpoints that cluster in regions of 
the orbits. When the head is restrained stimulation of the 
same sites produces “goal-directed” eye movements with 
endpoints in the same orbital region. This orbital goal is 
defined by the site of stimulation. Eighth, movements re- 
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sulting from collicular stimulation when the head is re- 
strained are the eye components of desired gaze shifts. 

To reiterate, the superior colliculus of the rhesus monkey 
plays a crucial role in the coordination and implementation 
of orienting movements that involve both the eyes and the 
head. In this respect, the primate colliculus does not differ 
from the colliculus (optic tectum) of other species, and the 
collicular role in the control of gaze may have been con- 
served across species, independent of the relative mobilities 
of the eyes and head. 
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