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where a
i
 is the activity of an individual neuron and w

i
 is a weight 

corresponding to its preferred saccade vector. In this scheme, 
the votes are tallied as a proportion of the total activity. The site 
receiving the greatest proportional vote dictates the output, but 
the absolute level of activity at that site does not matter. Under this 
algorithm, only the site and not the strength of stimulation would 
affect the amplitude of the evoked saccade.

In contrast, if a weight sum saccade vector is calculated, the total 
quantity of votes is important:

Output i i= ∑w a  (2)

With no normalization for the overall level of activity, saccade 
amplitude should scale not only with stimulation location but 
also with stimulation strength. Recruiting more neurons or driv-
ing them more vigorously would increase the number of votes and 
thus the length of the desired saccade vector. The dependence of 
saccade endpoint on stimulation parameters up to a certain number 
of stimulation pulses, as observed by Stanford et al. (1996) can be 
accounted for by a mechanism that calculates a weighted sum until 
a certain amount of activity has occurred, after which additional 
activity is ignored (Groh, 2001; see also Goossens and Van Opstal, 
2006 for a detailed model).

Variations in the level of activity in the SC associated with a given 
movement do not just occur through variations in the strength 
of electrical stimulation, but occur naturally with changes in the 

IntroductIon
The superior colliculus (SC) plays an important role in controlling 
orienting movements of the eyes. In primates, the SC is thought 
to contain a motor map in which a given location specifies a sac-
cadic gaze shift (eye movement in space) with a particular direction 
and amplitude (Wurtz and Goldberg, 1971; Cynader and Berman, 
1972). Early electrical stimulation studies suggested that only the 
site of activity was important for specifying the amplitude and 
direction of saccades (Robinson, 1972; Schiller and Stryker, 1972). 
However, several later studies suggested that the level of activity on 
this map may also play a role in saccade control (Van Opstal et al., 
1990; Paré et al., 1994; Stanford et al., 1996). For example, Stanford 
et al. (1996) showed that saccade amplitude was governed by the 
site of stimulation and did not depend on stimulation strength 
(number of pulses in a stimulation train) provided a certain mini-
mum number of pulses were delivered. When the number of pulses 
dropped below that point, movements were smaller: saccade ampli-
tude scaled with the number of stimulation pulses.

These studies have important implications for how the SC’s 
activity is read-out, and in particular, the role of the level of activ-
ity in the read-out process. In producing an output signal, each SC 
neuron can be thought of as “voting” for its preferred saccade vector. 
There are several potential ways of tallying the votes. If a weighted 
average saccade vector is calculated, the output is

Output i i

i

= ∑ w a

a  (1)
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position of the eyes in the orbits (Van Opstal et al., 1995; Paré and 
Munoz, 2001; Campos et al., 2006). Peak firing rate of saccade-
related bursts was found to vary with the initial position of the 
eyes (Van Opstal et al., 1995). Thus, although the site of activity is 
identical for saccades of identical vectors originating from differ-
ent initial positions (Jay and Sparks, 1987), the level of the activity 
changes. A related study extended this finding to body position 
(Nagy and Corneil, 2009). These observations suggest that postural 
factors influence the vigor of neural activity patterns in the SC 
and affect motor preparation (Corneil et al., 2007; Rezvani and 
Corneil, 2008).

Does eye position, by influencing the level of activity in the SC, 
affect the saccade command provided by the SC? Previous micros-
timulation studies in the monkey SC have suggested that eye posi-
tion is not part of the saccade goal signal. Microstimulation of a 
given site at a sufficiently high frequency produces approximately 
fixed-vector eye movements, mostly independent of initial eye 
position (Robinson, 1972; Schiller and Stryker, 1972; Van Opstal 
et al., 1991; Hepp et al., 1993). The modest eye position depend-
ence observed in these studies appeared to be due to the limits 
imposed by the oculomotor range. In head-unrestrained animals, 
fixed-vector gaze shifts (combined eye–head movements are evoked 
when the combination of fixation position and site-specific sac-
cade vector would entail a saccade terminating outside the actual 
(±40°) or commonly used (±20°) oculomotor range (Freedman 
et al., 1996; Freedman and Sparks, 1997a; Klier et al., 2001; but see 
Segraves and Goldberg, 1992). A similar pattern has been observed 
in cats (Paré et al., 1994).

We reasoned that the failure of these stimulation studies to 
find evidence for an effect of eye position on evoked saccade 
amplitude except when limited by the oculomotor range might 
have been due to the use of strong electrical stimulation. The 
normalization process invoked by such stimulation strengths 
might have served to remove the small modulation by eye position 
present naturally. Our results confirmed this hypothesis: saccades 
evoked by low frequency electrical stimulation showed eye posi-
tion dependence, more so than was the case for saccades evoked 
by high frequency electrical stimulation. These findings provide 
constraints for models of how activity in the SC is converted into 
motor commands.

MaterIals and Methods
anIMal preparatIon
Two adult rhesus monkeys (Macaca mulatta, one female) served 
as subjects for these experiments. All animal procedures were 
conducted in accordance with the principles of laboratory ani-
mal care of the National Institutes of Health (publication 86-23, 
revised 1985) and were approved by the Institutional Animal 
Care and Use Committee at Duke University. Surgical proce-
dures were conducted using suitable anesthesia and analgesics. 
Subjects underwent sterile surgery for the implantation of a head 
post holder, eye coil, and recording chamber. Prior to the experi-
ments, subjects were trained to fixate and generate saccades to 
LEDs for liquid reward. During experimental sessions, electrical 
microstimulation was applied to the right SC of each subject. The 
present dataset consists of a total of 30 stimulation sites (20 in 
monkey C; 10 in monkey S).

experIMental desIgn and behavIoral task
During experimental sessions, each subject was seated in a primate 
chair (Crist Instruments, Hagerstown, MD, USA) with its head 
restrained in a dimly lit room in front of an array of LEDs. Subjects 
performed a standard visually guided saccade task while a tung-
sten microelectrode (impedance between 0.9 and 1.5 MΩ at 1 kHz; 
FHC, Bowdoin, ME, USA) was advanced through to the SC using 
an oil hydraulic pulse motor microdrive (Narishige, East Meadow, 
NY, USA). Multi-unit activity was monitored using standard elec-
trophysiological techniques, and microstimulation was applied at 
sites where saccade-related activity was observed. If saccades could 
be reliably evoked at short latency by low frequency (<300 Hz) 
microstimulation at 50 μA, the microstimulation experiment (see 
below) was conducted.

A schematic of the task used for the microstimulation experi-
ment is shown in Figure 1B. On each trial, subjects were required 
to fixate one of five or six LEDs, spaced ∼5–6° apart between ∼15° 
to the left and ∼15° to the right of the midline along the horizontal 
meridian (fixation LED, see Figure 1A; location values given are 
after a tangent screen correction was applied). These fixation posi-
tions were chosen to sample a reasonable amount of the oculomotor 
range without introducing orbital limitations to the amplitude of 
evoked saccades.

After fixating for 500 ms, the fixation LED was turned off and 
a stimulation train was applied for 150 ms following a short gap 
(50 ms). To allow subjects to receive a reward on each trial, but to 
dissociate the reward from any stimulation-induced behavior, a 
visual target was presented 300 ms after offset of the stimulation 
train (target LED, see Figure 1A). The total time interval between 
fixation offset and target onset was 500 ms. Saccading to and main-
taining fixation for 500 ms on the target LED resulted in a liquid 
reward. These targets were located 18.4° to the left and right of the 
midline, presented randomly. To prevent monkeys from anticipat-
ing the stimulation train, 20% (subject S) or 50% (subject C) of 
the trials consisted of catch trials, which were identical to the trials 
described above, except that no stimulation train was delivered dur-
ing the 500-ms interval between fixation offset and target onset.

A typical experiment consisted of one session consisting of two 
blocks of 25–83 stimulation trials per site (see Table 1). Fixation loca-
tion was chosen randomly on each trial. Constant current stimulation 
trains were generated using a Grass S88 stimulator in combination 
with Grass PSIU6 isolation units (Grass Technologies, West Warwick, 
RI, USA). Stimulation trains were fixed at 150 ms in duration and con-
sisted of biphasic (alternating cathodal-leading) pulses (0.2 ms pulse 
duration, 0.1 ms inter-pulse interval) with an amplitude of 50 μA 
(Figure 1C). Frequency of microstimulation was constant within each 
block. In the first block, frequency was set to a frequency below 300 Hz 
that evoked saccades. This frequency was selected to be just above the 
threshold for eliciting a movement (based on a qualitative assessment). 
In the second block, frequency was set between 300 and 500 Hz, and 
usually at least 200 Hz higher than the low frequency block. Reversing 
this order in some sessions did not change the pattern of results.

head-free setup
In a subset of experiments (n = 12, 7 in monkey C and 5 in monkey 
S), following the session described above, we ran an identical session 
while subjects were free to move their heads. In these sessions, the 
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sites were compared using a repeated measures t-test. All reported 
results were pooled over both subjects, but the same trends were 
present in the individual subjects.

results
In the present study, we looked at saccades evoked by electrical 
microstimulation in the deep layers of the monkey SC. Initial eye 
position was varied by making subjects fixate different locations 
in space before the onset of the stimulation train (see Figure 1). 
Additionally, frequency of microstimulation could be either low 
(<300 Hz) or high (>300 Hz), while keeping all other stimulation 
parameters constant. A summary of characteristics of saccades 
evoked from each site is provided in Table 1.

effects of InItIal eye posItIon and frequency of 
MIcrostIMulatIon on saccade aMplItude
Figure 2A shows the mean saccade vectors evoked from multi-
ple initial eye positions by microstimulation in one example site 
in the SC. Stimulation in the right SC reliably evoked contralat-
eral saccades in both the high (blue traces) and low (red traces) 
 frequency conditions.

electrode was first lowered into the SC to a stimulation site while the 
head was restrained. Then the electrode was glued to the guide tube to 
hold it in place, the microdrive was removed, and the head was released 
from restraint. Head movements were monitored using a coil that was 
rigidly attached to the head via a small plastic device mounted to the 
head post holder. The head coil was calibrated by manually rotating 
the head to point out known locations with a laser pointer attached to 
the same head-mounted device. Both eye-in-space and head-in-space 
movements could thus be monitored (Freedman et al., 1996; Klier 
et al., 2001; Walton et al., 2007; Choi and Guitton, 2009).

data analysIs
Data were stored and analyzed offline. Eye and head movement 
data were digitized at 500 Hz. Velocity criteria were used to detect 
saccade on- (27°/s) and offsets (25°/s). Only saccades that ended 
before offset of the stimulation train were included in the analyses. 
Very few saccades were excluded by this criterion: 98.5% of all 
saccades in the low frequency condition and 97.5% in the high 
frequency condition were included. All subsequent data analysis 
was performed in Matlab (The MathWorks, Natick, MA, USA). The 
mean values of the distributions over the population of stimulation 

FIgure 1 | experimental design. (A) Schematic of the stimulus array. Six 
evenly spaced fixation LEDs (F, between −15° and 15°), were aligned 
approximately along the axis of the evoked saccades. Two target LEDs (T) 
were located to the left and right of the array of fixation LEDs, along the same 

axis, at about 18° to the left and right of the midline. (B) Schematic  
of the temporal sequence of events in each trial. (C) Schematic of  
the microstimulation protocol. Pulses were biphasic pulse pairs  
(cathodal-leading).
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Table 1 | Metrics of saccades evoked by low and high frequency microstimulation for each site.

Site Frequency N trials Probability Amplitude Direction Duration Latency r 2 (Amplitude 

    (degrees) (degrees) (ms) (ms) vs. initial  

        eyeposition)

rcssc022 150 52 0.98 10.6 144.8 51.8 51.5 0.36

 350 61 1 15.2 136 52.3 23.6 0

rcssc023 150 49 1 6.7 167.3 38.4 35.4 0.08

 350 46 0.74 9.1 173.3 37.2 16.2 0.1

rcssc024 150 59 1 10.6 169 41.8 37.8 0.25

 350 56 1 14 171.4 40.6 19.1 0.83

rcssc026 150 49 0.94 17.4 164.9 47.5 56.5 0.17

 350 55 0.98 23.4 167.7 48.4 20.8 0.79

rcssc027 150 59 0.98 12 151.3 54.2 48.4 0.33

 350 57 1 20.5 145 56.6 21.4 0.01

rcssc028 175 59 0.83 7.8 178.4 34.8 34.9 0.24

 350 31 1 9.6 176.7 36.4 18 0.14

rcssc029 200 51 0.88 22.4 179.5 52.4 40.9 0.51

 400 69 1 32.1 179.2 65.3 26.6 0.35

rcssc031 175 53 0.89 20.1 179.4 55.1 46 0.78

 375 45 0.82 24 178.8 63 26.4 0.9

rcssc032 250 47 0.66 20 172.6 58.9 52.9 0.53

 500 25 1 24.1 179.3 58.6 27.5 0.78

rcssc033 250 53 0.81 1.5 169.6 18.1 55.7 0.8

 500 48 1 1.9 168.9 18.5 39.8 0.59

rcssc034 200 66 0.48 9 154.2 45.8 54.5 0.05

 400 58 1 15.6 143.2 48.4 23 0.45

rcssc035 200 60 1 18.8 166.3 58.3 58.3 0.62

 400 64 0.89 13.5 169.9 43.7 26.1 0.55

rcssc036 200 59 0.85 7.5 162.2 40.1 55.3 0.1

 400 42 1 9.1 170.1 35.3 18 0.04

rcssc037 200 59 0.73 17.3 174.5 66.7 58.3 0.74

 400 77 0.96 22 167.9 64.3 27.9 0.55

rcssc038 250 49 1 20.8 171.1 69.3 50.7 0.81

 400 46 0.98 19.9 168.9 74.5 36.3 0.97

rcssc039 175 48 0.98 9.4 158.9 44.2 62.3 0.36

 400 46 1 11.9 165.8 46.5 20.7 0.25

rcssc040 150 54 0.98 9.3 154.1 44.4 64.2 0.61

 350 47 1 10.5 164.4 40.5 21 0.04

rcssc041 150 83 0.87 9.3 153.8 43.3 59.7 0.61

 350 35 0.49 10.3 165.5 39.9 23.3 0.62

rcssc042 150 60 0.85 12.8 164 47.9 44.6 0.7

 350 51 1 14.5 168.2 47.1 18.1 0

rcssc043 180 54 0.67 8.6 157.2 45.6 74.7 0.57

 400 53 1 8.4 173.1 39.3 23.2 0.63

rsssc023 185 51 0.73 4.1 147.1 23.9 53.2 0.26

 500 47 1 3.1 146.9 22.3 23 0.11

rsssc024 180 57 0.65 5 151.6 26.3 73.8 0.26

 500 62 1 5 160 24.7 27.5 0.67

rsssc026 175 63 1 7 115.3 29.1 72.1 0.34

 500 58 1 7.3 121.6 28.1 31.6 0.37

rsssc027 150 57 0.93 5.6 143.9 28.4 70.1 0.4

 500 50 1 3.8 144.7 24.4 24.1 0.37

rsssc031 150 64 0.59 2 123.6 22 70.2 0.63

 500 62 1 1.8 126 21.7 25.1 0.39

(Continued)
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 stimulation than for high frequency stimulation for nearly every 
site: the histogram plots the difference in slope between low and 
high frequency stimulation and skews toward positive values. This 
difference was statistically significant, both according to a sign test 
(27 out of 30 or 90% of sites exhibited a steeper slope for low vs. 
high frequency stimulation, p < 0.0001) and using a paired t-test 
(t = 4.26, p < 0.001). In short, these data indicate that amplitude 
of the evoked saccades decreased with more contralateral initial 
eye position, and that this effect is significantly stronger for low 
compared to high frequency stimulation.

Evoked saccades usually had a vertical component as well (see 
Figure 5A), but this component did not depend consistently on 
the horizontal variation in initial eye position. Figure 4A shows the 
slopes of the vertical amplitude of evoked saccades as a function 
of initial eye position. The slopes clustered tightly around 0, and 
there was no consistent trend toward either upward or downward 
movement components with horizontal changes in fixation posi-
tion. There was also no difference between low and high frequency 
stimulation (Figure 4B).

head MoveMents cannot account for the effects of InItIal 
eye posItIon on saccade aMplItude
It is important to consider whether the immobility of the head 
played a role in the observed effect of initial eye position on evoked 
saccade amplitude. It has previously been shown that saccades 
evoked by microstimulation in intermediate and caudal sites in the 
primate SC can be dependent on eye position (Stryker and Schiller, 
1975; Freedman et al., 1996; Klier et al., 2001), specifically under 
head-fixed conditions if the amplitude of the evoked gaze shift is 
beyond the oculomotor range, such that it would be accomplished 
by a combination of both eye and head movements under head-free 
conditions (Freedman et al., 1996; Klier et al., 2001).

In a pattern ostensibly reminiscent of these studies, we observed 
that the dependence of evoked saccade amplitude on eye position 
under head-fixed conditions was greater for sites at which larger 
amplitude saccades were evoked on average. This was true for both 

To highlight the effect of initial eye position, Figure 2B shows 
the mean vectors evoked from the different fixation positions, 
aligned on the origin. For this site, both low and high frequency 
stimulation-evoked saccades with an eye position dependence, as 
can be seen by the dispersion of the evoked saccade vectors in 
both the upper and lower panels: the evoked saccades are shorter 
for more contralateral fixation positions. However, the effect was 
more pronounced for low frequency stimulation. For low frequency 
stimulation, the endpoints of the saccade vectors vary by about 6° 
across the span of tested fixation positions (upper panel), so that 
evoked saccade amplitude ranges from about 6° to 12°. For high 
frequency stimulation the range is about 4° (saccade amplitudes 
of about 9–13°, lower panel).

Figure 2C shows the horizontal saccade amplitude for all sac-
cades evoked from this site as a function of horizontal initial eye 
position for the low (red) and high (blue) frequency conditions. 
Linear regression revealed that the amplitude of the evoked sac-
cades indeed decreased with more contralateral initial eye position 
(p < 0.0001). This decrease was more pronounced in saccades evoked 
by low, as compared to high frequency stimulation. Figures 2D–F 
show the amplitude of evoked saccades as a function of initial eye 
position for three additional sites, all of which showed the same 
pattern of a stronger eye position dependence for the lower stimula-
tion frequency. (Note that there are also effects on the probability 
of evoking a saccade and its latency; these effects are considered in 
more detail in Figures 7 and 8).

The effect of eye position on saccade amplitude was observed 
in the majority of stimulation sites, with 28 out of 30 sites (93.3%) 
showing a significant regression fits for low frequency stimulation 
and 24 out of 30 sites (80%) showing the effect for high frequency 
stimulation. Figure 3A shows a histogram of slopes of the regres-
sions relating amplitude to initial eye position, for both high and 
low frequency stimulation, for all 30 sites. The slopes were signifi-
cantly larger than 0 for both stimulation frequencies (low frequency, 
t = 5.72, p < 0.0001; high frequency, t = 2.53, p < 0.05). Figure 3B 
demonstrates that the slopes were steeper for low  frequency 

Table 1 | Continued

Site Frequency N trials Probability Amplitude Direction Duration Latency r 2 (Amplitude 

    (degrees) (degrees) (ms) (ms) vs. initial  

        eyeposition)

rsssc033 150 63 0.78 2.9 132.1 25 54.1 0.44

 500 63 1 3.4 130 43.3 19.7 0.43

rsssc037 150 52 0.98 1.7 142.7 19.7 64.6 0.35

 500 61 1 2 141.9 27.4 20.4 0.33

rsssc038 160 49 1 4.1 134.9 29.4 64 0.22

 500 46 0.74 4.7 145.9 28.2 26.9 0.57

rsssc040 150 59 1 2.4 126.1 24.7 68.9 0.45

 500 56 1 2 129 22.8 24.6 0.18

rsssc042 150 62 1 2.7 126.4 24.5 68.4 0.57

 500 52 1 2.3 129 24.7 22.7 0.16

Number of trials refers to the total number of stimulation trials (pooled over fixation locations). Probability is the probability of evoking a saccade. Values for amplitude, 
direction, duration, and latency are the mean values over all evoked saccades (pooled over fixation locations). Results were very similar when considering only 
saccades evoked from the two most central fixation positions: on average, the amplitude, direction, duration, and latency differed by about 0.2°, 5.9°, 0.7 ms, and 
1 ms respectively.
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of the head. First, in the current study we stimulated sites located 
fairly rostrally in the SC as evidenced by the relatively small ampli-
tude of the evoked saccades (mean evoked amplitude was <20° in 
83% of the sites; Figure 5A; see also Table 1). Saccades smaller 
than 20° are usually not accompanied by head movements when 
the eyes start from central orbital positions (Freedman et al., 1996). 
Second, and more importantly, the effect of initial eye position 
is greater for low frequency stimulation than for high frequency 

low and high frequency stimulation. Figure 5B plots the slope of the 
regression against the mean amplitude (pooled over all initial eye 
positions). Regression revealed a significant relation between the 
two measures (low frequency, r2 = 0.60, p < 0.0001; high frequency, 
r2 = 0.18, p < 0.05).

However, several findings argue against the idea that the effect 
of eye position observed under head-fixed conditions in the present 
study is solely the result of a simple limit imposed by the restraint 

FIgure 2 | Saccades evoked by microstimulation in example sites in the 
superior colliculus. (A) Average saccade vectors evoked by low (red) and high 
(blue) frequency microstimulation in an example site in the SC. Vectors are the 
average of all the evoked saccades for each of the fixation LED locations. 
Circles indicate average startpoints; arrowheads average endpoints. (Missing 
data at some fixation positions is due to a combination of the random-with-
replacement selection of fixation positions and the somewhat probabilistic 
evocation of saccades, especially at low frequencies; trials in which no 
saccade was produced were excluded from this analysis.) (B) Average saccade 
vectors for each fixation LED location (color-coded) evoked by low (upper 
panel) and high (lower panel) frequency microstimulation in the same site as 

shown in (A). Saccade vectors are aligned on a common origin to highlight the 
differences in vector as a function of initial eye position (indicated by color). 
Saccades evoked by both high- and low frequency stimulation showed an 
effect of initial eye position, but the effect was larger for low frequency 
stimulation. (C) Amplitude of individual saccades evoked by low and high 
frequency microstimulation in the same site as shown in (A,B), as a function 
of initial eye position. Lines show linear regression through the data. Each data 
point represents a single saccade (D–F). Same as (C), for three additional 
sites. The low frequency regression fits are significant for all sites illustrated 
(p < 0.0001); the high frequency regression fits are significant in 
 (C,F) (p < 0.0001).
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conditions. Figure 6A shows the amplitude of stimulation-evoked 
gaze saccades as a function of initial eye-in-head position in the 
low and high frequency in an example head-free session. The 
pattern of results is similar to that obtained under head-fixed 
conditions: amplitude decreases with more contralateral hori-
zontal initial eye position, and the effect is stronger in the low, 
compared to the high frequency condition. Figure 6B shows 
the histogram of slopes across all sites. Slopes were significantly 
larger than 0 for both stimulation frequencies (low frequency: 
t = 3.24, p = 0.008; high frequency: t = 2.61, p = 0.024). The 
difference in slope between low and high frequency stimulation 
skews toward positive values, indicating that slopes were steeper 

 stimulation: the slopes relating evoked amplitude to initial eye 
position are steeper for low than for high frequency stimulation 
(Figure 3B), even though the amplitudes of low frequency-evoked 
saccades are slightly smaller. This trend is shown across the popu-
lation in Figure 5B. If the eye position effect was the result solely 
of head restraint, one would expect the opposite pattern, i.e., that 
it would be more pronounced in high frequency-evoked saccades 
because these are larger in amplitude.

To verify that the results did not depend solely on head restraint, 
we repeated the experiment while the head was unrestrained in a 
subset of sites (n = 12). This allowed us to investigate whether the 
observed eye position dependence was present under head-free 

FIgure 3 | Population analysis of the effect of initial eye position on 
saccade amplitude. (A) Magnitude of slopes obtained from linear regression of 
evoked saccade amplitude on initial eye position for each stimulation site. Data 
are shown for low (red) and high (blue) frequency stimulation conditions. The 

component of amplitude parallel to the axis of the array of fixation LEDs was 
used for this analysis. (B) Differences in slope between low and high frequency 
conditions. Results were similar in the two monkeys, as indicated by  
different shades of gray.

FIgure 4 | Population analysis of the effect of horizontal initial eye 
position on vertical saccade amplitude. (A) Magnitude of slopes obtained 
from linear regression of vertical saccade amplitude vs. horizontal initial eye 
position for each stimulation site. Data are shown for low (red) and high (blue) 

frequency stimulation conditions. The horizontal axis has been scaled to  
match Figure 3A for comparison purposes. (B) Differences in slope 
between low and high frequency conditions. Horizontal axis has been scaled  
to match Figure 3B.
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More tellingly, no consistent head movements were evoked by 
the stimulation train. Figure 6D shows both head and eye position 
over the duration of the stimulation train, averaged over all trials 
that evoked a saccade, for each site. Positive values indicate ipsi-
lateral movements, negative values contralateral ones. For display 

for low  frequency stimulation than for high frequency stimula-
tion (t = 2.31, p = 0.041; Figure 6C). These findings are in line 
with our findings in the head-fixed sessions, indicating that the 
effect of initial eye position on saccade amplitude is not simply 
the result of fixing the head.
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site and frequency level. Data are shown for low (red) and high (blue) frequency 
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FIgure 6 | effects of initial eye position in the head-free setup. (A) 
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microstimulation as a function of initial eye-in-head position. Lines show linear 
regression through the data. Each data point represents a single gaze saccade. 
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initial eye-in-head position for each stimulation site. Data are shown for low and 
high frequency stimulation conditions. (C) Differences in slope between low and 
high frequency conditions. (D) Horizontal eye-in-head and head position over 
time during the entire stimulation train, averaged over all trials in the high 
frequency condition, for each site in the head-free experiment.
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purposes, only data from the high frequency condition are shown, 
and onset of the traces is aligned to 0°. In contrast to eye move-
ments, head movements typically evoked slow drifting movements 
without consistent direction. Eye movements were evoked at every 
site, but consistent head movements were only evoked at 2 out of 
12 sites (17%). This demonstrates that the effects of initial eye 
position are unlikely to be due to an inability to physically execute 
the saccade commanded at each site.

effects of InItIal eye posItIon and frequency of 
MIcrostIMulatIon on saccade latency and probabIlIty
In addition to the effects of initial eye position and frequency on 
evoked saccade amplitude, which were directly related to the goals 
of this study, we also noticed some additional patterns in the data 
relating to latency. Specifically, we found that the effects of initial 
eye position on saccade amplitude were closely paralleled by effects 
on saccade latency: latency increased linearly with more contral-
ateral initial eye position (i.e., the latency to evoke saccades was 
longer for more contralateral fixation positions). Again, this effect 
was stronger in the low compared to the high frequency condi-
tion. Slopes were significantly below 0 in both conditions (low fre-
quency, t = −9.31, p < 0.0001; high frequency, t = −5.17, p < 0.0001; 
Figure 7A). Figure 7B shows the distribution of differences in slope 
between the low and high frequency conditions for each stimulation 
site. The population of slopes is significantly biased toward negative 
values (t = −8.55, p < 0.0001), confirming a stronger effect on latency 
in the low frequency vs. the high frequency condition. Note that 
smaller amplitudes for more contralateral saccades cannot simply be 
explained by longer latencies combined with truncation of the sac-
cade upon termination of the stimulation train. Rarely were saccades 
not completed before the offset of the stimulation train (on average, 
1.5% of all saccades in the low frequency condition and 2.5% in the 
high frequency condition) and these were distributed evenly over 
initial eye positions, and excluded from the analyses.

These data suggest a higher threshold for eliciting saccades at 
more contralateral initial eye positions. Indeed, we found that 
eye position also affected the probability of evoking a saccade. 

To quantify this, we performed a regression of the proportion of 
trials that evoked a saccade as a function of fixation LED loca-
tion. Figure 8A shows the histogram of slopes obtained from 
this analysis, indicating that the probability of evoking a sac-
cade decreased as a function of more contralateral fixation LED 
location in the low frequency condition (t = 5.59, p < 0.0001), 
but not in the high frequency condition (t = 0.1, p > 0.05). The 
difference in slope between low and high frequency condition is 
shown in Figure 8B.

effects of frequency of MIcrostIMulatIon on saccade 
dynaMIcs
Changes in saccade amplitude are normally associated with changes 
in duration and peak velocity. Specifically, duration increases lin-
early as a function of saccade amplitude, and velocity increases 
non-linearly, saturating for high amplitude saccades. These rela-
tions are known as the main sequence (Bahill et al., 1975). Figure 9 
plots the average duration and peak velocity of high and low 
frequency-evoked saccades, as well as visually evoked saccades to 
the target LED, as a function of amplitude (binned in 5° bins). 
The figure shows that stimulation-evoked saccades have similar 
dynamics to visually evoked saccades: both duration (Figure 9A) 
and peak velocity (Figure 9B) scale with amplitude as predicted 
by the main sequence. Consistent with the findings of Stanford 
et al. (1996), low frequency-evoked saccades had slightly lower 
peak velocity and longer duration than saccades evoked by high 
frequency stimulation.

dIscussIon
We show that initial eye position affects the amplitude of saccades 
evoked by electrical microstimulation of the monkey SC: saccades 
starting at more contralateral eye positions are smaller in amplitude, 
are less reliably evoked, and have a longer latency. The magnitude of 
these effects are influenced by the frequency of microstimulation, 
with lower frequency stimulation evoking saccades whose ampli-
tude depends more strongly on initial eye position (although both 
high and low stimulation frequencies did show the effect).
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unlike previous demonstrations of eye position effects (Paré et al., 
1994; Freedman et al., 1996; Freedman and Sparks, 1997a; Klier 
et al., 2001), the effects observed in the present study were not 
compensated for by head movements.

Where does the sc’s eye posItIon sensItIvIty coMe froM?
Effects of eye position on SC activity are logical given the preva-
lence of eye position signals in areas that provide input to the SC. 
The SC receives feedback from the tegmental structures in the 
oculomotor pathway (e.g., Corvisier and Hardy, 1991; Chen and 
May, 2000; for review see, Sparks and Hartwich-Young, 1989), 
where eye position sensitivity is present in the tonic and perhaps 
burst patterns of the burst, tonic, or burst–tonic neurons (e.g., 
Keller, 1974; Sylvestre and Cullen, 1999; Ling et al., 2007). The 
SC also receives input from oculomotor regions of the cerebel-
lum (Roldan and Reinoso-Suarez, 1981; for review see Sparks 
and Hartwich-Young, 1989). The cerebellum has been theorized 

Although it might seem somewhat unexpected that saccades 
evoked by high frequency stimulation also showed an effect of 
initial eye position, this is not necessarily a discrepancy with previ-
ous studies (Robinson, 1972; Schiller and Stryker, 1972; Van Opstal 
et al., 1991; Hepp et al., 1993) for several reasons. First, our study 
differed in that we employed a novel quantitative analysis, and 
the effects in previous studies might actually be quite comparable. 
Second, it is also quite possible that our high frequency stimula-
tion condition was not always as effective as the high frequency 
stimulation used in other studies. In particular, we may not have 
optimized the depth of the electrode in the SC to minimize the 
stimulation threshold as successfully as other studies have, so our 
high frequency stimulation may have been closer to threshold than 
is typical in other studies.

Importantly, the observed effect is not the result of physical 
constraints imposed by the oculomotor range, or of saccades ending 
prematurely because the stimulation train was too short. Moreover, 

FIgure 9 | Main sequence relations of evoked saccades. (A) Saccade duration as a function of saccade amplitude, binned in 5° bins. Data are averaged over all 
stimulation- (red and blue) or target- (green) evoked saccades in all stimulation sites, regardless of fixation position. Error bars indicate ±1 SEM. (B) Saccade peak 
velocity as a function of saccade amplitude. Same saccades and conventions as in (A).

FIgure 8 | Population analysis of the effect of initial eye position on saccade probability. (A) Magnitude of slopes obtained from linear regression of saccade 
probability on initial eye position for each stimulation site. Data are shown for low (red) and high (blue) frequency stimulation conditions. Positive slope indicates a 
lower probability of evoking a saccade at more contralateral fixation positions. (B). Differences in slope between low and high frequency conditions.
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to play a role in adjusting the saccade command to  different 
 conditions, such as those related to compensation for orbital 
position or the adjustments to saccade amplitude characteristic 
of saccade adaptation.

In addition, many of the structures that provide sensory or 
descending input to the SC (Fries, 1984) also show eye position 
sensitivity. Perhaps most significantly, lateral intraparietal area 
LIP was recently shown to employ a composite of different refer-
ence frames: receptive fields of most neurons did not maintain a 
fixed relationship to the direction of the eyes (Mullette-Gillman 
et al., 2005, 2009). Thus, the input arriving at the SC from LIP is 
strongly affected by eye position, as originally noted by Andersen 
and Mountcastle (1983). Visual cortex, another area that projects 
to the SC, is also influenced by eye position (Trotter and Celebrini, 
1999). Inputs also arrive to the SC from areas in the auditory path-
way where eye position affects activity (Groh et al., 2001; Werner-
Reiss et al., 2003; Porter et al., 2006; Maier and Groh, 2010). 
Somatosensory responses in the SC are sensitive to eye position 
(Groh and Sparks, 1996a,b,c), which may be related to eye position-
related signals in somatosensory cortex (Zhang et al., 2008), some 
regions of which project to the SC (Fries, 1984).

IMplIcatIons for the sc read-out
Our findings, together with the earlier findings concerning eye 
position modulation of SC activity (Van Opstal et al., 1995; Campos 
et al., 2006) as well as those concerning the effects of stimulation 
in the SC (Van Opstal et al., 1990; Stanford et al., 1996), provide 
constraints for models of how the SC is read-out and how it inter-
acts with the saccadic pulse-step generator.

Many models concerning the transformation of signals from the 
SC into motor commands have been proposed, and the following 
issues are paramount: First, do variations in the level of activity in 
the SC affect its output, or does only the location of activity in the 
SC matter? In an elegant study varying the number of pulses of 
electrical stimulation, Stanford et al. (1996) showed that when the 
number of pulses was comparatively low, the amplitude of evoked 
saccades scaled with pulse count, but for higher pulse counts the 
evoked amplitude reached a plateau. The level of that plateau was 
site-specific. This pattern of results has been interpreted as indi-
cating that a normalization mechanism to eliminate variations in 
activity level operates by converting each cell’s contribution to a 
“percent of total” when activity levels are high overall, but not when 
they are low (Groh, 2001).

A second important issue is what kind of goal signal does the SC 
produce? In Robinson’s original model (Robinson, 1975), the ocu-
lomotor pulse-step generator receives an input specifying desired 
eye position. Later models use inputs postulated to come from the 
SC specifying change in eye position (known as eye displacement 
models; e.g., Jürgens et al., 1981; Tweed and Vilis, 1985; Scudder, 
1988; for review see Scudder et al., 2002). Such eye displacement 
models have been extended to incorporate findings suggesting 
that the SC’s output specifies change in eye position with respect 
to the body (or possibly the world) rather than change in eye 
position with respect the head (Freedman and Sparks, 1997a,b). 
However, to our knowledge, no existing models involve a mixed 
reference frame goal signal, although an SC read-out involving a 
combination of eye-in-head and eye displacement was suggested 

by Van Opstal et al. (1995). Because the amount of force required 
to move the eyes a given distance depends on initial eye position, 
the eye displacement models all do incorporate an eye position 
signal, but at a later stage where the motor neuron discharge pat-
tern is formed.

Figure 10 suggests a possible explanation for our findings, 
assuming the output of the SC provides a pure eye displacement 
command signal. When saccades are elicited naturally by visual 
targets at a particular retinal location from two different initial eye 
positions (Figures 10A,B), the site of activity in the SC is the same 
for both target/eye position combinations (colored spots on sche-
matic SC map; Figure 10Aii). Because of the eye position modula-
tion, the level of activity is different for the two initial eye positions 
(indicated by different shades of red on Figures 10Aii,Bii). This 
eye position signal must be removed by the read-out mechanism, 
which does so by extracting only the site of activity, independ-
ent of its overall level. A weighted average mechanism operating 
on SC activity accomplishes the necessary normalization for the 
level of activity, and produces a signal that is related only to the 
target displacement and not to initial eye position (schematically 
indicated by the same number of spikes at the SC output stage in 
Figures 10Aiii,Biii). Later, an eye position signal (different numbers 
of spikes for each eye position; Figures 10Aiv,Biv) is added back in 
so that the motor command correctly compensates for eye position 
when generating the pattern of force needed to drive the eyes from 
different starting positions (different number of spikes for each eye 
position; Figures 10Av,Bv). (It should be noted that removing an 
eye position signal just to add it back later would seem inefficient, 
but this step is necessary under the assumption that the pulse-step 
generator operates on a pure eye displacement command signal. 
As such, its lack of plausibility casts doubt on the plausibility of 
this class of models).

Figures 10C,D suggest how this circuit might operate in response 
to microstimulation, and illustrates the additional assumptions 
necessary to account for our findings in the context of an eye dis-
placement model. The first assumption is that the SC neurons acti-
vated by the stimulation electrode continue to show an eye position 
modulation as well as being directly driven by the stimulation train. 
This produces a hill of activity that varies in level for different initial 
eye positions, as it does for visually guided saccades (Figure 10Cii). 
This, by itself, would not produce the observed pattern of evoked 
saccades, because the normalization process that eliminates any 
contribution of activity level would remove this eye position influ-
ence. But the studies of Paré et al. (1994), Stanford et al. (1996), 
and Van Opstal et al. (1995) suggested that such normalization only 
occurs for stronger levels of stimulation. These studies showed that 
the saccades evoked by SC stimulation were invariant to changes in 
stimulation parameters, and thus to changes in the overall amount 
of activity either in terms of number of neurons or firing rate of 
those neurons, but only when the stimulation parameters were 
quite strong. This pattern implied a normalization mechanism 
that is invoked only when the level of activity is comparatively 
high (Groh, 2001). Thus, we make the second assumption that 
the stimulation applied in our experiments is too weak to fully 
invoke the normalization for activity level. The output of the SC 
would then vary with eye position (as indicated by the schematic 
of spike trains at the SC output stage; Figures 10Ciii,Diii) and 
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a weighted average (Robinson, 1972; Schiller and Sandell, 1983; 
Hikosaka and Wurtz, 1986; Lee et al., 1988). The stimulation 
study of Stanford et al. (1996) showed that stimulation-induced 
activity in the SC is not always fully normalized, especially when 
lower levels of activity are present. Groh (2001) proposed a 
model for how this might be implemented in the read-out (the 
summation-with-saturation model). Thus, different degrees of 
normalization of SC activity can occur under different circum-
stances. When activity is low as it is in low frequency stimulation, 

the resulting saccade vectors would vary with eye position as well 
(Figures 10Cvi,Dvi). The saccades would also be shorter than the 
site-specific amplitude of the site – a prediction that we did not 
test for in our current study.

Is this normalization scheme plausible? Although early mod-
els calculated a weighted sum of SC activity (Van Gisbergen 
et al., 1987; Scudder, 1988; Van Opstal and Van Gisbergen, 1989) 
a variety of stimulation and inactivation studies quickly sug-
gested that at least under some conditions the output resembles 

A

B

C

D

FIgure 10 | A schematic illustration of the transformation of signals from 
SC to motor command for visually guided or microstimulation-evoked 
saccades. (A,B) Visually guided saccades to retinally identical targets from 
two different eye positions (i). The site of activity in the SC is the same (ii, 
colored spots) but the level of activity is lower for the more contralateral initial 
fixation position [cooler colors in (B) than in (A)]. A site-weighted average of 
SC activity is calculated, thus removing the eye position signal and producing 
an output that is the same for different eye positions [iii, same number of 
spikes in both (A) and (B)] and specifies desired eye displacement. As in 
common eye displacement models of the oculomotor pulse-step generator, an 
eye position signal (iv) is combined with this signal, producing a motor 
command that depends on both eye position and saccade amplitude (v) and 

generating an accurate saccade to the target (vi). (C,D). How this circuit would 
have to operate in order to account for the eye position dependence of 
stimulation-evoked saccades.Stimulation evokes activity at the same site in 
the SC regardless of initial fixation, but the stimulation combines with 
endogenous eye position signals to produce a hill of activity that varies in level. 
The stimulation-evoked activity is too weak to trigger normalization, so the 
output is lower and is not invariant across eye positions [different numbers of 
spikes in (Ciii) and (Diii); and fewer spikes than the corresponding (Aiii) and 
(Biii)]. The motor command that is generated does not have the correct 
number of spikes to bring the eyes all the way to the (non-existent) target 
(Cv and Dv), and the saccades fall short by amounts that depend on eye 
position (Cvi and Dvi).
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model assumes the positive correlation between eye  position and 
 movement fields reported by Van Opstal et al. (1995) and Campos 
et al. (2006). However, an additional assumption is needed to 
account for the frequency dependence in our stimulation results, 
specifically that the “clamping” of firing rate is more effective at 
low than high frequencies of stimulation, and thus the removal of 
the natural eye position signal during low frequency stimulation is 
more complete than it is at high frequency stimulation. This may be 
implausible. In addition, this model involves a saccadic pulse step 
generator that employs a mixed reference frame goal signal. Neither 
model specifically accounts for changes to the main sequence (low 
frequency stimulation produced movements of a slightly slower 
velocity for a given amplitude) or the effects on saccade latency or 
probability at different eye positions. Future models will need to 
reconcile all these experimental findings.

an alternatIve account
An alternative view of the eye position sensitivity evident in SC 
neurons is that this sensitivity might represent a bias in favor of 
re-centering the eyes in the orbits (Paré and Munoz, 2001). Under 
this view, subjects exhibit a bias in favor of generating a saccade back 
toward the center of the orbits, even when the target is not necessarily 
in that direction. Paré and Munoz (2001) proposed that the eye posi-
tion modulation they observed was related to this re-centering bias: 
when the movement field of the neuron includes the straight ahead 
position because the eyes are currently deviated to the ipsilateral side, 
neural activity is higher than when the eyes are on the contralateral 
side. When a potential saccade target lies within the movement field 
of an SC neuron, it can exhibit a low-level of firing, even if that target 
is not eventually chosen (Glimcher and Sparks, 1992). In other words, 
suppose a neuron has a movement field encoding 10° leftward move-
ments. When the eyes are fixated 10° to the right, the movement field 
lies at the straight ahead (in space) position. If subjects have a bias 
to return to the straight ahead position, this neuron would tend to 
fire in at least a low-level way. This low-level activity during periods 
of fixation would appear to be correlated with eye position although 
it would really be correlated with the combination of fixation posi-
tion, movement field position, and the subject’s individual biases for 
saccading to particular positions.

The results of Campos et al. (2006) and Van Opstal et al. (1995) 
could be reconciled with this theory as well if one assumes that 
the determining factor is not necessarily a re-centering bias but 
instead the odds of a saccade in a given direction from a given eye 
position more generally. This could account for the differences in 
the relationship between the direction of “preferred” eye positions 
and movement fields across studies. In some paradigms or perhaps 
individual monkeys, a re-centering bias could predominate, pro-
ducing an inverse correlation between eye position and movement 
field locations (Paré and Munoz, 2001). This might be especially 
true in a rewarded task where the monkey might weigh the odds 
of different target locations. Even if target locations are nominally 
evenly distributed, as they were in our study and that of Paré and 
Munoz (2001), the monkey might occasionally prefer returning to 
a more central fixation position to be ready for the next trial.

In other circumstances, a tendency to make corrective saccades 
might predominate. A corrective saccade in the same direction as the 
previous saccade would produce the opposite relationship between 

variations in activity level due to eye position affect the output 
to a greater degree than when the activity is high due to high 
frequency stimulation.

A variation on this model would ascribe the absence/presence 
of an eye position signal in the output of the SC to a stronger 
presence of eye position signals during periods of fixation than 
during the endogenously generated saccade-related burst. Paré and 
Munoz (2001) and Campos et al. (2006) reported a more con-
sistent eye position effect during periods of fixation than during 
the burst of activity associated with saccades. Since stimulation 
occurs during periods of fixation, the eye position signal may be 
effectively stronger during stimulation-evoked bursts than during 
visually evoked bursts in SC neurons. If this is the case, then per-
haps there is little or no normalization for both visually guided and 
 stimulation-evoked saccades, but the eye position signal is stronger 
for the latter.

An assumption of the model is that eye position gain fields 
are anti-correlated with the saccade vector tuning of cells in the 
SC. In other words, neurons show increased activity for ipsilateral 
fixation positions but contralateral saccade targets. This is in agree-
ment with the findings of Paré and Munoz (2001), who reported 
a negative correlation between eye position modulation and the 
direction of the movement fields. However, there is disagreement 
in the literature on this point. Both Van Opstal et al. (1995) and 
Campos et al. (2006) reported a positive correlation between the 
direction of the movement field and the eye position gain field. In 
the interests of exploring whether a different formulation of the 
model could reconcile our results with those of Van Opstal et al. 
(1995) and Campos et al. (2006) we considered an alternative pos-
sibility. Figures 11A,B show cases in which the gain field is corre-
lated with the direction of the saccade vector, and this eye position 
influence is not removed by normalization during the SC read-out 
process. Instead, the SC normally produces an output that varies 
with eye position, and this serves as input to a premotor circuit 
that uses a mixed reference frame goal signal. Thus, although the 
SC produces a different output for retinally identical targets from 
different fixation positions, accurate saccades are generated. It is 
possible that no additional eye position signal is needed, so this 
component (Figures 10A–Div) is omitted.

If stimulation (Figures 11C,D) simply adds to eye position-
dependent signals as postulated in the first scheme, this mechanism 
would not produce an eye position dependence in stimulation-
evoked saccades. But if stimulation serves to clamp SC activity at 
a firing rate dictated solely by the stimulation train, then the eye 
position signal would be removed during stimulation. This would 
produce saccades whose vector varies with eye position, because 
the eye position signal, now missing, is a necessary component of 
the output.

Neither of these models fully match existing data or theories, 
partly because of discrepant findings in the literature. The first 
model agrees with the reported negative correlation between the 
direction of the eye position modulation and movement fields from 
one study (Paré and Munoz, 2001) but is therefore in disagree-
ment with the two others that found a positive correlation (Van 
Opstal et al., 1995; Campos et al., 2006). This model can account 
for the larger effect of eye position in saccades evoked by low fre-
quency as compared to high frequency stimulation. The second 
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eye position and the next saccade, and thus a positive correlation 
between eye position and movement field locations (Van Opstal et al., 
1995; Campos et al., 2006). This might be especially likely in a natural 
scanning paradigm such as that used by Van Opstal, and Campos 
et al. In short, if eye position sensitivity patterns reflect intentions 
regarding the next movement, these might well differ across indi-
viduals or paradigms. Several studies have shown that SC neurons 
are sensitive to target probability and number, factors that influence 
intention (Basso and Wurtz, 1997, 1998). Teasing these issues apart 
would involve a study in which these parameters are manipulated 
and the effect on eye position modulations in the SC observed.

In any event, whether the eye position modulation in the SC 
reflects a signal necessary for preparing a correct motor command 
or a more ancillary signal reflecting a predisposition to generate a 

saccade in a particular direction in the coming moments, this eye 
position modulation has an effect on the eye movement that is pro-
duced by microstimulation and thus has the potential to contribute 
to the SC’s read-out under normal circumstances.
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FIgure 11 | An alternative possible SC to motor command 
transformation. (A,B) As in Figure 10, the level of activity in the SC normally 
varies with eye position (ii), but here this variation is reflected in the 
computation of the SC’s output signal (iii). Another difference is that the eye 
position signal in the SC is positively, rather than negatively, correlated with 
the movement field/site of activation, so that the number of spikes in the 
output is higher for more contralateral fixation positions. The combined eye 

amplitude-eye position signal derived from SC activity might be sufficient to 
guide the motor command (iv). (C,D) Microstimulation in the SC might serve 
to remove this eye position signal, by clamping the firing rate in a pattern 
dictated by the microstimulation train (ii). The output of the SC would then 
be the same across different eye positions (iii). The lack of an eye position 
component in the output signal would cause eye movements to vary with 
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