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The primate superior colliculus (SC) is important for the winner-take-all selection of targets for orienting movements. Such selection
takes time, however, and the earliest motor responses typically are guided by a weighted vector average of the visual stimuli, before the
winner-take-all selection of a single target. We tested whether SC activity plays a role in this initial stage of orienting by inactivating the
SC in two macaques (Macaca mulatta) with local muscimol injections. After SC inactivation, initial orienting responses still followed a
vector average, but the contribution of the visual stimulus inside the affected field was decreased, and the contribution of the stimulus
outside the affected field was increased. These results demonstrate that the SC plays an important role in the weighted integration of
visual signals for orienting, in addition to its role in the winner-take-all selection of the target.

Introduction
The winner-take-all selection of a single visual target in the pres-
ence of distracters is a time-consuming process that can signifi-
cantly delay the onset of eye movements (Ferrera and Lisberger,
1997; Chou et al., 1999; Krauzlis et al., 1999). The earliest tracking
response is to smoothly pursue a weighted average of the motion
from the potential targets (Lisberger and Ferrera, 1997). The
weighted integration of the visual signals evolves over time to-
ward a winner-take-all outcome (Case and Ferrera, 2007), and
the final choice is typically solidified by a saccade to the chosen
target (Lisberger, 1998; Gardner and Lisberger, 2001; Liston and
Krauzlis, 2003, 2005).

The intermediate and deep layers of the superior colliculus
(SC) are known to play a prominent role in the winner-take-all
selection of single targets for eye movements. The SC forms a
topographic map of visual space important for the execution of
saccades (Robinson, 1972; Schiller and Stryker, 1972; Wurtz and
Albano, 1980). In addition, some neurons in the SC elevate their
firing rate when the target of an impending saccade or pursuit eye
movement is within their response field (Glimcher and Sparks,
1992; Horwitz and Newsome, 1999; Krauzlis and Dill, 2002;
McPeek and Keller, 2002), and manipulation of SC activity has
demonstrated a causal contribution to target selection. Micro-
stimulation of the SC biases eye movements to select the stimulus
at the corresponding site (Carello and Krauzlis, 2004; Dorris et
al., 2007) and inactivation of the SC biases eye movements to

select stimuli outside the affected portion of the visual field
(McPeek and Keller, 2004; Nummela and Krauzlis, 2010).

Before the selection of a single target, SC activity shows graded
selectivity. In some neurons, SC activity is related to the likeli-
hood of choosing a potential target for eye movement (Basso and
Wurtz, 1997, 1998), and SC activity becomes more predictive of
the target selection at time points closer to movement onset
(Krauzlis and Dill, 2002). However, it is unknown whether activ-
ity before winner-take-all selection contributes to the integration
of visual signals that occurs during the earliest tracking response.

In this paper we focally inactivated the SC to test whether SC
activity is important for the integration of visual signals for ori-
enting, before selection of a single target. One of two potential
targets was placed inside the visual field affected by the inactiva-
tion and one was placed outside the affected field. Inactivating the
SC reduced the contribution of motion from the potential target
placed inside the affected visual field. This effect was observed
from the initiation of the eye movement, indicating that SC ac-
tivity affects how visual signals are combined even during the
earliest stages of tracking eye movement, in addition to its subse-
quent role in the winner-take-all selection of the target.

Materials and Methods
Our experiments were controlled by a computer using the Tempo soft-
ware package (Reflective Computing), and a second computer running
the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) in Matlab
(MathWorks) acted as a server device for presenting the visual stimuli.
Stimuli were presented with a video monitor (75 Hz, �20 pixels/degree)
at a viewing distance of 41 cm. Eye movements were recorded using
scleral search coils (Judge et al., 1980) and the electromagnetic induction
technique (Fuchs and Robinson, 1966) using standard phase detector
circuits (Riverbend Instruments). All data and events related to the onset
of stimuli were stored on disk during the experiment (1 kHz sampling
rate) for additional offline analysis.

Animal preparation. We collected data from two adult male rhesus
monkeys (Macaca mulatta) ages 8 and 9, weighing 9 –11 kg. All experi-
mental protocols for the monkeys were approved by the Institute Animal
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Care and Use Committee and complied with Public Health Service policy
on the humane care and use of laboratory animals. The monkeys were
prepared and studied using standard surgical techniques that have been
described in detail previously (Basso et al., 2000; Krauzlis, 2003).

SC inactivation. We inactivated portions of each SC in both monkeys
using local muscimol injections (0.5 �l, 5 �g/�l; see Table 1). The day
before each inactivation experiment, we identified an injection site and
depth within the SC using single-unit recording and electrical micro-
stimulation to evoke saccades consistent with metrics encoded by the
visited site (microstimulation parameters: 400 ms, 500 Hz, 10 –30 �A,
biphasic pulses). During the experiment, we usually confirmed our site
by observing multiunit or single-unit saccade-related activity and/or evoking
saccades with microstimulation. Finally, after injecting muscimol, using a
custom-made apparatus modified from Chen et al. (2001), we verified our
site by observing reductions in peak velocity of visually guided saccades
(Hikosaka and Wurtz, 1985a,b) that were localized to the region of retino-
topic space affected by muscimol injection (see Fig. 2A).

Preinjection data were collected with our injection apparatus resting
�2 mm above our estimate of SC surface from the previous day. Param-
eters for the behavioral task were identical for preinjection and postin-
jection datasets, although we rewarded the subjects somewhat more
generously as the session progressed to maintain motivation. Recovery
data were collected on the day following each inactivation experiment to
confirm that the monkeys’ preinjection behavior remained stationary;
recovery data did not show significant changes in weight from preinjec-
tion data (p � 0.2, t tests, n � 13 for monkey V, n � 8 for monkey P).

Behavioral tasks. We collected pursuit responses at the onset of two
moving stimuli or a single moving stimulus (Fig. 1 A). At the start of each
trial, the subjects were required to fix gaze on a white 0.2° � 0.2° spot (130
cd/m 2) at the center of visual display, with gray background (16 cd/m 2)
for 0.5–1 s. Following the fixation period, one or two 0.2° � 0.2° (130
cd/m 2) spots appeared and moved at constant velocity toward the center
of the screen. On two-stimuli trials, upon reaching the center of the
screen, one stimulus disappeared, leaving a single target which continued

on for another 500 ms. The monkey was given a small juice reward for
tracking the target during the final 250 ms. For a single experiment,
stimuli were placed at a fixed eccentricity (2.4 –7.5°) and velocity (17.6 –
37.3°/s) that were matched to minimize the occurrence of corrective
saccades within the first 100 ms of pursuit initiation (Rashbass, 1961).
Stimuli were placed along either cardinal or diagonal axes depending
on the site of SC inactivation. Single-stimulus and two-stimuli trials
were interleaved. For single-stimulus trials all four stimulus onset
locations, and for two-stimuli trials all four combinations of two
adjacent stimuli (moving in orthogonal directions), were interleaved
with equal probability.

Monkeys also performed a visually guided saccade task to measure the
spatial extent of each SC inactivation. In this task, monkeys were required
to fixate a centrally located 0.2° � 0.2° white spot for 500 –1000 ms, after
which the spot stepped to another location on the display. The monkeys
were given a small juice reward for making a saccade to the white spot
within 500 ms.

Data analysis. Eye movements were sampled at 1 kHz. The onset of
pursuit was estimated from traces of radial eye velocity on individual
trials using a linear regression technique described previously (Adler et
al., 2002), using modifications detailed by Nummela and Krauzlis
(2010). Saccades were detected using 40°/s velocity and 800°/s 2 acceler-
ation thresholds (Krauzlis and Miles, 1996), except before pursuit onset,
when we used more stringent thresholds of 8°/s velocity and 250°/s 2

acceleration. All markings of saccades were manually inspected and ver-
ified. If a saccade occurred after motion onset and before 50 ms from
pursuit onset, the trial was discarded from further analysis.

Pursuit responses were characterized by measuring the mean horizontal
and vertical velocity over many trials with the same stimulus configura-
tion. The contribution, or weight, of each moving stimulus on two-
stimuli trials was calculated by decomposing the pursuit response to both
stimuli, �R12, into the pursuit responses of the individual stimuli, �R1

and �R2, by solving Equation 1:

R� 12�t� � w1R� 1�t� � w2R� 2�t�, (1)

where w1 and w2 are the weights for each stimulus. It is important to note
that pursuit responses are a function of time and that the latency of
pursuit can depend on the number and configuration of stimuli present
(Ferrera, 2000). We measured responses using two methods. One
method measured the pursuit response over a fixed interval from pursuit
onset, resulting in a measurement that varies in time from motion onset
depending on pursuit latency. The other method measured the pursuit
response over a fixed interval from stimulus motion onset, which intro-
duced more variability in response velocity. Both methods provided sim-
ilar results.

Comparisons within individual experiments were made using Wil-
coxon rank sum tests because the data were often not normally distrib-
uted. Almost all comparisons within groups of inactivation experiments
were made using Student’s t tests, justified by Lilliefors’ tests. In the case
where the data were found to be different from a normal distribution, we
used a nonparametric sign test. We corrected for multiple comparisons
using the Holm-Sidak step-down procedure (Ludbrook, 1998). The
changes in stimulus weight were averaged over both stimulus configura-
tions, before making group comparisons, to provide a single value for the
weight of stimuli inside the affected field and a single value for the weight
of stimuli outside the affected field for each experiment. For some inac-
tivation experiments, we were not able to calculate the changes in weight
from stimulus motion onset (see Fig. 6 F) because the pursuit signal was
overwhelmed by noise. Only experiments that were not contiguous in a
histogram of stimulus weights (bin width 0.5) were omitted, and these
deviations in the histogram were typically outliers (e.g., a weight of �12
or 79 compared with most weights clustering around 0.5).

Results
We measured the initial smooth pursuit eye movement tracking
of a single target or two potential targets (Fig. 1A) in two mon-
keys, V and P. On two-stimuli trials, the stimuli moved in orthog-
onal directions toward the center of the screen. Upon reaching

Table 1. Summary of injection experiments

Subject
Injection
number

Injection
volume

Injection
depth

Injection
site

Stimulus
location

Stimulus
velocity

Strength of
inactivation

(�l) (mm) H (°) V (°) H (°) V (°) (°/s) S1 S2

V 1* 0.5 2.7 �3.7 �1.6 �2.4 0 17.6 0.85 0.74
2 0.5 1.9 1.1 1.1 2.4 0 17.6 0.97 0.87
3* 0.5 2.5 0.6 �0.1 2.6 0 17.6 0.90 0.70
4 0.5 2.0 �4.4 �0.5 �2.6 0 17.6 0.88 0.71
5* 0.5 2.0 1.9 2.2 2.6 0 17.6 0.99 0.78
6* 0.5 2.1 1.5 0.5 2.6 0 17.6 0.92 0.77
7 0.5 1.8 �4.5 �0.3 �2.6 0 17.6 0.86 0.66
8 0.5 2.0 �2.9 �0.3 �2.6 0 17.6 0.80 0.69
9* 0.5 2.2 0.2 0.8 2.6 0 17.6 1.03 0.84

10a 0.5 2.1 �4.8 0.5 �2.6 0 17.6 1.07 1.10
11 0.5 2.6 �14 �2.7 �5.3 �5.3 37.3 0.91 0.78
12* 0.45 2.3 1.2 �2.0 3.5 �3.5 24.9 0.99 0.80
13 0.5 2.1 �1.6 5.0 �5.3 5.3 37.3 0.70 0.58
14 0.5 2.0 �11 �5.2 �5.3 �5.3 37.3 0.65 0.59

P 15 0.5 1.5 6.7 6.9 4.4 4.4 31.2 0.56 0.62
16 0.5 2.0 �4.9 2.3 �4.4 4.4 31.2 0.55 0.55
17 0.5 3.0 �2.3 0.1 �4.4 4.4 31.2 0.54 0.69
18 0.5 2.0 0.6 �0.4 4.4 0 22.1 0.71 0.58
19 0.5 2.5 2.5 0.2 3.5 0 17.6 0.73
20 0.5 1.5 1.0 �0.7 3.5 0 17.6 0.51 0.49
21 0.5 1.8 �2.3 0.5 �3.5 3.5 24.9 0.59 0.59
22 0.5 1.8 0.7 1.1 3.5 0 17.6 0.61 0.57
23a 0.5 2.5 1.4 �0.7 3.5 0 17.6 0.94 1.04

The injection site was measured by the mean horizontal (H) and vertical (V) amplitude of evoked saccades at the
injection depth. The location of the stimulus targeted by each injection is provided, and the strength of inactivation
is given by the peak velocity of saccades to that location shortly after injection (S1) and after finishing data collection
(S2), normalized to preinjection saccades.

*The injection site was measured from the same site and depth on the previous day because of failure to evoke
saccades with the injectrode.
aSaline was injected instead of muscimol.
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the center, one stimulus disappeared, and the subject was re-
warded for tracking the remaining target. The subjects were given
no reason to prioritize one stimulus over another; they were iden-
tical in appearance and were equally likely to become the re-
warded target.

Initially, smooth pursuit of two stimuli was a weighted average
of the pursuit response to the individual stimuli. Figure 1B shows
the trajectory of the first 50 ms of smooth pursuit, averaged over
�50 trials, to single stimuli (gray) and two stimuli (blue). Track-
ing two stimuli uses motion signals from both of the diagonally
moving stimuli, resulting in horizontal pursuit. To quantify this
response, we took the mean horizontal and vertical eye velocities
over the first 50 ms from pursuit onset, which is indicated by the
yellow shaded region in Figure 1C. The mean horizontal and
vertical pursuit eye velocities can then be plotted as vectors (Fig.
1D) for the one-stimulus trials (solid black) and two-stimuli tri-
als (solid blue). Stimulus weights were calculated by decompos-
ing the response to both stimuli, �R12, into the responses to the
individual stimuli, �R1 and �R2, by solving Equation 1: �R12(t) �
w1

�R1(t) � w2
�R2(t), in which w1 and w2 indicate the weights of

each stimulus. For the sample pursuit in Figure 1D, the weights of
each stimulus, which scale the responses to the individual stimuli,
are also plotted as vectors (dashed blue) and were 0.72 for each
stimulus.

To test whether SC activity is important for the weighted in-
tegration of visual motion that initially occurs on two-stimuli
trials, smooth pursuit during the single- and two-stimuli tasks
was recorded before and after focal muscimol injection to SC sites
that corresponded to the starting position of one of the pursuit
stimuli. A total of 21 muscimol injections were performed (Table
1), 13 in subject V and 8 in subject P, spanning both colliculi.
Additionally, saline was injected, in place of muscimol, for one
experiment in each subject.

Sample SC inactivation experiment
The visual field affected by a representative muscimol injection
(injection 12, Fig. 2A) is indicated by the reduction in peak ve-
locity of visually guided saccades. The small circles indicate the
end-points of saccades made after muscimol injection. The white
diamonds indicate the starting position and motion direction for

two of the pursuit stimuli, illustrating one of the stimulus config-
urations for the two-stimuli task. For this injection, the stimulus
located in the upper left visual field, which moved diagonally
down and right, was located inside the affected visual field.

The sample SC inactivation caused small shifts in pursuit to
single stimuli and a larger upward shift in pursuit to both stimuli
together, shown by the pursuit trajectories (Fig. 2B) and pursuit
eye velocity (Fig. 2C). As indicated by Equation 1, the change in
pursuit to both stimuli could be caused either by changes to
pursuit of individual stimuli or by changes in the weighting of
those responses. We will summarize how SC inactivation affected

Figure 1. Schematic of pursuit tasks and sample behavior. A, Each box depicts the monitor display at an important point in the trial for two-stimuli (top) and single-stimulus (bottom) trials. In
a single experiment, stimuli moved along either the cardinal axes or diagonal axes (shown). For single-stimulus trials, stimuli that moved in each of the four directions were presented with equal
probability, and for two-stimuli trials any two adjacent stimuli were presented on a given trial. B, The trajectory of smooth pursuit is plotted for single stimuli moving toward the upper right or lower
right quadrant (gray) and, for both stimuli presented together (blue), in steps of 3 ms for the first 50 ms from pursuit onset. C, Horizontal and vertical eye velocities for single-stimulus trials (black)
and two-stimuli trials (blue) from smooth pursuit onset (vertical gray line), averaged over �36 (single-stimulus) or 72 (two-stimuli) trials. Saccades have been removed for clarity. The first 50 ms
of pursuit, used to calculate the initial pursuit response, are highlighted by the yellow shading. D, The mean horizontal and vertical velocities during the first 50 ms of smooth pursuit, shown in B and
C, are plotted as vectors for single-stimulus trials (solid black) and for two-stimuli trials (solid blue). The weights for each stimulus are given and plotted as scaled vectors (dashed blue), which sum
up to the response for the two-stimuli trials.

Figure 2. Sample injection experiment (number 12) demonstrating the effect of focal SC
inactivation on pursuit of two stimuli. A, The extent of SC inactivation is indicated by plotting the
peak velocity of visually guided saccades after injection, normalized to the peak velocity of
saccades made before inactivation. This was done shortly after muscimol injection (data not
shown) and immediately after collection of pursuit data (shown). The amplitudes of the visually
guided saccades are indicated by the small circles. The white diamonds indicate the starting
configuration of a sample two-stimuli trial. B, The mean trajectory of smooth pursuit is plotted
for single stimuli (light blue) and two stimuli (blue) before muscimol injection, and single
stimuli (light red) and two stimuli (red) after injection in steps of 3 ms for the first 50 ms from
pursuit onset. C, Horizontal and vertical eye velocities for single-stimulus trials (black) and
two-stimuli trials (red), after SC inactivation, from smooth pursuit onset (vertical gray line).
Conventions are the same as in Figure 1C.
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the responses to single stimuli, and then
we will summarize how SC inactivation
affected the weighting of each stimulus.

SC inactivation affected smooth pursuit
on single-stimulus trials
SC inactivation affected the initial pursuit
of single stimuli placed inside the affected
visual field, as has been reported previ-
ously (Basso et al., 2000). Figure 3A plots
the mean velocity over the first 50 ms of
smooth pursuit to single stimuli placed
inside the affected visual field before inac-
tivation against the velocity after inactiva-
tion. In 9 of the 21 SC inactivations, the
initial pursuit velocity of the stimulus
within the affected visual field was signif-
icantly reduced (p 	 0.05, rank sum tests),
mostly (7 of 9) in subject V. There was no
consistent trend for single stimuli placed
adjacent to, and outside, the affected vi-
sual field, with 3 experiments showing a significant decrease in
initial pursuit velocity and 3 showing a significant increase (p 	
0.05, rank sum tests, Fig. 3B). Group comparisons by monkey,
shown in Figure 3C, found that only subject V had a significant
decrease in velocity, by 19%, for single stimuli placed inside the
affected visual field (p 	 0.001, t test, n � 13), whereas there was
no decrease for subject P (p � 0.53, t test, n � 13). There was no
significant increase in weight for the stimuli adjacent to the af-
fected field for subject V (p � 0.86, t test, n � 8), but there was a
small, significant increase in velocity, by 7%, for subject P (p �
0.02, t test, n � 8).

These changes in pursuit to individual stimuli in each monkey
would be expected to shift pursuit on two-stimuli trials to more
strongly follow the stimulus outside the affected visual field. In
monkey V, this would be primarily from a reduced response to
the stimulus inside the affected field, and for monkey P this
would be primarily from an increased response to the stimulus
outside the affected field. Thus, the upward shift in pursuit seen
in the sample SC inactivation (Fig. 2C) may partly be due to
changes in the responses to single stimuli.

SC inactivation changed the weighting of stimuli
To see whether SC inactivation changed the weighting of stimuli,
in addition to the changes in pursuit of single stimuli, we calcu-
lated the weights of each stimulus using Equation 1 with pursuit
collected after SC inactivation. The calculation for the sample
inactivation from Figure 2 is illustrated in Figure 4A, which
shows a larger weight of 0.85 for the stimulus moving up and to
the right and a smaller weight of 0.47 for the stimulus moving
down and to the right. Figure 4B shows that the weight of the
stimulus inside the affected field was significantly decreased fol-
lowing SC inactivation (p 	 0.001, rank sum test, n � 69 trials
preinjection, n � 84 trials postinjection), and the weight of the
stimulus outside the affected field was significantly increased
(p � 0.04, rank sum test) following this sample SC inactivation.

SC inactivation consistently decreased the weight of moving
stimuli placed inside the affected visual field across the set of 21
experiments. This is summarized in Figure 4C by plotting the
stimulus weight after muscimol injection against the stimulus
weight before muscimol injection. There are two data points for
each SC inactivation, one for each configuration of two stimuli in
which one stimulus was placed inside the affected field. Filled

symbols indicate a significant change in weight (p 	 0.05), and
the red symbol indicates the sample from Figure 4B. There was a
significant decrease in the weight of stimuli placed inside the
affected field in 22 of the 42 configurations (p 	 0.05, rank sum
tests).

SC inactivation also tended to increase the weight of the stim-
ulus placed outside the affected visual field (Fig. 4D), with a
significant increase in weight measured in 21 of the 42 configu-
rations (p 	 0.05, rank sum tests).

A decrease in weight for the stimulus inside the affected field
and an increase in weight for the stimulus outside the affected
field were observed in both monkeys. Figure 4E plots the mean
change in weight by stimulus location (in or out of the affected
field) and subject (V or P) for all 21 muscimol injections. For
subject V, SC inactivation caused a highly significant decrease in
weight for stimuli placed inside the affected field, by 32% on
average (p 	 0.001, t test, n � 13), and a significant 15% increase
in weight for stimuli placed outside the affected field (p � 0.01, t
test, n � 13). For subject P, SC inactivation caused a significant
decrease in weight by 16% for stimuli placed inside the affected
field (p � 0.047, t test, n � 8) and a significant increase in weight
by 13% for stimuli placed outside the affected field (p � 0.004, t
test, n � 8). Although SC inactivation caused a larger decrease
in weight for stimuli inside the affected field for monkey V, we
pooled data from both monkeys for further analyses because
both monkeys showed the same qualitative changes in stimu-
lus weighting.

The decrease in stimulus weight was restricted to the
affected field
SC inactivation affected the weight of stimuli similarly, whether
they were both in the same visual hemifield (and thus represented
by the same colliculus) or in opposite visual hemifields. A sum-
mary of the change in weight for the eight experiments with
stimuli moving in diagonal directions is given in Figure 4F. The
weight of the stimulus inside the affected field was significantly
decreased by �20% whether it was accompanied by a stimulus in
the same hemifield (p � 0.002, t test, n � 8) or in the opposite
hemifield (p � 0.025, t test, n � 8), and there was no difference in
how much the weight decreased (p � 0.7, t test, n � 8). There was
an accompanying increase in weight by 46% for stimuli placed in
the hemifield opposite the affected visual field (p 	 0.001, t test,

Figure 3. The effects of SC inactivation on single-stimulus trials. A, B, For single-stimuli trials, changes in the initial pursuit
response are illustrated by plotting the mean initial eye velocity before muscimol injection against the mean initial eye velocity
after muscimol injection. The change in eye velocity is plotted separately for stimuli placed inside the affected visual field (A) and
stimuli placed adjacent to the affected visual field (B). The changes in velocity are indicated by diamonds for subject P and circles
for subject V. Filled symbols indicate a significant difference at the 0.05 level, and the red symbol indicates the sample inactivation
from Figure 2. C, The mean change in eye velocity for the group of experiments is summarized for each subject by plotting the ratio
of the initial pursuit velocity after injection to the velocity before injection (n�13 for V, n�8 for P). Error bars are SDs; *significant
change in weight at the 0.05 level.
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n � 8), whereas the weight of stimuli outside the affected field,
but in the same hemifield, had a much smaller increase in weight
of 6%, which did not reach significance (p � 0.18, t test, n � 8).

SC inactivation affected response latency
In addition to changing the initial velocity of pursuit and chang-
ing the weighting of the stimuli, SC inactivation also altered pur-

suit latency. Figure 5A shows the mean changes in pursuit latency
for each monkey over all SC inactivation experiments. For mon-
key V, pursuit latency was increased by 13 ms for single stimuli
placed in the affected field (p 	 0.001, t test, n � 13) and virtually
unchanged (1 ms difference) for single stimuli placed out of the
affected field (p � 0.33, t test, n � 13). Pursuit latency was in-
creased an intermediate amount of 5 ms for two-stimuli trials,
which did not reach significance after corrections for multiple
comparisons (p � 0.05, t test, n � 13). For monkey P, latency was
increased, but not significantly, by 6 ms for single stimuli inside the
affected field (p � 0.05, t test, n � 8), increased by 8 ms for single
stimuli outside the affected field (p 	 0.001, t test, n � 8), and
increased by 7 ms for two-stimuli trials (p � 0.003, t test, n � 8).

In general, SC inactivation tended to increase the latency of
pursuit. Although it is possible this is a genuine delay in pursuit
onset, one other possibility is that the observed decreases in pur-
suit velocity (especially in response to stimuli placed in the af-
fected visual field, Fig. 3A) made it harder to detect the onset of
pursuit, and introduced a systematic bias for marking pursuit
onset later. One way to ensure our results are not dependent on
the method of marking pursuit is to measure pursuit responses
from a fixed time after stimulus onset. We recalculated the
change in stimulus weights using the pursuit response from 135
to 185 ms after stimulus onset (50 ms from the mean pursuit
latency on preinactivation trials), and the results, plotted in Fig-
ure 5B, are similar to the change in weights calculated in Figure
4E. The weight of stimuli inside the affected visual field was de-
creased by 16% for monkey V (p � 0.03, sign test, n � 13) and
17% for monkey P (p � 0.004, t test, n � 8), whereas the weight
of stimuli outside the affected field was increased by 8% for mon-
key V (p � 0.11, t test, n � 13) and 18% for monkey P (p 	 0.001,
t test, n � 8).

SC inactivation affected stimulus weight from the initiation
of pursuit
We examined the effect of SC inactivation on stimulus weight at
a finer timescale during pursuit initiation by calculating the mean
change in stimulus weight in 20 ms blocks from pursuit onset.
Figure 6A shows the change in stimulus weight from pursuit
onset for stimuli placed inside (blue) and outside (green) the
affected visual field for a sample SC inactivation. Qualitatively,
the weight of the stimulus inside the affected field was reduced at

Figure 4. The effects of SC inactivation on stimulus weight. A, The mean horizontal and
vertical velocities during the first 50 ms of smooth pursuit are plotted as vectors for single-
stimulus trials (solid black) and for the two-stimulus trials after SC inactivation (solid red). The
weights for each stimulus are given and plotted as scaled vectors (dashed red), which sum up to
the response for the two-stimuli trials. B, The stimulus weights calculated in Figures 1 D and 4 A
are plotted separately for the stimulus that started inside the affected visual field and for the
stimulus that started outside the affected visual field before (blue) and after (red) SC inactiva-
tion. Error bars are SEM; *significant difference at the 0.05 level. C, D, For two-stimuli trials,
changes in stimulus weight are illustrated by plotting the weight before muscimol injection
against the weight after muscimol injection. The change in weight is plotted separately for the
stimulus placed inside the affected visual field (C) and the accompanying stimulus placed out-
side the affected visual field (D). The changes in weight are indicated by diamonds for subject P
and circles for subject V. Filled symbols indicate a significant difference at the 0.05 level, and the
sample SC inactivation from Figure 2 is red. E, The mean change in weight for the group of
experiments is summarized for each subject by plotting the ratio of the weight after injection to
the weight before injection (n � 13 for V, n � 8 for P). Error bars are SDs; *significant change
in mean weight at the 0.05 level. F, For experiments with stimuli moving along diagonal axes
(n � 8), the change in stimulus weight is plotted separately for trial configurations with both
stimuli placed in the same visual hemifield (purple) and for trial configurations with each stim-
ulus placed in opposite hemifields (yellow). Error bars and * follow the same convention as in E.

Figure 5. The effects of SC inactivation on pursuit latency. A, The mean changes in pursuit
velocity are shown for single-stimulus trials with the stimulus inside the affected visual field,
with the stimulus outside the affected visual field, and for two-stimuli trials for monkey V (n �
13) and P (n � 8), separately. Error bars are SDs; *significant change in mean latency at the 0.05
level. B, Recalculation of the changes in stimulus weight using a fixed interval from stimulus
motion onset (135–185 ms) instead of the first 50 ms from pursuit onset. Conventions are the
same as in Figure 4 E.
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the onset of pursuit, and this decrease in weight was sustained
over the initiation of pursuit. Similarly, there was an increase in
the weight of the stimulus placed outside the affected field. Figure
6C provides an accompanying plot of the radial eye velocity in-
dicating the time course of the pursuit eye movement. The mean
result, over all 21 SC inactivation experiments, was a significant
decrease in weight for stimuli placed inside the affected field
(Fig. 6 E, t tests) and increase in weight for stimuli placed
outside the affected field, which was sustained throughout the
first 200 ms of pursuit.

We measured a mean pursuit latency of 135 ms for both one-
and two-stimulus trials, even though pursuit was initiated by 100
ms on some trials. Another way to analyze the data, independent
of marking the initiation of pursuit, is to calculate the change in
stimulus weight from the stimulus onset. This method results in
noisier weight measurements because eye velocity was not signif-
icantly different from eye velocity at fixation (see Materials and
Methods) on many trials for time points before 140 ms from
motion onset. A sample of stimulus weights calculated from
stimulus onset is shown in Figure 6B, with an accompanying plot
of mean radial eye velocity (Fig. 6D). The mean result over the set
of 21 experiments still showed a significant and sustained de-
crease in weight of the stimulus inside the affected visual field, as
soon as 100 –120 ms from stimulus motion onset (Fig. 6F, t tests).
The size of the error bars indicating the 95% confidence intervals
from 100 to 140 ms reflects the noisier measurement of stimulus
weight. Aligned on stimulus onset, the increase in weight of the
stimulus outside the affected field first became apparent after 140
ms and sustained significance after 180 ms from stimulus motion
onset.

Saline experiments
Two injections were performed with saline instead of muscimol,
one in each monkey. Neither injection caused a significant
change in the weight of stimuli placed inside or outside the af-
fected field (p � 0.05). If anything, the weights trended slightly in
the opposite direction after saline injection compared with mus-
cimol injection. These experiments indicate that the changes in
stimulus weight were caused by the action of muscimol inactivat-
ing neurons in the SC and not any other factor related to per-
forming an injection on the subjects.

Discussion
The primary finding of this study is that SC inactivation reduces
the contribution of potential targets placed inside the affected
visual field to the earliest smooth pursuit eye movement. There
was also an increase in the contribution of potential targets placed
outside the affected visual field. These results demonstrate that
the SC is important for the weighted integration of visual signals
from potential targets, before the winner-take-all selection of a
single target.

To our knowledge, this is the first demonstration that the
primate SC is involved in how visual signals are processed and
combined to produce eye movement, before selection of a single
target. This result is in stark contrast to the traditional view of the
SC as a motor map for saccadic eye movement (Wurtz and Al-
bano, 1980). The SC has previously been implicated in vector
averaging for saccades. Populations of neurons that have a coarse
spatial tuning for the saccade end-point are combined as a vector
average to produce the eye movement (Robinson, 1972; Lee et al.,
1988). However, those findings point toward a role in the SC for
integrating saccade motor plans, not the visual signals used to
construct those motor plans. An important feature of our task is
that the visual signals being integrated are located in the opposite
direction from the resulting eye movement (Rashbass, 1961).
This dissociation of motor plan from the sensory signals unam-
biguously demonstrates that SC activity is important for integrat-
ing the visual signals, not the motor plans built from those visual
signals.

Of particular importance is that SC inactivation affected the
weighting of potential targets from the very start of the eye move-
ment, showing significant effects as early as 100 –120 ms from
stimulus motion onset (Fig. 6). This influence on the earliest
sensorimotor processing for smooth pursuit bolsters the view of
smooth pursuit and saccadic eye movement as being different
outcomes from a shared cascade of sensorimotor functions
(Krauzlis, 2004). It has previously been shown that the SC is
important for pursuit target selection from observations that the
target of a saccade is also selected by smooth pursuit (Lisberger,
1998; Gardner and Lisberger, 2001, 2002; Schoppik and Lis-
berger, 2006) and demonstration that SC activity is important for
the winner-take-all selection of pursuit targets in the absence of
saccades (Carello and Krauzlis, 2004; Nummela and Krauzlis,
2010). Together, these studies show that the SC imposes a
winner-take-all target selection on the smooth pursuit system. By
demonstrating that the SC is also involved in the weighted inte-
gration of visual signals at the initiation of pursuit, we have
shown that the SC is actually an integral part of the sensorimotor
processing for both pursuit and saccades. These results also im-
plicate the SC as a source of the shared target selection for pursuit
and saccades found in behavioral studies (Liston and Krauzlis,
2003, 2005; Case and Ferrera, 2007).

The SC has been previously implicated in vector averaging for
saccades (Robinson, 1972; Lee et al., 1988; Edelman and Keller,

Figure 6. Time course of the change in stimulus weight. A, B, The ratio of postinjection
weight to preinjection weight is plotted in 20 ms bins from smooth pursuit onset (A) and from
stimulus motion onset (B) for a sample SC inactivation (number 19). C, D, Mean radial eye
velocity aligned to pursuit onset (C) and stimulus motion onset (D) shows the time course of the
pursuit eye movement. E, F, The ratio of postinjection weight to preinjection weight is plotted
in 20 ms bins from smooth pursuit onset (E) and from motion onset (F ), averaged across the set
of 21 SC inactivations. Blue points indicate the change in weight for the stimuli placed inside the
affected visual field and green points indicate the change for stimuli placed outside the affected
visual field. Error bars are 95% confidence intervals.
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1998), but the underlying mechanisms appear to be different
from what we have observed. In particular, Edelman and Keller
(1998) found that during short-latency saccades evoked by two
visual targets, the activity of SC visuomotor neurons tends to
match the location of the visual stimulus rather than the saccade
vector. This implies that for vector-averaging saccades, the com-
putation of the saccade vector is not complete at the level of the
SC, and involves merging of saccade motor commands down-
stream. This type of explanation does not apply to our finding
that SC inactivation alters vector averaging for pursuit, because
the SC does not produce the pursuit motor commands. Instead,
our results imply that SC activity influences how sensory signals
are integrated in forming the pursuit motor commands.

Our results provide a novel interpretation for the role of low-
frequency activity of SC “buildup” neurons that occurs before the
bursts of activity important for generating saccades (Munoz and
Wurtz, 1995; Krauzlis et al., 2000). Because the firing rate of
buildup neurons is correlated to reaction time of the eye move-
ment (Basso and Wurtz, 1998; Dorris and Munoz, 1998), this
activity has previously been interpreted as motor preparation for
the orienting response. In contrast, our results suggest an alter-
native, though not mutually exclusive function—that buildup
activity is important for determining the weight, or contribution,
of visual signals used for tracking eye movement. Buildup activity
is well suited for such a role because it increases upon stimulus
onset and discriminates the visual stimulus that will be selected as
the target of eye movement from distracter stimuli, even in the
absence of saccades (Krauzlis and Dill, 2002). Also, buildup ac-
tivity is related to the probability that a stimulus within the re-
sponse field will be selected as the target of eye movement (Basso
and Wurtz, 1998; Dorris and Munoz, 1998). These prior studies
indicate that buildup activity should be present during the track-
ing tasks we used, and furthermore, that the activity should be
lower on two-stimuli trials than on single-stimulus trials, reflect-
ing the reduced stimulus weights that results in tracking a vector
average of the motion signals rather than the vector sum.

Although we injected muscimol into the SC layers known to
contain buildup neurons, our experiments cannot rule out the
possibility that inhibition of other types of neurons are responsi-
ble for the effects on the integration of visual stimuli. One prac-
tical way to further test this candidate role of buildup neurons
would be to record their activity during the two-stimuli tracking
task. Buildup activity should be correlated to stimulus weight on
a trial-by-trial basis if the activity is important for determining
that weight.

We found that SC inactivation only decreased the weight of
stimuli targeted by muscimol injection, whether the stimuli were
presented in opposite visual hemifields or in the same visual
hemifield (Fig. 4F), in which case both stimuli are represented by
only the right or left SC. This indicates that the mechanism re-
sponsible for decreasing stimulus weight operates on a finer spa-
tial scale than left versus right visual hemifields. However, the
increase in weight for the stimuli outside the affected visual field
did depend on the hemifield, with larger increases for stimuli that
appeared in the opposite hemifield. One possibility is that stimuli
outside the affected field, but in the same hemifield, would have
showed a comparable increase except that muscimol spread to
partially affect the stimulus location. Another possibility is that
the increase in stimulus weight, unlike the decrease, depends on
the overall activity level of the left versus right SC, perhaps due to
competition between the colliculi. Our experiments cannot clearly
distinguish between these two explanations, but either case is entirely

consistent with the SC having an important role in determining the
contributions of visual stimuli to smooth pursuit.

The superior colliculus has been hypothesized to contain a
salience or priority map important for the selection of behavior-
ally relevant stimuli (Fecteau and Munoz, 2006; Mysore et al.,
2010). Recent inactivation experiments have extended the scope
of behaviors that rely on SC activity, showing results consistent
with the SC acting as a priority map for eye movements (Num-
mela and Krauzlis, 2010) and perceptual judgments (Lovejoy and
Krauzlis, 2010). So far, experiments that have causally tested
whether the SC activity is consistent with a priority map have
used behaviors that required selection of only a single visual stim-
ulus, and recent work has indicated mechanisms by which the SC
may develop the winner-take-all selectivity important for these
behaviors (Asadollahi et al., 2010). Nevertheless, many behaviors
require using more than one stimulus. Our results demonstrate
that this concept of the SC as a priority map generalizes to behav-
iors that require the integration of multiple visual stimuli.
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