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SUMMARY AND CONCLUSIONS 

I. The first experiment of this study determined the effects of 
low-frequency stimulation of the monkey superior colliculus on 
spontaneous saccades in the dark. Stimulation trains, subthres- 
hold for eliciting short-latency fixed-vector saccades, were highly 
effective at biasing the metrics (direction and amplitude) of spon- 
taneous movements. During low-frequency stimulation, the dis- 
tribution of saccade metrics was biased toward the direction and 
amplitude of movements induced by suprathreshold stimulation 
of the same collicular location. 

2. Low-frequency stimulation biased the distribution of sac- 
cade metrics but did not initiate movements. The distribution of 
intervals between stimulation onset and the onset of the next sac- 
cade did not differ significantly from the distribution of intervals 
between an arbitrary point in time and the onset of the next sac- 
cade under unstimulated conditions. 

3. Results of our second experiment indicate that low-fre- 
quency stimulation also influenced the metrics of visually guided 
saccades. The magnitude of the stimulation-induced bias in- 
creased as stimulation current or frequency was increased. 

4. The time course of these effects was analyzed by terminating 
stimulation immediately before, during, or after visually guided 
saccades. Stimulation trains terminated at the onset of a move- 
ment were as effective as stimulation trains that continued 
throughout the movement. No effects were observed if stimula- 
tion ended 40-60 ms before the movement began. 

5. These results show that low-frequency collicular stimulation 
can influence the direction and amplitude of spontaneous or vi- 
sually guided saccades without initiating a movement. These data 
are compatible with the hypothesis that the collicular activity re- 
sponsible for specifying the horizontal and vertical amplitude of a 
saccade differs from the type of collicular activity that initiates a 
saccade. 

INTRODIJCTION 

As early as 1870, Adamuk recognized that electrical stim- 
ulation of the superior colliculus (SC) elicited conjugate 
movements of the eyes. Later work by Hess ( 1954) and 
Apter ( 1946) extended these findings, but it was Robin- 
son’s ( 1972) analysis of collicular stimulation that exam- 
ined the topography of saccadic eye movements produced 
by stimulation at different locations throughout the collicu- 
lus. Robinson established that the stimulation of adjacent 
collicular regions at high frequencies (typically 500 Hz) 
produced short-latency, fixed-vector saccades of similar 
amplitudes and directions. One major conclusion drawn 
from this work is that stimulation of a discrete region of the 
SC produces a sequence of neural events that specifies the 
horizontal and vertical amplitude of a saccade (specifica- 

tion) and provides the signals necessary to initiate that 
movement (initiation). 

Most current models of the saccadic system (e.g., Keller 
198 1; Van Gisbergen et al. 198 1; Zee et al. 1976) require 
separate specification and initiation signals. According to 
these models, brain stem circuits use the movement specifi- 
cation signal to generate the pulse and step of neural activ- 
ity required to produce a saccade and hold the eye in a new 
position. Saccades are initiated by a separate trigger signal 
that releases these pulse/step generators from tonic inhibi- 
tion. 

Sparks ( 1978) determined that the high-frequency burst 
characteristics of saccade-related burst neurons ( SRBNs) in 
the SC satisfy the two criteria for an initiation signal: the 
onset of the burst is tightly coupled to saccade onset, and 
burst onset precedes the movement by an interval ( 18-20 
ms) adequate to trigger the brain stem circuits that activate 
the eye musculature. In confirmation of earlier work 
( Wurtz and Goldberg 1972) it was also noted that the 
burst occurred only before saccades having particular hori- 
zontal and vertical amplitudes (the movement field of the 
cell) and that the burst was most vigorous before saccades 
to the middle of the movement field. 

Further support for the separation of initiation and speci- 
fication signals is found in the work of Sparks et al. ( 1987) 
who found that pontine stimulation can trigger, prema- 
turely, impending visually directed saccades. Their findings 
suggest that for visually directed saccades, signals specifying 
the saccade metrics develop gradually over the 70- to lOO- 
ms period that precedes saccade onset. The specification 
signals start to accumulate 580 ms before the burst of the 
SRBNs begins. Psychophysical analyses (Becker and Jur- 
gens 1979; Stanford et al. 1990) of movement specification 
and initiation provide further evidence for a gradually devel- 
oping specification signal that precedes the initiation of the 
movement. 

Parallel electrophysiological studies have identified collic- 
ular signals other than the high-frequency burst that encode 
the metrical properties of an impending saccade but that 
are not linked to the initiation of the movement. Mays and 
Sparks ( 1980) found that the activity of quasi-visual (QV) 
cells encodes the horizontal and vertical amplitude of po- 
tential saccadic targets. They also noted that some SRBNs 
have a low-frequency prelude of activity that may precede 
the high-frequency burst by as much as several hundred 
milliseconds. In a more recent study, Glimcher and Sparks 
( 1992) demonstrated that this prelude activity encodes the 
horizontal and vertical amplitude of an impending move- 
ment that has not yet been initiated. 
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One interpretation of these findings suggests that the 
high-frequency burst of the SRBNs, which is tightly cou- 
pled to saccade onset and precedes the movement by 1 S-20 
ms, is primarily involved in the initiation of a saccade. Ac- 
cording to this view, the metrics of the movement are en- 
coded by signals that precede this burst, signals such as the 
low-frequency activity of prelude bursters and QV cells. 
The major goal of the experiments described in this paper 
was to test the hypothesis that collicular activation can par- 
ticipate in the specification of saccade metrics without ini- 
tiating a saccade. This hypothesis was examined by deter- 
mining whether low-frequency stimulation, subthreshold 
for movement initiation, influences the horizontal and ver- 
tical amplitude of spontaneous and visually guided sac- 
cades. 

METHODS 

Two adult female rhesus macaques ( h/l~*crc~t mduttu) served as 
subjects. Two sterile surgical procedures were performed on each 
animal under isoflurane anesthesia. In the first, a scleral search 
coil (Fuchs and Robinson 1966: Judge et al. 1980) and head re- 
straint device were implanted. Four orthopedic surgical screws 
were placed in drilled and tapped openings in the skull (Zimmer 
ECT tools and screws). A stainless steel head restraint socket was 
attached to the skull and screws with orthopedic bone cement 
(Palaces). After 2-4 mo of training, a 15mm diam craniotomy 
was performed and a stainless steel receptacle for a hydraulic mi- 
crodrive was attached to the skull with orthopedic bone cement 
and four additional surgical screws. The receptacle was centered 
on the intersection of the midsagital plane and the interaural line. 
The receptacle was sealed with a replaceable sterile teflon plug, 
which maintained the sterility of the receptacle chamber. 

After complete osteointegration of the surgical screws, 2-3 mo 
after the first surgery, animals were placed on water restriction and 
habituated to head restraint. Thev were then trained to perform 
several oculomotor tasks of increasing difficulty for a fruit juice or 
water reward. Correct oculomotor responses were reinforced on a 
VR 2 variable ratio schedule. A 750-ms noise burst served as the 
secondary reinforcer on all correct trials. 

During experimental sessions, an animal was placed in two 23- 
kHz sinusoidallv oscillating magnetic fields arranged in spatial 
and phase quadrature. The head was fixed, and the current in- 
duced in the scleral search coil by the magnetic fields provided a 
measure of horizontal and vertical eye position with a sensitivity 
>0.25” ( Fuchs and Robinson 1966). During data collection, hori- 
zontal and vertical eye position signals were sampled at 500 Hz. 

Tristate light emitting diodes ( LEDs). which could be illumi- 
nated to appear red, green, or yellow, were used as visual stimuli to 
guide eye movements. LEDs were positioned on a tangent screen 
in front of the animals. A total of 500 LEDs was arranged on a grid 
of 20 rows and 25 columns, each separated by 2”. This array 
placed LEDs at target positions covering 50° horizontally and 40” 
vertically. 

For stimulating and recording sessions a hydraulic microdrive 
was affixed to a Kopf .I--!’ micropositioner mounted on the recep- 
tacle and used to advance electrodes into the brain. A 2 l-gauge 
syringe needle, into which the tungsten-steel parylene-insulated 
electrode (Microprobe) was withdrawn, was used to pierce the 
dura. Physiological signals were amplified and filtered (bandpass 
of 200-4,000 Hz) to exclude the signals of the magnetic field. 

Individual action potentials were discriminated from the electro- 
physiological signal by time and amplitude criteria (BAK window 
discriminator). The electrode was advanced until the activity of 
SRBNs was encountered. 

Single-unit or multiunit activity was monitored while the mon- 
key performed single-target trials in which the animal was re- 
warded for making a saccade from a central fixation stimulus to an 
eccentric target. These trials allowed the movement selectivity of 
burst neurons to be determined. This information was used to 
select visual target locations for other trials. All stimulation experi- 
ments were conducted at sites where saccade-related burst activity 
was observed. 

The recording electrode, isolated from the amplifiers, was also 
used for monopolar electrical stimulation. The amplitude and di- 
rection of saccades produced by suprathreshold stimulation were 
determined using a series of 250-Hz, 50-PA cathodal stimulus 
trains. For testing the effects of low-frequency stimulation, 0.2-ms 
biphasic constant current pulse pairs of matched intensity were 
used. The cathodal pulse was delivered first and followed 2.0 ms 
later by the anodal pulse. Current intensities of lo-50 PA and 
pulse pair frequencies ranging from 10 to 80 Hz were delivered in 
trains of variable duration during the experiments. 

Experiment 1 was designed to determine the effects of low-fre- 
quency electrical stimulation on the initiation and metrics ofspon- 
taneous saccades. On each trial, the direction and amplitude of 
spontaneous saccades occurring during a 1.0-s interval with no 
electrical stimulation were compared with the direction and am- 
plitude of saccades made during a 1.0-s period with low-frequency 
stimulation. If  low-frequency stimulation did not affect the specifi- 
cation of the metrics of impending movements, the distribution of 
saccadic amplitudes and directions observed under stimulated 
and unstimulated conditions would not differ. 

BEHAVIORAL METHODS. Trial type 1 (Fig. 1 .‘,I ) consisted of a 
2.0-s interval in which no visual targets were presented. Electrical 
stimulation did not occur during the first 1.0-s interval: low-fre- 
quency stimulation trains were delivered during the second 1.0-s 
interval. The horizontal and vertical amplitudes of all movements 
occurring during the trial were recorded. A randomly selected in- 
tertrial interval ( 1,000, 1,100, 1,200, 1,300, 1,400, or 1,500 ms) 
followed. 

To eliminate visual feedback during electrical stimulation, 
room illumination was extinguished during type 1 trials. How- 
ever, conditions of constant darkness reduce an animal’s alertness 
and yield a dark-induced nystagmus. To prevent this, single-target 
trials, conducted under dim illumination, were randomly inter- 
leaved with type 1 trials and made up 15-25% of the trials pre- 
sented to the animal. A lo- to 40-Hz xenon strobe was the source 
of the dim illumination. The strobe was used because its rapid 
offset allowed the room to be completely darkened virtually instan- 
taneously (Guitton and Munoz 199 1). 

Type 1 trials were presented during a total of 10 sessions for 
each of the two animals. During five of these sessions, stimulation 
current was fixed (once each at 10, 20, 30, 40, and 50 PA) while 
frequency was varied systematically. Blocks of 150-200 trials were 
run at selected frequencies, ranging from a maximum of 80 Hz to 
a minimum of 10 Hz in descending steps of 10 Hz. A final block of 
trials reexamined the effects of the initial frequency and tested for 
nonspecific changes during the 2- to 3-h experiment. In the other 
five sessions, frequency was fixed (50- 10 Hz) and current was 
stepped from high to low over a range of 80- 10 PA. 

DATA ANALYSIS. For all trials in which the same stimulation 
frequency and current were used, we measured the horizontal and 
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FIG. 1. A : trial type 1 was divided into two I .0-s intervals. During both intervals, animals made spontaneous saccades in 
total darkness. During the 2nd interval, a train of biphasic stimulation pulses was delivered through an electrode in the 
intermediate layers of the superior colliculus. B: in trial type 2, a yellow fixation target was illuminated. The trial was 
terminated if a saccade to the fixation target failed to occur within 500 ms. After a fixation interval of 300-600 ms, 2 
eccentric yellow potential targets (Tl and T2) were illuminated for 1,000-l ,500 ms. The fixation stimulus remained 
illuminated during this interval. Tl and T2 were then extinguished, and the fixation light-emitting diode ( LED) remained 
illuminated for an additional 400-600 ms. The fixation LED then changed color to either red or green, identifying the 
location of Tl or T2 as the saccadic goal. Red identified the remembered location of the upper LED as the impending 
saccadic goal, green identified the lower LED position as the goal. After 750 ms, the fixation LED was extinguished, 
indicating that a saccade to the remembered target must be completed within 350 ms to yield a reward. At the same time that 
the fixation target changed color, a low-frequency biphasic stimulator was activated. Three hundred f i f ty milliseconds after 
fixation target offset or after a saccade to the rewarded target was initiated (whichever was 1st) the stimulator was extin- 
guished. C: trial type 3 was similar to trial type 2 except that the stimulator was not activated until the fixation target was 
extinguished. Three hundred f i f ty milliseconds later, or after a saccade to the rewarded target was initiated, the stimulator 
was deactivated. D: in trial type 4, the stimulator was extinguished 50, 100, 150,200, 250, or 300 ms after the fixation LED 
was extinguished. The interval between stimulator offset and movement onset was computed for each movement. 

vertical amplitudes ofall first movements observed in the unstimu- the onset of the first saccade, the saccadic delay, was determined. 
lated interval. The first movements occurring in the stimulation Means for the distributions of these delays under stimulated and 
intervals were measured separately. These values were used to unstimulated conditions were also computed. If  the low-fre- 
compute the mean saccadic displacement of the eye during the quency stimulation were ineffective in initiating a saccade, then 
first saccade of each interval using the following equation the measures of saccadic delay obtained during the stimulation 

interval should not differ from those obtained during the unstimu- 
= [((h, + h, + l l l + h,)/n)2 + ((u, + v, + l l l + u,)/n)2]‘/z lated portion of the same trials. 

RESULTS. Figure 2 plots, for four blocks of trials, the horizontal 
where 1~~4, are the set of all horizontal component amplitudes, and vertical amplitudes ofeach movement occurring during stimu- 
v,-V, are the set of all vertical component amplitudes, and n is the lated (B, D, F, and 11) and unstimulated (.4, C, E, and G) condi- 
number of movements in the set. We refer to the resulting value as tions. Stimulation current was fixed at 20 PA. Saccades occurring 
the mean saccadic displacement, a measure that permits the quan- during the unstimulated interval displayed large variations in di- 
titative comparison of distributions of saccade metrics produced rection and amplitude ( e.g., .4 ) . The metrics of saccades occurring 
under stimulated and unstimulated conditions. during constant low-frequency stimulation (e.g., B), are shifted 

The resulting value will be near 0 if computed for a very large toward the movement elicited by high-frequency stimulation at 
sample of movements that have random directions and ampli- this site, 12’ leftward and 3” downward ( - 12, -3). 
tudes. However, if the low-frequency stimulation interacts with Low-frequency stimulation, unlike suprathreshold stimulation, 
the specification of spontaneously generated saccades, then the biased the movement distribution but did not uniquely determine 
computed value should shift toward that of the mean saccadic the amplitude and direction of each movement. The center of the 
displacement produced by suprathreshold stimulation. The values distribution of movements made during stimulation was shifted 
obtained for the stimulated and unstimulated intervals should not toward the stimulation-specified saccade, but there was consider- 
differ significantly if low-frequency stimulation does not affect the able variability in the metrics of individual movements. As fre- 
metrics of spontaneous saccades. quency was decreased, the magnitude of the stimulation-induced 

For each interval, the time between the onset of the interval and shifts was reduced, as illustrated in B, D, F, and H. 
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spontaneous movements, no effect of stimulation on saccadic de- 
lay was observed ( Figs. 2-5 ). 

Figure 4 summarizes the results obtained for each session for 
one monkey. The mean saccadic displacement (mean t SE) is 
plotted against current or frequency. Each plot in the I(:$ column 
summarizes data from a session at a different stimulation site dur- 
ing which the frequency of stimulation was fixed but current was 
varied systematically. Movements made during both the stimu- 
lated (solid lines) and non-stimulated (dashed lines) portions of 
each trial are plotted for comparison. Data obtained during ses- 
sions in which current was fixed but frequency varied are summa- 
rized in the right column. These data clearly demonstrate that 
low-frequency stimulation biases the amplitude and direction of 
spontaneous saccades. Comparisons of data in different panels are 
inappropriate because a different stimulation site was employed 
for each session. 

Figure 5 plots mean saccadic delays (&SD) for the same trials 
plotted in Fig. 4. The /Irfi column plots sessions in which frequency 
was held constant: the right column plots sessions in which 
current was held constant. Figures 4 and 5 illustrate the major 
findings of experiment 1: the directions and amplitudes of sponta- 
neously occurring saccades are influenced by low-frequency stimu- 
lation which, for most of the frequencies and current levels tested, 
had no effect on movement initiation. 
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DISCUSSION. These data, which were replicated in the second 
animal, indicate that stimulation of the SC has independent ef- 
fects on the specification and initiation of saccades. At currents 
and frequencies that have no effect on the mean saccadic delay, 
and thus on movement initiation, saccade metrics are biased. 

The data presented here were gathered under conditions of total 
darkness. in pilot experiments, we found that low-frequency stim- 
ulation also biased the metrics of movements under conditions of 
constant dim illumination. But the magnitude of the stimulation- 
associated bias declined over the course of 200-500 trials, and 
after 500 trials, no effects of low-frequency stimulation were ob- 
served. Apparently, visual feedback allowed the animals to com- 
pensate for the stimulation-induced biasing of saccade metrics. 
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Experiment 2 was designed to test the erects of low-frequency 
stimulation on visually guided saccades. 

BEHAVIORAL> METHODS. Fixation and target LEDs were pre- 
sented during dim illumination, but all movements used for analy- 
sis occurred in total darkness. Three trial types were used. Trial 
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FIG. 2. Effects of low-frequency stimulation on spontaneous move- 
ments in 1 monkey (A47337). Each graph plots the horizontal and vertical 
amplitude of 130- 180 movements. The panels at r$zt plot movements 
made during low-frequency stimulation of 20 PA. The I& panels plot 
movements occurring during the 1.0-s interval without stimulation. Su- 
prathreshold stimulation at this site produced a movement 12” to the left 
and 3” downward (- 12, -3). At higher frequencies (top), the distribution 
of saccade metrics is shifted toward the movement elicited by suprathresh- 
old stimulation. At lower frequencies, this effect is diminished and the 
distribution of saccade metrics is similar to the unstimulated distributions. 
Adjacent panels (e.g., ,4 and B) plot movements gathered during the stimu- 
lated and unstimulated portions of the same trials. 
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70 60 50 40 30 20 IO 70 Figure 3 plots the effect of low-frequency stimulation on mean 
saccadic delay (*SD) for the same blocks of trials plotted in Fig. 2. 
Unfilled symbols plot the delay from the onset of the unstimulated 
interval to the onset of the first movement. Mean saccadic delays 
for stimulation intervals are plotted with filled symbols. Mean 
saccadic delay decreased at the highest frequency tested (which 
occasionally produced fixed-vector movements with a delay of 
20-60 ms). At lower frequencies, which also biased the metrics of 

Frequency (Hz) 

FIG. 3. Mean and standard deviation of the delay to 1st movement 
onset during stimulated (filled symbols) and unstimulated (unfilled sym- 
bols) segments of trial type 1. (The individual movements used in portions 
of this graph are plotted in Fig. -. 7 ) There is no effect of stimulation on the 
distribution of delays under 50-, 40-, 30-, or 20-PA stimulation, although a 
shift in distributions of saccade metrics was observed ( Fin. 2 ). 
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FIG. 4. The effects of stimulation on saccade metrics are plotted for all type 1 trials completed by 1 monkey (M7337). 
Each plotted point represents the mean saccadic displacement (see text). Solid lines connect points computed from the 1st 
movements occurring during the stimulation interval. Dashed lines connect points computed for 1st movements that 
occurred during the unstimulated interval. Error bars plot the standard error, computed as [(SE of horizontal mean)2 + (SE 
of vertical mean)2] ‘12. Each point plots a block of 60- 160 movements gathered during blocks of 100 or 200 trials. 



958 P. W. GLIMCHER AND D. L. SPARKS 

A 
50 Hz Stimulation 

C 
Current (uA) 

loo0 1 
40 Hz Stimulation 

0’ ,  .  .  .  .  .  1 

70 60 50 40 302060 
Current (uA) 

loo0 

7 

30 Hz Stimulation 

70605040302070 
Current (uA) 

G 
20 Hz Stimulation 

l-@l 

SOuA Stimulation 
loo0 1 

03 ,  ,  ,  ,  ,  ,  ’ 
70 00 60 40 30 20 70 

Frequency (Hz) 

D 
loo0 

1 

40 uA Stimulation 

io 60 60 40 ib ti io 
Frequency (Hz) 

30 uA Stlmulatlon 

Frequency (Hz) 

H 
1200 

1 
20 uA Stimulation 

70 60 50 40 30 20 70 

Current (uA) Frequency (Hz) 

10 Hz Stimulation J 10 uA Stimulation 

00 
70 60 50 40 30 20 70 

Current (uA) 

0’ , , , , , , , ( 
60 70 60 so 40 30 20 60 

Frequency (Hz) 

FIG. 5. Mean and standard deviation of delays to the 1st movement onset for the same data plotted in Fig. 4. Ltlft: 
sessions during which frequency was held constant while current was varied in blocks. Righl: sessions in which current was 
held constant while frequency was varied in blocks. Data from stimulated (-) and unstimulated (- - -) conditions are 
plotted. 

type 2 (Fig. 1 B) began with the illumination of a yellow fixation fixation LED switched color randomly from yellow to either red 
LED. If the animal fixated the target within 500 ms and main- or green. Green indicated that when the fixation light was extin- 
tained fixation for a variable interval ( 300-600 ms), two potential guished, a saccade to the remembered location of the lower target 
target LEDs, T 1 and T2, were illuminated (yellow) for 1,000, would be rewarded; if the fixation LED was switched to red, the 
1,100, 1,200, 1,300, 1,400, or 1,500 ms. T 1 and T2 were then upper LED location was the saccadic target. Tl was positioned to 
extinguished and, after a delay of 300, 400, 500, or 600 ms, the elicit a saccade identical to the saccade produced by suprathresh- 
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old stimulation of the electrode site being tested. T2 was placed at 
an identical horizontal eccentricity, but at a vertical eccentricity 
that placed it across the horizontal meridian from Tl. 

The stimulation train began when the fixation stimulus changed 
from yellow to red or green. After a delay of 750 ms, the fixation 
LED and the stroboscopic room illumination were extinguished, 
cueing the animal to look to the remembered location of the tar- 
get. I f  the animal began a saccade before this time, the trial was 
aborted. The stimulation train ended when a saccade to within 6O 
of the correct target location occurred, or after 350 ms, whichever 
was first. I f  the animal failed to make a saccade to the correct 
location within 100 ms after stimulator offset, a 1,500-ms time- 
out followed, after which the correct target was reilluminated. The 
animal was rewarded for making a saccade to the target. 

In all rewarded type 2 trials, a minimum delay of 750 ms sepa- 
rated stimulation onset and movement onset. Therefore, the low- 
frequency stimulation trains used in experiment 2 could affect the 
direction and amplitude of visually directed saccades but could 
not initiate a saccade during the first 750 ms in which the stimula- 
tor was active. 

Trial types 3 and 4 were designed to determine the effects of 
varying the temporal characteristics of low-frequency stimulation 
on visually guided saccades. Trial type 3 (Fig. 1 C’) was identical to 
trial type 2 except that the stimulator was not activated until the 
fixation LED was extinguished. This tested the hypothesis that 
stimulation can exert effects on visually guided saccades if pre- 
sented after the visual cue for saccade initiation occurs. Trial type 
4 (Fig. 1 D) was designed to determine how long the effects of 
stimulation persisted after the stimulator was turned off. In this 
variant of task 2, the stimulator was activated when the fixation 
target switched to red or green and inactivated 50, 100, 150, 200, 
250, or 300 ms after the fixation target was extinguished. Saccades 
occurred 100-400 ms after the offset of the fixation stimulus. 
Thus movements occurred before, during, or after the offset of the 
stimulator. By plotting the end points of saccades as a function of 
the interval between stimulation offset and saccade onset, it was 
possible to determine how long the effects of stimulation persisted. 

During stimulation trials on which a saccade to target T2 was 
rewarded, low-frequency stimulation biased movements toward 
Tl. Thus during the 50% of trials in which T2 was the correct 
target, stimulation reduced the incidence of a correct movement 
and, therefore, the frequency with which the animal was rewarded. 
During stimulation trials in which Tl served as the target of a 
rewarded saccade, stimulation might be expected to have the op- 
posite effect, slightly increasing the frequency with which the ani- 
mal was rewarded. 

When large numbers of stimulation trials were run sequentially, 
the animal made a large number of errors and often aborted the 
trials before completion. For this reason, type 2, 3, or 4 trials on 
which the stimulator was not activated and single-target trials (de- 
scribed earlier) were randomly intermixed with the trial type 
under study. Type 2, 3. or 4 trials made up only 30-40%) of the 
trials in a session. Only data obtained from the trial type under 
study when a saccade to target T2 was correct were used for the 
analysis that follows. 

Trial types 2, 3. and 4 were not intermingled during a single 
experimental session. Each trial type was presented in separate 
experimental sessions. For each animal, type 2 trials were pre- 
sented during four sessions with stimulation current fixed at 20, 
30,40, or 50 PA. At each current level, stimulation frequency was 
varied in sequential blocks of 60-200 trials from a maximum of 80 
Hz to a minimum of 10 Hz in descending steps of 10 Hz. A final 
block of trials retested the highest frequency examined. 

Type 3 trials were presented during two sessions with each ani- 
mal. Stimulation current was fixed at 40 PA, and frequencies from 
70 to 10 Hz were sampled in descending order. The highest fre- 
quency examined was then retested. 

The analysis of type 4 trials required a large number of trials at a 
fixed frequency and current. Stimulation frequency was fixed at 
40 Hz. Stimulation current was adjusted so that in type 2 trials, 
saccadic end points were approximately midway between Tl 
and T2. 

RESULTS. ?Picrl t Ilpc-, 2. Figure 6 plots the effects of low-frequency 
stimulation on saccades to a target located 12O to the left and 2O 
below the fixation stimulus (- 12, -2). Suprathreshold stimula- 
tion at the collicular site under investigation elicited a movement 
with a 12” leftward and a 14’ upward component ( - 12, 14). The 
metrics of saccades occurring on two trials with 70-Hz stimulation 
were similar to the metrics of movements produced by suprathres- 
hold stimulation. As frequency was systematically reduced (B- 
G), the saccade metrics shifted toward the visually specified move- 
ment. At frequencies ~30 Hz (r and G), saccade metrics were 
indistinguishable from those produced on identical interleaved 
trials without stimulation. 

The stimulation-induced bias in saccade metrics did not result 
from the sequential combination of two diRerent saccadic trajec- 
tories. As illustrated in Fig. 7.4, on stimulation trials, the move- 
ment trajectories were approximately straight lines with velocity 
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FIG. 6. Erect of low-frequency stimulation on visually guided move- 
ments. The visual target was located 12” to the left and 2” below the 
fixation point ( - 12, -2). Suprathreshold stimulation at this site produced 
a movement to - 12, 14. During 70- and 60-Hz stimulation, the metrics of 
saccades clustered near - 12, 14. As the frequency of stimulation was re- 
duced, saccade metrics shifted continuously toward the metrics of saccades 
on trials without stimulation (visual target at - 12, -2). The trials plotted 
are from a single session (M7337). [Note that movements directed to 
remembered targets above the horizontal meridian were hypermetric and 
those directed below the horizontal meridian were hypometric. This is 
normal for movements directed toward remembered targets and has been 
examined previously by Gnadt et al. ( 199 1). Similar effects of memory 
intervals on saccadic accuracy can be seen in Figs. 8, 10, and 1 I]. 
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A 20" 

FIG. 7. Movement trajectories for (A ) 5 type 2 stimulated trials ( 30 PA, 
40 Hz) that were interleaved wi th (B) 5 unstimulated trials. Low-fre- 
quency stimulation, which biases saccade metrics, does not alter the nor- 
ma1 trajectory / velocity profile of saccades. 

profiles that peak once between movement origin and saccadic 
end point. Panel B plots movements during interleaved nonstimu- 
lation control trials. The movements plotted in A are the same 
movements plotted in Fig. 6 n. 

Figure 8 plots, for each session, the mean vertical saccadic end 
point for each frequency and current level tested for one monkey 
(M7340). Stimulation biased the metrics of visually guided sac- 
cades in a continuous frequency-dependent manner. In Fig. 80, 
for example, 70-Hz stimulation produced a movement that is simi- 
lar in amplitude and direction to the movement produced by su- 
prathreshold stimulation at this same site. As the stimulation fre- 
quency was reduced, the magnitude of the stimulation-induced 
specification was reduced. Only the vertical end point is plotted in 
these graphs because the horizontal components of visually guided 
and suprathreshold stimulation-induced saccades were the same 
and unaffected by low-frequency stimulation. These results were 
replicated in the second monkey (M7337). 

Low-frequency stimulation shifts the saccadic end point away 
from the visually specified saccadic target. On some trials, animals 
corrected for this displacement by producing a second saccade 
that brought the point of gaze closer to the actual location of the 
target. To examine these secondary saccades, a subset of trials in 
which stimulation altered the visually guided movement were fur- 
ther examined. 

For each current tested using trial type 2, one frequency of stim- 
ulation produced movements that, on average, terminated approx- 
imately halfway between the visually specified and the stimula- 
tion-specified end points (see Figs. 8, C‘ and I)). These trials were 
used to analyze the latencies, trajectories, and probabilities of oc- 
currence of secondary saccades. (Secondary saccades were defined 
as movements following the initial saccade by 5550 ms that bring 
gaze closer to the target location.) The error of primary, or initial, 
and secondary saccades from these trials is plotted in Fig. 9. Panel 
A plots the vertical error, distance from the visually specified tar- 
get, for all primary saccades. Panel B plots, for the same trials, the 
saccadic error remaining after secondary saccades: clearly, on 
average, the direction of gaze was closer to the location of the 
visual target after the secondary saccades. Panel C plots the inter- 
val between primary and secondary movements when they oc- 
curred. Secondary saccades, when they occurred, compensated for 
the effects of stimulation on the current position of the eye. This 
indicates that some record of the animal’s original saccadic objec- 
tive is retained after low-frequency collicular stimulation biases 
saccadic eye movements. 

Trial tvpc 3. In trial type 2, stimulation occurred during the . 
interval when the change in the color of the fixation stimulus 
specified which of the two eccentric LEDs was the target. Trial 

type 3 determined the effects of shorter periods of stimulation, 
immediately preceding the movement, on saccades to visual tar- 
gets. 

Effects observed on type 3 trials were similar to those observed 
on type 2 trials. Figure 10 plots trials in which suprathreshold 
stimulation elicited-a movement 10” upward while the visually 
specified target was located 10’ below the horizontal meridian. At 
higher frequencies, saccadic amplitudes and directions were simi- 
lar to those for suprathreshold stimulation. As the stimulation 
frequency was reduced, the saccade end point shifted regularly 
toward the visually specified goal. 

T~pc 4 tridr. Trial type 4 was used to examine the duration of 
the effects of low-frequency stimulation. Figure 1 1 plots the verti- 
cal amplitude of saccades as a function of the interval between the 
offset of the stimulation train and movement onset. As observed 
in type 2 trials, movements occurring before the stimulation termi- 
nated (negative latencies) were biased toward the movement pro- 
duced by suprathreshold stimulation. At positive intervals (stimu- 
lation terminates before the movement begins), the stimulation 
had no effect and movements terminated near T2, the visually 
specified goal. 

DISCUSSION 

Experiments 1 and 2 demonstrate that low-frequency 
stimulation of the SC can alter the metrics of spontaneous 
and visually guided saccades without affecting the time at 
which the movements are initiated. These results are dis- 
cussed in the context of behavioral data indicating that 
movement specification is a gradual process and that it is 
separable from movement initiation. Also considered are 
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FIG. 8. Vertical saccadic amplitude (mean and standard error) plotted 
as a function of stimulation frequency for 4 blocks of type 2 trials in 1 
monkey ( M7340). Each graph plots data obtained from a session in which 
a single current level was used. Each point represents the mean of 5-25 
movements. A: suprathreshold stimulation at this site produced a move- 
ment with an 8” upward component (+8). An 8” downward component 
( -8) was the visually specified goal. B: suprathreshold stimulation at this 
site produced a movement to +8; -8 was the visually specified goal. C: 
suprathreshold stimulation at this site produced a movement to + 10: - 10 
was the visually specified goal. D: suprathreshold stimulation at this site 
produced a movement to + 10; - 10 was the visually specified goal. 
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FIG. 9. ii: vertical error remaining after primary saccades. (Move- 
ments are those plotted in the 50 Hz/40 pA and 50 Hz/50 PA blocks of 
trials shown in Fig. 8.) B: vertical error remaining after secondary saccades 
occurring within 550 ms of the cue to initiate the primary saccade. These 
movements were effective in reducing vertical error. C: plot ofthe interval 
between the end of the primary saccade and the beginning of the secondary 
saccade. 

physiological data that identify neural signals appropriate 
for the metrical specification of saccades and for the initia- 
tion of saccades. 

Evidence fbr separate speciJjcation and initiation . 

Becker and Jurgens ( 1979) instructed human subjects to 
make saccades to a visual target. Shortly before the saccade 
was initiated, the target was abruptly displaced to a second- 
ary location. In an important finding, Becker and Jurgens 
noted that the target displacement altered the amplitude of 
the initial saccade. The magnitude of this amplitude shift 
increased as a continuous function of the interval between 
target displacement and movement onset. When the target 
displacement occurred just 50-75 ms before the movement 

began, the second target exerted a barely discernable influ- 
ence on the amplitude of the saccade. The influence of the 
second target gradually increased with longer intervals until 
at 200 ms the amplitude of the saccade was appropriate for 
the secondary target position. These data support the hy- 
pothesis that movement specification is a gradual process 
requiring a significant time for completion. 

Other evidence that signals specifying the metrics of a 
saccade develop gradually comes from the recent experi- 
ments of Stanford and colleagues ( 1990). Human subjects 
were trained to synchronize saccades to the fourth in a se- 
ries of equally spaced tones. Visual targets appeared at one 
of two locations at a variable interval before the onset of the 
tone that cued the movement. Because the saccade was syn- 
chronized to the fourth tone, this protocol permitted con- 
trol of the interval during which the location of the target 
could be used for response specification. Results indicate 
that signals specifying the direction and amplitude of the 
saccade develop gradually during the 50- 100 ms after target 
presentation. 

Evidence that specification and initiation signals can be 
dissociated comes from studies in which electrical stimula- 
tion of the paramedian pontine reticular formation was 
used to perturb the position of the eye in the orbit before the 
onset of a visually guided saccade ( Sparks et al. 1987). 
Sparks and colleagues discovered that pontine stimulation 
can prematurely trigger saccades to visual targets before the 
visually guided response has been completely specified. 
When the pontine stimulation was delivered at target onset, 
the metrics of the eye movement produced by stimulation 
were specified entirely by the pontine stimulation. If, how- 
ever, pontine stimulation began 50- 125 ms after target on- 
set, the resulting movement was a combination of the hori- 
zontal movement specified by pontine stimulation and a 
portion of the impending visually guided saccade. Longer 
delays typically produced movements including a large por- 
tion of the visually specified saccade, whereas shorter delays 
produced movements dominated by the stimulation-in- 
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FIG. 10. Vertical saccade amplitude ( mean and standard error) plotted 
as a function of stimulation frequency for a single block of type 3 trials in 1 
monkey (M7337). Stimulation current was fixed at 40 PA. Suprathreshold 
stimulation at this site produced a movement with a 10” upward compo- 
nent, whereas a movement with a 10” downward component was the vi- 
sually specified goal. ( lo-25 movements per point) 
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FIG. 1 1. Ef5ect of stimulation on the vertical amplitude of saccades as a 
function of the interval between stimulator offset and movement onset. 
Means and standard errors were computed for 20-ms bins. ,/1: 50-PA, 40- 
Hz stimulation in 1 monkey (M7337) was delivered at a site where su- 
prathreshold stimulation produced a movement with a 6” upward compo- 
nent. An accurate movement to the visual target would have a 6” down- 
ward component. When movement onset followed stimulation offset 
(positive latencies). no elect on vertical amplitude was observed. B: 42- 
PA, 40-Hz stimulation in a 2nd monkey (h67-340) at a site at which su- 
prathreshold stimulation produced a 12” upward movement. A move- 
ment with a 6” downward component was the visually specified goal. 

duced movement. At delays of > 125 ms, the movement 
produced was a combination of the completely specified 
saccade to the visual target and the stimulation-induced 
movement. 

These three experiments show that saccadic specifica- 
tion, and the neural processes that underlie it, occur gradu- 
ally and may, in principle, be separated from the neural 
events that trigger the movement. These data are consistent 
with models of the saccadic system (Keller 198 1; Van Gis- 
bergen et al. 198 1; Zee et al. 1976) that assume saccades are 
triggered by a signal differing from signals conveying infor- 
mation about the metrics of the movement. A description 
of the types of neural activity within the SC that may be 
involved in the initiation of saccades as well as the specifica- 
tion of the metrics of the movement follows. 

There is compelling evidence, summarized in the intro- 
duction, that the high-frequency burst of SRBNs found in 
the SC has the properties required of a saccadic initiation 
signal (Keller 1979; Sparks 1978, 1986; Sparks and Mays 
198 1 a,b). Moreover, SRBNs, but not other collicular cells 
with saccade-related activity, project to the region of the 
pons (Raybourn and Keller 1977) containing omnipause 
neurons, cells known to inhibit the brain stem pulse-step 
circuits. 

The burst of SRBNs could be involved not only in the 
initiation of saccades but also in specifying saccadic direc- 
tion and amplitude. The burst of SRBNs is unlikely to be 
the only source of a specification signal because of the evi- 
dence summarized above, evidence demonstrating that sig- 
nals specifying saccade direction and amplitude gradually 
develop over a 70- to 125-ms period preceding saccade on- 
set (Becker and Jurgens 1979; Sparks et al. 1987; Stanford 
et al. 1990). On the basis of these data, the process of spec- 
ifying the metrics of an impending saccade begins lOO- 155 
ms before the onset of the high-frequency burst of SRBNs. 

Low-frequency collicular activity may be involved in the 
gradual specification of saccade metrics. Mays and Sparks 

( 1980) found that the activity of QV cells encodes the met- 
rics of a saccade well before the onset of the movement. 
These cells are visually responsive, but their activity does 
not depend on a specific region of the retina being acti- 
vated. Instead, QV cells become active whenever a saccade 
with a particular direction and amplitude becomes rele- 
vant, even after the offset of a saccade target. Moreover, no 
component of QV cell activity is tightly linked to the initia- 
tion of a saccade. 

Other low-frequency signals also exist that may play a 
role in target specification. Some SRBNs, for example, have 
a low-frequency prelude of activity that may precede the 
high-frequency burst by as much as several hundred milli- 
seconds (Sparks and Mays 198 1 b). Glimcher and Sparks 
( 1992) examined this prelude activity using an experimen- 
tal paradigm designed to study the process of response se- 
lection. They found that when two potential saccade targets 
were presented, the prelude of low-frequency activity (30- 
100 Hz) began only after sufficient information became 
available to select the correct (to be rewarded) response. 
Prelude onset had no fixed temporal relationship to move- 
ment initiation. Thus the location of low-frequency prelude 
activity of SRBNs within the topographically organized 
motor map could encode the metrics of the impending 
movement. This activity would not be appropriate for 
movement initiation because it lacks a fixed temporal asso- 
ciation with movement onset. 

Collectively, the behavioral and electrophysiological stud- 
ies summarized above are consistent with the hypothesis 
that low-frequency signals present in the colliculus are in- 
volved in the gradual specification of the metrics of a sac- 
cade. This hypothesis suggests that the initiation of these 
gradually specified movements is triggered by the high-fre- 
quency burst of collicular SRBNs (See Berthoz et al. 1986; 
Sparks 1986; and Sparks and Mays 199 1 for other possible 
roles for the high-frequency burst of collicular SRBNs). 
Some of these findings formed the basis of an earlier sugges- 
tion that the type of collicular activity encoding saccade 
metrics differs from the signals representing the decision to 
make a saccade (Keller 198 1). 

In experiment 1, low-frequency stimulation of the SC 
altered the metrics of spontaneous saccadic eye move- 
ments. These effects were observed in the absence of an 
effect on the initiation of spontaneous movements: the 
mean delay to movement onset was unaffected by low-fre- 
quency stimulation. In experiment 2, low-frequency stimu- 
lation was observed to affect visually guided saccades. On 
stimulation trials, the metrics of saccades initiated by visual 
stimuli were intermediate between the metrics of visually 
directed saccades in the absence of stimulation and the met- 
rics of saccades produced by suprathreshold stimulation. 
Low-frequency stimulation affected the metrics of visually 
directed saccades but did not initiate short-latency eye 
movements. These findings are consistent with the sugges- 
tion that low-frequency collicular signals participate in spec- 
ifying the direction and amplitude of an impending saccade 
(Glimcher and Sparks 1992). 
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Implicit in this argument is the assumption that the fre- 
quency of collicular stimulation and the frequency of 
neural activity elicited by this stimulation are monotoni- 
cally related. Although a direct test of this assumption was 
beyond the scope of these experiments, the data presented 
do support this assumption. Figures 4 and 8 both show that 
the measured behavioral output, the stimulation-induced 
biasing of saccade metrics, was monotonically related to the 
frequency of stimulation.’ 

Also, it should be noted that the relationship between 
specification and initiation signals is measured under 
slightly different conditions in experiments 1 and 2. Experi- 
ment 2 employed trial types in which a fixation target was 
visible during the first 750 ms of the stimulation train. 
Sparks and Mays ( 1983) reported that the threshold 
current for eliciting a saccade with collicular stimulation 
increases when the animal is fixating a target. Thus, it is 
likely that the thresholds for evoking a saccade by micro- 
stimulation were higher in experiment two than in experi- 
ment one. 

Sparks and Mays ( 1983) observed a similar interaction 
between visually guided saccades and stimulation-induced 
movements. They reported that the direction and ampli- 
tude of saccades evoked by high-frequency stimulation of 
the SC were influenced by the location of a visual target to 
which a saccade had not yet been directed. The magnitude 
of the effect depended, in part, on how long the visual target 
was present before the onset of the stimulation train. Taken 
together, the findings of Sparks and Mays ( 1983) and those 
reported in this paper indicate that the specification of sac- 
cade metrics can be influenced by activity occurring over 
widespread regions of the SC. This conclusion is strength- 
ened by the earlier report of Robinson ( 1972) that sub- 
threshold high-frequency stimulation at one site in the SC 
influenced the direction and amplitude of movements pro- 
duced by suprathreshold stimulation at another remote col- 
licular site. Similar experiments have demonstrated that a 
stimulating electrode in the frontal eye fields can influence 
the metrics of a saccade elicited by collicular stimulation 
(Schiller et al. 1979). This raises the possibility that the 
interactions we have observed between collicular stimula- 
tion and visual targets may involve noncollicular eye move- 
ment systems. 

Visually evoked neural activity and activity produced by 
low-frequency, subthreshold collicular microstimulation 
can interact to specify the metrics of a saccade. However, 
this interaction does not modify all records of the visually 
identified saccadic objective. As illustrated in Fig. 9, the 
modified movements that occurred on stimulation trials 
were followed, in many cases, by a secondary saccade that 
brought the direction of gaze closer to the location of the 
original, but no longer visible, visual target. Although the 
examination of secondary saccades was not a goal of the 
current experiments, the observation that they did occur is 

’ If, over the system’s dynamic range, the frequency of elicited collicular 
activity were not monotonically related to the frequency of collicular stim- 
ulation, then an additional nonmonotonic element (inversely matched to 
this hypothetical nonmonotonic property of the electrode-tissue interac- 
tion) would be required to explain the monotonic functions that were 
observed. This outcome, though possible, seems highly improbable. 

important because it demonstrates that stimulation had lit- 
tle or no effect on the process of identifying the location of a 
previously viewed visual target. 

Time c~wsc-’ of’stimdation effects . . 
Experiment 2 also examined the time course of the ef- 

fects of low-frequency stimulation. Stimulation trains that 
began when the animal was cued to initiate a movement 
were as effective in altering the metrics of saccades as were 
stimulation trains that preceded the initiation cue by 750 
ms. Task 4 examined the temporal persistence of the stimu- 
lation-induced effects. Stimulation trains terminating at 
saccade onset were as effective as stimulation trains that 
continued for 60 ms after the saccade began. However, stim- 
ulation trains that ended 40-60 ms before the movement 
began had no effect on the end points of visually guided 
saccades. The stimulation-induced signals that modify 
movement specification persist for a very short time. 

High-frequency stimulation of the SC can both specify 
and initiate a saccadic eye movement. The data presented 
here demonstrate that low-frequency stimulation of the SC 
can activate neural circuits that participate in movement 
specification without engaging neural circuits responsible 
for movement initiation. These findings are consistent with 
single-unit recording data indicating that low-frequency 
signals in the SC accurately encode movement metrics in 
advance of movement initiation (Glimcher and Sparks 
1992), and with behavioral data suggesting that the specifi- 
cation of saccade metrics is a continuous process that pre- 
cedes movement initiation and requires 250-200 ms for 
completion (Becker and Jurgens 1979; Stanford et al. 
1990). Collectively, these data support the hypothesis that 
collicular activity involved in the metrical specification of 
impending movements can be separated from collicular ac- 
tivity involved in the initiation of these movements. 
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