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Gandhi, Neeraj J. and Edward L. Keller. Comparison of saccadestrends observed in the saccade zone. As these results argue for the
perturbed by stimulation of the rostral superior colliculus, the caudshccade zone concept, we offer reinterpretations of the data used to
superior colliculus, and the omnipause neuron regidnNeuro- support the fixation zone model. However, we also discuss scenarios
physiol. 82: 3236—3253, 1999. Over the past decade, consideratiiat do not allow an outright rejection of the fixation zone hypothesis.
research efforts have been focused on the role of the rostral superior
colliculus (SC) in control of saccades. The most recent theory sepa-
rates the deeper intermediate layers of the SC into two function@dltropucTion

regions: the rostral pole of these layers constitutes a fixation zone and

the caudal region comprises the saccade zone. Sustained activity oThe superior colliculus (SC) has long been implicated as a
fixation neurons in the fixation zone is argued to maintain fixation argtitical neural structure in controlling saccades —fast, conjugate
help prevent saccade generation by exciting the omnipause neurgpgé movements that realign the visual axis to objects in the
(OPNs) in the brain stem. This hypothesis is in contrast to t"fﬁriphery. Traditionally, the SC has been thought to participate

traditional view that the SC contains a topographic representation Qf. - . L
the saccade motor map on which the rostral pole of the SC encoésICtIy in the generation of saccades (see Sparks and Hartwich

signals for generating small saccades2f) instead of preventing oung 1989 for a review) and, more generally, gaze shifts.

them. There is therefore an unresolved controversy about the spedyiicrostimulation of SC during fixation evokes a fixed vector
role on the most rostral region of the SC, and we reexamined gaccade (FVS) in the head-restrained animal or an eye-head

functional contribution by quantifying and comparing spatial an@oordinated gaze shift in the head-unrestrained animal, and the
temporal trajectories of 30° saccades perturbed by electrical stimuganplitude and direction of the stimulation-induced movement
tion of the rostral pole and more caudal regions in the SC and of tdepend on both the site and parameters of stimulation (Freed-
OPN region. If the rostral pole serves to preserve fixation, thgfan et al. 1996; Paret al. 1994; Robinson 1972; Schiller and
saccades perturbed by stimulation should closely reseimtgleupted  Stryker 1972; Stanford et al. 1996). Suprathreshold stimulation
saccadesproduced by stimulation of the OPN region. If it also, the head-fixed preparation elicits small saccades from rostral
contributes to saccade generation, then the disrupted movem% sites and larger eye movements from more caudal regions

would better compare withedirected saccadesbserved after stim- timulati f dial d lateral f the SC
ulation of the caudal SC. Our experiments revealed two significa\fxﬁ!1ereas stimulation oI medial and lateral aréas o e

findings: 1) the locus of stimulation was the primary factor determind€nerates saccades with upward and downward components,
ing the perturbation effect. If the directions of the target-directé@spectively. In agreement with the saccade motor map defined
saccade and stimulation-evoked saccade were aligned and if lethe simulation studies, the locus of neural activity in the
stimulation was delivered within approximately the rostral 2 mrdeeper layers of SC encodes the optimal saccade vector (Mcll-
(<10° amplitude) of SC, the ongoing saccade stopped in midflight biwain 1975; Schiller and Stryker 1972; Sparks et al. 1976; for
then resumed after stimulation end to reach the original visualead-free gaze, see Freedman and Sparks 1997). On the basis
specified goal with close to normal accuracy. When stimulation wa$ these studies, the topography in the deeper layers is believed
applied at more caudal sites, the ongoing saccade directly reaChedtH"éonsist only of a unifornsaccade zongFig. 1A) (Robinson

target location without stopping at an intermediate position. If t i . . . . . .
directions differed considerably, both initial and resumed componemg ,[7th tshl.?}:t)éséfliZiZIp?;yagrr:%g;/igggp ;I:]% rgg?r%tgﬁ'i ggg?nlzatlon

were typically observed for all stimulation site®) A quantitative - - . .
analysis of the saccades perturbed from the fixation zone showed NiS long-held view recently has been questioned by studies

significant deviations from their control spatial trajectories. Thus thdhat have reported a subset of neurons that discharge vigor-
resembled redirected saccades induced by caudal SC stimulation @ugly during fixation and show a pause in activity during most
differed significantly from interrupted saccades produced by OPdaccades (Munoz and Guitton 1989, 1991; Munoz and Wurtz
stimulation. The amplitude of the initial saccade, latency of perturba993a; Peck 1989). These cells, which have been called fixa-
tion, and spatial redirection were greatest for the most caudal sites #gh neurons, are located within the deepest portion of the
decreased gradually for rostral sites. For stimulation sites within tigermediate layers of an estimated 0.72 mm of the rostral SC
rostral pole of SC, the measures formed a smooth continuation of munoz and Wurtz 1995b), a region that has been referred to as
—— P—— , e fixation zoneor therostral pole of the SGGuitton 1991,
The costs of publication of this article were defrayed in part by the paymem ) . !
of page charges. The article must therefore be hereby maskhaftisemerit  Munoz and Istvan 1998; Munoz and Wurtz 1995b; Munoz et
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  al. 1993). Neurons within the dorsal intermediate layers of the
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A s 100 2 B s 10 20 tionalities for the rostral pole of the SC (seecussioy. Most
2 40 2 40 importantly, as mentioned earlier, fixation neurons suppress
activity during mostsaccades. But they also discharge a sig-
nificant burst for small contraversive saccades (e.g., Figs. 10
and 11 of Munoz and Wurtz 1993a; Fig. 1 of Krauzlis et al.
1997; Fig. 3 of Anderson et al. 1998), strikingly similar to the
burst expected from a neuron in the saccade zone coding for an
Fic. 1. Schematic of the two rival hypotheses attributed to the deep@ye movement. Then do these neurons in the proposed fixation
intermediate layers of the superior colliculus (S&)traditional view (Rob- zone encode saccades of small vectors and form the continu-

inson 1972; Schiller and Stryker 1972) that each site encodes a saccagiipn of the saccadic motor map? Or do they function like the

displacement (i.e., the entire SC is a saccade zdBe)nore recent idea s At

(Guitton 1991: Munoz and Guitton 1989, 1991; Munoz and Wurtz 1993a,5" NS @nd act to preserve fixation”?

1995a,b; Munoz et al. 1991, 1993) that the rostral SC is involved in fixation

(fix zone; shaded region) and the remainder of the SC is the saccade Z(ge. . . .

Numbers ortop represent the iso-amplitude meridians on the motor map. SPatiotemporal trajectories of saccades perturbed by
microstimulation

rostral SC as well as all intermediate layer neurons in the

remaining caudal SC participate in saccade generation as in th#&/e addressed these questions by examining the effects of
traditionally accepted saccade zone hypothesis. FigBref- stimulation of different SC sites on ongoing saccades. Previous
resents a schematic of the deeper intermediate layers, in whitidies have explored the interactions between visually guided
the saccade zone is defined as the region caudal to a disceste SC-stimulation evoked saccades where the stimulation was
fixation zone (also see Fig. 13 of Munoz and Wurtz 1995kapplied to either the posited fixation zone (Chaturvedi and Van
Hence, the fixation zone is composed of fixation neurons afxisbergen 1999b; Munoz and Wurtz 1993b) or the saccade
the saccade zone constitutes of burst and buildup neurgeneration region (Chaturvedi and Van Gisbergen 1999a;
(Munoz and Wurtz 1995a). These electrophysiological ar&thlag-Rey et al. 1989; Sparks and Mays 1983). (For stimu-
additional stimulation and lesion studies in the rostral pole tdtion studies in the head-free cat, sedid3en et al. 1989,
the SC (Munoz and Wurtz 1993b) have led to a developiri95.) However, effects on saccades disrupted by stimulation
notion that two functions and regions exist in the SC motaf the fixation zone have not been compared with the pertur-
map: one encoding fixation and the other saccade generatiations induced by stimulation of more caudal regions of the
(Munoz and Guitton 1991; Munoz and Istvan 1998; Munoz ar8iC. The general approach in these past studies has been as
Wurtz 1995a,b; Munoz et al. 1991, 1993). follows: a persistent or briefly flashed visual target is presented
The fixation neurons are hypothesized to exert their saccadéhe periphery, and the monkey is required to make a saccade
prevention role by projecting to and exciting the omnipauge the target location. Before the large eye movemetarget-
neurons (OPNs) found in the nucleus raphe interpositus on tdivatedresponse arises within an ensemble of neurons in the
midline within the paramedian pontine reticular formation icaudal SC. At various intervals around the onset of the saccade,
the brain stem (Biiner-Ennever et al. 1988). Like fixationdifferent sites within the deeper intermediate layers of the SC
neurons, the OPNs stop firing duriad) saccades (Cohen andare stimulated, producing an interaction betweenstimula-
Henn 1972; Evinger et al. 1982; Keller 1974; Luschei antibn-inducedand target-activated population responses, which
Fuchs 1972) and also discharge tonically during fixation. Funiden is reflected in the eye movement behavior. Because of the
tionally, the OPNs are thought to gate the saccade burst gagpothesized functional difference between the fixation and
erator: activity in OPNs results in fixation and absence shccade zones, stimulation of the SC in these two regions
discharge leads to a saccadic eye movement (Keller 1974). @ning ongoing saccades makes different predictions on both
the basis of similarities in activity and on known electrophyshe collicular interactions and the resulting eye movement.
iological (King et al. 1980; Raybourn and Keller 1977) and In the traditional saccade zone concept (F#), Btimulation
anatomic connections (Langer and Kaneko 1984, 1990), ahthe SC during a target-directed saccade should change, at
excitatory projection from the fixation neurons of the SC to thHeast momentarily, the metrics of the encoded movement. The
OPNs was hypothesized to control the saccade-related disw, desired goal may be, for example, a weighted vector
charge characteristics in the latter neuronal group (Munoz aaderage of the saccades coded by the stimulation-induced and
Guitton 1989; Munoz and Wurtz 1993a,b; Munoz et al. 1991farget-activated population responses (Chaturvedi and Van
Indeed, collicular projections to the OPN region since havgisbergen 1999a; Robinson 1972; Van Opstal and Van Gis-
been shown to originate predominantly, but not exclusivelpergen 1989). Alternatively, it also could be equivalent to the
from the rostral pole (Bitiner-Ennever and Horn 1994; Gandhsaccade retinotopically coded by the stimulation site but up-
and Keller 1997; Parand Guitton 1994). dated by a lagged change in eye position from the beginning of
Although the fixation zone hypothesis has gained wid#he targeted movement; the combined effect of the target-
spread acceptance, a closer examination of the data providedinected saccade and the stimulation-evoked movement has
its support casts doubt on at least its most rigid interpretatibeen termed theolliding saccade (Schlag and Schlag-Rey
and therefore motivates a reevaluation of this theory. Sevet&90; Schlag-Rey et al. 1989). Or a combination of these and
observations noted in the papers of Munoz and Wurtgher hypotheses may be implemented. Whatever the exact
(1993a,b), who routinely are credited for establishing the roleechanism, the ongoing saccade curves and deviates in direc-
of the primate rostral superior colliculus in fixation, and iion from its normal trajectory, and we shall refer to this
other reports also can be interpreted to support the traditionabvement as aedirectedsaccade. The eye movement then
uniform saccade zone concept or a theory of multiple funstops, usually well short of the desired goal. Often another

Saccade Zone
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saccade then is generated to bring the eyes near the originduced from the caudal SC. These results suggest that the
target location. mechanisms by which stimulation of the fixation zone perturbs
To assign general terminology, we shall refer to the comlsaccades are, at least partially, different from the pathways by
nation of the ongoing movement and the component perturbetlich the OPNSs interrupt saccades.
by the stimulation as thénitial saccade, the ensuing period The data presented here have appeared previously in pre-
when eyes have stopped in the orbits asittterruption du- liminary form (Gandhi and Keller 1995, 1998; Keller and
ration, and the subsequent movement asrédmimedsaccade. Gandhi 1998).
If a resumed saccade is not observed, the eye movement is
considered druncatedsaccade. METHODS
According to the fixation zone hypothesis (Fid3)Lmicro- ) . )
stimulation in the fixation zone triggered on saccade onset alsd N"e€ juvenile, maleMacaca mulattamonkeys were used for this

produces a perturbed eye movement with initial and resumggdy: The experiments involved recording eye movements and stim-
ulating sites in the deeper intermediate layers of superior colliculi and

com_pqnents, but the |n_|t|al Saccac_ie does not exhibit Spatt' omnipause region to perturb ongoing saccades. All experimental
deviation and therefore is not a redirected saccade. Instead iigocols were approved by the Institute Animal Care and Use Com-
disruption would be similar to the interrupted saccade Preittee at the California Pacific Medical Center and complied with the
duced by stimulation of the OPNs (Becker et al. 1981; Kellgjuidelines of the Public Health Service policy on Humane Care and
1977; Keller et al. 1996; King and Fuchs 1977). Artificialse of Laboratory Animals.

activation of fixation neurons is hypothesized to directly acti-

vate the OPNs (Munoz and Wurtz 1993b), which in turn brieflgyrgical preparation

stops the saccade in place without any directional deviation _ N _
from the original trajectory. After a variable duration, a re- Surgery was performed under aseptic conditions. Heart rate, respi-
sumed movement is generated to bring the eyes near [RRTY rate, body temperature, blood pressure, and oxygenation were
original location of the target. The reactivation of OPNs prfonltored for the duration of the surgery. Four devices were im-

blv d t ch instead | taril lanted under isofluorane gas anesthesia in each motkéystain-
sumably does not change, Insteéad only momentarily S steel chamber was placed stereotactically on the skull, slanted

. : Bs

presses, the encoded metrics of the desired saccade becausﬁogﬂ@riorly at an angle of 38° in the sagittal plane and aligned normal
target-activated population response in the SC is reduced Sighoth colliculi. 2) Another stainless steel chamber was mounted
nificantly when stimulation is delivered to either the OPNstereotactically on the skull, slanted laterally in the frontal plane at an
(Keller and Edelman 1994) or the fixation zone (Munoz et adngle of 25° and aligned on the OPN regi@). A head restraint
1996). consisting of two light, stainless steel tubes was positioned trans-

Previous studies that stimulated the fixation zone durirygrsely. The chamber and the head bars were fixed to the skull with
large saccades (Munoz and Wurtz 1993b; Munoz et al. 1998§ntal acrylic and small titanium bone screws. Adida coil of

however, did not analyze the spatial trajectories of the pél'rg’flon-coated stainless steel wire was set under the conjunctiva of one

turbed saccades to rule out nonfixation-zone mechanisms. C%@e- using the method developed by Fuchs and Robinson (1966) and

" . . dified by Judge et al. (1980). After surgery, the monkeys were
sequently, it is unknown whether the stimulation of the rostr turned to their cage and were allowed to fully recover from surgery.

pole produces redirected or interrupted saccades. In fact, Ainiotics (Ancef) and analgesics (Buprenex) were administered
past reports, to our knowledge, have analyzed systematicalhter the direction of a veterinarian during the postoperative period.
the effects of SC stimulation site on the metrics of perturbed

movements, much less differentiate between redirected ining
interrupted saccades. Nor has any study compared the results

with those produced by stimulation in the OPN region in the Each monkey was trained to climb out of his cage into a primate

same animal. In addition to the redirection of saccades, we af@ir and sit in it during the experiment. Training and subsequent
tude of the initial component, the latency at which the stim(2onkey was given water or juice rewards for correctly executing

lation effect is observed an’d the interruption duration A_ehaworal paradigms and was allowed to work until satiation. Daily

i S records were kept of the animal’'s weight and health status. Supple-
though not all the metrics address the fixation- and sacca Sntal water was given as necessary, and unlimited access to it was

zone issue, they do provide a quantitative and comparatiy@yided on days when training or experimental sessions were not
description of the effects of stimulation site on ongoing sagerformed.

cades.

Uniformly sampled collicular sites along the rostralcaud% erimental setu
dimension of its deeper intermediate layers were stimulated® P
during large ongoing saccades, using parameters subthreshoRkhavioral paradigms, visual displays, and data storage were under
to those that produce a FVS. Similarly, the OPN region alglee control of a real-time program running on a laboratory PC system.
was stimulated to produce interrupted saccades. The spafi# targets were presented via a computer controlled, analogue os-
trajectories and metrics of all perturbed saccades were quafi|oscope, which back-projected light spots on the>9(®0° trans-
fied and, for the SC stimulation saccades, analyzed as a fuggﬁ:rt 1Sgé§§*n_rﬁle""f:rge‘:g V‘J’;re'qgr?nri‘; gfrct?:‘ drig?]:]:ta éﬁéazngﬁlilmand
tion of the stimulation site. The perturbations induced bl tensity against a diffusely illuminated dim homogeneous back-
stimulation of the fixation zone also were compared with the " +“iiumination (0.05 cd/A).
interruptions produced by stimulation of the OPN region. The eye movement signals were obtained by placing the head-
found that stimulation of the rostral pole of SC producegtstrained animal with an implanted scleral coil in a pair of orthogo-
significant deviation in the spatial trajectories of the ongoinghlly aligned 20-kHz magnetic fields maintained electronically in
eye movement, a result that resembled the redirected saccae@poral quadrature. The voltage induced in the coil was passed
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through a phase detector, which separated the eye position signal into 0-300 msec
horizontal and vertical components with a sensitivity of 0.25°, zero >
drift and a bandwidth of 1 kHz (Robinson 1963). Horizontal and FP

vertical eye velocity were obtained by analogue differentiation (with
a cutoff frequency of 170 Hz) of the position signals yielding a root
mean square velocity noise efl°/s. Horizontal and vertical eye
position and velocity measurements were sampled by a 12-bit data
acquisition card (Data Translation, DT-2831) at 1 kHz and stored on
computer disk. Radial eye position and velocity were computed off-

line by the Pythagorean theorem. T

Behavioral paradigms 300 msec

SC STIMULATION. Before each experiment, the SC chamber was
opened and thoroughly cleaned under aseptic conditions. A double
eccentric micropositioning device with a single, drilled hole, which
allowed access for a microelectrode track at virtually any location
within its 12-mm diam, was positioned in the chamber. A sharpened

guide tube was placed in the hole and gently pushed through the duraFl.G_ 2. Graphic representation of the memory/delayed saccade task used in

By means of a hydraulic drive system, a tungsten micrOEIGCtroﬁfé experiments. Monkey first visually acquired a fixation point (FP) for
(Frederick Haer; 0.5-1.5 N impedance, tested at 1 kHz) was IoW‘500—9(F))0 ms. Next, atarg)t/at (M appeargd inqthe periphery for :500 mé. Fi)xation
ered through the guide tube into the superficial layers of the Sfgint remained illuminated for the duration of the target presentation plus an
(identified by neural “swishes” on the audio amplifier as the monkejdditional, randomly selected 0-300 ms. Saccade cue was fixation offset to
scanned the visual field). The microelectrode then was lowered @rarantee that all saccades were made to the remembered location of the target.
additional 2.0-2.5 mm to place its tip in the deeper intermediaimulation of SC sites was triggered on saccade onset on a randomly selected
layers of the SC. Neural activity was monitored during saccades ta§®s-75% of the trials.
to confirm that the electrode tip was placed among fixation and o o ]
buildup neurons (Munoz and Wurtz 1995a). For the remainder of tpad the other direction 90° away such that the locus of activity was in
experiment, this site was stimulated to evoke as well as pertuhg opposite SC (oppSC90). This terminology, illustrated graphically
saccades. Note that because the microelectrode penetrations wefdg. 3, was adopted for convenience.
normal to the SC motor-map, only one site was typically stimulated on Stimulation of SC sites was triggered on saccade onset on randomly
any given penetration. selected 50-75% of the trials. Off-line inspection revealed that the
The FVS for each SC site first was determined with the microelegrigger point occurred 5 msH2 ms) after the beginning of the eye
trode now fixed as stated earlier. The monkey was required to fixat®@vement. The stimulation parameters required to perturb ongoing
a centrally placed fixation spot for 500-900 ms before it was extigaccades were always subthreshold with respect to the parameters
guished. Approximately 100—-200 ms later, the SC site was stimulaigsed to produce the FVS. Stimulation currents and train durations to
by an analogue stimulator (Grass S88), set to produce symmetriggluce perturbations typically ranged from 10 to2& and 10 to 35
biphasic pulses of constant current (0.25-ms pulse widths for ¢l respectively. The stimulation frequency usually was kept constant
pulse). Pulse frequency usually was fixed at 400 pps, and trajpsgg pps.

duration was varied .between 25 and. 100 ms. Current intensity, cON\gte that directions of the saccade target depended on the FVS
trolled by an optical isolator (Tektronix model 2620 constant currelft o tion determined on-line. Averaging the fixed vector saccades

stimulator) that delivered its output pulses across the microelectrg & many trials, when done off-line, often produced a slight discrep-
and the concentric guide tube, typically ranged from 25 taua5For ancy between the on-line estimation and the real FVS direction. The
each site, these parameters produced a FVS, thus providing a sysi rée of error in our direction estimate was rarelg0°.

atic approach to placing each microelectrode track on the SC moto
map (Robinson 1972). For the tracks studied after the publication bPN STIMULATION. The OPN chamber was cleaned under aseptic
Stanford et al. (1996), the stimulation duration was generally 100 raenditions and prepared for electrophysiological experiments using
to ensure that the FVS and site-specific maximum amplitude welee same methods described for the SC chamber. A tungsten micro-
equivalent. Because the stimulation duration was shorter, typically Bectrode was lowered through the guide tube via a hydraulic drive
ms, on previous tracks, we cross-referenced the FVS with the optinsgstem until the center of the OPN region was encountered, a location
retinal error vector, a value estimated from the most vigorous visuddtermined by the unique discharge characteristics of these neurons
burst heard on the audio monitor when the electrode tip reached theing saccades (Cohen and Henn 1972; Keller 1974; Luschei and
surface of the SC during any given penetration. According to our bo&kichs 1972). In addition, the interrupted saccade paradigm was used
records, there was a general agreement between the two measursyalidate the electrode’s location. This site then was stimulated for
Next, the monkey was required to perform a memory/delaye¢be remainder of the experiment (see following text). At least once in
saccade paradigm (Fig. 2). First, the fixation point was visualgach monkey, the microelectrode was implanted, as described by
acquired for 500—900 ms. Next, a target appeared in the periphery Kaaller and Edelman (1994), and used to stimulate the OPN region for
300 ms. The fixation point remained illuminated for the duration ain extended period of time.
the target presentation, plus an additional randomly selected 0—300he monkeys were trained to execute eye movements during the
ms. The cue to initiate saccades was fixation offset to guarantee tthefayed saccade paradigm (Fig. 2). The target amplitude was usually
all eye movements were made to the remembered location of 8@, typically directed in horizontal and oblique directions. On most
target. Within a block of trials the target was presented at 3®focks of data collection, stimulation of the OPN region was triggered
eccentricity and in any of the four directions at integer multiples afn saccade onset on a randomly selected 50—75% of the trials. The
90° from the estimated direction of the FVS (see following text). Thusinges of stimulation current and duration were 10g80and 10—-25
saccades were made in the preferred (FVS) direction, opposite direts, respectively. Stimulation frequency was kept constant at 400 pps.
tion, the direction 90° away such that the saccade encoded by Hieation zone and OPN region stimulation sessions always were
locus of target-activated response was in the same SC (sameSCe@)ducted in independent blocks. Further experimental details regard-
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times erroneously marked the end of saccades particularly for large
eye movements, which were often slow when made to remembered
target locations (White et al. 1994), a velocity threshold criterion
(typically 90°/s) was used to mark the endpoint of all saccades. In
addition, all saccade onset and offset marks were checked by an
operator and manually changed if necessary.

RESULTS

Forty-six sites in five colliculi of three monkeysnpnkey
BA: n = 22; monkey BZn = 19; monkey HM n = 5) were
stimulated at the onset of large saccades. The stimulation
parameters applied during ongoing saccades were subthreshold
to those used to produce the FVS or the site-specific maximal
amplitude (Robinson 1972; Stanford et al. 1996). The saccadic
target eccentricity was 30°, and the direction was either the
preferred direction or any of other three directions at integer
multiples of 90° away from it (Fig. 3).

The results will be presented in the following order: first, we
focus on the type of saccadic perturbation induced by stimu-
lation of SC sites along the rostralcaudal axis when the direc-
tions of the target-directed saccade and FVS are similar. These
eye movements initially will be examined in the temporal
domain (radial amplitude vs. time). This approach will dem-
onstrate that thapparentinterrupted saccade effect observed
by stimulation of the fixation zone (Munoz and Wurtz 1993b)
can in fact be induced from a larger region of the SC (Gandhi
and Keller 1995). Second, we extend the qualitative assessment
of the perturbations observed for saccades in several different
directions and consider the effects of stimulation when illus-
trated as both spatial trajectories (horizontal component vs.
vertical component) and temporal plots (radial amplitude as a
function of time). These data will demonstrate that stimulation
trials must be examined in both coordinate systems to accu-

FiIc. 3. Schematic to illustrate the target directions chosen for each rately differentiate whether the perturbations are interrupted or
track. Each row shows a model of the Iefi@ and right (R colliculi and §8d|reCted saccades. Third, we quamlfy several metrics of the
an equivalent polar plot representation of the visual field based on the formuR¥@rturbed saccades and report trends in the data as a function
by Ottes et al. (1986) and Optican (1995). Numbers along the curviline@f Stimulation site within the SC. Fourth, we compare the
trajectory in the B model reflect the amplitude of the contralateral saccadgetrics of saccades perturbed from the fixation zone of the SC
coded by that meridian. Numbers along the bottom represent the directiong{q the eye movements interrupted from the OPN region. Fifth,
the encoded saccadk:. for illustration, stimulation of a site within the lateral - - - - -
region of the left SC (gray circle) produces a right-downward fixed vect@nd f'na”y’ we b”eﬂy discuss the effects of stimulation param-

saccade (FVS; gray line in polar representation). Direction of the FVS det&ters on the disrupted saccadic movements.
mined the directions of the target used in the delayed saccade task. Target

amplitude was kept constant at 30°. BAE, the locus of the target-activated oy e ; ; ;
(stimulation-induced) population response is represented by the black (gr%}}e specific perturbations (preferred direction)

circle, and the equivalent vector of the saccade is schematized by a black (gray, : : : _
line on the polar representation (right columB). direction of the target is EC sites unlformly sampled across the rostralcaudal dimen

aligned with the FVS directiorReferreddirection condition)C: direction of ~ SI0N of the SC were S“m_UIat?d at the onset of Iar'ge', visually
the target is in the same hemifield but 90° awSarheSC9direction condi- triggered saccades the directions of which were similar to the
tion). D: direction of the target is in the direction opposite to the FVS directiof\/S evoked from each site. Figure 4 plots temporal represen-
(Oppositedirection condition).E: direction of the target is in the opposite tations of radial amplitude and velocity of ongoing saccades in
hemifield but only 90° away@ppSC9Qdirection condition). . . -

the preferred direction for three sites chosen to span the ros-

ing OPN stimulation to interrupt saccades have been published ph@icaudal extent of the SC. For the two rostral sites (Fih 4,
viously (Keller and Edelman 1994; Keller et al. 1996). and B), one inside the fixation zone (FVS: 0.74@44°;
amplitude@direction, the notation used henceforth) and the
) other outside (FVS: 9.23@21°), stimulation at each site
Data analysis stopped the saccade in midflight (—). The eye movements
All off-line analyses were performed in Matlab (The Mathworks)resumed shortly after Stlmula.tlon offset and landed near t_he
The velocity signals, collected from the analog differentiator, wel@/9€t location. In contrast, stimulation of a more caudal site
filtered digitally with a five-pole Butterworth filter in the forward and(FVS: 19.34@336°) did not stop the ongoing saccades but,
reverse direction to produce zero phase distortion. This signal tH&stead, slightly increased their peak velocity (Fig:)4om-
was differentiated, and a threshold criterion on the resulting accelpared with the averaged control saccade (---). These data
ation signal was used to detect saccade onset. As this method sosugygest, albeit incorrectly, that the hypothesized functional
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C X rupted by OPN stimulation (see Fig. 1) (Keller et al. 1996).
However, an examination of perturbed saccades in preferred
and nonpreferred directions and as befhatial trajectories
(horizontal component vs. vertical component) dachporal
plots (radial amplitude as a function of time) demonstrates the
danger of incorrectly classifying redirected saccades as inter-
et bal2 L rupted saccades (Figs. 6—8). Data are presented for three SC
sites that spanned the rostralcaudal extent of the SC and ex-
hibited the battery of phenomena observed for all sites. In each
figure, A-D illustrate temporal representations of individual
stimulation trials (solid lines) and the average of control sac-
cades (dashed line) to targets presented in the four directions.
The equivalent spatial trajectories are shownsubplot E
while two traces of the FVS evoked by stimulation during
fixation is presented iff.
- L Stimulation of a relatively caudal site (FVS: 13.21@345°)
during saccades toward the preferred direction did not stop the
_w eye movements in midflight and minimally altered their trajec-
100 moec torigs (qqadrant IV, Fig.[B), and the d_irectio.n deviation is_not
obvious in the temporal representation (Fig\).6The spatial

FIG. c?és iﬁ?ﬁ‘ig{esrmﬂﬁg%g;xev\/&g;?c'){iz;d;pn”;;u‘ggg‘;ﬂ r?é”cgigéi‘tj“”%directions are, however, emphasized during saccades in the
?r?](i:g(;e traces gr an averaged control (- - -) and l;everal iﬁdividual stimlillat her three dlre,Ctl,OnS' The temporal plot in FI@,’&r exam-
trials (—) are illustrated for 3 SC sites: stimulation was applied to a site PI€, Was very similar to a temporal representation of saccades
within the fixation zone (FVS: 0.74@44%B: stimulation of a site outside the interrupted by OPN stimulation (Fig. 1 of Keller et al. 1996)
fixation zone (FVS: 9.23@21°L: stimulation of a site further caudal (FVS: and fixation zone stimulation (Fig. 5 of Munoz and Wurtz
19.34@336°). In all cases, the stimulation was triggered on saccade onggh3py)  However, the spatial trajectories of these saccades
(botton). The dotted vertical lines indicate stimulation onset. Saccades in the - . . .
preferred direction were stopped in midflight on stimulation of the 2 rostr. ﬂuadram 1, '_:'g' E) wgre cIearIy redirected, i.e., the instanta- .
sites @ andB), whereas the ongoing movement did not stop short of the targd€ous directions of stimulated saccades were altered dramati-
location on stimulation of the caudal sit€)(

Amplitude (deg)
30 deg

Velocity (deg/sec)
800 deg/sec

Stim

properties of the fixation zone extended beyond the rostral pole
in our experiments.

Thus in examining the effects of stimulation on saccades in
the preferred direction, a dichotomous observation that de-
pends on the stimulation site was revealed. For each SC site,
the stimulation either stopped the saccade momentarily (Fig. 4,
A andB) or did not stop it at all (Fig. €). Figure 5 plots the
location of the stimulation sites (based on the FVS) on a
schematic of the saccade motor map (Ottes et al. 1986) and
indicates whether stimulation at onset of 30° saccades resulted
in either two saccades (open symbols) or a single eye move-
ment (filled symbols). The spatial distribution indicates that
stimulation of any SC site within the rostral2 mm (up to the
10° amplitude meridian) stopped the initial saccade short of the
desired target, and a resumed component was executed to bring
the eyes near the target location. Stimulation of sites caudal to
this landmark did not stop the initial saccade, and it reached the
desired goal with a single movement.

The effects of stimulation site also was considered during
small saccades<(10°) in a pilot study (data not shown). The Superior Colliculus (mm)
stimulation, trlggered on_ saccade onset, had .no nOtlceabIEG. 5. Summary of effects of stimulation site during saccades in the
effect on the saccade trajectory because the desired eye M@y&arred direction. As indicated in Fig. 4, stimulation of SC sites either
ment ended near the flashed target location. Apparently thmporarily stopped or continued ongoing saccades in the preferred direction.
initial saccade had completed before the effects of stimulatiBistribution of the 2 effects as a function of stimulation site in indicated on the

could be observed. Thus we did not further explore effects taf)del colliculus. Location of each site was computed by converting the FVS
) metrics into colliculus coordinates (Ottes et al. 1986). Open symbols, sites that

stimulation site du”ng small saccades. stopped large saccades in midflight; filled symbols, loci that did not stop the
ongoing eye movements. Different symbol types represent the 3 different
. . . . monkeys (squaresnonkey BAcircles,monkey BZdiamondsmonkey HN.
Spat'al trajectories versus temporal representations Theoretical center of the target-activated response occurred along the 30°
. . iso-amplitude meridian (gray line). Locations of the 3 sites represented in Figs.
Temporal representation of perturbed saccades in the pPi@re marked asat 4B, and 4. Similarly, the sites indicated as 6, 7 and 8 refer
ferred direction (Fig. 4) strikingly resembles saccades intat-the data illustrated in Figs. 6—8, respectively.

45up

0(Horz.)

-45 down
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direction (Fig. A) stopped the movements in midflight with
P minimal deviation in its spatial trajectory (quadrant IV, Fig.
] 7E). Shortly after the end of stimulation, resumed saccades
occurred and brought the eyes near the location of the flashed
target. In contrast, saccades in other directions were curved
significantly, although the temporal representation often failed
to illustrate this point (Fig. @D, for example).

B On the basis of the terminology presentednNrrRobuCTION
100 msec and observation of saccades in the preferred direction only, one
could incorrectly conclude that stimulation of a site in the
saccade zone can interrupt large saccades. An examination of
both spatial and temporal representations for saccades in other
directions also must be incorporated to establish that the stim-
ulation redirected the eye movements. If the redirected sac-
cades produced outside of the fixation zone appear as inter-
rupted saccades produced by OPN stimulation, it is possible
that the interrupted saccades reported to occur after stimulation
of the fixation zone (Munoz and Wurtz 1993b) are in fact
redirected saccades. Therefore it is crucial to consider whether
F saccades perturbed from the fixation zone also show a redirec-
tion in their spatial trajectories.

Figure 8 plots the spatial and temporal configurations of
perturbed saccades from stimulation of a site with FVS
(0.78@18°; sed~) <2°. On the basis of the iso-amplitude
marker that separates fixation and saccade zones (Munoz and

0 2550 75 100 wurtz 1995b), the site illustrated in Fig. 8 was in the fixation
Time (msec)
.A —
D* T

FIG. 6. lllustration in temporal and spatial domain of the saccade pertur-g
bations produced from a relatively caudal site (mean FVS: 13.21@345°).&
Temporal representation of individual stimulated trials (thin traces) and a mear®
control saccade (thick, dashed line) for the preferred, sameSC90, opposite anfl
oppSC90 directions are plotted in subplétsD, respectively. Corresponding
spatial trajectories are shown iB, and 2 traces of the FVS evoked by
stimulation during fixation are graphed k For the preferred directiom,
only 1 saccade was generated. For other directions, the stimulation produced
redirected saccades, although most trials in the temporal representation fail to T p
convey this point. Ovals iB andE encircle the corresponding parts of the eye
movement. Note that during the stimulation induced direction deviation, the2
radial amplitude increases, albeit slower than for control saccades. This phe
nomenon makes it more difficult to differentiate between interrupted and &
redirected saccades based on an analysis of the temporal representation. If
direction of the stimulated saccade is reversed in midflight, both spatial and
temporal representations can convey this information, as indicated by t
arrow inE andD.

>
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1

Preferred
SameSC90
30 deg

Opposite o

—_
(=

FVS (deg)

S W

bz23

SameSC90
40 deg

| — N
100 msec

cally relative to control trials. Distinct deviations were not E
obviously detected in the temporal plots because the amplitude
of the saccades increased, albeit more slowly, during the sig-
nificant change in direction (see the ovals encircling the ap- €
proximately corresponding regions in the 2 representations).
The same observation also held for the other directions (Fig. 6,
C andD). Note though that stimulation sometimes reversed the
direction of the ongoing saccade, and this property was man-
ifest as a decrease in the radial amplitude (see corresponding
trial referred to by the arrow in Fig. @) and E). However, D
when the reversal was minor, only a subtle decrease in ampli-
tude was evident. FIG. 7. lllustration in temporal and spatial domain of the saccadic pertur-
Saccades perturbed from a more rostral site (Fvga_\tions produced from a SC site outside the fixation zone but more rostral than

° : : st : site illustrated in Fig. 6. Mean FVS was 5.32@342°. Same format as that
5.32@342 )’ but still outside the fixation zone, are IIIUStratégzd in Fig. 6. Unlike the perturbations observed for the site in Fig. 6,

in .bOth spa.tial _and temporal representations i!" Fig. 7. StiMdfimulation of this site paused the ongoing saccades in the preferred direction
lation of this site at the onset of saccades in the preferrthidflight.

n

FVS (deg)

SN By

bz20
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A B B further study.) Stimulation was delivered during saccades in all
four directions (see Fig. 3) in 19 of these tracks. For two sites,
saccades were perturbed in all but the sameSC90 direction.
Similarly, all but the preferred direction condition was fulfilled
for one site. A total of six tracks contained data for only two
directions (preferred and opposite: = 3; sameSC90 and
oppositen = 1; sameSC90 and oppSC90= 1; preferred and
Y sameSC90n = 1). For the remaining four tracks, only the
100 msec preferred direction was examined. In sum, the distribution of
the number of sites stimulated for each of the four direction
conditions are as follows: preferred,= 29; sameSC9( =

23; oppositen = 26; oppSC90n = 23.

Figures 10-14 summarize the metrics of saccades perturbed
by stimulation of SC sites. All figures contain four subplots,
each representing a different target direction relative to the
direction of the FVS—recall from Fig. 3 that target directions
were at integer multiples of 90° with respect to the direction of
the FVS. If stimulation at onset of a large saccade in the
preferred directiorstopped the initial saccade well short of the
desired goal, the stimulation site was marked with an open

Preferred
40 deg

SameSC90

® symbol (O for monkey BAand O for monkey BY If the

= stimulation did not stop the ongoing saccade, the stimulation
2 site was indicated bw and @ for the two monkeys. This

= 0 bz04 symbol convention also was used for the distribution plotted in

0 25 50 75 Fig. 5. It is worthwhile to reemplhasize that stimglatiqn of.
) caudal sites at onset of saccades in nonpreferred directions did
Time (msec) not produce single saccades but usually evoked a redirected
saccade followed by an interruption period, when the eyes
were fixed, and then a resumed movement which ended near
the target location (Fig. 6). Nevertheless, these caudal sites will
FiG. 8. lllustration in temporal and spatial domain of the saccadic pertup-fe representeq b’ and @ for a”, directions in Figs. 10__14',
bations produced from a SC site in the fixation zone. Mean FVS wadnear regression fits were applied to the data plotted in Figs.
0.78@18°. Same format as that used in Fig. 6. Note that for this rostral site thé—14, and only the statistically significant trends (slope sig-
redirection of sacc_ades, particularly for nonpreferred directions, is CO“Sidﬁ"rficantly >0: P < 0.05, 1-tai|edt-test) are Superimposed on
ably smaller but still present. the plots. Statistical measures (Studettast) were performed
ﬁ the mean final error (Table 1) and on the slope measure of

zone. Stimulation during saccades in the preferred directig other metrics (Table 2).

(Fig. 8A) temporarily stopped the eye movements in midfligfﬁ
and minimally altered the direction of their spatial trajectoriesINAL ERROR (E1). An error measure (E1) was defined as the
For most saccades in other directions, the redirection of tH#ference between the final amplitude of perturbed and control
trajectories were too small to be noticeable in the temporsdccades. Using the convention of Keller et al. (1996), negative
representation (e.g., Fig.D8 but still present in the spatial values of E1 indicated that the stimulated saccade fell short of
profiles (see Fig. B, <-). For some directions, however, thethe average amplitude of control saccades (hypometria); con-
spatial deviation was not noticeable even in the spatial trajeequently, positive values of E1 implied that the stimulated
tories (upward saccades, Figz)8 Nevertheless, a quantitativesaccade overshot the control behavior (hypermetria). Figure 10
analysis (to be presented in the next section) over all directicgt®ows the distribution of E1 as a function of SC stimulation
did indicate that the perturbations better resembled redirectdte. The subplots show that perturbed saccades tended to be
saccades, not interrupted saccades. hypermetric compared with control saccades. The mean over-
shoot, however, was:1° for all direction conditions and was
significantly different from zero only for directions orthogonal

to the FVS direction (Table 1).

We now provide a quantitative analysis of how the charac- As the majority of the perturbations were followed by a
teristics of perturbed saccades varied with stimulation site.rAsumed saccade, which repositioned the eyes close to the
schematic of a saccade in both temporal and spatial represashed target location, trials without a resumed component,
tations along with the metrics quantified for our analyses éxcept preferred direction saccades perturbed from the caudal
illustrated in Fig. 9. A description of each measure and how®C (see following text), were not included in the endpoint
was computed will be provided with the results. accuracy analysis. But for some sites and certain directions,

Of the 46 tracks tested in three monkeys, sufficient data forals with a resumed saccade were not always present within
guantitative analyses was collected for 32 sites from tB#@ ( our database. Consequently, the number of tracks illustrated in
andB2) monkeys. (The five tracks imonkey HMwere used Fig. 10 is less than or equal to the number of tracks analyzed
only to collect pilot data and, therefore, were not used fdor each direction condition. As for preferred direction sac-

Saccade metrics
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FIc. 9. Schematic to illustrate the parameters measured to quantify metrics of perturbed saccades. Representations in both
temporal A) and spatial B) domains were used to mark the metrics of interéstradial amplitude, radial velocity, and the
corresponding stimulation train are shown as a function of time. E1, final error with respect to average amplitude of control saccades
(top dashed ling R1, maximum amplitude of the initial saccade; ID, interruption duration, measured as the time from peak velocity
of the initial saccade to the onset of the resumed compoBespatial trajectory of the same perturbed saccade shown as a polar
representation, the eye movement trajectory labeled “stimulated saccade.” For comparison, spatial trajectories of an averaged
control saccade (upward and rightward) and a FVS (rightward and downward) also are shown. See text for the computation of
direction deviation.
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TABLE 1. Final error (E1) analysis slope was not significantly different from zero for the off axis
and oppSC90 conditions.
Direction Mean, deg P value .
DIRECTION DEVIATION. The method of computing the amount of
E1: final error Preferred 0.41192.1736 0.2200  redirection produced by stimulation of SC sites is detailed in Fig.
8?3?53%90 00-2995595 1-‘213(2& 8@82? 9B. For each target condition, the averaged control saccade direc-
OppSCa0 08254 1.9637 00160+ 1on (B, was measured. For stimulation trials, the direction of the

eyes just before the onset of the resumed saccade was determined
Values are means: SD for the four direction conditions for the vectorial (). Next, the absolute magnitude of the difference between the
final error analysis. A two-tailetitest was performed to determine whether thewo directions @p — 0, was computed. This value was marked
mean E1 was significantly different from zero. SC, superior colliculs=*  yositive if the redirection occurred in the direction of the FVS (as
0.05. illustrated in Fig. 8) and considered negative if the redirection
cades perturbed by stimulation of the caudal SC sites, a vas in the opposite direction. This final measure was labeled
sumed saccade was not necessary because the initial moverdieettion deviation (DD). For trials without a resumed saccade,
already had landed near the desired location; thus we includbd eye position when the ongoing eye movement stopped was
these trials. used to computé),,.
INITIAL SACCADE AMPLITUDE (R1). The amplitude of the initial ~_Figure 13 illustrates the direction deviation as a function of

saccade (R1) was determined as the maximum radial displagénulation site for the four sets of target directions. For
ment from the initial position achieved before the onset of iféferred and opposite directions, no significant trend was
resumed component. In the case of stimulation of caudal sif§sent as a function of stimulation site. For target-directed
during saccades in the preferred direction (sites marked $ccades orthogonal to the FVS (sameSC90 and oppSC90
filled symbols in Fig. 5), the amplitude of the single ey@qndltlo_ns), the direction deviations increased as more caudal
movement was used for the initial amplitude. To minimiz&timulation sites were stimulated (Table 2).

variability in saccadic accuracy, all initial amplitude measuregrerrupTION DURATION. The interruption duration (ID) was
were normalized by the average control saccade magnitude:¢nputed as the time from the peak velocity of the initial
the same target location. Figure 11 displays the normalizegmponent to the onset of the resumed component. The time of
amplitude of the initial saccade as a function of stimulatiogeak velocity was chosen instead of the end of the initial
site. Table 2 shows that the amplitude of the initial saccadgccade because the initial component often did not come to a
increa_sed as a functio.n. of stimulation site for all but theomplete stop (velocity does not reach 0) before the second
opposite direction conditions. component resumed (Keller et al. 1996), particularly for
LATENCY OF PERTURBATION (L1). The time from stimulation smaller stimulation parameters in the OPN region. Because a
onset to the point when the effect of stimulation was observégsumed component must be present to compute ID, the anal-
in the saccade trajectory was defined as the latency of pertysis excluded tracks and direction conditions for which the
bation (L1). Not all previous studies that have reported thifatabase included only truncated or single saccades. Figure 14
measure explicitly mentioned how it was computed. For eglots the distribution of ID as a function of stimulation site for
ample, Munoz and Wurtz (1993b) stimulated the rostral SC éae four direction conditions. A weak positive trend was
onset of large saccades and measured the latency from “stiresent only in the preferred direction (Table 2).

ulation onset to saccade alteration” (p. 581) without providing o _ _ _

the computation details. Similarly, Miyashita and Hikosak&®BLE 2. Statistics of the linear regression analysis

(1996) stimulated the SC during saccades and determined the

equivalent latency measure by inspecting the velocity trace “hy Metric Direction P Vvalue '
eye” (p. 189). Keller et al. (1996), on the other hand, comput@d: initial saccade amplitude, deg  Preferred 0.0001*  0.8404
L1 of saccades interrupted by OPN stimulation using two SameSC90 0.0009*  0.6121
objective methods. They measured the metric as the time from Opposite 0.0634 0.3071
stimulation onset tdl) the time of eye velocity peak in the OppSC0 0.0065%  0.5098
initial component an®) the epoch when the initial saccade’d-1: latency of perturbation, ms Preferred 0.0021*  0.5148
velocity trace separated2 SE from the mean velocity plot of g%?gjggm 00'1%%244 g 25417257
the n(_)nstimulated saccad_es for_ the same target amplitude and OppSC90 0.3775 0.0745
direction and the same stimulation site. We compared the tWg. girection deviation, deg Preferred 0.7334 0.1206
sets of values for L1 obtained with each method and found that SameSC90 0.0007*  0.6291
the values were similar. The same observation was reported by Opposite 0.3413 0.0842
Keller et al. (1996) for saccades perturbed by stimulation in the OppSC90 0.0207*  0.4287
OPNSs. Only results from the latter technique will be presentéi¢g} interruption duration, ms Preferred 0.0425*  0.4055
here, unless noted otherwise. gamestc90 0050869559 00'23751885
Figure 12 plots the distribution of L1, computed using the Ogggﬂgo 0.9328 0.3466

standard error method, as a function of stimulation site for the
four direction conditions, and the regression statistics are sumvhe statistics refer to the metrics plotted in each subplot of Figs. 11-14. A

marized in Table 2. The Iatency of perturbation increasdifear regression was applied to the appropriate metric as a function of

L . . . . - i oin Stimulation site. EactP value indicates whether the slope of each regression
significantly with stimulation site when the stimulation Nwas significantly greater than zero. The correlation coefficienfdr each

_duced and target-activated populations of neurons were presggiession fit also s listed. * Slope is significantly greater than @0 0.05;
in the same SC (preferred and sameSC90 conditions). Theiledt-test).
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Comparison with saccades interrupted by OPN stimulation the rostral pole of the SC and saccades interrupted by stimu-

The results presented thus far—that, for most directions, tW lon of the OPN region.

metrics computed from stimulation of the rostral pole formed ight (monkey BAn = 5; monkey BZn = 3) of the 32 total

a continuum with the corresponding measure obtained frothieS Stimulated in the SC of the two monkeys evoked R2S

stimulation of the caudal SC—suggest that the perturbatiopdd therefore, were considered as loci located within the

induced by stimulation of the posited fixation zone resembjyPothesized fixation zone. Omnipause neuron region stimu-
the redirected saccades commonly attributed to occur aft@tion data were collected from 13 experiments, 4 frownkey
Stimu'ation of the Saccade zone Of SC during ongoing S&A and 9 frommonkey BZBecause OPN St|mu|at|on Il’lduced
cades. We further tested this point by comparing significalferruptions do not depend on saccade direction (Keller et al.
differences between perturbations produced by stimulation H96), data from all directions were pooled together for each
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stimulation site. In accordance with the fixation zone hypotlovershoot the control behavior, although the final error (E1)
esis, all four direction saccades perturbed by stimulation whs significantly different from zero for rostral pole stimula-
each rostral pole site were combined as well. The metritien only (P = 0.0189; 2-tailed-test); for OPN region stimu-
illustrated in Fig. 9 then were computed for each saccade datlon, P = 0.1469. However, the mean final error produced by
averaged to yield a mean value of each measure per stimulatitimulation of the rostral pole of SC and OPN region were not
site. Each mean value then was averaged over all stimulatgignificantly different P = 0.1413; 2-tailed-test). Regardless,
sites within the rostral pole of SC or the OPN region, and ttiee hypermetria was small, suggesting that the local feedback
results are summarized in Table 3. system compensated for the perturbations. The mean normal-
The final amplitude of saccades disrupted by stimulation @fed amplitude (R1) for the rostral pole stimulation, although
both rostral pole of SC and OPN region tends to slightlglightly greater, was not significantly different from the mean
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TABLE 3. Comparison of metrics produced by stimulation of the negative) when the spatial redirection was toward (or away)

rostral pole of SC and the omnipause region from the reference direction. With this implementation, the
mean = SD for OPN stimulation condition was-0.51 =
Stimulation Site 2.99°, which was not significantly different from zerB &

. . 0.5532, 2-tailed-test). However, the mean DD produced b

Metric Rostral SC OPN Region P Value rostral SC stimulatio% was still significantly differ%nt from thg

E1: final error, deg 1.14 1.06% 0.43+ 1.01 0.1413 mean DD computed for OPN region stimulatidh € 0.0371;
R1: normalized initial saccade 2-tailedt-test).
amplitude, deg 0.54 0.1 0.47=0.11  0.2032 Note, however, that saccades interrupted by stimulation of

L1: latency of perturbation, ms 20.264.84 16.69+ 1.97 0.0400* . . P
DD: direction deviation, deg 27% 3161 —048+301 0.0391* the OPN region also were redirected, as indicated by a SD of

ID: interruption duration, ms ~ 52.68 8.61  30.92+ 7.90 <0.0001* ~3° (Table 3). This value is comparable with the variability
observed for saccades perturbed by stimulation of the rostral
Values are means SD averaged over all sites within rostral SC stimulatiorpo|e of SC. The similarity might provide insights into the

and omnipause neuron (OPN) region. A two-taiteést was performed t0 ;A +rinci iahili ; ; 5
determine whether the two distributions had significantly different means. Intrinsic Va“ablllty present in the saccadic system. Neverthe

8 and 13 sites for rostral SC and OPN region, respectively. * The meanslass, 't, IS _|mp0rtant '[O' reem_phaS|ze that the mean direction
both distributions are significantly different from each otier(0.05; 2-tailed deviation induced by stimulation of the rostral SC and the OPN
t-test). T The mean is significantly greater than z&e<(0.05; 1-tailed-test). region was significantly different.

T The mean is significantly different from zerB € 0.05; 2-tailedt-test).

value yielded for the OPN region stimulatioR & 0.2032; Effects of stimulation parameters

2-tailed t-test). On the other hand, the ID was significantly The crucial factors determining the metrics and type of
longer for SC stimulation compared with OPN region stimUsaccadic perturbation were the site of stimulation and the
lation (P < 0.0001; 1-tailed-test). Similarly, the latency of direction of the initial saccade relative to the direction of the
perturbation (L1) for fixation zone stimulation trials was conrFvS. A minor, secondary effect was produced by the choice of
sistently longer by~3 ms relative to OPN stimulation inducedstimulation parameters. To minimize damage produced by
interrupted saccade® (= 0.0400; 2-tailed-test). repeated stimulation, we did not systematically vary the stim-
For the eight fixation zone stimulation sites, the latency aflation parameters to study their effects on saccadic trajecto-
perturbation values, determined using the 2 SE and the peagis. However, various stimulation current (10—g@) and
velocity methods, were 20.26 4.84 ms and 19.0& 2.39 ms, duration (10-50 ms) parameters (frequency was kept constant
respectively, and these means were not significantly differeatt400 pps) typically were used for most SC sites, allowing a
(P = 0.5481, 2-tailedt-test). For the 13 OPN stimulationqualitative treatment.
tracks, the L1 measures were 16.691.97 ms and 16.46 For stimulation of SC sites within the rostral 2 mm during
2.21 ms for the SE and peak velocity approaches, respectivelgccades in all directions, an increase in the stimulation pa-
and these means were also not significantly differéht< rameters increased the interruption duration. Further increase
0.8038, 2-tailed-test). Thus for saccades perturbed by stimin stimulation parameters, typically outside the range used in
lation of the rostral pole of SC and the OPN region, these tvamir experiments, raised the proportion of truncated saccades.
methods to determine the latency of perturbation, when tRer sites caudal to the 2-mm region, stimulation at onset of
stimulation is triggered on saccade onset, produced equivalnge saccades in the preferred direction did not stop or alter the
results. ongoing saccade. Instead, a minor increase in peak velocity
For all stimulation data, the direction deviation (DD) wasvas observed. Stimulation of such caudal sites often increased
determined as the difference between the direction just befdie peak velocity of the ongoing saccade, but this measure was
resumed saccade onset and the direction of the average comtndy weakly related to the stimulation parameters (see Munoz
saccade to the same target location. For the rostral pole steh-al. 1991; Stanford et al. 1996). Unlike for saccades in the
ulation conditiononly, this measure was made positive if thgreferred direction, saccades in the nonpreferred directions did
deflection occurred toward the FVS direction and negativeot show an increase in the peak velocity. For lower stimula-
otherwise. The mean DD averaged over all rostral SC sites wim parameters, the saccades usually paused in midflight and
significantly greater than zer® (= 0.0318; 1-tailed-test). For slightly altered their spatial trajectories. An increase in the
OPN stimulation condition, the mean DD was not significantigtimulation parameters emphasized these effects.
different from zero P = 0.5754; 2-tailed-test). Furthermore
the mean DD produced by rostral SC stimulation was signifi- s - yss 10N
cantly different from mean DD computed for OPN region
stimulation P = 0.0391; 2-tailed-test; Table 3). The experiments and analyses reported in this manuscript
Because the DD parameters for rostral SC and OPN regiguantified the perturbations produced in ongoing saccades by
stimulation were not computed in the same way, the statistieéctrical stimulation in the SC. Our approach was to stimulate
comparison documented in Table 3 may be inappropriattes along the rostralcaudal axis of the SC at onset of large
Therefore the DD metric for the OPN stimulation condition, asaccades in several directions and to measure changes in the
computed in the preceding text, was modified further as dometrics of the saccadic perturbations as a function of stimula-
for the SC stimulation analyses. We arbitrarily selected ten site. The metrics computed from stimulation of the posited
reference direction and the magnitude of the difference bié<ation zone formed a continuum with the trend observed for
tween the direction just prior to resumed saccade onset and stiulation of more caudal sites (Table 2). For comparison,
direction of average control saccade was made positive Gaccades also were interrupted by stimulation of the OPN
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region, and most of their metrics were found to differ signifiAnderson et al. 1998; Munoz and Wurtz 1995b). The activation
cantly from the measurements of saccades perturbed by stoh-OPNs prevails because the net excitation of the EBNs is
ulation of the fixation zone (Table 3). below threshold. Closer to saccade onset, intracollicular and/or
extracollicular processing causes a subset of SC neurons to

Rostral SC function: fixation, saccade generation, or both? discharge a high-frequency burst, and this excitatory input
_ o surpasses the threshold of EBNs causing them to burst rigor-

Munoz and Wurtz (1993a,b) hypothesized that fixation nedysly and inhibit the OPNs (indirectly) (see Moschovakis and

rons in the rostral pole of the SC function to prevent Saccaﬂﬁghstein 1994).

generation by exciting the OPNs. They stimulated the region of g |arge saccades, the locus of the high-frequency burst in
fixation neurons during saccades and interpreted the pertura@ occurs in a caudal region of the contralateral SC. Inhibitory

tions_to oceur via the same me(_:hani_sms that interrupt sacca Sractions within distant regions of the same SC (Meredith
on stimulation of the OPNSs. This claim was based on tempora d Ramoa 1998: Munoz and Istvan 1998) reduce activity in

domain (radial amplitude and velocity as a function of time tral SC neurons. which suopress the facilitatory input to the
analyses of rightward and leftward saccades. In our study, Ns and thlljs aid' |Vr\1, s!hiftinugp?he balance (Iml acti\yitly l?r%m the
reanalyzed saccades perturbed by stimulation of the fixati Ns to EBNs (see Gandhi and Keller 1997). For small

zone by examining their spatial trajectories (Figs. 6—8 and 1 ntraversiv des. however. the rostral SC neurons do not
Our results indicate that these perturbations more closely ea{hib?t : Sauesse’zagtj? ir?gfea?d ?n:n,y d?sc%sarge a hi gﬁ_f?egu eoncyc/)
sembled redirected saccades, particularly when the target- i'st, suggesting that they project to both the OPNs and EBNs

rected saccades were orthogonal to the FVS, and that t el 'Scudder et al. 1996). Aaain. the small eve movement is
mean direction deviation was significantly different from the : )- Again, Y

average redirection observed for saccades interrupted by st Hggered when the net excitation of EBNs reaches threshold,

ulation of the OPN region. Thus our results provide eviden AF‘gatsheed tg;ilitaet)é?ta}aorﬁt Itnopltﬁer%qg;\rgdmtg Oéggcgrenertehaie'rn' A
contrary to the fixation zone hypothesis; however, they do not . y Inp . . y 9 :
unequivocally refute it. superposition of the population buildup neuron response for

Munoz and Wurtz (1993a) reported finding visuomotor bur%jra”d 25° saccades (Fig. 15 of Anderson et al. 1998) quali-

neurons just dorsal to the fixation neurons they recorded in t Ively supports this hypothesis.

rostral pole of the SC. As these cells exhibit a movement fiejd 1 © Place validity on the fixation zone theory, as defined by
(i.e., they discharge a burst during small saccades), it is p unoz and colleagues, the functional importance of rostral SC

sible that the current from stimulation of the more ventr fojections to the .OPNS must be demonstrated', at least fqr
intermediate layers of SC had spread to this dorsal regi ge saccades during which the SC neurons exhibit a pause in

and/or the saccade zone, both in our study and in the exp 'gggfgt;qhgaé}'sccur:::’ éheroﬁxeariligrs] :fecl;g)lgz i'rng)\%?c;edug)n_
ments of Munoz and Wurtz (1993b). In other words, activatioy g€ prop : »aq

of neurons that discharge a burst during small eye movemefiialive analysis, based on extracellular recordings, has re-

could have produced the redirected saccades. If so, fixat"é"??led that OPN activity does not consistently follow the

neurons are equally likely candidates to contribute to redire mporal evolution of fixation neuron discharge (Everling et al.

ing the spatial trajectories because most of these cells a 028?)' AIISO f;)rslgrgterz]saccadestpertufrbgggy st;_m_t:lagon of thte
discharge a burst for small contraversive saccades (Fig. 10 afigt & Pol€ Of S, the resumption o activity does no
ccur at monosynaptic latency but, furthermore,daayed

11 of Munoz and Wurtz 1993a; Fig. 1 of Krauzlis et al. 19970ven more than during control trials (Gandhi and Keller 1999).

Fig. 3 of Anderson et al. 1998). How is it possible, then, th ) : e
fixation neurons are “critical for maintaining active visual ese studies suggest that collicular projections to the OPNs

fixation and suppressing the generation of saccades” (Murg:?\”de at most a minor functional contribution to fixation

and Wurtz 1993a, p. 567) when “for most contraversive sa 'Is'ﬁ sefe Katr;]ekq 1996?' i fsC including th

cades, most [fixation] cells showed an increase in discharge”' ''c/¢'0r€ therimaryiunction of 5% neurons, including the
(Munoz and Wurtz 1993a, p. 565)? The fixation zone hypot g—called flxanon neurons located deeper within the interme-
esis and the saccade-related discharge characteristics of gte layers in the rostral pole of the SC, may conform to the

: thesis of a saccade zone across the motor map even
tion neurons clearly suggest that these cells have at least ®O PP .
seemingly contradictory functions—saccade generation & ugh the distribution of connections to OPNs and EBNs may

saccade prevention. Although Munoz and wurtz (1993alifd SEEUEC Y SO0 PR TR TOR SO QAREE U
never explicitly stated that fixation neurons are not involved i yexp PP

- . H I? .
the generation of small saccades, they offered no explanat{ﬁg g);?;'%?izﬁqrj,ﬁ thfsogé’ .tcl)nstjhe E)er)t(tt:]r:aaftigtli%\lr\:szlgxee rr‘]*'”toetrhpé;ts
to resolve the paradox. ginally Pp yp

Further studies are required to investigate how the sacca%gt%zes?gd Wurtz 1993a,b) in terms of the saccade zone

system parses the two opposing signals from the same neuroh,
and we contribute to this research effort by suggestingnaguraL AcTIVITY.  As argued in the preceding text, neurons in
conceptual model. A simple scheme that would preserve s#te deeper intermediate layers of the rostral SC discharge a
cade initiation and termination is mutual inhibition between theurst of action potentials for most contraversive saccades.
OPNs and the excitatory burst neurons (EBNS) in the paranfdthough Munoz and Wurtz (1993a) emphasized the tonic
dian pontine reticular formation (PPRF). Well before saccageelude response and linked it to fixation, the lack of pause
onset, the ensemble SC response is a low-frequency dischatgeng these saccades make them equally qualified to contrib-
from the fixation and buildup neurons that are concentratete to saccade generation.

within the rostral SC (see population response figures inEven the tonic activity, which can be sustained during the
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blink paradigm (Munoz and Wurtz 1993a), can be interpretexhcoding large saccades with a significant vertical component
as a prelude signal preparing, but not necessarily executiffgr instance, 20@315°). Microinject small volumes of musci-
small eye movements, including miniature saccades. Thesel at this SC site. Allow the animal to make spontaneous
latter eye movements tend to be several minutes of arc and saecades in the dark. After the end of certain spontaneous
produced when a subject tries to maintain fixation (Steinmansgtccades, flash two different color targets (red and green, for
al. 1973). The 0.1° resolution of the magnetic search cakample), one at 20@315° and the other at 20@45°, and
technique (Fuchs and Robinson 1966; Munoz and Wuntequire the animal to make the eye movement to the red target.
1993a) may not have detected the miniature saccades coAssuming the two targets activate distant ensemble of neurons,
sponding to the elevated response during the blink period. Ittiee mutual inhibition model would predict that the latency of
worth emphasizing that both miniature saccades and fixatisaccades to the top (bottom) target would decrease (increase)
neurons serve to hold fixation but the neural mechanisms usesnpared with a preinjection distribution of reaction time. This
to maintain it are completely different. In the former cas@rediction is similar to the observation produced by inactiva-
miniature eye movements small enough to maintain targ@n of the rostral SC, but in this case, the lesion does not
representation on the fovea are generated, whereas in the lattenpromise the hypothesized fixation zone. Note that it may
scheme, fixation neurons increase the excitation to the OPN&®essential to inject very small volumes because the fixation
prevent any saccade generation. zone lesion results were not replicated with larger doses
A similar reasoning also can explain the observation th@hizawa and Wurtz 1998).

rostral pole neurons display greater activity during le&tIO%{‘” ULATION OF THE ROSTRAL sc. The rostral SC has been
i

ulated during fixation, just before saccade onset, and dur-
large, ongoing eye movements (Munoz and Wurtz 1993b;
sent study), and all the results can be interpreted in terms of

before antisaccades than prosaccades (Everling et al. 199

The antisaccade task may require extra effort to suppress

natural tendency to look at the presented target and n@
0

accomplish it by making more miniature saccades, corresp e uniform saccade zone hypothesis. The data from stimula-

ing to a higher prelude response. . jion during saccadeslready have been discussed in terms of
Alternatively, the tonic response observed in rostral po Rdirection of the spatial trajectories

neurons may not be linked exclusively to the saccadiC systeMyrp o jnqetin Fig. 8 shows that stimulation of the rostral pole
but also may code information about vergence eye movemegts;, o iy ationcan produce a FVS:2° in amplitude. Because
(cf. Chaturvedi and Van Gisbergen 1999b). Indeed, neu th visuomotor neurons and fixation neurons burst for con-

activity selective for Qisparity and disconjugate eye MOVEMENRIR\ersive saccades, the FVS is most likely due to activation of
has been recorded in neurons rostral to the SC (Mays et ’

. . Oth cell types and not as a consequence of current spread to
1986) as well as in the rosral pole of the SC (Dias et al. 199 eurons caudal to the fixation zone (Munoz and Wurtz 1993b).

Jiang et al. 1996). Low-frequency and long-duration stimulation of the fixation
REVERSIBLE CHEMICAL INJECTIONS. Munoz and Wurtz (1993b) zonebefore onset of contraversive saccadeguces their gain
showed that inactivation (activation) of the rostral SC by smadihd increases their latency (Fig. 4, B and C, of Munoz and
injections of muscimol (bicuculline) reduced (increased) th&urtz 1993b). The hypometria can be a weighted average of
latency of large saccades. This observation was used to suppioet saccades coded by the stimulation-induced and target-
the idea of a fixation zone because a decrease (increase) inatttevated population of SC neurons. The increase in latency
fixation function expedited (delayed) the motor preparation amaay reflect intracollicular inhibition increasing the processing
initiation of saccades. In other words, the weights of a mutualfyne necessary to produce the high-frequency discharge in SC
inhibitory circuit between the rostral SC (which is active beburst neurons and hence the EBNs in the PPRF. Note that the
cause a fixation target is present before saccade onset) anccti@nge in latency cannot strictly be a consequence of an
caudal SC (which is active because a saccade target is pnereased excitability of OPNs because the contraversive sac-
sented in the periphery) were altered by the injections. Inactiades typically were triggered before the offset of stimulation.
vating (activating) the rostral SC, for example, decreases (iRdrthermore the latency shift may decrease to zero as the
creases) the processing time required to produce a highimulation site is moved caudal (Munoz and Wurtz 1993b; for
frequency burst in the caudal SC. a related psychophysical result, see Walker et al. 1997) perhaps
However, inhibitory collicular interactions are not limitedbecause the efficacy of projections from SC neurons within the
between rostral and caudal ends of the SC—medial and latestihulation-induced population to the EBNs increases (Mos-
regions within a colliculus also mutually inhibit each othechovakis et al. 1998).
(Munoz and Istvan 1998). That the observed changes in latency.ow-frequency, long-duration stimulation of the fixation
after a reversible lesion of the rostral SC (Munoz and Wurtzone before onset of ipsiversive saccad#dslays movement
1993b) is a property of inhibitory collicular circuitry, not of theonset until stimulation offset without compromising the am-
fixation zone, may be demonstrated by a saccade paradignplitude (Fig. 4, A and D, of Munoz and Wurtz 1993b). The SC
which the rostral SC neurons discharge minimally or sporagirojections from the stimulation-induced and target-activated
cally (such as during spontaneous saccades) (Munoz and Waites, because they are in different colliculi, may excite EBNs
1993a) and two different populations of neurons caudal with{Chimoto et al. 1996; Moschovakis et al. 1998; Raybourn and
the same SC burst maximally [for example, by flashing Reller 1977) on both sides of the midline. We speculate that
targets at equal eccentricities but 45° apart in direction (e.giutual inhibition between right and left reticular brainstem
Edelman and Keller 1998)]. Consider the following experiregions and intercollicular inhibition prevents neurons on ei-
ment: train the animal to make saccades to a specific cotber side from reaching threshold, thereby increasing the la-
target (red, for example). After training, locate a SC siteency. The end of stimulation nulls the stimulation-induced
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activity and removes the excitatory input to the correspondirand axonal arborizations of SC neurons, which typically extend
(contralateral) EBNs. Consequently, an orthometric saccagd® mm (Behan and Kime 1996; Ma et al. 1990; Moschovakis
coded by the target-activated ensemble of neurons is executdal. 1988), suggest a large excitatory span for these neurons.
The anatomic organization of SC neurons thus constrains the
Mechanisms of saccadic perturbations region of SC capable of stopping ongoing saccades in the
preferred direction to~2 mm in the head-fixed preparation.
In our experiments, we observed that whenever the targPerhaps a similar effect can be produced from a broader region
directed saccade and stimulation-evoked saccade were sépatarger saccades or head-unrestrained gaze shifts.
rated by=90°, the ongoing saccade was noticeably redirectedThe local excitation and distant inhibition weighting of SC
from its spatial trajectory and then stopped in midflight. Frereurons also have been suggested by neural network models
guently a resumed saccade was generated to bring the eyes (@i et al. 1994; van Opstal and van Gisbergen 1989) and
the (flashed) target location. If the directions of the initial largelectrophysiological experiments (Lee et al. 1997; Meredith
saccade (to a target at 30° eccentricity) and FVS were rouglalyd Ramoa 1998; Munoz and Istvan 1998; Pettit et al. 1999).
aligned, the initial and resumed saccade combination widste that the distant inhibition is not exclusively between the
observed when the stimulation site was within the rostradstral pole and the caudal region. In fact, stimulation of sites
~2-mm region. Stimulation of more caudal sites appears waithin the caudal SC also inhibits activity at sites within other,
accelerate the initial saccade, which ends when the desired gtistant caudal regions of the same and opposite SC (Munoz and
is reached. Istvan 1998). Our finding that stimulation of the caudal SC
We hypothesize that stimulation of any SC site during largiiring large saccades in an orthogonal direction (sameSC90)
saccades activates a population of neurons which interastsps the saccade in midflight is in accordance with suppres-
through local circuit connections with the ensemble of S€lon of the target-activated discharge.
cells, which are already active and are coding the ongoing
movement. Thus when the stimulation-induced and targeé{zsessment of the metrics
activated populations of neurons overlap or are near neighbors,
they excite each other and the ongoing saccade does not stofhe perturbations induced by stimulation of either the entire
If the two populations are more distant, they have inhibitor§C or the OPN region typically were followed by a resumed
influences on each other such that the initial saccade is stoppadcade that brought the eyes near the location of the flashed
well short of the desired goal. This hypothesis suggests that taeget. The resumed movements tended to slightly overshoot
influence of a neuron on its neighbors follows a Mexican h#tte control behavior independent of stimulation site, but the
function: excitation of proximal cells and inhibition of distanthypermetria compared with control (unstimulated saccades)
neurons, including those in the opposite colliculus. was statistically significant only for the rostral SC (Table 3)
These hypothesized interactions between local excitatiand the orthogonal directions across the entire SC (Table 1).
and distant inhibition also may partly explain the trend olNevertheless the magnitude of the mean final error was
served for the latency of perturbation metric (L1; Fig. 12even for these sites and directions, suggesting that the local
When the stimulation-induced and target-activated moundsfegédback system for the saccadic system can compensate ef-
activity are as far away as possible (in our experiments, thectively for these extreme spatiotemporal perturbations in
rostral pole and the 30° site, respectively), they have inhibitosaccade trajectory.
influences on each other and the initial saccade stops with & he initial amplitude increased as a function of stimulation
specific L1. As the stimulation electrode is placed more casite for nearly all direction conditions (Table 2). This trend is
dally, the two ensembles of locally excited neurons begin &xpected if the stimulation momentarily replaces the desired
overlap, which, we speculate, increases the time required fwal by the FVS or by a weighted average of the saccade
the inhibitory network to overcome the excitatory one. Consgectors coded by the stimulation-induced and the target-acti-
guently, the value of L1 increases as a function of the caudalted regions, as discussed in the previous section. Vector
distance of the stimulation site. When the locally excitedveraging also has been reported by psychophysical studies
populations of neurons overlap substantially, the intracollicul#rat varied the placement of distractors to perturb the saccades
inhibition is ineffective, and only a single saccade is generatédf., Walker et al. 1997).
to reach near the target location. The latency of perturbation values measured in our study are
The range of stimulation sites sampled in our study allows sgnificantly greater than those documented in previous reports
to approximate the extent of the excitatory zone. Because @110 ms, Miyashita and Hikosaka 1996;12 ms, Munoz and
sites rostral to approximately the 2-mm site1(0° amplitude Wurtz 1993b). One possible cause for the discrepancy is the
meridian) stopped all 30° saccades, the distance in SC coordieasurement methods (seesuLty. Yet another, and we
nates between the most caudal open symbol in Fig. 5 and tedieve, more likely explanation is the timing of the micro-
site encoding the control saccade was considered a consestanulation. As both collicular and reticular burst neurons
tive estimate of the minimal distance necessary to obsemischarge more vigorously near saccade onset than around
intracollicular inhibition. Using the formulae to transform vi-saccade end, the effects of stimulation may be observed with a
sual space into SC coordinates (Optican 1995; Ottes et lahger latency in the former case.
1986), the extent of local excitation is1.3 mm, a value  The mean latency of perturbation was also greaterByms
smaller than the 1.5 mm reported by Mcllwain (1982) in théor saccades perturbed from the rostral pole of the SC than
cat. Our smaller estimate, however, may be due to subthreshiotim the OPN region. This value suggests that, relative to
stimulation parameters (for a review on stimulation inducestimulus-induced activation applied directly to the OPNs, the
current spread, see Tehovnik (1996). In addition, the dendriitmulation train delivered to the SC needs to travel across one
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or more synapses to inhibit activity in the MBLNS, and on&petvan, J. A. anb KELLER, E. L. Dependence on target configuration of
obvious candidate would be the projection from fixation neu-€xpress saccade-related activity in the primate superior collicaluseu-
rons to the OPNs. However, if the mechanisms of perturbatigr®Physicl.80: 1407-1426, 1998.

diff t 3 diff d t iV i VERLING, S., Dorris M. C., AND MuNoz, D. P. Reflex suppression in the
are diiierent, a 5-ms dirierence does not necessarly IMpPly,ni saccade task is dependent on prestimulus neural procds$ésuro-

extra synapses for the signal to cross. The latency of perturphysiol. 80: 1584-1589, 1998a.

bation is on the order of 20 ms, which also could refle@erLing, S., RRrE, M., Dorris M. C., AND Munoz, D. P. Comparison of the
processing at a network level, leading to inhibition of the discharge characteristics of brain stem omnipause neurons and superior
saccadic burst generator. That the mean interruption duration jeolliculus fixation neurons in monkey: implications for control of fixation

significantly different for stimulation of the rostral pole and th%V?N”:Esacéad&?;tg"ioc}'F’;‘g“rzﬁgyf:t’gg SAMESZAS&%/%?/B& omnipause

OP.N region (Tablg 3) als_o Squ_ortS the notion th"’.‘t the pertur'neurons in alert cats during saccadic eye movements and visual stimuli.
bations may manifest via partially nonoverlapping mecha-J. Neurophysiol47: 827—844, 1982.
nisms. In particular, the inhibition appears more potent whé&reeoman, E. G.aND Sparks, D. L. Activity of cells in the deeper layers of
the stimulation is applied to the SC. the superior colliculus of the rhesus monkey: evidence for a gaze displace-
ment commandJ. Neurophysiol78: 1669-1690, 1997.
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