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Abstract

Inthis study we examined procedures that alter saccadic latencies and target selection to visual stimuli
and to electrical stimulation of area V1 in the monkey. It has been shown that saccadic eye-movement
latencies to singly presented visual targets form a bimodal distribution when the fixation spot is
turned off a number of milliseconds prior to the appearance of the target (the gap period); the first
mode has been termed express saccades and the second regular saccades. When the termination of
the fixation spot is coincident with the appearance of the target (0 ms gap), express saccades are
rarely generated. We show here that a bimodal distribution of saccadic latencies can also be obtained
when an array of visual stimuli is presented prior to the appearance of the visual target, provided the
elements of the array overlap spatially with the visual target. The overall latency of the saccadic eye
movements elicited by electrical stimulation of area V1 is significantly shortened both when a gap
is introduced between the termination of the fixation spot and the stimulation, and when an array is
presented. However, under these conditions, the distribution of saccadic latencies is unimodal. When
two visual targets are presented after the fixation spot, introducing a gap has no effect on which target
is chosen. By contrast, when electrical stimulation is paired with a visual target, introducing a gap
greatly increases the frequency with which the electrical stimulation site is chosen.
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Introduction

In exploring the visual scene we make about three saccadic eye movements per second, more
than 160,000 saccades a day. With each shift in gaze two basic tasks must be accomplished:
(1) to perform a high-resolution analysis of the visual scene that falls into the foveal area and
(2) to decide where to shift the center of gaze next. The ability to carry out these tasks rapidly
is important for survival in living organisms.

Conditions that define the latency with which saccadic eye movements can be initiated have
been extensively studied (Fischer & Boch, 1983; Fischer & Ramsperger, 1984; Boch & Fischer,
1986; Fischer & Weber, 1993; Rohrer & Sparks, 1993; Sommer, 1994; Weber & Fischer,
1994; Cavegn & d'Ydewalle, 1996; Pare & Munoz, 1996; Weber et al., 1998; Schiller et al.,
2004a, b; Schiller et al., 2004c; Schiller & Haushofer, 2005). An unexpected finding, first
observed by Fischer and colleagues, is that saccadic latencies to singly appearing visual targets
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can yield a bimodal distribution in both humans and monkeys (Fischer & Boch, 1983; Fischer
& Ramsperger, 1984; Rohrer & Sparks, 1993; Sommer, 1994; Pare & Munoz, 1996; Schiller
etal., 2004a, b; Schiller et al., 2004c; Schiller & Haushofer, 2005). The first mode, which peaks
at a latency of about 100 ms, has been termed express saccades; the second mode, which peaks
around 160 ms, has been termed regular saccades. The frequency with which express saccades
are generated has been shown to be greatly affected by when the fixation spot is terminated
relative to the onset of the target stimulus; when the fixation spot remains on throughout or is
terminated just when the target appears, relatively few express saccades are generated.
However, when the fixation spot is terminated 50-250 ms prior to the onset of the target,
numerous express saccades are made. It has been suggested that termination of the fixation
spot disengages inhibitory processes that assure maintained fixation, thereby facilitating eye-
movement generation in the express saccade range (Fischer & Boch, 1983; Kingstone & Klein,
1993). Most studies examining express saccade generation have reported that the frequency
with which express saccades are made is also affected by the number of locations at which a
target appears repeatedly; when a target appears at only one of two locations, the percentage
of express saccades is much higher than when four or more target locations are used (Crawford
& Muller, 1992; Kingstone & Klein, 1993; Tam & Stelmach, 1993; Carpenter & Williams,
1995; Pare & Munoz, 1996; Schiller et al., 2004a). Express saccades are rarely generated when
several targets appear concurrently (McPeek & Schiller, 1994). This is true even when two
identical targets appear concurrently (Schiller & Kendall, 2004). However, when these targets
are temporally offset, even by just a few milliseconds (16-50 ms), monkeys choose the target
that had appeared first and commonly make express saccades to them. One study did fail to
demonstrate these differences (Kveraga et al., 2002).

When the pathway from area V1 to the brainstem oculomotor centers is disrupted by
inactivation of the superior colliculus, express saccades are eliminated suggesting that this
pathway is crucial for the production of these short-latency eye movements (Schiller et al.,
1987). Inactivation of the frontal eye fields and the medial eye fields, which also play a central
role in eye-movement generation, does not significantly alter express saccade generation
(Schiller et al., 1987; Sommer et al., 1993; Schiller & Chou, 1998). By contrast, when the
lateral geniculate nucleus is inactivated, monkeys no longer make any saccades to visual targets
suggesting that the retino-geniculate pathway to cortex is essential for visually guided saccade
generation both for regular and express saccades (Schiller et al., 1990).

Electrical stimulation of area V1 in humans has been shown to create a star-like image called
a phosphene (Brindley & Lewin, 1968). In monkeys electrical stimulation also creates a
phosphene, the spatial location of which is defined by the receptive field position of the
stimulated neurons (Tehovnik et al., 2005). When regions of V1 are stimulated that represent
two to four degrees of eccentricity in the visual field from the fovea, currents of 20 to 120 pA
generate a percept of 6-12% contrast subtending 15-20 minutes of visual angle (Schiller et al.,
2005). In numerous experiments, monkeys have been trained to make saccadic eye movements
to the receptive field of the stimulated neurons (Schiller & Tehovnik, 2001; Bradley et al.,
2005; Tehovnik et al., 2005). Prolonged stimulation of V1 creates a staircase of saccades just
as it does when the superior colliculus and the frontal eye fields are electrically stimulated
(Schiller, 1977).

The central aim of this study was to determine how saccadic latencies and target choice are
different under conditions when visual targets are used and when electrical stimulation is
applied to area V1. We asked to what extent electrical stimulation can generate a bimodal
distribution of saccadic latencies, how the paired presentation of visual targets and electrical
stimulation affect saccade generation, and whether saccadic latencies are modified for both
visual and electrical stimulation when an array of stimuli precedes them.
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Materials and methods

Subjects

Three rhesus monkeys (Monkeys C, H and J) were trained to make saccadic eye movements
to visual targets; two of these animals (Monkeys C and H) were tested additionally with
electrical stimulation of area V1. Each animal had a head post and a scleral search coil
implanted to stabilize the head and to measure eye movements during the experimental sessions
(Schiller et al., 1987). A stainless steel well was implanted in each animal through which glass
coated platinum/iridium microelectrodes were lowered through the intact dura into area V1
using a microdrive (Schiller et al., 1976; Tehovnik et al., 2003). The electrodes were
constructed in the laboratory. All surgical procedures were carried out in accordance with the
NIH approved guidelines and have been approved by the Division of Comparative Medicine
at MIT.

Testing procedures

The animals were seated in a monkey chair and faced a color monitor (Sony, Multiscan 20se)
placed at a distance of 57.3 cm from the eye whereby a 1 cm extent on the screen corresponded
to 1 degree of visual angle. After the animal was placed into the testing apparatus and its head
was fixed, a tube for the delivery of apple juice was placed into its mouth. Each trial began
with the appearance of a fixation spot in the center of the monitor. Each saccadic eye movement
made to a visual target or to the receptive field site of the neurons electrically stimulated was
rewarded with a drop of apple juice. The display monitor was calibrated to yield a gamma
correction table for each phosphor.

Receptive field mapping

Each experimental session in which electrical stimulation was delivered commenced by
lowering the electrode into area V1 and was followed by mapping the receptive field of the
neurons at the electrode tip.

All the animals were trained to maintain fixation for 2-3 seconds on a red fixation spot until a
red target appeared in one of four locations at an eccentricity of five degrees. A correct saccade
made to this target was rewarded with a drop of apple juice. While the animal maintained
fixation a bar of light was swept across the visual field in one of several orientations. The
activity of the neurons was amplified and fed into a loud speaker to facilitate the mapping of
receptive fields. The location of the bar was systematically varied as was its size, which was
typically decreased in small steps until the receptive field of the neurons was accurately plotted.
Most of the locations were in the lower contralateral visual field and were located between 2.8
to 4.5 degrees of visual angle away from the fixation spot. The size of the receptive fields was
less than 0.5 degrees of visual angle.

Experimental procedures

We used six basic experimental procedures which are outlined in Figure 1. In all cases each
trial began with the appearance of a central fixation spot to which the animal had to direct his
gaze for the trial to continue. For the first four procedures, shown in Figure 1, I- 1V, subsequent
to central fixation either a single stimulus appeared or area V1 was electrically stimulated. The
size of the square fixation window was 50 minutes by 50 minutes of visual angle and the size
of the target windows was 85 minutes by 85 minutes.

Procedure |—The visual target or the electrical stimulation was initiated upon termination
of the fixation spot (the 0 ms gap condition).

Vis Neurosci. Author manuscript; available in PMC 2009 November 27.
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Procedure [I—The visual target or the electrical stimulation was initiated 130 ms after the
termination of the fixation spot (the 130 ms gap condition). This procedure is one commonly
used in the classic express saccade experiments (Fischer & Boch, 1983).

Procedure Ill—An array of stimuli was presented on the monitor upon termination of the
fixation spot. The array appeared concurrently with the target or the electrical stimulation. The
spatial arrangement of the array was varied as described in the Results section and in Figures
2-8, including a condition in which the background illumination was changed homogeneously
130 ms before the target appeared as specified in Figure 2C.

Procedure IV—This procedure used the same array presentation as Procedure 111, but the
array was presented 130 ms prior to the target or the electrical stimulation; the fixation spot
was terminated at the same time as when the target appeared.

The monkey's response for these procedures was considered to be correct only when a single
saccadic eye movement was made directly into the target window, which was centered on the
target and measured 1.5 to 2.0 degrees in cross-section.

The central difference in the next two procedures from those presented so far in I-1V is that
instead of a single target, two targets were presented with various temporal offsets or a visual
target was paired with electrical stimulation:

Procedure V—Two identical targets appeared in the left and right visual hemifields at mirror
image locations after the fixation spot was terminated or a visual target was paired with
electrical stimulation. The two targets or the target paired with electrical stimulation were
presented with various temporal offsets. The fixation spot was terminated concurrently with
the appearance of the initial target or when the electrical stimulation was initiated first (0 ms

gap).

Procedure VI—This procedure was similar to Procedure V but a 130 ms gap was introduced
between the termination of the fixation spot and the appearance of the initial target or the
electrical stimulation. Figure 1, V-VI show three basic sub-procedures: (1) when the stimuli
were simultaneous, (2) when the target or electrical stimulation on the left appeared first and
(3) when the target on the right appeared prior to the target or the electrical stimulation on the
left. Several temporal offsets were used as shown in the figures.

Initially monkeys were trained on the paired visual targets and were rewarded only when they
selected the one that appeared first. The location of the target that had appeared first was
randomized. Monkeys have a strong natural tendency to pick the first target. After this training,
during the experimental sessions when either two visual targets were presented or a visual
stimulus was paired with electrical stimulation, monkeys were rewarded for every choice made.

The CIE coordinates for the maintained illumination of the monitor were 0.331 and 0.331. The
background illumination was 10.8 cd/m2. The diameter of the circular fixation spot was 13.5
minutes of visual angle and the diameter of the circular targets was 20 minutes of visual angle.
The contrast of these targets ranged between 7 and 11%. The stimulus array consisted of a grid
of equally spaced squares with the spaces between the squares equal to their width. The
illumination of the squares in the array was typically 4.63 cd/m? (40% contrast) but we tested
several different illumination levels (7-50% contrast) and spatial frequencies (1-10 cycles per
degree).

Vis Neurosci. Author manuscript; available in PMC 2009 November 27.
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Electrical stimulation

Results

During experimental sessions when area V1 was electrically stimulated we first mapped the
location of the receptive field as described above.

Subsequent to mapping the receptive field, electrical stimulation was delivered using a train
of biphasic pulses delivered at 200 Hz for 100 ms with the width of each pulse being 0.2 ms
using a Grass S88 stimulator attached to a pair of constant-current stimulus isolation units
(Grass PSIU6B, Quincy, MA, USA). For each biphasic pulse, a cathodal pulse was followed
immediately by an anodal pulse of the same amplitude and duration. Current was measured by
the voltage drop across a 1000 Q resistor in series with the return lead of the stimulator. The
range of depths for the recordings was between 0.8 and 1.3 mm deep from the surface of the
cortex. Current levels to evoke saccades ranged from 10 to 100 pA. During each experimental
session electrical stimulation was randomly intermingled with the presentation of one to four
visual stimuli that were placed at similar eccentricities in the contralateral and upper visual
fields. Monkeys typically ran 1500-3000 trial per session. Electrical stimulation of area V1
was always initiated with a 30 ms delay relative to the presentation of visual targets because
the signals from the visual stimuli that impinge on the retina take approximately 30 ms to reach
area V1.

The results are shown here in two sections. In section 1 the data obtained using Procedures |-
IV are presented (Figures 2-7). In section 2 the data obtained using procedures V and VI are
presented (Figure 8).

Section 1, Procedures I-IV

In Figure 2 sections A, B, D and E show the temporal distribution of saccadic latencies obtained
from Monkey C in response to singly appearing visual targets at one of four locations, as
depicted in the figure insets. The data shown were acquired from using the four basic conditions
delineated in Figure 1. When the target appeared on a homogeneous background concurrent
with the termination of the fixation spot (Procedure |, Figure 1), few express saccades were
generated (1.9% having latencies of 85-130 ms). As shown in Figure 2D, express saccades
were also low in number when the array appeared concurrently with the target (Procedure 11,
Figure 1). When the target appeared 130 ms after the termination of the fixation spot and on a
homogeneous background (Procedure 1, Figure 1), express saccades were generated 23.0%
of the time, as shown in Figure 2B. Express saccades were also generated, 24.5% of the time,
when Procedure IV was used in which the stimulus array was presented 130 ms prior to the
appearance of the target, as shown in Figure 2E.

The latency for generating regular saccades, which form the second mode of the bimodal
distribution of saccadic latencies (illustrated in Figure 2 B and E), was largely unaffected by
the various conditions shown in Figure 2. For Procedures I-111, respectively, the mean latencies
in the regular saccade range (130 to 250 ms) were 164.6, 159.1 and 163.7 ms, showing that the
latency of these regular saccades was largely unaffected by introducing a gap between fixation
spot termination and target onset (Procedure 1l in Figure 1) or by introducing a luminance
change (Procedure I11). The presentation of the array, as shown in Figure 2D, E & F, also had
little effect on the mean latency of regular saccades, which was, respectively, 172.2, 160.7 and
164.2 ms.

Data collected from Monkey J yielded similar results but with a higher overall percentage of
express saccades. Based on a total of 3,704 trials, Procedure | produced 10.1% express
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saccades. Procedure 1l produced 55.6%, Procedure I11 24%, and Procedure 1V 79.4% express
saccades.

To further identify the variables responsible for the generation of express saccades that occur
when arrays are presented with or prior to the targets, we introduced two additional
experimental conditions as shown in Figure 2C and F. In the first, when the overall luminance
of the background was changed and no figures appeared, only 0.4% express saccades were
generated, as shown in Figure 2C. Increasing the overall contrast, rather than decreasing it,
yielded similar results (not shown). These findings show that a figural change is required rather
than a luminance change to produce express saccades. In the second condition a stimulus array
was presented in which the figural elements were confined to regions outside the spatial area
within which the targets were presented, as shown in Figure 2F. In this case express saccades
were generated only 0.9% on the time indicating that, in order for the figural elements in the
array to be effective in generating express saccades, these elements must be within the spatial
region of the targets.

The connections in the visual system are such that images appearing in the left visual hemifield
project to the right half of the brain and those in the right hemifield to the left half of the brain.
On the other hand, the upper and lower portions of left and right hemifields project to the
corresponding sides of the brain. Callosal connections provide some of the integration between
the left and right visual hemifields whereas interconnections within each hemisphere provide
integration between the upper and lower visual fields. These arrangements in connectivity raise
the question as to whether there is a difference in express saccade generation when targets and
the visual arrays are presented in opposite hemispheres or when they appear in the upper and
lower portions of the same hemisphere. To test this we confined the arrays either to the left or
right hemifields or to the upper or lower regions of the visual field. The targets were presented
either on the same side as the array or contralateral to the array as depicted in the insets of
Figure 3. The data shown in this figure were obtained from Monkey J. Express saccades occur
profusely when the targets are in the same region as the array, but are rare when the targets
appear in the homogeneous portion of the visual field. Similar results were obtained both for
horizontal and vertical shifts suggesting that the principles of interconnectivity for express
saccade generation are the same across hemispheres as within hemispheres. As noted for the
data in Figure 2, the latencies of regular saccades were unaffected by the conditions of
presentation. We have obtained similar data from Monkey C; based on a total for 1,887 trials,
the percent of express saccades for the four conditions shown in Figure 3 were as follows: A:
1.7%, B: 36.9%, C = 4.7, D = 20.9%.

In Figure 4 data are shown comparing the distribution of saccadic latencies obtained to visual
targets (panels A, B, C) and to electrical stimulation (panels D, E, F) under presentation
Procedures I, Il and 1V (see Figure 1). Figure 4 A and D: The visual target or the electrical
stimulation was presented when the fixation spot was turned off. Figure 4 B and E: The visual
target or the electrical stimulation was initiated 130 ms after termination of the fixation spot.
Figure 4 C and F: The visual target or the electrical stimulation was presented 130 ms after the
appearance of the array, as depicted in the insets. For the conditions shown in panels A and B,
the visual target had a contrast of 7%, which approximates the contrast of images created by
electrical stimulation (Schiller et al., 2005). In all cases, the diameter of the circular visual
targets was 20 minutes of visual angle. For the purposes of direct comparisons, the data plotted
in Figure 4A, B and C are for the saccades made to the visual target that had appeared on the
lower left; this target was positioned in the center of the receptive field of the stimulated
neurons. The saccadic eye movement latencies produced by electrical stimulation using the
same conditions appear in Figure 4D, E and F.

Vis Neurosci. Author manuscript; available in PMC 2009 November 27.
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With the visual stimuli appearing at one of two locations, numerous express saccades were
generated when the fixation spot was terminated 130 ms prior to the appearance of the target
(82%, Figure 4B). When the array appeared 130 ms before the visual target, a clear bimodal
distribution was evident (35.7% express saccades, Figure 4C). Few express saccades were
generated with visual stimuli when target onset was concurrent with termination of the fixation
spot (6.2%, Figure 4A). The overall temporal distribution to visual stimuli was quite narrow
with very few saccades of latencies greater than 250 ms. In contrast with the distributions
obtained with visual targets, electrical stimulation did not produce a bimodal distribution of
saccadic latencies for any of the three conditions. The overall saccadic latencies to electrical
stimulation were much longer than to visual stimuli, and the distributions were quite broad.
However, saccadic latencies obtained with electrical stimulation using 130 ms gap (Figure 4E)
were significantly faster than under the no gap condition (Figure 4D, t = 17.4, p <0.001). The
130 ms gap condition with electrical stimulation yielded only 1.7 % saccades in the express
range. The latency distribution to electrical stimulation using the arrays presented 130 ms prior
to the target (Figure 4F) had a mean latency of 261.5 ms which was significantly faster than
the no gap condition shown in Figure 4D ('t = 27, p < 0.01). The data obtained with visual
targets and electrical stimulation were quite different.

Figure 5D presents data from another monkey (Monkey C), which provides further verification
of the overall shift of latencies to electrical stimulation. Figure 5A shows the distribution of
saccadic latencies when electrical stimulation was initiated upon termination of the fixation
spot, yielding a mean latency of 262.7 ms. Figure 5B shows the distribution of saccadic
latencies when the fixation spot was terminated 130 ms prior to stimulation, yielding a mean
latency of 153.2 ms. The latency difference between these two conditions is highly significant
(t=25.5, p<0.001). In general, the saccadic latencies of this monkey were shorter than the
latencies of the monkey shown in Figure 4.

As has been shown in Figure 3, the presentation of an array of stimuli 130 ms prior to the visual
targets was effective at generating express saccades only when the array was presented in the
same region as the visual targets. Given the differences in the distribution of saccadic latencies
we had observed between procedures involving visual targets and those involving electrical
stimulation, we examined to what degree the spatial location of the array affects saccadic
latencies to electrical stimulation. Figure 6 presents these findings. Here we directly compare
saccadic latencies made to visual targets and to electrical stimulation when they are presented
in the lower visual field and the array in the upper visual field. Figure 6A and C show saccadic
latency distributions when the visual target or the electrical stimulation was presented upon
termination of the fixation spot on a blank background. Figure 6B and D show the distribution
of saccadic latencies when an array was presented 130 ms prior to the visual target and prior
to electrical stimulation. For the visual target the two conditions yielded virtually identical
results, with mean latencies of 152.7 and 153.0 ms. By contrast, the saccadic latencies to
electrical stimulation were significantly shortened from 328.0 to 251.3 ms when the array was
presented in the upper visual field (Figure 6D, t = 15.4, p < 0.001).

Figure 7 shows mean latencies obtained with electrical stimulation at nine different sites in
area V1 of Monkey C, comparing the effects of electrical stimulation when it was administered
right after the fixation spot was terminated (dark bars) and when it was administered 130 ms
after the appearance of the array (red bars). Each bar is based on 50 to 200 trials. All differences
between the two conditions were statistically significant beyond the p < 0.01 level. The t-test
values were as follows: 1 = 16.4 (df = 67), 2 =6.16 (df = 70) 3 = 13.2 (df = 80), 4 = 20.5 (df
=51),5=15.0 (df = 31), 6 = 10.9 (df = 34), 7 = 19.8 (df = 211), 8 = 20.8 (df = 373),9=16.4
(df = 311). The mean latency difference for the nine sites was 113.8 ms.

Vis Neurosci. Author manuscript; available in PMC 2009 November 27.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

Section 2, Procedures V and VI

Procedures V and VI differ from procedures I-1V in that following fixation either two visual
targets appeared with various temporal offsets or a visual target was paired with electrical
stimulation. Figure 8 shows data obtained with paired targets and a visual target presented with
electrical stimulation using various temporal offsets. The first target was presented or electrical
stimulation was delivered either concurrent with the termination of the fixation spot (0 ms gap)
or with a delay (130 ms gap) as described in Figure 1, Procedures V and VI. The visual targets
had a contrast of 11% and a size of 20 minutes. Electrical stimulation ranged between 20 and
100 pA. Data for the two gap conditions were collected in blocks, typically in ABBA or BAAB
order (where A =0 gap and B = 130 gap). In every set of four blocks the current levels were
kept constant to assure that the only significant variable was the gap condition.

When the two visual targets were presented with various temporal offsets, performance was
virtually identical for the 0 and 130 ms gaps, as shown in the upper section of Figure 8. The
50% cross-over point for both conditions is at plus 20 ms showing a slight bias in favor of the
right target in this monkey for these locations. Such biases have been shown in other studies
(Horstmann & Hoffmann, 2005;Scherberger et al., 2003).

When electrical stimulation was used instead of the left target, quite different effects were
obtained. First, the overall frequency with which the electrical stimulation location was chosen
was much lower than with the two visual targets. Second, the shift of choice with various
temporal offsets was more gradual for the 130 ms gap condition. Third, the 130 ms gap
significantly increased the frequency with which the electrical stimulation location was chosen
compared with the 0 gap condition. The 50% cross-over point with the 130 ms gap shifted in
favor of selecting the electrical stimulation location by 150 ms compared with the 0 ms gap
condition. Thus with a gap of 0 ms the electrical stimulation was equivalent to the visual target
when the electrical stimulation precedes the visual target by 182 ms whereas with a gap of 130
ms the electrical stimulation became equivalent to the visual stimulus when it was administered
36 ms prior to the appearance of the visual stimulus. A probit model was fitted to the percent
correct data for the two gap conditions. The curve for the 130 ms gap was significantly shifted
relative to the curve for the 0 ms gap (p < 0.05).

Discussion

In this paper we introduced a new paradigm which is capable of generating a bimodal
distribution of saccadic latencies similar to that obtained when single visual targets are
presented 50 to 200 ms after the termination of the fixation spot (Fischer & Boch, 1983; Fischer
& Ramsperger, 1984; Rohrer & Sparks, 1993; Sommer, 1994; Pare & Munoz, 1996; Schiller
etal., 20044, b; Schiller et al., 2004c; Schiller & Haushofer, 2005). The presentation of an array
of identical stimuli 130 ms prior to the appearance of the visual target (Figures 2-4) was
effective in producing express saccades but only when its elements appeared in the same region
of the visual field as did the visual targets.

The predominant theory about express saccade generation is that the termination of the fixation
spot prior to the appearance of the visual target disengages the inhibitory mechanisms that
assure the intent to maintain fixation (Fischer & Boch, 1983; Kingstone & Klein, 1993). By
doing so, saccades can be generated with shorter latencies. The fact that express saccades can
also be generated when an array of stimuli is presented prior to the target, even though the
fixation spot stays on until the appearance of the visual target, suggests that additional factors
are involved in the generation of express saccades. One possibility is that the array acts as a
cue or primer for the appearance of the target thereby shortening saccadic latencies. However,
the array was effective only when its elements appeared in the general proximity of the target.
When four target locations were used the array was effective as long as the array elements were
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within all four of these locations (Figure 2E). Once the elements of the array were outside the
location of the targets (Figure 2F) express saccades were not made. If the array serves as a cue
or primer, it does so only when the elements are within the range of the target locations. An
alternative possibility is that the array disengages the intent to fixate just as does the termination
of the fixation spot. An additional line of evidence suggesting that more than pre-cuing is
involved in the generation of express saccades is that when two visual targets are presented
simulataneously or when an oddity task is used in which a target appears with several identical
distracters, express saccades are not produced (Schiler et al., 2004a, 2004b, 2001).

In comparing the effects of saccade generation to visual stimuli and electrical stimulation of
area V1 we have found six major differences: 1) Unlike to visual targets, electrical stimulation
of V1 does not generate a bimodal distribution of saccadic latencies when the targets appear
subsequent to the termination of the fixation spot and when the visual array is presented prior
to visual targets or electrical stimulation. (2) The overall saccadic latencies are significantly
shortened when electrical stimulation is applied 130 ms subsequent to the termination of the
fixation spot and when the visual array is presented 130 ms prior to the termination of the
fixation spot; with visual stimulation, these conditions generate express saccades without
changing the latencies of regular saccades. (3) Presentation of a stimulus array prior to visual
stimulation generates express saccades only when the elements of the array overlap with the
targets in visual space; by contrast, presentation of the array significantly shortens saccadic
latencies to electrical stimulation of V1 even when their receptive fields do not overlap with
the elements of the array. (4) The saccades generated by electrical stimulation of V1 form a
broad distribution of saccadic latencies for all conditions whereas saccades produced by visual
stimuli form a narrow temporal distribution. (5) The overall saccadic latencies to electrical
stimulation of V1 using current levels between 20 and 100 pA are significantly longer than
those obtained with visual targets. The shortening of saccadic latencies when electrical
stimulation is administered with a gap has also been shown to occur when the frontal and medial
eye fields are stimulated (Tehovnik et al., 1999). We have yet to determine if a similar
shortening occurs by way of pre-cueing using a visual array for these eye fields. (6) When two
visual targets are presented with various temporal offsets, introducing a gap does not alter the
relative frequency with which each target is chosen; by contrast, when a visual target is paired
with electrical stimulation, introducing a gap significantly shifts the frequency in favor of the
visual field location represented by the electrically stimulated neurons.

In earlier work we have proposed that the generation of saccadic eye movements involves two
systems, the anterior and the posterior (Schiller & Tehovnik, 2001). The frontal and medial
eye fields of the anterior system have direct access to the brain stem oculomotor centers. Area
V1, extrastriate cortex and the lateral intraparietal area of the posterior system have access to
the brainstem oculomotor centers via the superior colliculus. We believe that the generation
of express saccades involves this posterior system. Two lines of evidence support this view:
(1) lesions of the superior colliculus eliminate express saccades, an effect that persists even
years after the lesion has been made (Schiller et al., 1987) and (2) individual or combined
lesions of the frontal and medial eye fields do not affect express saccade generation but produce
deficits in target choice when more than one visual stimulus is presented.

The retino-geniculate-striate system appears to play a central role in the generation of both
express and regular saccades. Two systems that originate in the retina are the midget and the
parasol. The midget system projects to the parvocellular layers of the lateral geniculate nucleus
(LGN) and the parasol system to the magnocellular layers. The predominant projection from
the LGN is to area V1 in monkeys and humans. Disruption of either the midget system, by
blocking the parvocellular layers of the LGN, or the parasol system, by blocking the
magnocellular layers of the LGN, does not significantly alter the generation of express saccades
and normal saccades (Schiller & Lee, 1994). However, when the LGN in fully blocked,
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monkeys can no longer make saccadic eye movements of any sort to visual stimuli (Schiller
et al., 1990). Along with the fact that SC lesions eliminate express saccades (Schiller et al.,
1987), this indicates that the retino-geniculate-striate system is essential for processing visual
stimuli for the generation of saccadic eye movements.

Why are there such dramatic differences in the generation of saccadic latencies to electrical
stimulation of area V1 and to visual targets? Given the limited nature of our knowledge at this
time we can only speculate. While electrical stimulation of V1 is believed to create a star-like
image in monkeys (Schiller et al., 2005), it appears to also have several other consequences.
The electrical stimulation activates several different types of cells indiscriminately, including
excitatory and inhibitory neurons (Schiller & Tehovnik, 2003). Presumably, the generation of
express saccades to visual stimuli involves the selective activation of complex circuitry that
eventually drives cells in layer V of area V1 that project to the superior colliculus, the structure
that is essential for express saccade generation (Schiller et al., 1987). The superior colliculus,
furthermore, must receive input from several brain regions, including a number of cortical areas
and the substantia nigra for the generation of a saccadic eye movement (Hikosaka & Wurtz,
1985; Schiller & Tehovnik, 2005). These inputs may be the outcome of decision processes
that, under natural conditions, involve the selection of a specific target in the visual scene to
which a saccade of a specific vector and amplitude is to be generated. Electrical stimulation
of area V1 probably cannot tap into these multiple processes in a fashion similar to visual
stimuli. Another line of evidence that highlights the difference in saccade generation produced
by electrical stimulation and by visual targets, as seen at the level of the SC, is that simultaneous
electrical stimulation at two sites elicits vector averaged saccades whereas when two
simulaneously appearing visual targets are presented, the saccade is made to one or the other
of the two targets (Robinson, 1972; Schiller, 1998; Schiller & Conway, 1979).

Regarding the shifts that occur for the two gap conditions (0 ms and 130 ms) in the selection
of the electrically stimulated site that was demonstrated in Figure 8, we believe the effect ties
in with the latency shifts described for the same two gap conditions to electrical stimulation
shown in Figure 4 and 5. This shortening in latencies with the 130 ms gap may be the result
of the brain being able to generate the visual percept and the decisions more quickly.
Consequently, with the two-target task as shown in Figure 8, the point at which the visual target
and the percept elicited by the electrical stimulation become simultaneous, occurs at smaller
temporal differences between the two stimuli, thereby shifting the curve to the right when a
130 ms gap is used.
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Figure 1.

The four basic conditions used in the experiments. A: After the monkey fixated the central
fixation spot, either a target appeared at one of two or four locations or electrical stimulation
was delivered to area V1. The termination of the fixation spot coincided with the onset of the
target. B: The fixation spot was terminated 130 ms prior to the onset of the target or electrical
stimulation. C: Upon termination of the fixation spot, the visual array and the target or electrical
stimulation was turned on. D: The array appeared 130 ms prior to the target or electrical
stimulation. The fixation spot was terminated at the same time the target or electrical

stimulation was initiated.
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D: Array concurrent with target
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N =775
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E: Array 130 ms before target
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The distribution of saccadic latencies to single visual targets appearing in one of four locations
3.3 degrees from central fixation under six conditions of presentation. The insets depict the
experimental conditions. A: The target appeared upon termination of the fixation spot. B: The
target appeared 130 ms after termination of the fixation spot. C: The overall illumination of
the background was changed from 10.8 to 23 cd/m?2 130 ms prior to the appearance of the

target. D: The array, as shown in the inset, appeared concurrent with the target and the

termination of the fixation spot. E: The array appeared 130 ms prior to the target. F: An array
consisting only of elements peripheral to the target location, as shown in the inset, appeared
130 ms prior to the target. Conditions B and E produced numerous express saccades, the other

conditions did not.
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C: Targets and array in opposite upper and lower fields
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Figure 3.

Four conditions of array presentation. In all cases the array appeared 130 ms prior to the target
which appeared in one of two spatial locations. The mode of presentation is indicated in the
insets. A: The elements in the array appeared in the opposite hemifield from the targets. B: The
elements in the array appeared in the same hemifield as the targets. C: The elements of the
array appeared in the opposite upper or lower hemifield from the targets. D: The elements of
the array appeared in the same upper or lower hemifield as the targets. The conditions of
presentation were counterbalanced. Thus an equal number of trials were collected with targets
in the same and opposite hemifields for left/right and upper/lower array and target locations.
Express saccades were numerous only when the target and the array overlapped.
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Electrical stimulation
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Figure 4.

Comparing the effects of electrical stimulation with visual target presentation. A-C shows data
for visual targets and D-F for electrical stimulation. In all cases visual targets and electrical
stimulation involved two spatial locations. A: The presentation of a single visual target upon
termination of the fixation spot. B: The presentation of a single visual target 130 ms after
termination of the fixation spot. C: The presentation of the array 130 ms prior to the visual
target. D: Electrical stimulation initiated upon termination of the fixation spot. E: Electrical
stimulation initiated 130 ms after termination of the fixation spot. F: Electrical stimulation

initiated 130 ms after the onset of the array.
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Electrical stimulation
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Figure 5.

The effects of electrical stimulation in Monkey H under two conditions: A. Stimulation was
initiated upon termination of the fixation spot. B. Stimulation was initiated 130 ms after the
termination of the fixation spot.
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Figure 6.

Comparing the effects of visual stimulation and electrical stimulation under two conditions: A
and C: Using a homogeneous background the target or electrical stimulation was delivered
upon termination of the fixation spot. B and D: The array appeared in the upper visual field

130 ms prior to the target or electrical stimulation. The visual target and the receptive fields of

the stimulated neurons were in the lower part of the visual field. With visual stimulation the
two conditions produced similar results. With electrical stimulation the presentation of the
array significantly shortened saccadic latencies.
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Mean saccadic latencies obtained with electrical stimulation at nine
sites with 0 ms gap and with array appearing 130 ms prior to target
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Figure 7.

Mean saccadic latencies obtained under two conditions at 9 stimulation sites: 0: electrical
stimulation was applied upon termination of the fixation spot on a blank background. A: The
whole field array was presented 130 ms prior to the target. At all sites the presentation of the
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array significantly shortened saccadic latencies.
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Percent left-target-site choice when two visual targets were presented and when a visual target
was paired with electrical stimulation. For each of these conditions two gaps were used, 0 and
130 ms. The two visual targets and the visual target presented with electrical stimulation

appeared with various temporal offsets, as indicated on the X axis. With two visual targets the
two gap conditions yielded virtually identical results. With a gap of 130 ms, significant shifts
occurred when electrical stimulation was paired with a visual target.
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