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Abstract In previous studies of saccadic eye movement
reaction time, the manipulation of initial eye position re-
vealed a behavioral bias that facilitates the initiation of
movements towards the central orbital position. An inter-
esting hypothesis for this re-centering bias suggests that
it reflects a visuo-motor optimizing strategy, rather than
peripheral muscular constraints. Given that the range of
positions that the eyes can take in the orbits delimits the
extent of visual exploration by head-fixed subjects,
keeping the eyes centered in the orbits may indeed per-
mit flexible orienting responses to engaging stimuli. To
investigate the influence of initial eye position on central
processes such as saccade selection and initiation, we ex-
amined the activity of saccade-related neurons in the pri-
mate superior colliculus (SC). Using a simple reaction
time paradigm wherein an initially fixated visual stimu-
lus varying in position was extinguished 200 ms before
the presentation of a saccadic target, we studied the rela-
tionship between initial eye position and neuronal activa-
tion in advance of saccade initiation. We found that the
magnitude of the early activity of SC neurons, especially
during the immediate pre-target period that followed the
fixation stimulus disappearance, was correlated with
changes in initial eye position. For the great majority of
neurons, the pre-target activity increased with changesin
initial eye position in the direction opposite to their
movement fields, and it was also strongly correlated with
the concomitant reduction in reaction time of centripetal
saccades directed within their movement fields. Taking
into account the correlation with saccadic reaction time,
the relationship between neuronal activity and initial eye
position remained significant. These results suggest that
eye-position-dependent changes in the excitability of SC
neurons could represent the neural substrate underlying a
re-centering bias in saccade regulation. More generally,
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the low frequency SC pre-target activity could use ec-
centric eye position signals to regulate both when and
which saccades are produced by promoting the emer-
gence of a high frequency burst of activity that can act as
a saccadic command. However, only saccades initiated
within ~200 ms of target presentation were associated
with SC pre-target activity. This eye-dependent pre-tar-
get activation mechanism therefore appears to be re-
stricted to the initiation of saccades with relatively short
reaction times, which specifically require the integrity of
the SC.
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Introduction

Behavioral studies in head-restrained subjects (humans:
Fuller 1996; Zambarbieri et a. 1995; monkeys. Albano
and Wurtz 1982; Paré and Munoz 1996a) have shown
that the initiation of saccadic eye movements is system-
atically modified by the starting position of the eyes in
the orbits: movements made from eccentric initial eye
positions and towards central positions have a shorter re-
action time (RT) than those made to further eccentric po-
sitions. The implication of this re-centering bias for
eye—head coordination was examined by Fuller (1996),
who suggested that it helps to alter the relative timing of
the initiation of eye and head movements, given the ex-
isting “orbital reserve’, i.e. the extent of eye movement
possible either by counter-rotation at the beginning of a
head movement, or by per-rotation at the end of the gaze
shift. With the visual field extending beyond the range
that can be explored with saccades, this strategy can also
help to minimize excursions away from the central posi-
tion, preventing the eyes from reaching their boundaries
even when the head is restrained. Unless this re-center-
ing bias is caused by a peripheral muscular phenomenon,



the neural mechanisms implicated in both the selection
and the initiation of saccades may therefore be influ-
enced by eye position. In this paper, we investigate this
hypothesis by recording from saccade-related neurons in
the intermediate layers of the primate superior colliculus
(SC), a structure critical for both the initiation and the
execution of saccades.

The intermediate layers of the SC contain an ensemble
of neurons that display a saccade-related pattern of activi-
ty: aburst of action potentials time-locked to saccades of
specific metrics that define a neuron’s movement field
(Sparks et a. 1976; Wurtz and Goldberg 1971). Saccade-
related neurons are topographically organized and, within
this neural map, the metrics of saccades are encoded in
relative coordinates, i.e. neurons discharge for a particu-
lar range of saccade vectors irrespective of initia eye po-
sition (Schiller and Koerner 1971; Wurtz and Goldberg
1972). A recent study by van Opstal and colleagues
(1995), however, showed that eye position does influence
the magnitude of the saccade-related burst of activity of
several SC neurons, thereby revealing their access to eye
position signals. The same neurons can additionaly dis-
play low frequency activity well in advance of saccade
onset (Glimcher and Sparks 1992; Mohler and Wurtz
1976; Munoz and Wurtz 1995; Sparks 1978), and it was
recently demonstrated that the level of this early activa-
tion could predict RT (Dorris et a. 1997). The hypothesis
that the SC plays a role in saccade initiation was further
supported by results obtained in microstimulation (Paré et
al. 1994; Robinson 1972; Stanford et al. 1996) and phar-
macological experiments (Aizawa and Wurtz 1998;
Hikosaka and Wurtz 1985, 1986; Quaia et al. 1998;
Schiller et al. 1987; Sparks et a. 1990). The question
arises as to whether eye position can exert its effect on
RT through the early activation of SC neurons?

We studied the activity of SC neurons using a simple
reaction time paradigm wherein the initially fixated visu-
al stimulus varied in position. The extinction of this fixa-
tion stimulus 200 ms before the presentation of the sac-
cadic target provided a warning signal sufficient for the
expression of ‘pre-target’ activity in these neurons. We
examined the relation linking this neurona activation to
both initial eye position and RT to determine whether it is
influenced by eye position and whether this influence is
consistent with the known relationship between RT and
eye position. We found that the SC pre-target activation
could indeed contribute to the facilitation of movements
towards the orbital center, consistent with the hypothesis
that the central processes regulating the selection and the
initiation of saccades use eye position signals.

Some results have been reported in abstract form
(Paré and Munoz 1996b).

Materials and methods
Animal preparation and experimental procedures

Three male rhesus monkeys (Macaca mulatta, 5-10 kg) were pre-
pared for behavioral training along with eye position and extracel -
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lular single-neuron recording in asingle surgical procedure carried
out under general anesthesia and aseptic conditions as described
previously (Dorris et a. 1997; Munoz and Istvan 1998; Paré and
Munoz 1996a). Animals received both antibiotics and analgesic
medications during the post-surgery recovery period that |asted
about 2 weeks. Animal health status was monitored closely and
under supervision of the university veterinarian. All animal care
and experimental procedures were approved by Queen’s Universi-
ty Animal Care Committee and were in accordance with the Cana-
dian Council on Animal Care policy on use of laboratory animals.

Two stereotaxic craniotomies were made to access both SC
with microelectrodes. Stainless steel recording cylinders were po-
sitioned over each craniotomy: one centered on the midline and
tilted 38° posterior of vertical and the other centered on the inter-
aural axis and tilted 25° lateral. A PC-compatible computer run-
ning a UNIX-based real-time data acquisition system (REX)
(Hays et al. 1982) controlled behavioral paradigms, visual dis-
plays, and reward delivery. Eye movements were monitored by the
magnetic search coil technique using phase angle detection
(Collewijn 1977), which permitted the absolute calibration of the
horizontal eye position signals. Neuronal recordings were made
with tungsten microelectrodes that were inserted into the brain via
guide tubes positioned in the cylinders with the aid of a grid
system (Crist et al. 1988). Action potentials of single neurons that
met distinct amplitude and time constraints were isolated with the
use of a window discriminator. The resulting output pulses were
digitized at 1 kHz, whereas horizontal and vertical eye position
signals were digitized at 500 Hz.

During the experiments, the monkeys were seated in a primate
chair with the head restrained and facing an opaque tangent screen
positioned 86 cm away. Each behavioral task was initiated by the
appearance on the screen of alight spot, referred to as the fixation
point, followed after a fixation period by a second light spot serv-
ing as a saccade target. The light spots (light-emitting diodes,
2.0 cd/m?) were back-projected onto the tangent screen and their
positions controlled by an x—y mirror galvanometer positioned
86 cm from the screen. This arrangement ensured that any angular
deviations in the light source equaled the angular deviations in the
cyclopean view of the monkey, and therefore fully corrected for
any tangent errors. Except for the light spots, the room was kept
dark during the experimental trials. To prevent dark-adaptation,
the screen was illuminated with diffuse white light during the in-
ter-trial intervals.

Behavioral paradigms

The activity of SC neurons was studied while the animal performed
a warned, smple RT paradigm commonly known as the gap sac-
cade task (Fig. 1A) (Sasow 1967). Once the fixation point ap-
peared at the center of the screen, the monkey had to look at it and
maintain visua fixation for 500-800 ms. The fixation point was
then extinguished, and the monkey had to maintain steady non-vi-
sual fixation during a 200-ms gap interval before the saccade target
appeared. The gap period was kept constant, allowing it to act as a
warning interval. The monkey was required to make a saccade to
the target within 500 ms of its presentation, and then maintain fixa-
tion for 300-500 ms before aliquid reward was given.

We ascertained the general properties of the neuronal discharge
with respect to saccades within a few trials and then varied sys-
tematically (in steps of 1°) the position of the saccade target to de-
termine the movement field of saccade-related neurons (Wurtz and
Goldberg 1971; Sparks et al. 1976; Munoz and Wurtz 1995). This
was accomplished by graphically displaying online rasters and
histograms of the spike occurrences aligned on the onset of the
saccades made to each target position. After the center of the
movement field (the saccade vector for which neurons discharged
optimally) was well defined, we introduced the orbital gap sac-
cade task (Fig. 1B). In this task, the initial position of eye fixation
was varied randomly between three different positions, each spa-
tially separated by ~15° and distributed along the same axis as the
saccade targets: central (straight-ahead), contralateral or ipsilateral
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Fig. 1 A Gap saccade task: presentation of the visual stimuli and
eye position trace as a function of time, along with the corre-
sponding neuronal activity from one SC saccade-related neuron.
The duration of the visual fixation interval was randomized be-
tween 500 and 800 ms, whereas the gap was kept constant at
200 ms. Reaction time is the time that has elapsed between target
onset and saccade initiation. The pre-target neuronal activity was
estimated during the final 100 ms of visual fixation (t1 epoch) and
from 50 ms before to 50 ms after the end of the gap (t2 epoch).
Post-target activation was estimated by measuring the magnitude
of the target-related (T epoch) and of the saccade-related (S epoch)
bursts of activity. B Orbital gap saccade task: spatial arrangement
of the visual stimuli as seen from the animal’s perspective. The
crosses and circles represent the possible locations of the fixation
point and saccade target (FP and T in panel A), respectively. The
initial eye positions as specified by the fixation points were dis-
tributed along the same axis as the targets, and were located cen-
tral, contralateral or ipsilateral relative to the recording side. The
initial eye position associated with the eccentric fixation points
were computed from the horizontal and vertical eye position. Two
possible target positions were randomly interleaved for each initial
eye fixation position. One target was located contralateral to the
recording side, in the center of the neuron’s movement field,
whereas the other was equidistant relative to the fixation point but
in the diametrically opposite direction. The fixation point and tar-
get for the current trial are highlighted and the open arrow repre-
sents the corresponding saccade

relative to the recording side; the movement fields of these neu-
rons are situated contralateral to the recording side. We minimized
large and systematic variations in target retina error due to posi-
tional changes in the fixation point by setting the maximum initial
eye-position error alowed by the computer-controlled fixation
window to be +1°. Blocks of trials were run in which, for each of
the three initial eye fixation positions (+, Fig. 1B), two possible
target positions ([0, Fig. 1B) were randomly interleaved (10-30
repetitions). For saccade-related neurons, one target was located

contralateral to the side of the recording in the center of the neu-
ron’s movement field, whereas the other was equidistant relative
to the fixation stimulus position but in the diametrically opposite
direction. Data were collected from 90 SC neurons recorded dur-
ing the orbital gap saccade tasks. However, in 11 additional cases
(when the center of the movement fields was >15° eccentric), in-
stead of the orbital gap saccade task, separate blocks of gap sac-
cade trials were run from two or three different initial eye-fixation
positions and the target was presented only in the center of the
neuron’s movement field, i.e. at the contralateral location. Typical-
ly, for the eye positions used, the resulting saccades were centrifu-
gal, symmetrical, and centripetal. For neurons with fixation-relat-
ed activity, targets were presented 10° to the right or left of the
fixation point.

Data analysis

During off-line analyses, saccades were detected and marked us-
ing a computer program that identified the beginning and end of
each saccade, using velocity and acceleration threshold criteria
and template correlation (described by Waitzman et al. 1991). An
experimenter verified these events to ensure accuracy. RT was
measured as the interval from target appearance to the beginning
of the saccade (Fig. 1A). Horizontal and vertical eye position sig-
nals were used to compute (with the Pythagorean theorem) the
value of the different initial eye positions assumed in each experi-
mental session and relative to the central orbital position
(Fig. 1B). Rasters of neuronal discharge and continuously varying
spike density functions (MacPherson and Aldridge 1979;
Richmond et al. 1987) were aligned on specific paradigm events.
To generate the spike-density function, a Gaussian pulse (0=4 ms)
was substituted for each spike and all Gaussians were summed to-
gether to produce a continuous function in time.

Unless specified otherwise, we analyzed only neurons with at
least 10 trials distributed within each of the initial eye fixation and
target positions of the task. The pre-target activity of individual
neurons was measured from the number of action potentials occur-
ring during two different intervals (Fig. 1A). Mean discharge rate
was obtained from (1) the final 100 ms before the end of the visual
fixation period (visual fixation epoch, t1); and (2) the interval
from 50 ms before target appearance to 50 ms after target appear-
ance (end of gap epoch, t2). Given the minimal visual afferent de-
lay in our sample of SC neurons (~60 ms), the measure of activity
during the t2 epoch represents the latest estimate of pre-target acti-
vation. Following target presentation within their movement
fields, SC neurons can exhibit two main types of post-target activ-
ity: a burst of activity time-locked to the appearance of the visual
target and one aligned with the onset of the saccade (Fig. 1A). The
level of the target-related burst of activity was calculated by tak-
ing the maximum value in the peak of the target-aligned spike
density function that occurred between 60 and 100 ms after target
presentation (T epoch). The level of the saccade-related burst of
activity was considered as the peak rate in the saccade-aligned
spike density function that occurred within 20 ms from saccade
initiation (Sepoch).

Before statistical analyses, we performed a Kolmogorov-
Smirnov test on each data set to determine whether it was drawn
from a population with a normal distribution, and statistical com-
parisons within and between non-normal data were performed
with non-parametric tests. For comparison of several samples, we
used an analysis of variance (ANOVA) followed by an all-pair-
wise multiple comparison procedure (Student-Newman-Keuls of
Dunn’s method). Note, however, that the relationships between
neuronal activity and either eye position or RT were estimated
quantitatively using linear regression models, even though some
data sets did not compose normal distributions. Statistical analysis
results were considered significant at a P<0.05 level. All statistical
tests were performed with SigmaStat (Jandel Scientific Corp.).
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Fig. 2 A-F Histograms of representative distributions of reaction
time for saccades of identical metrics but initiated from different
initial eye fixation positions. Results from one session of the orbit-
al gap saccade task, while buildup neuron Ix05i was recorded (cf.
Fig. 3, Fig. 4). Schematic in right-up portion of each histogram de-
picts saccades (- ) made in each condition; O, different initial eye
fixation positions. The mean reaction time is indicated in the bot-
tom-left of each panel. G, H Linear regression curves (n=75) fit-
ting the significant relationships between reaction time and initial
eye position for saccades with rightward (G) and leftward (H)
horizontal components. Left and right eye positions have negative
and positive values, respectively. The Pearson correlation coeffi-
cient of the regressions had a mean of 0.64 (G) and -0.61 (H)

Neuron classification

The recorded SC neurons were separated into three different class-
es (Munoz and Wurtz 1993, 1995; Dorris et al. 1997). We classi-
fied as saccade-related neurons all neurons whose peak rate in the
saccade-aligned spike density function exceeded 100 Hz for sac-
cades to the center of the neuron’s movement field. Among these
saccade-related neurons, a buildup neuron exhibited pre-target ac-
tivity during the end of gap (t2) epoch significantly greater than
during the visual fixation (t1) epoch for at least one initial eye po-
sition, whereas a burst neuron lacked significant increases in pre-
target activity. A neuron recorded in the rostro-lateral portion of
the SC (within the representation of very small saccades) was
classified as a fixation neuron if it discharged >10 Hz during both
t1 and t2 epochs and displayed saccade-related pausesin activity.

Results
Behavioral performance

For the present behavioral data collected in the orbital
gap saccade task, the modulation of saccadic RT distri-
butions by changes in initial eye fixation position was
similar to that described previously (Paré and Munoz
1996a). Figure 2A—F illustrates, for one data set, that
shifting the initial eye position in a direction opposite to
the saccade direction caused a systematic decrease in the
distribution of RTs (Kruskal-Wallis ANOVA on ranks,
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P<0.0001). Thus, the shortest RTs were obtained with
the eyes eccentric in the orbits and the saccades being
centripetal (Fig. 2 A, F), whereas the centrifugal sac-
cades displayed the longest RTs (Fig. 2C, D). In addi-
tion, the RT distribution of the centripetal saccades was
often bimodal, consisting of short-latency express sac-
cades (RT >70 ms and <120 ms) and longer-latency reg-
ular saccades (Fig. 2A) (Paré and Munoz 1996a; see also
Fischer and Boch 1983). Data from 90 experimental ses-
sions (10,767 correct saccades) were available and sig-
nificant RT modulations were observed in 90% of them
(one-way ANOVA or Kruskal-Wallis ANOVA on ranks,
P<0.05).

To estimate quantitatively the change in RT as afunc-
tion of initial eye position, the individual RTs for each
session were fitted with a linear regression equation.
Even though the saccadic vectors varied between ses-
sions, we considered separately saccades with rightward
and leftward horizontal components. By convention,
right and left eye positions have positive and negative
values, respectively. The regressions were found to be
statistically significant in the great mgjority of the exper-
imental sessions. 82/90 sessions for rightward saccades
and 79/90 sessions for leftward saccades (P<0.05). Fig-
ure 2G, H shows the regression lines of the sessions for
which the regressions were significant in both directions
(n=75). The mean slope of the regressions was 2.07 mg/®
for rightward saccades and —1.96 mg/° for leftward sac-
cades. The corresponding y-axis intercept averaged
146 ms and 169 ms, and it was directly related to the re-
gression slope (F-test, P<0.0001): when minimal, the
slope approached zero. This outcome was due to the RT
reaching its lower limit, as indicated by the occurrence
of express saccades, whose minimal RT approaches the
conduction time of the shortest neural pathways from the
retina to the eye muscles (Carpenter 1981). In summary,
mean RT decreased, on average, by 2 ms for each 1°
change in initial eye fixation position; a value similar to
our previous report, which included data collected in
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Fig. 3A—F Effects of initial eye fixation position on the pre-target
activation of buildup neurons. Example from neuron Ix05i record-
ed in the left SC of monkey 1 while it performed the orbital gap
saccade task. The activity of this neuron was maximal for ipsilat-
eral fixation position (A and D) and minimal for contralateral fixa-
tion position (C and F), regardless of the direction of the saccades.
The presentation of the contralateral target elicited both a target-
and saccade-related burst of action potentials (A—C). A cessation
of activity followed the presentation of the ipsilateral target
(D-F). Spike density functions are superimposed on the rasters of
action potentials (vertical tic-marks; ranked according to increas-
ing reaction time from bottom to top) and both are aligned on tar-
get onset (Ton), which occurred 200 ms after the disappearance of
the fixation point (FPoff). The shaded areas under each spike den-
sity functions indicate the analysis epochs: visua fixation (t1) and
end of gap (t2). The bold ordinate values indicate the mean levels
of activity observed for the analysis epochs. The bold abscissa
values indicate the mean reaction time of saccades made from
each fixation position. The initial eye positions were referred rela-
tive to the recording side, whereas the target positions were re-
ferred relative to the visual field

eight extensive behavioral sessions (Paré and Munoz
1996a).

Among the saccades that were rejected from the
above analysis, we identified two types of movements:
anticipatory saccades and targeting errors. Anticipatory
saccades were defined as saccades made toward the loca-
tion of the visua target but not guided by the latter, i.e.
they had RTs <70 ms (see Paré and Munoz 1996a). The
percentage of anticipatory saccades with respect to the
total number of saccades was only 1.4% (152/11,227),
and the great majority (88%) were centripetal saccades
produced when the initial eye position was eccentric, the
same condition that facilitated the occurrence of short-la-
tency express saccades. Targeting errors were saccades
made in the direction opposite to the visual target, i.e. to-
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ward the other possible location of the target. Their inci-
dence was about twice that of anticipatory saccades
(2.7%, 308/11,227), and the great majority (81%) were
centripetal saccades made in trials where the initial eye
fixation position was eccentric and the target was pre-
sented further eccentric. Not all targeting errors had RTs
<70 ms (67%), indicating that several of them occurred
even though the information about the saccadic goal
should have been available for a correct response to oc-
cur. In summary, saccade production was affected by
changes in the initial eye position, with the RT of correct
saccades being modulated and the likelihood of targeting
errors influenced.

Neuronal sample

From recordings performed in the two superior colliculi
of each of the three monkeys, 89 neurons fulfilled our
neuron classification scheme; 12 neurons recorded in the
orbital gap saccade task were rejected from the physio-
logical analysis. According to our criteria 49% (n=44)
were buildup neurons, 36% (n=32) were burst neurons,
and 15% (n=13) were fixation neurons. Data from 35
buildup, 30 burst, and all fixation neurons were collected
in the orbital gap saccade task. Data from nine buildup
and two burst neurons were obtained only in separate
blocks of trials with a single (contralateral) target posi-
tion and a constant initial eye position that varied be-
tween blocks because their movement fields were >15°
eccentric. Because our goal was to study the link be-
tween the SC early activity and both initial eye position
and RT, we first describe the activity that occurred be-
fore target onset, i.e. the pre-target activation exhibited



by buildup neurons. Next, we present the post-target ac-
tivation of saccade-related neurons.

Pre-target activation of buildup neurons
Relationship with eye position

The majority of buildup neurons modulated their early
low-frequency activity with respect to changes in initial
eye position. Figure 3 illustrates the discharge of an ex-
ample buildup neuron recorded in the left SC of monkey
1 while it performed the orbital gap saccade task. This
neuron displayed pre-target activity during both the visu-
al fixation and gap periods at all initial eye positions.
Targets presented in the contralateral hemifield (within
the movement field) led to target- and saccade-related
bursts of activity (A—C, most evident in panels B and C),
whereas the low-frequency activity was abolished after
targets were presented ipsilaterally (D—F). For each ini-
tial eye position, the early activity built up during the
gap period to reach alevel during the end of gap (t2) ep-
och that was about twice that of the visual fixation (t1)
epoch, regardless of the location of the target to be pre-
sented. However, the absolute level of pre-target activity
was maximal for the ipsilateral initial eye positions
(Fig. 3 A, D). From ipsilateral to contralateral eye posi-
tions, the mean discharge rate decreased from 26 to
17 Hz during the t1 epoch and from 57 to 27 Hz during
the t2 epoch. Using a two-way ANOVA, with initial eye
position and target location as factors, the eye position
effect on neuronal activity was statistically significant
(t1, F=10.6; t2, F=66.9; P<0.0001). As expected, be-
cause it is an event occurring after the analysis epochs,
the location of the target had no influence on pre-target
buildup of activity (t1, F=0.1, P=0.78; t2, F=1.0,
P=0.32).

Figure 4 summarizes the level of activity reached by
all buildup neurons recorded in the orbital gap saccade
task. Because target location never affected the level of
pre-target activity of these neurons (see above), we
pooled together the data obtained with the target present-
ed at both the contralateral and the ipsilateral positions.
During the t1 epoch, the mean discharge rate did not
vary significantly (Kruskal-Wallis ANOVA on ranks,
P=0.17). During the t2 epoch, the rate significantly de-
creased from 46 Hz (ipsilateral) to 32 Hz (central) and
20 Hz (contralateral) (Kruskal-Wallis ANOVA on ranks,
p<0.0001; Student-Newman-Keuls test, P<0.05).

Given the modulation of the pre-target activity by ini-
tial eye position, an important issue is whether buildup
neurons had a significant increase in their early dis
charge (t2 >t1; paired t-test or Wilcoxon signed rank test,
P<0.05) at each initial eye position. For the 35 buildup
neurons tested in the orbital gap saccade task, significant
buildup in activity at al three positions was found for 13
neurons (e.g. Fig. 3), at two positions (central and ipsi-
lateral) for 12 neurons, and 9 neurons had significant
buildup only at the ipsilateral position. One neuron
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Fig. 4 Average level of pre-target buildup activity (and SE) as a
function of initial eye position during visual fixation (t1) and end
of gap (t2) epochs. Data from the sample of 35 buildup neurons
recorded in the orbital gap saccade task. Trials with contralateral
and ipsilateral targets were condensed

showed significant buildup only at the central eye posi-
tion. Similar results were obtained for the nine buildup
neurons tested in blocks of trials where the initial eye
position was kept constant. Overall, 98% of the neurons
showed significant buildup activity at the ipsilateral eye
position, 68% at the central position, and 30% at the
contralateral position. In summary, both the level of pre-
target buildup activity and its presence generally were
modulated by initial eye position.

Linear regression analyses were performed to esti-
mate quantitatively the change in discharge rate of the
pre-target activity as a function of initial eye position.
Figure 5 (A, B, E, F) illustrates this analysis for the ex-
ample buildup neuron appearing in Fig. 3, while Fig. 6
and Table 1 summarize the correlation coefficients and
the slope of the regression equations obtained from the
sample. For the activity present during the t1 epoch, the
average correlation coefficient was —0.14 and the slope
—0.16, with 52% of the neurons displaying a statistically
significant relationship. For the activity present during
the t2 epoch, the average correlation coefficient was
—0.35 and the slope averaged —0.8 Hz/°. A linear
rate—position relationship was statistically significant in
75% of the buildup neurons. As in the example neuron
of Fig. 3 and Fig. 5, the pre-target activity decreased
with increasing contralateral positions for nearly all the
neurons with a significant correlation. A positive rela-
tionship was observed in five neurons in the t1 analysis
and in only one neuron in the t2 analysis (Fig. 6). In
summary, SC pre-target activation was strongly and con-
sistently modulated by changesin initial eye position.
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Fig. 5A-H Relationships between discharge rate of example
buildup neuron Ix05i as a function of initial eye fixation position
(A, B and E, F) and saccadic reaction time (C, D and G, H). Each
data point was obtained from a single trial and sampled during ei-
ther the visual fixation (t1) epoch (A-D) or the end of gap (t2) ep-
och (E—H). Shown are the data from trials in which the target was
presented either contralateral (A, C and E, G) or ipsilateral (B, D
and F, H) in the visua field. The symbols indicate the different
initial eye positions relative to the recording side: O, ipsilateral;
o, central; A, contralateral. The relationships between discharge
rate and initial eye position and between reaction time and dis-
charge rate were obtained by linear regression analysis. For the re-
lationship between rate and eye position, the parameters of the lin-
ear regression equations are: b=21, slope=—0.18, r=-0.30 (A);
b=22, slope=—0.18, r=-0.36 (B); b=43, slope=—0.60, r=—0.69 (E);
b=44, slope=—0.56, r=—0.62 (F). For the relationship between re-
action time and rate, the regression parameters are: b=168,
slope=—0.64, r=-0.24 (C); b=156, slope=1.04, r=0.30 (D); b=2009,
slope=—1.28, r=-0.74 (G); b=133, slope=1.02, r=0.54 (H). All re-
gressions were significant (P<0.05)

Relationship with reaction time

Besides its eye-position dependence, the pre-target activ-
ity of buildup neurons was aso correlated with RT. For
instance, Fig. 5 illustrates how this activity in the exam-
ple buildup neuron (Fig. 3) was inversely related to the
RT of contraversive saccades made into the movement
field (Fig. 5C, G) and directly related to the RT of ipsi-
versive saccades made in the opposite direction (Fig. 5D,
H). Linear regression analyses were again used to esti-
mate quantitatively the change in RT as a function of the
change in pre-target buildup activity. Figure 7 and
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Fig. 6 Histograms of the distribution of the correlation coeffi-
cients of the linear regressions between initial eye position and
rate of pre-target buildup activity during the visua fixation (t1)
and end of gap (t2) epochs and before saccades to targets located
contralateral and ipsilateral relative to fixation. Data are from 44
buildup neurons. Shaded bar represents statistically significant
correlation (P<0.05)



Table 1 Relationship between pre-target activity of buildup neu-
rons and initial eye fixation position (linear regression analysis).
Top: correlation coefficient (r) values (mean £SD and range in
brackets). Middle: slope values (mean +SD and range in brackets).
Bottom: respective proportion of neurons showing a statistically
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significant correlation (P<0.05). Thirty-five neurons were tested in
the orbital gap saccade task (randomized contralateral and ipsilat-
eral targets) and nine neurons in blocks of trials with only a con-
tralateral target and at least three different initial eye fixation posi-
tions

Contralateral target Ipsilateral target

Visual fixation (t1) End of gap (t2) Visual fixation (t1) End of gap (t2)
Correlation coefficient —0.14+0.25 —0.34+0.30 -0.13+0.22 —0.36+0.27

[-0.64 t0 0.43] [-0.84 10 0.25] [-0.71t0 0.34] [-0.81t00.21]
Slope (Hz/°) —0.16+0.36 —0.79+1.03 -0.16+0.43 -0.81+1.01

[-1.60 to 0.56] [-4.20t0 0.48] [2.10t0 0.71] [-4.31t00.52]
Significant correlation* 52% (23/44) 75% (33/44) 37% (13/35) 74% (26/35)

*A non-parametric correlation analysis (Spearman rank order correlation) gave similar percentages: 45%, 80%, 40%, and 71%, respec-

tively

Table 2 Relationship between reaction time and pre-target activi-
ty of buildup neurons (linear regression analysis). Top: correlation
coefficient (r) and slope values (mean +SD and range in brackets),
along with the respective proportion of neurons showing a statisti-
caly significant correlation (F-test, P<0.05). Thirty-five neurons
were tested in the orbital gap saccade task (randomized contralat-

eral and ipsilateral targets) and nine neurons in blocks of trials
with only a contralateral target. Bottom: proportion of neurons that
showed a statistically significant correlation (P<0.05) in the study
of Dorris et a. (1997), wherein al the saccades were generated
from the central straight-ahead position

Contral ateral target Ipsilateral target

Visual fixation (t1) End of gap (t2) Visual fixation (t1) End of gap (t2)
Correlation coefficient —-0.16+0.20 -0.41+0.24 0.11+0.19 0.24+0.21

[-0.57 t0 0.35] [-0.83t00.21] [-0.28 t0 0.65] [-0.10t0 0.69]
Slope (ms/Hz) —0.64+0.81 —0.82+0.68 0.39+£0.69 0.46% 0.58

[2.91t0 1.38] [-3.46t0 0.38] [-0.66 t0 3.02] [-0.18t0 1.82]
Significant correlation* 41% (18/44) 82% (36/44) 20% (7/35) 54% (19/35)
Dorriset al. 1997 14% (4/29) 41% (12/29) 11% (2/19) 11% (2/19)

* A non-parametric correlation analysis (Spearman rank order correlation) gave similar percentages: 48%, 82%, 28%, and 54%, respec-

tively

Table 2 summarize the correlation coefficients of al the
regression equations. For the activity preceding saccades
into the movement fields, 41% and 82% of the buildup
neurons had significant correlation during visual fixation
(t1) and end of gap (t2) epochs, respectively (Fig. 7, left;
Table 2). In general, increases in buildup activity were
accompanied by significant decreasesin RT. For the neu-
rons showing a significant negative correlation during
the t2 epoch (n=36), the average coefficient was —0.50
and the average slope was —0.99 ms/Hz. However, this
relationship appeared to be restricted to the initiation of
saccades with relatively short RTs. This restricted rela
tionship derives from the absence, or near-absence (e.g.
Fig. 5G), of pre-target activity for saccades with RTs of
about 200 ms and greater. For the sample of neurons, the
mean intercept of the significant linear regressions was
175 ms (range 106 to 228). The SC pre-target activation
could therefore not possibly be effective in influencing
the initiation of saccades with longer RTs.

For the saccades made in the direction opposite to the
movement fields, RT was significantly correlated to the
discharge rate of 20% and 54% of the neurons during the
t1 and t2 epochs, respectively (Fig. 7, right; Table 2). In

these cases, increases in buildup activity generally were
associated with increases in RTs and the correlation coef-
ficients were lower. Among the neurons with a signifi-
cant positive correlation during the t2 epoch (n=19), the
average coefficient was 0.40 and the average slope was
0.75 ms/Hz.

In our previous report, we analyzed the relationship
between pre-target buildup activity and RT when sac-
cades were produced only from central initial eye posi-
tion (Dorris et al. 1997). Not only was this relationship
preserved when multiple initial eye fixation positions
were used, but the percentage of neurons showing a sig-
nificant correlation between their discharge rate and RT
was increased (Table 2). One striking difference was the
large increase in the percentage of significant correla-
tions between buildup activity and the RT of saccades
made in the direction opposite to the movement fields
(11% versus 54%). The originally low percentage was
taken to indicate that the early activity of buildup neu-
rons might only be implicated in the process of initiating
saccades made into the movement field. Our results
therefore suggest a broader role in the saccade initiation
process (see aso Dorris and Munoz 1998). One mgjor
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Fig. 7 Histograms of the distribution of the correlation coeffi-
cients of the linear regression between saccadic reaction time and
rate of pre-target buildup activity during the visua fixation (t1)
and end of gap (t2) epochs and before saccades to targets located
contralateral and ipsilateral relative to fixation. Data are from 44
buildup neurons. Shaded bar represents statistically significant
correlation (P<0.05)

factor contributing to the increase in the percentage of
significant correlations between RT and buildup activity
appeared to be the wider RT distributions. Indeed, the in-
troduction of eccentric initial eye positions always in-
creased the range of RTs and generally doubled it. For
the 35 buildup neurons recorded in the orbital gap sac-
cade task, the range in RTs averaged 76 ms (SD=41,
range 14 to 230) for the central initial eye position alone,
whereas it averaged 179 ms (SD=77, range 63 to 400)
with the additional two eccentric positions.

In summary, a high level of pre-target buildup activity
predicted well the occurrence of relatively short RT sac-
cades made within the neuron’s movement field and it
generally anteceded ipsiversive saccades with long RTs.
This relationship between RT and neuronal activity per-
sisted in spite of changes in initial eye position and, in
fact, improved considerably.

Relationship with saccade probability

We showed that the pre-target activity of buildup neu-
rons was related to both initial eye position and RT. Even
after removing the influence of RT from the relationship
between pre-target activity and initial eye position, the
latter two parameters continued to be significantly corre-
lated in most neurons: 61% and 54% for contralateral
and ipsilateral target trials, respectively (ANCOVA,
P<0.05). The target-position independence of the eye po-

sition effect (Table 1) and the unequal relationship be-
tween pre-target activity and RT (contra versus ipsi, Ta-
ble 2) predicted this outcome. Altogether, these observa-
tions suggest that initial eye position contributes to the
central processes underlying saccade initiation, for
which buildup neurons are believed to be important
(Dorris et a. 1997). Nevertheless, some additional ob-
servations suggest that the neuronal modulation might
not be strictly related to initial eye position. To dissoci-
ate activity related to eye position from activity related
to saccade production, we recorded nine of our neurons
in separate blocks of catch gap trials, wherein saccades
never followed the gap period because the next visual
stimulus was presented at the fixation position. In this
condition, the neuronal activation rapidly vanished, usu-
ally within the first five-ten trials (not shown). The same
phenomenon was observed when saccades were made
from an ipsilateral eye position, but repeatedly away
from the neurons’ movement fields. We take these obser-
vations to signify that the pre-target SC activity isrelated
to the probability that a saccade will be made within a
neuron’s movement field (Dorris and Munoz 1998, see
their Figs. 1 and 2; see also Basso and Wurtz 1998), and
prior probability is a prerequisitefor the eye position in-
fluence. Thus, when different saccades are available, the
probability of producing centripetal saccades may be-
come implicitly augmented. In other words, the monkeys
appeared to attribute more importance to visual targets
requesting a centripetal saccade, despite the fact that at
each initial eye position the explicit probability that the
target appeared within the neuron’s movement field was
always 50%.

Relationship with targeting errors

The existence of targeting errors in the orbital gap sac-
cade task provided us with the opportunity to investigate
whether the pre-target buildup activity, whose level is re-
lated to RT, can also predict the occurrence of a certain
saccade out of two possible ones. Hypothetically, high
early activity should be related to short RT and increased
probability of saccades directed within the movement
field. Asreported above, the incidence of targeting errors
was low and a quantitative analysis of the associated
buildup activity was limited. Given the frequency distri-
bution of these errors, we concentrated on the condition
wherein both the initial eye position and the target loca-
tions were ipsilateral to the recording side. In this condi-
tion, the buildup activity was generally maximal, but it
declined quickly starting ~80 ms after target appearance
and the correct long-latency saccades were later generat-
ed away from the movement field (Fig. 8 A). On error
trials (Fig. 8B), centripetal instead of centrifugal sac-
cades were generated within the movement field, and the
neuron discharged a saccade-related burst of activity. Be-
cause only the targeting errors were made within the
neuron’s movement field, the buildup activity during the
error trials was hypothesized to be higher than during the



correct trials. As shown in Fig. 8, thisis exactly what we
observed.

Targeting errors could include responses with RTs
ranging from 0 to 70 ms (Fig. 8B, dotted traces), and
measuring the pre-target activity during the t2 epoch was
not valid because it could aso include the saccade-rel at-
ed activity. We therefore considered a 50-ms epoch end-
ing at target appearance and, because this interval is
short, we quantified the buildup activity by computing
the mean value of the spike density function during this
epoch. The analysis excluded trials with RT <20 ms and
included only neurons (n=10) recorded during sessions
that yielded, in the condition that we examined, at least
four error trials. For the neuron shown in Fig. 8, this ac-
tivity was 78 and 148 Hz during the correct and error tri-
als, respectively. For the 10 neurons that were analyzed,
the buildup activity reached, on average, 60 Hz during
the correct trials and 92 Hz during the error trials (paired
t-test, df=9, t=—3.66, P<0.01). Consistent with our hy-
pothesis, increased SC early activity associated with ip-
silateral shifts in eye position was related to the occur-
rence of erroneous centripetal saccades into a neuron’'s
movement field.

Discharges of fixation neurons

In the gap saccade task, fixation neurons discharged ton-
ically during periods of visua fixation, often reduced
their activity during the gap period, and exhibited a sac-
cade-related pause in activity (Munoz and Wurtz 1995;
Dorris and Munoz 1995). In the orbital gap saccade task,
the tonic activity of fixation neurons during the visual
fixation (t1) and end of gap (t2) epochs averaged, respec-
tively, 56 and 42 Hz, and was not significantly modulat-
ed by initial eye position (Fig. 9) (Kruska-Wallis
ANOVA on ranks, P=0.95). These results corroborate
the reported absence of eye-position effect on these neu-
ronsin afixation task (Munoz and Wurtz 1993). In addi-
tion, the activity of fixation neurons was not correlated
with RT on a tria-by-trial basis (not shown), thereby
confirming our previous results (Dorris et a. 1997). Fur-
thermore, the constant reduction in fixation-related activ-
ity during the gap could not predict the different mean
RTs observed for the saccades produced from each initial
eye position. These results further support the hypothesis
that the early activity of saccade-related neurons, as op-
posed to the potential disinhibition afforded by a reduc-
tion in the activity of fixation neurons, provides the pre-
dominant signal determining saccade initiation (Dorris et
al. 1997).

Fig. 8A, B Relationship between targeting errors and SC pre-tar-
get buildup activity. Example buildup neuron (ma62d) recorded in
the right SC of monkey 3 performing the orbital gap saccade task.
Panels show its activity associated with trials where correct (A)
and erroneous (B) saccades were produced as both the initial eye
position and the target location were ipsilateral to the recording
side, i.e. opposite to the movement field. In this condition, the pre-
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sentation of the visual stimulus elicited a cessation of neuronal ac-
tivity (A) unless a targeting error occurred, in which case the sac-
cade was made within the movement field and preceded by a high-
er level of buildup activity and a saccade-related burst of action
potentials (B). Spike density functions are superimposed on the
rasters of action potentials (vertical tic-marks; ranked according to
increasing reaction time) and both are aligned on target onset
aong with the horizontal (Eh) and the vertical (Ev) eye position
traces. The bold ordinate values indicate the mean value of the
spike density function during the 50-ms analysis epoch (shaded
area) that ends at the onset of the target. Dotted position traces in-
dicate trials with a saccadic (anticipatory) reaction time <70 ms.
Notice that each erroneous saccade was followed by a corrective
saccade that brought the eyes toward the target location but after
the typically long reaction time of the correct saccades
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Discharges of burst neurons

The magjority of burst neurons (66%, 21/32) displayed no
significant activity during visual fixation or during the
gap period. Most of them were, in fact, totally silent dur-
ing fixation periods. Of the minority of neurons (34%,
11/32) that discharged tonically during all fixation peri-
ods, only one had a tonic activity significantly modulat-
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Fig. 9 Average level of fixation-related activity (and SE) as a
function of initia eye position during visual fixation (t1) and end
of gap (t2) epochs. Data from the sample of 13 fixation neurons
recorded in the orbital gap saccade task. Trials with contralateral
and ipsilateral targets were condensed

IPSILATERAL FIXATION
2007

A 1B

100 4
927

CENTRAL FIXATION

ed by eye position. This neuron’s modulation, however,
differed from what we observed in buildup neurons as its
level of activity increased with contralateral shiftsinini-
tial eye position; only one buildup neuron showed a sig-
nificant positive correlation (Fig. 6, bottom). With the
exception of a few neurons (n=4), which at times exhib-
ited gap-related discharges for ipsilateral eye positions,
most activity changes in burst neurons occurred after the
target appearance.

Post-target activation of saccade-related neurons
Target-related burst of activity

Saccades made within the movement fields of saccade-
related neurons were preceded by a high frequency burst
of activity, which often followed a lower frequency burst
that was time-locked to the target presentation. We fre-

Fig. 10A—F Effects of initia eye fixation position on the post-tar-
get activation of burst neurons. Example from neuron jh13f re-
corded in the right SC of monkey 2 performing the orbital gap
saccade task. Spike density functions are superimposed on the ras-
ters of action potentials (vertical tic-marks; ranked according to
increasing reaction time) and aligned on the presentation of the
contralateral targets (A—C) and on the start of the associated sac-
cades (D—F) produced within the movement field. The presenta-
tion of the contralateral target elicited both a target- and saccade-
related burst of action potentials. The modest target-related burst
(~80 ms) was modulated by initial eye position, being maximal for
ipsilateral position (A) and minimal for contralateral position (C).
The intense saccade-related burst did not change in magnitude
(D-F). The bold ordinate values indicate the peak value of the
spike density function for the target- (A—C) and saccade-related
(D—F) bursts of activity
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guently observed systematic changes in the magnitude of
this target-related activity in both buildup and burst neu-
rons. Figure 10A—C illustrates, for a burst neuron, how a
contralateral shift in initial eye position caused a de-
creasein thisinitial burst, which reached its peak ~80 ms
after target presentation. We performed an analysis of the
magnitude of the target-related activity of all the sac-
cade-related neurons recorded in the orbital gap saccade
task and whose target-related activity was >50 Hz (rela-
tive to the t2 activity) when the initial eye position was
central. This was the case for 70% of the burst neurons
(21/30) and 66% of the buildup neurons (23/35). Fig-
ure 11A illustrates the average peak discharge rate
reached by both burst and buildup neurons, whose mod-
ulation was very similar. With the initia eye position
shifting contralaterally, the target-related activity of the
two classes of neurons significantly decreased from
377 Hz (ipsilateral) to 339 Hz (central) and 280 Hz (con-
tralateral) (Kruskal-Wallis ANOVA on ranks, P<0.005;
Student-Newman-Keuls test, p<0.05). Thus, changes in
the level of both target-related and pre-target activities
concur to reveal that there was an increase in the excit-
ability of saccade-related neurons when the initial eye
position was shifted ipsilaterally.

The short RT-saccades associated with the increased
SC excitability occasionally included express saccades,
whose initiation coincided with the target-related activity
coalescing with the saccade-related activity (Edelman
and Keller 1996; Dorris et al. 1997). Although this is
consistent with the idea that an ipsilateral shift in initial
eye position both augments the excitability of SC sac-
cade-related neurons and shortens saccadic RT, we
sought to control for the possible confound that the tar-
get-related bursts associated with express saccades was
contaminated by saccade-related activity. In a second
analysis, we excluded trials in which express saccades
were produced. For the available burst and buildup neu-
rons (n=39), the average peak discharge rate then de-
creased from 346 Hz (ipsilateral) to 316 Hz (central) and
275 Hz (contralateral), with the initial eye position shift-
ing contralateraly. This was still a statistically signifi-
cant modulation (Kruskal-Wallis ANOVA on ranks,
P<0.05; Student-Newman-Keuls test, P<0.05).

Saccade-related burst of activity

As exemplified in Fig. 10 (D—F), initial eye position (or
RT) seemingly did not modify the magnitude of the sac-
cade-related burst of activity produced by SC neurons.
Such lack of variability in the saccade-related activity
was a common observation for the sample of 30 burst
and 35 buildup neurons recorded in the orbital gap sac-
cade task. On average, the saccade-related burst reached
522 Hz (range 107 to 869), and initial eye position had
no significant influence (one-way ANOVA, P=0.88)
(Fig. 11 B). Our data therefore further support the widely
recognized notion that SC neurons encode the metrics of
saccades in relative coordinates (Sparks and Mays 1990).
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Fig. 11A, B Average level of target- (A) and saccade-related (B)
activity (and SE) as a function of initial eye fixation position for
buildup neurons and burst neurons recorded in the orbital gap sac-
cade task

Only in a minority of neurons (20%, 13/65) was the
magnitude of the saccade-related burst of activity sys-
tematically modulated (repeated t-tests with corrected
degrees of freedom, P<0.0167). The activity of four neu-
rons increased monotonically from ipsilateral to contra-
lateral initial eye position, whereas the activity of nine
neurons decreased. Note that this variability could sim-
ply have originated from some small differences in sac-
cade metrics partially caused by the changes in initial
eye position (Collewijn et al. 1998; Pélisson and
Prablanc 1988).
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Discussion

We showed that, with changes in initial eye position in
the direction opposite to a neuron’s movement field, the
excitability of SC neurons increased, while the RT of
centripetal saccades made within the neuron’s movement
field decreased. The change in neuronal excitability was
conspicuous in the pre-target buildup of activity (see
Figs. 3-6), but was also manifest in the burst of activity
that occurred time-locked to target presentation
(Fig. 11A). In contrast, the saccade-related burst of ac-
tivity remained invariant (Fig. 11B). This eye position
influence on SC neuronal excitability could facilitate the
initiation of re-centering saccades (Fig. 7 and Fig. 8).
These findings indicate that the eye position effect on
saccade production is not a peripheral phenomenon due
to the stretching of ocular muscles. Rather, they suggest
that the neural control of saccade initiation, as reflected
in SC activity patterns, can make use of eye position sig-
nals.

Such a postural?® influence on SC neurons, whose dis-
charges are intimately linked to saccade production
(Sparks 1978), represents an additional factor regulating
the neural processes of saccade selection and initiation.
The modulated neuronal activity, however, can be disso-
ciated from eye position signals and it appears more
closely related to implicit saccade production probability.
The re-centering bias in saccade regulation created by
changes in initial eye position may therefore be analo-
gous to manipulating the likelihood that a certain sac-
cade will be executed (Carpenter and Williams 1995;
Dorris and Munoz 1998; see also Basso and Wurtz 1998;
Lecas et al. 1986). Although we did not manipulate ini-
tial eye position in a parametric way (only ipsilateral,
central, and contralateral positions were employed), the
independent observation that RT does vary systematical-
ly with initial eye position (Paré and Munoz 1996a) sug-
gests that the effect of initial eye position on SC neuro-
nal activity may not be determined by a simple ‘binary’
assessment of being either eccentric or not from the cen-
tral position. Is this behaviora bias due entirely to the
fact that our monkeys received extensive experimental
training, in which the repetitious presentation of a fixa-
tion light in the central visual field might have induced
an artificial strategy? The exact contribution of training
cannot be easily estimated, but we do not think that it is
an indispensabl e factor because an eye position—RT rela-
tionship has also been observed in human subjects with-
out comparable training (Fuller 1996; Zambarbieri et al.
1995).

Several lines of evidence have already suggested that
SC neurons have access to eye position signals (for re-
view see van Opstal et al. 1995). It is therefore possible

1 The term posture emphasizes that the observed changes in neu-
ronal activity and behavior are attributed to changes in the posi-
tion of the eyes within the orbits (body reference) and not to
changes in the position of the eyes in space (spatial reference).
Varying the position of the head would be necessary to corrobo-
rate this hypothesis.

that saccadic programs are combined with eye position
signals within the SC. Alternatively, saccadic programs
could be modified beforehand, e.g. within cortical areas
providing inputs to the SC (cf. Andersen et al. 1990).
Two particular physiological studies are directly related
to our findings. First, Peck et al. (1995) reported that, in
the cat SC, the neuronal responses to visual stimuli are
influenced by initial eye position. This is consistent with
our results, which incidentally showed more systematic
effects. Second, van Opstal et a. (1995) reported that the
saccade-related activity of several monkey SC neurons
(38%, 22/57) could increase significantly with a shift in
eye position in the direction toward (19%), opposite
(4%), or orthogonal (16%) to the neuron’s movement
field. Our comparatively simpler analysis (and slightly
different experiments) identified a similar fraction of
neurons with co- and anti-linear modulations (20% ver-
sus 23%). However, the lack of systematic modulation in
both our sample and that of van Opstal and colleagues
suggests that the eye position effect on SC saccade-relat-
ed activity impacts behavior less significantly than its ef-
fect on the pre-target activity.

The consequence of an eye position effect on SC ac-
tivity in advance of saccades may restrict visual explora-
tion by limiting eccentric excursions of the eyes in the
orbits, via an influence on the saccade selection and ini-
tiation processes. One possible benefit of this behavioral
constraint may be to reduce sustained muscle work,
which increases with ocular eccentricity (Robinson
1981). The most obvious advantage has to do with avis-
uo-motor optimizing strategy. With saccades bringing
the eyes to appreciable eccentric orbital positions, the
saccadic system loses the flexibility to respond to incom-
ing stimuli if the latter require movements toward further
eccentric positions. Therefore the eyes are optimally
poised for the next movement only when they are at the
center of the oculomotor range (Tweed 1997). This opti-
mizing strategy has been shown to be pertinent particu-
larly in the control of head-unrestrained gaze shifts
(Fuller 1996), which may involve the SC (Freedman and
Sparks 1997; Munoz et al. 1991).

When an observer’s head is unrestrained, the range of
positions that the eyes can take in the orbits no longer
delimits the extent of visual exploration by saccadic
shifts of the visual axis (gaze). Thus, the facilitation of
centripetal saccades emphasized here may be down-
played by the involvement of the head enabling greater
exploration capability. Nevertheless, the timing of the
two mobile segments necessitates precise adjustments
that must take into account the current eye position as
well as the position of the head relative to the body (see
Fuller 1996). Theoretically, gaze shifts can be executed
by dividing the contribution of eye and head movements
in many different combinations. However, these combi-
nations are constrained by regulatory interactions be-
tween the mobile segments (Becker and Jurgens 1992;
Delreux et a. 1991; Stahl 1999; Volle and Guitton
1993). In the head-unrestrained situation, the eye posi-
tion modulation of SC neuronal activity could then con-



tribute to optimizing eye-head coordination timing
(Fuller 1996). Access to neck muscle afferents may fur-
ther enable the SC in this function (Abrahams and Rose
1975; Abrahams and Turner 1981).

Neural signals for saccade initiation

An adequate description of most behavioral and physio-
logical data that relate to saccade initiation can be found
in the linear rise-to-threshold model developed by
Carpenter (Carpenter 1981; Carpenter and Williams
1995). In this model, a saccadic target initiates the rise of
a decision signal, which represents an estimate of the
likelihood of the hypothesis that the target is present. This
signal grows at a constant rate until a fixed threshold val-
ue is reached and the saccade is triggered. Variability in
RT can be caused by variability in the initial value and in
the rate of growth of the decision signal. Possible neural
correlates of these signals have been identified. The pre-
target buildup of activity of SC neurons undoubtedly
contributes to setting the initial value of the decision sig-
nal, particularly in warning RT tasks like the gap task
(Dorris et a. 1997). The post-target buildup of activity of
saccade-related neurons in the frontal eye field (Hanes
and Schall 1996) could be associated with the rising deci-
sion signal; analogous signals in the SC need to be docu-
mented. Lastly, the RT-invariant threshold can be dis-
cerned in the constant value reached by the saccade-relat-
ed burst of activity (Dorris et a. 1997; Edelman and
Keller 1996; Hanes and Schall 1996).

In previous reports, our group has hypothesized that
express saccade generation requires advanced preparation
of motor programs (Paré and Munoz 1996a) subserved by
augmented SC pre-target activity that generally shorten
RT and ultimately can alow SC target-related bursts of
activity to trigger the movement (Dorris et al. 1997). Neu-
ronal pre-target activity can be observed almost exclusive-
ly in warned RT tasks such as the gap task. Moreover, our
study showed that the SC pre-target activity could only
predict speeded RTs, which generally are produced in this
gap task and specifically require the integrity of the SC, as
demonstrated by the ablation study of Schiller and col-
leagues (Schiller et a. 1987). This experimental condition
therefore corresponds to a specia case of neura control of
saccade initiation, as pre-target activity generally is absent
in other RT tasks that normally yield longer RT. The latter
would instead rely exclusively on decision processes re-
flected in coordinated post-target activation among coop-
erating neurons within and between oculomotor structures
(Schall and Thompson 1999).

Conclusion

The SC is a site of convergence for sensory representa-
tions and pre-motor signals. Both categories of neural
signals are influenced by the position of the eyes within
the orbits during the period of fixation preceding a sac-
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cade. This influence renders the saccadic system capable
of transforming the spatial coordinates of sensory targets
into appropriate commands for saccades (see for review
Sparks and Groh 1999). It also permits, as we suggest
here, an adaptive strategy for optimizing saccade regula-
tion by modifying the neural processes underlying the
selection and the initiation of saccades. The orbital influ-
ence on SC neurons, however, seems to be limited to ac-
tivity patterns in advance of saccade initiation since the
saccade-related bursts of activity represent invariant sac-
cadic commands that perhaps are modified by down-
stream elements to generate the adequate innervation of
eye muscles.

Acknowledgements We would like to acknowledge our col-
leagues M.C. Dorris and PJ. Istvan for their participation in some
experiments, as well as A. Lablans and D. Hamburger for excel-
lent technical assistance. We also thank our colleagues in the
CIHR Group in Sensory-Motor Systems for helpful suggestions.
We will always be grateful to N. Bains for her advice on statistics.
This work was supported by a grant from the Medical Research
Council of Canada.

References

Abrahams VC, Rose PK (1975) Projection of extraocular, neck
muscle, and retinal afferents to superior colliculus in the cat:
their connections to cells of origin of tectospina tract. J Neu-
rophysiol 38:10-18

Abrahams VC, Turner CJ (1981) The nature of afferents from the
large dorsal neck muscles that project to the superior collicu-
lusin the cat. J Physiol 319:393-401

Aizawa H, Wurtz RH (1998) Reversible inactivation of monkey
superior colliculus. . Curvature of saccadic trajectory. J Neu-
rophysiol 78:2082—2096

Albano JE, Wurtz RH (1982) Deficits in eye position following
ablation of monkey superior colliculus, pretectum, and posteri-
or-medial thalamus. J Neurophysiol 48:318-337

Andersen RA, Bracewell RM, Barash S, Gnadt JW, Fogassi L
(1990) Eye position effects on visual, memory and saccade-re-
lated activity in area LIP and 7a of macaque. J Neurosci
10:1176-1196

Basso MA, Wurtz RH (1998) Modulation of neuronal activity in
superior colliculus by changes in target probability. J Neurosci
18:7519-7534

Becker W, Jirgens R (1992) Gaze saccades to visua targets.does
the head movement change the metrics. In: Berthoz A, Graf
W, Vidal PP (eds) The head neck sensory motor system., Ox-
ford University Press, New York, pp 427433

Carpenter RHS (1981) Oculomotor procrastination. In: Fischer
DF, Monty RA (eds) Eye movements. cognition and visual
perception. (Erlbaum. Hillsdale, N.J., pp 237-246

Carpenter RHS, Williams MLL (1995) Neural computation of log
likelihood in control of saccadic eye movements. Nature
377:59-62

Collewijn H (1977) Eye and head movements in freely moving
rabbits. J Physiol 266:471-498

Collewijn H, Erkelens CJ, Steinman RM (1988) Binocular co-or-
dination of human horizontal saccadic eye movements. J
Physiol 404:157-182

Crist CF, Yamasaki DSG, Komatsu H, Wurtz RH (1988) A grid
system and a microsyringe for single cell recording. J Neuro-
sci Methods 26:117-122

Delreux V, Vanden Abecle S, Lefévre P Roucoux A (1991)
Eye-head coordination: influence of eye position on the con-
trol of head movement amplitude. In: Paillard J (ed) Brain and
space., Oxford University Press, New-York, pp 38-48



368

DorrisMC, Munoz DP (1995) A neural correlate for the gap effect
on saccadic reaction times in monkey. J Neurophysiol
73:2558-2562

Dorris MC, Munoz DP (1998) Saccadic probability influences
motor preparation signals and time to saccadic initiation. J
Neurosci 18:7015-7026

Dorris MC, Paré M, Munoz DP (1997) Neurona activity in the
monkey superior colliculus related to the initiation of saccadic
eye movements. J Neurosci 17:8566-8579

Edelman JA, Keller EL (1996) Activity of visuomotor burst neu-
rons in the superior colliculus accompanying express sac-
cades. J Neurophysiol 76:908-926

Fischer B, Boch R (1983) Saccadic eye movements after extreme-
ly short reaction times in the monkey. Brain Res 260:21-26

Freedman EG, Sparks DL (1997) Activity of cells in the deeper
layers of the superior colliculus of the rhesus monkey: evi-
dence for a gaze displacement command. J Neurophysiol
78:1669-1690

Fuller JH (1996) Eye position and target amplitude effects on hu-
man visual saccadic latencies. Exp Brain Res 109:457-466

Glimcher PW, Sparks DL (1992) Movement selection in advance
of action in the superior colliculus. Nature 355:542-545

Hanes DP, Schall JD (1996) Neura control of voluntary move-
ment initiation. Science 274:427-430

Hays AV, Richmond BJ, Optician LM (1982) A UNIX-based mul-
tiple process system for real-time data acquisition and control.
W ESCON Conf Proc 2:1-10

Hikosaka O, Wurtz RH (1985) Modification of saccadic eye
movements by GABA-related substances. |. Effect of musci-
mol and bicuculline in monkey superior colliculus. J Neuro-
physiol 53:266-291

Hikosaka O, Wurtz RH (1986) Saccadic eye movements following
injection of lidocaine into the superior colliculus. Exp Brain
Res 61:531-539

Judge SJ, Richmond BJ, Chu FC (1980) Implantation of magnetic
search coils for measurement of eye position: an improved
method. Vision Res 20:535-538

Lecas J-C, Requin J, Anger C, Vitton N (1986) Changes in neuro-
nal activity of the monkey precentral cortex during preparation
for movement. J Neurophysiol 56:1680-1702

MacPherson JM, Aldridge JW (1979) A quantitative method of
computer analysis of spike train data collected from behaving
animals. Brain Res 175:183-187

Mohler CW, Wurtz RH (1976) Organization of monkey superior
colliculusiintermediate layer cells discharging before eye
movements. J Neurophysiol 39:722-744

Munoz DP, Istvan PJ (1998) Lateral inhibitory interactions in the
intermediate layers of the monkey superior colliculus. J Neu-
rophysiol 79:1193-1209

Munoz DP, Wurtz RH (1993) Fixation cells in monkey superior
colliculus. |I. Characteristics of cell discharge. J Neurophysiol
70:559-575

Munoz DP, Wurtz RH (1995) Saccade-related activity in monkey
superior colliculus. 1. Characteristics of burst and buildup
cells. INeurophysiol 73:2313-2333

Munoz DR, Guitton D, Pélisson D (1991) Control of orienting
gaze shifts by the tectoreticulospinal system in the head-free
cat. Ill. Spatiotempora characteristics of phasic motor dis-
charges. J Neurophysiol 66:1642—1666

Paré M, Crommelinck M., Guitton D (1994) Gaze shifts evoked
by stimulation of the superior colliculus in the head-free cat
conform to the motor map but also depend on stimulus
strength and fixation activity. Exp Brain Res 101:123-139

Paré M, Munoz DP (1996a) Saccadic reaction time in the mon-
key:advanced preparation of oculomotor programs is primarily
responsible for express saccades occurrence. J Neurophysiol
76:3666—3681

Paré M, Munoz DP (1996b) The primate superior colliculus makes
use of eye position for initiating saccades. Soc Neurosci Abstr
22:663

Peck CK, Baro JA, Warder SM (1995) Effects of eye position on
saccadic eye movements and on the neuronal responses to au-
ditory and visual stimuli in cat superior colliculus. Exp Brain
Res 103:227-242

Pélisson D, Prablanc C (1988) Kinematics of centrifugal and cen-
tripetal saccadic eye movementsin man. Vision Res 28:87-94

Quaia C, Aizawa H, Optican LM, Wurtz RH (1998) Reversible in-
activation of monkey superior colliculus. 1. Maps of saccadic
deficits. J Neurophysiol 79:2097-2110

Richmond BJ, Optican LM, Podell M, Spitzer H (1987) Temporal
encoding of two-dimensional patterns by single units in pri-
mate inferior temporal cortex. |. Response characteristics. J
Neurophysiol 57:132-146

Robinson DA (1972) Eye movement evoked by collicular stimula-
tion in the alert monkey. Vision Res 12:1795-1808

Robinson DA (1981) Control of eye movements. In: Brooks VB
(ed) Handbook of physiology: the nervous system, vol. Il.
American Physiological Society, Bethesda, MD

Saslow (1967) Effects of components of displacement-step stimuli
upon latency of saccadic eye movements. J Opt Soc Am
57:1024-1029

Schall JD, Thompson KG (1999) Neural selection and control of
visually guided eye movements. Annu Rev Neurosci
22:241-259

Schiller PH, Koerner F (1971) Discharge characteristics of single
units in superior colliculus of the aert rhesus monkey. J Neu-
rophysiol 34:920-936

Schiller PH, Sandell JH, Maunsell JHR (1987) The effect of fron-
tal eye field and superior colliculus lesions on saccadic laten-
ciesin the rhesus monkey. J Neurophysiol 57:1033-1049

Sparks DL (1978) Functional properties of neurons in the monkey
superior colliculus: coupling of neuronal activity and saccade
onset. Brain Res 156:1-16

Sparks DL, Groh M (1995) The superior colliculus: awindow for
viewing issues in integrative neuroscience. In: Gazzaniga MS
(ed) The cognitive neurosciences.,. MIT Press, pp 565-584

Sparks DL, Mays LE (1990) Signa transformations required for
the generation of saccadic eye movements. Annu Rev Neuro-
sci 13:309-336

Sparks DL, Holland R, Guthrie BL (1976) Size and distribution of
movement fields in the monkey superior colliculus. Brain Res
113:21-34

Sparks DL, Lee C, Rohrer WH (1990) Population coding of the
direction, amplitude, and velocity of saccadic eye movements
by neurons in the superior colliculus. Cold Spring Harbor
Symp Quant Biol 55:805-811

Stahl JS (1999) Amplitude of human head movements associated
with horizontal saccades. Exp Brain Res 126:41-54

Stanford TR, Freedman EG, Sparks DL (1996) Site and parame-
ters of microstimulation: evidence for independent effects on
the properties of saccades evoked from the primate superior
colliculus. J Neurophysiol 76:3360-3381

Tweed D (1997) Visual-motor optimization in binocular control.
Vision Res 37:1939-1951

van Opstal AJ, Hepp K, Suzuki Y, Henn V (1995) Influence of eye
position on activity in monkey superior colliculus. J Neuro-
physiol 78:1593-1610

Volle M, Guitton D (1993) Human gaze shifts in which head and
eyes are not initialy aligned. Exp Brain Res 94:463-470

Weaitzman DM, Ma TR, Optician LM, Wurtz RH (1991) Superior
colliculus neurons mediate the dynamic characteristics of sac-
cades. JNeurophysiol 66:1716-1737

Wurtz RH, Goldberg ME (1971) Superior colliculus cell responses
related to eye movements in awake monkeys. Science 171:82-84

Wurtz RH, Goldberg ME (1972) Activity of superior colliculusin
behaving monkey. 1I1. Cells discharging before eye move-
ments. J Neurophysiol 35:575-586

Zambarbieri D, Beltrami G, Versino M (1995) Saccade latency to-
ward auditory targets depends on the relative position of the
sound source with respect to the eyes. Vision Res 35:3305-3312



