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Goossens, H.H.L.M. and A. J. Van Opstal.Blink-perturbed sac- had a considerable influence on both the kinematics and the
cades in monkey. II. Superior colliculus activiy.NeurophysioB3:  gpatial trajectories of saccadic eye movements. When elicited
3430-3452, 2000. Trigeminal reflex blinks evoked near the onset fore saccade onset these reflex blinks also reduced the

a saccade cause profound spatial-temporal perturbations of the sac- . . - - .
cade that are typically compensated in mid-flight. This paper iIm/e%‘?glccade latencies substantially. Despite the strong disruptive

tigates the influence of reflex blinks on the discharge properties R@ture of the evoked blinks, visually elicited saccades re-
saccade-related burst neurons (SRBNSs) in intermediate and d8agined quite accurate in the absence of visual feedback. These
layers of the monkey superior colliculus (SC). Twenty-nine SRBNEehavioral data support the idea that blinking interferes with
recorded in three monkeys, were tested in the blink-perturbatigne saccadic premotor system and that an active control system
paradigm. We report that the air puff stimuli, used to elicit blinksmay compensate for the blink-related perturbations. The neural
resulted in a short-latency-10 ms) transient suppression of saccad%]echanismS underlying these saccade-blink interactions, how-

related SRBN activity. Shortly after this suppression (within 10— : . C o .
ms), all neurons resumed their activity, and their burst discharge tHeYe" have so far received little attention in the literature and

continued until the perturbed saccade ended near the extinguisA&@ difficult to assess on the basis of behavioral data alone.
target. This was found regardless whether the compensatory moveUp to now, neurophysiological experiments have shown that
ment was into the cell's movement field or not. In the limited numbehe tonic activity of brain stem omnipause neurons (OPNSs)
of trials where no compensation occurred, the neurons typicafyquses during blinks as well as saccades (Cohen and Henn
stopped firing well before the end of the eye movement. Severd7o- Fuchs et al. 1991 Mays and Morrisse 1994), thereby
aspects of the saccade-related activity could be further quantified ginﬁibiting saccadic bu,rst neurons in the ponton;edullary

25 SRBNSs. It appeared tha) the increase in duration of the high-_ . - .
frequency burst was well correlated with the (two- to threefol rain stem. These findings suggest that OPNs mediate, at least

increase in duration of the perturbed movemehtThe number of Partly, the tight latency coupling between saccades and blinks.
spikes in the burst for control and perturbed saccades was qditewever, as discussed in the companion paper (Goossens and
similar. On average, the number of spikes increased only 143an Opstal 2000) and in view of current models of saccade
whereas the mean firing rate in the burst decreased by 3p%n generation, the changes in both the trajectory and the kinemat-
identical number of spikes were obtained between control and pggs of blink-perturbed saccades cannot be simply ascribed to an
turbed responses when burst and postsaccadic activity were bigiieraction at this premotor level. Moreover, a linear superpo-
included in the spike cound) The decrease of the mean firing rate insition of saccade- and blink-related signals at the extraocular
the burst was well correlated with the decrease in the velocity otoneurons cannot readily account for the observed saccade

perturbed saccade$) Monotonic relations between instantaneou . . . . N
firing rate and dynamic motor error were obtained for control ref&ehawor either. It is conceivable therefore that blinking affects

sponses but not for perturbed responses. Bnthe high-frequency other premotor. sta_ges of th,e saccadic SySt,e.m as well.
burst of SRBNs with short-lead and long-lead presaccadic activity R€cent studies indeed hint at the possibility that also the

(also referred to as burst and buildup neurons, respectively) showBiflbrain sgper_ior CO|"9U|US (SC) could be an ir_nportant site of
very similar features. Our findings show that blinking interacts witaccade-blink interactions. For example, both in rats (Basso et

the saccade premotor system already at the level of the SC. The @ta and in monkeys (Gnadt et al. , it has been
h d Iread he level of the SC. The @dtal996 d k Gnadt et al. 1997), it has b
also indicate that a neural mechanism, rather than passive elastiserved that electrical microstimulation of the SC transiently
restoring forces within the oculomotor plant, underlies the compefaduces the magnitude of air-puff-evoked blinks. As in rats
sation for blink-related perturbations. We propose that these interaggasso and Evinger 1996), the monkey SC presumably excites
2?122 doec‘;ﬁ; ?j%\g/ﬂzge;?pr;cc)r;mtggt T/gé‘t’grsg ?hned eﬂ;/:ts tg; 'Saet:]e(;ir:; yrrl}]onsaccadic pathway that inhibits the reflex blink circuitry

. , ; ; : adt et al. 1997). However, it is still unknown whether
approximately fixed number of spikes to the brainstem saccadic b inking affects the )discharge patterns of saccade-related col-
enerator. . X .
g licular neurons and how this could in turn affect saccade
generation. In the present paper, we therefore studied single-
unit activity in the intermediate and deep layers of the SC with
INTRODUCTION the use of the blink-perturbation paradigm.

In the companion paper (Goossens and Van Opstal 2000%I,t is well established that the SC has extensive projections to

we reported that blinking affects various aspects of sacca ccadic burst cells in the pontomedullary brain stem and that

behavior in monkey. It appeared that air-puff-evoked blin € .SC is critically involved in the generation .Of norma] sac-
cadic eye movements (see e.g., Moschovakis and Highstein

The costs of publication of this article were defrayed in part by the paymeil11994; Sparks and HartW|ch-Young 1989 for rewews). Many

of page charges. The article must therefore be hereby maskhaftisemerit N€Urons in its intermediate and deep layers generate a burst of
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  activity just before and during saccades directed to a particular
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region of the visual field, referred to as the movement field efver, whether the cessation of SRBN discharge could be a side
the neuron. Together, these saccade-related burst neumifisct of the electric stimulation. It is ambiguous therefore
(SRBNs) form a topographically organized motor map iwhether the SRBNsletectedthe perturbation (through feed-
which anatomically nearby cells have overlapping movemeback) or whether they insteathusedthe interruption of the
fields (Lee et al. 1988; Mays and Sparks 1980; Mcllwain 1988accade. By imposing natural perturbations on the saccadic
Ottes et al. 1986; Robinson 1972; Schiller and Stryker 1972ystem that affect both the kinematics and spatial trajectories of
Until recently, it was generally held that the amplitud® ( saccadic eye movements, the blink-perturbation paradigm may
and direction ) of an impending saccade is specified by theffer an opportunity to circumvent these difficulties.
location of the active cell population in the SC motor map In view of current models of the SC and the notion of local
rather than by théemporaldischarge patterns of the recruitedeedback control, the present paper investigates how blink-
neurons. Several studies have suggested, however, thatrthated spatial-temporal perturbations of the saccade trajectory
collicular output may also determine the kinematics and trare reflected in the SC activity patterns. A preliminary account
jectory of the saccade (Berthoz et al. 1986; Lee et al. 198%; these experiments has been presented in abstract form
Munoz et al. 1991; Van Opstal et al. 1990; Waitzman et glGoossens et al. 1996; Van Opstal and Goossens 1999).
1991; Wurtz and Optican 1994). These findings have led to
new quantitative models that place the SC inside the so-caligd rHop s
local feedback loop. This internal feedback circuit is thought to .
control the saccade trajectory by a continuous comparisonJfPiects
the desired eye displacement signal with an internal representhe neurophysiological data presented in this paper were obtained
tation (efference copy) of the actual eye displacement durifigm three rhesus monkeyM@acaca mulatth and were collected
the saccade (e.g., Arai et al. 1994; Droulez and Berthoz 199ilying the behavioral experiments described in the companion paper
Lefevre and Galiana 1992; Optican 1995; Van Opstal arfboossens and Van Opstal 2000). Details about the setup, surgical
Kappen 1993). Previously most models assumed that the loe#cedures, and methods used to measure eye and eyelid position as
feedback loop is closed through assemblies of cells in tMell as the applied behavioral paradigms, are described in that paper.

pontomedullary brain stem {@gens et al. 1981; Scudder 1988 ere we provide only a brief summary, and additional methods that
van Gisberger){ et al. 1981) ' ’ tvere used to record and analyze the single-cell activity. All experi-

oo i . . ments were conducted in accordance with the European Communities
A d'ﬁ'cu_lty in studying the roIe.of th? SC in the control O,fCounciI Directive of November 24, 1986 (86/609/EEC) and were
saccades is the stereotyped relationship between the amplitigi§ioved by the local university ethics committee.

of normal saccades and their duration and peak velocity (re-

ferred to as the “main sequence”) (Babhill et al. 1975; Fucrkspparatus

1967). In an attempt to overcome this problem, previous sac-

cade-interruption paradigms have used intrasaccadic microThe head-restrained monkeys were seated in a primate chair facing
stimulation of either the OPNs (Keller and Edelman 1994) @n array of 85 light-emitting diodes (LEDs) in an otherwise com-
of the rostral SC (Munoz et al. 1996). In these experiments Pigtely dark room. The horizontal and vertical components of the left
was found that the microstimulation not only stopped the e)zé(e position were measured with the double-magnetlc-lndgctlon tet_:h-
. e . . . . ique (Bour et al. 1984). Movements of the contralateral right eyelid
in saccade mid-flight, but it also induced a brief pause in tlwe

. . - . re measured with the magnetic search-coil induction technique
discharge of collicular SRBNs. Shortly after the St'mmat'o(bollewijn et al. 1975) by taping a small coil on the eyelid. Air puffs

ended, the saccade resumed its course, and the same populgdPhs, 1.4-1.8 Bar) were generated by a pressure unit and presented
of SC cells that was active before the stimulation was reacgn the recording eye to elicit trigeminal blink reflexes.

vated even though the resumed movement did not belong to th&he activity of single units was recorded with glass-coated tungsten
movement field of these cells. By contrast no, or only minimahicroelectrodes (0.2-1.2 f) that were positioned in the SC using a
activity was found in cells whose movement field optimurhydraulic stepping motor (Trent Wells). The latter was mounted on
matched the metrics of the resumed saccades. By what melBg-stainless steel recording chamber that was placed above a trephine
anism the same neurons are reactivated is still unclear. dl%e at stereotaxic coordinates [AP, RE][0,0] and aimed at the SC.
possible explanation is local feedback, which indeed predicts & eleCt][‘l)tde g'gfg'k‘lf"’as a“;p"f'eo.'t (Badk E'eCtrO“'.C”S‘ Model AA't.l)'
resumed discharge (e.g., Arai et al. 1994). The finding that t étv-pass ltered ( z), and monitored on an oscilloscope. Action

. . 4 ntials were detected by a level detector and discriminated on the
SRBN discharge rate during the resumed saccades still sho §§s of their waveforms using a real-time decomposition of the first

the same monotonic relation with the remaining motor err@§yr principal components (e.g., Epping and Eggermont 1987). The
than the one obtained for uninterrupted saccades further shgcepted spike events were subsequently fed into a four-bit spike

ported this hypothesis (e.g., Das et al. 1995). counter, which produced a stepwise DC output that was sampled at a
However, a problem that still hampers the interpretation odite of 1 kHz. This ensured that no spikes were missed, irrespective of

the saccade-interruption data are the stereotyped kinematic#hef instantaneous discharge rate during vigorous bursts of action

the resumed movements and the lack of a change in epétentials.

movement direction. Moreover, the potential danger of stimu-

lating adjacent oculomotor pathways, both upstream af localization and histology

downstream from the SC, makes the interpretation of stimula-

The in vivo localization of the SC was based on the following

tion data less obvious then at first glance. For example, O%Neria: 1) the stereotaxic coordinates of the recording sites corre-

and rostral SC stimulation not only stopped the saccade dflsnded closely to the coordinates of the SC as given by Snider and
mid-flight, but it also interrupted the SRBN discharge. Henggse (1961). The size of the area with visual- and saccade-related
it appeared that the SRBNs did not represent the remainiggivity was also in accordance with this atl@.A region without

motor error during the interruption period. It is unclear, howaction potentials, corresponding to the superior cistern, was often
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passed before the electrode entered the superficial layers of the B@ta analysis
Usually the upper boundary of the SC was readily recognized by the
activity of visual neurons with limited contralateral receptive fields For details regarding saccade and blink detection procedures as
and response latencies 70 ms.3) At deeper locations, typically well as statistic criteria that were used to discriminate between com-
between~0.8 and 3 mm below the SC surface, clear saccade-relaeghsatory and noncompensatory responses, the reader is referred to
activity was encountered. In these layers, electrical stimulation wittETHobs and ResuLTs of the companion paper (Goossens and Van
pulse trains (25 negative pulses of 0.5-ms duration at 500 Hz) at I&pstal 2000).
current strengths (20—50A) evoked reproducible saccades that cor- The raw single-cell activity was displayed in spike rasters aligned
responded well with the movement fields of nearby saccade-relattl specific events such as target onset, air puff onset, the onset or
neurons. The latencies of stimulation-evoked saccades we@ems, Offset of a saccade, or the onset of a blink. All neurons that showed a
and thresholds for evoking saccades were typical0 wA. 4 The sharp increase in their activity slightly preceding20 ms) and tightly
topographic motor map of the SC (Robinson 1972) could reliablinked to the onset of saccades directed into their movement field were
account for the optimal saccade vector of cells encountered in subgensidered saccade-related and were therefore subjected to further
quent penetrations. An8) after further lowering of the electrode, analysis. The location and extent of a cell’'s movement field was
sustained auditory-evoked responses with short latencies, indicatigtermined from the movement field scan data by plotting the number
for the inferior colliculus, were often encountered (Goossens et af.spikes, counted from 20 ms before saccade onset to saccade offset,
1997). as function of saccade amplitude and direction. Quantitative descrip-
After completing the experiments, two of the monke$a&andER)  tions of the movement fields were obtained by fitting two-dimensional
were deeply anesthetized with an overdose of pentobarbital and géeussian activation profiles to the cells’ activity as function of sac-
fused directly through the internal carotid arterylwi | phosphate- cade vectors in collicular motor map coordinates (see Ottes et al. 1986
buffered saline, pH 7.4, at 37°C, followeg B | of fixative containing for extensive details) (goodness of fittypically between 0.85 and
phosphate-buffered 2% paraformaldehyde and 2.5% glutaraldehy@®8).
pH 7.4. Immediately after perfusion, the midbrain was dissected out.The raw spike trains were converted into smoothed representations
Serial cryostat sections were made and prepared for standard hig#bla cell’s instantaneous firing rate by constructing spike density
ogy (Nissl staining). Examination of the midbrain sections at low arftinctions D). To that end, all spike events in a trial were substituted
high magnification showed that the penetrations were made through Gaussian pulses of width = 4 ms and height 14\/27) and
the SC. Most of the penetrations reached the intermediate and degmed to produce a continuous function of time (MacPherson and
layers. Aldridge 1979; Richmond and Optican 1987). Large values of the
spike density function represent a high probability of spike occur-

. rence, and the peak of the function represents the peak discharge of
Experimental protocol the cell (in spikes/s). To estimate the duration of the saccade-related
After isolating an SRBN, saccades were evoked toward all LEDs Bgrst during individual saccades more robustly, the width of the

the target array. These data were used for accurate calibration of @RUssian was increased ¢do= 10 ms (Se&ESULTS).

eye-position signals (see Goossens and Van Opstal 2000) and tBynamic motor error MIE) was defined as the difference between

estimate the location and extent of the cell’s response field. Subg§accade endpoint and instantaneous eye position. The average phase

quently, the movement field of the neuron was characterized in detgilations between spike density and dynamic motor error shown in

by eliciting saccades to a series of targets presented inside 4m@s. 12,C—E, and 13,A-F, were obtained by averaging the spike

neighboring the cell’s response field. density and dynamic motor error signals as function of time for series
A typical movement field scaconsisted of 85 different fixation/ of matched eye movements. It was not always possible, however, to

target configurations: 5 different target positions and 17 differefifd a sufficient number of perturbed responses with closely matched

initial fixation positions (usually within 5° from the center LED),movement profiles. To circumvent this problem, the spike density

yielding a spatial resolution down to 0.5°. In each trial, the monké‘ynction of each trial was resampled as function of the declining radial

first looked a fixation spot that was presented for 800—1,600 r¥otor error using spline interpolation. In this way, all responses with

(randomized). Then as soon as the fixation spot disappeared, a atched saccade amplitudes and directions could be used to compute

ripheral target was presented for another 900 ms at a pseudo-rand average phase relations for each neuron in Fig.Gland H,

selected location that the animal refixated with a saccade. Whesdespite the large variability in movement kinematics.

better dissociation between visual- and saccade-related activity was

required, the saccade latencies were increased by presenting the tar%et

100 ms prior to the offset of the fixation point (overlap paradignﬁ SULTS

(Fischer and Weber 1993). . — - .
After this standard procedure, which was usually repeated near theSlngle unit activity was recorded from a series of SRBNs

end of a recording session, the neuron’s activity was tested with ttﬁgcountered in the Intermedlate and deep layers of the SC of
use of theblink-perturbation paradignthat has been described in thethfee monkeys. Twenty-nine of these neurdd (= 17; SA
companion paper (Goossens and Van Opstal 2000). In short, saccdtiés 4; ER n = 8) were studied with the use of the blink-
were made in complete darkness from a fixation point to either onef@rturbation paradigm in which visually evoked saccades were
five randomly selected and briefly flashed (50 ms) peripheral targedésturbed by air-puff-evoked reflex blinks. Of the 29 SRBNs
typically into the central region of the cell's movement field. In 30%ested, 25 neurons remained isolated long enough to obtain a
of the trials, air puffs were presented at a fixed moment after targgll 2-D scan of their movement field as well as a sufficient
onset (between 120 and 180 ms) to elicit a reflex blink (mean latengyries of perturbed saccades for the quantitative analysis de-
~20 ms) near the onset of the saccade. Control and perturbation tr?&?ibed in the following text. For the remaining four cells, we
were randomly interleaved with catch trials. In the latter trials, targﬁ%xéhered sufficient data in eit least the blink-perturbation 'para-

positions were chosen such that the evoked saccades could t ifv that th h d litatively similar f
matched to the successive eye-movement components of pertur &gn o verify that they showed qualitatively similar features to

responses (seesuLTs Fig. 11). Cells were also tested with the use of '€ more thoroughly studied set of 25 SRBNS. '

the fixation-blink paradigm,in which air-puff-evoked blinks were Isolated collicular neurons were classified as SRBNs if they
elicited while the animal attempted to fixate a straight-ahead fixatishiowed a sharp increase in their firing rat20 ms before and
spot (see Goossens and Van Opstal 2000). tightly linked to the onset of saccades directed into the cell's
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Fic. 1. Typical example of the persistent burst dis-
charge of a collicular saccade-related burst neuron

—————
L au. I L puff mm (SRBN) for a saccade that was perturbed by an air-
puff-evoked reflex blink. Activity of this neuron
(sa6703 was recorded during a control saccadgdnd

H H during a blink-perturbed saccad8)(of comparable
amplitude and direction |, ] = [60, 0] deg). Both
20 deg I movements were evoked from the fixation poif) (
toward the briefly (50 ms) flashed targé).( Spatial
trajectories of the 2 saccades are shown attdpe
Subsequent traces show vertical eyelid positionig
H _’\,_/\/\—_

arbitrary units), eye positionH, horizontal andV,
vertical; in °), and eye velocityH, horizontal andV,
vertical; in °/s). As in all subsequent figures, eyelid
movements were recorded from the contralateral, un-
stimulated eye. Bottom traces show spike dendity (

o = 4 ms; in spikes/s; seReTHODS), as well as the
v v _—/\—— individual action potentials (vertical lines). The neu-
ron’s optimum was at, or beyond 60° to the left.
/\/\/\\ 250 spkie l /V\f‘/\/‘\/\/\J\
D D

0 Em S | 1 I I
50 ms #sa6703

T e

500 deg/s I

movement field, irrespective of other pre- and postsaccadiompares the discharge of a saccade-related nesa6@Q3 in
discharge properties. In saccade trials, most of the cells (25/29¢ caudal SC during a control saccadesQ° to the left; Fig.
also showed a brief visual respons&0 ms after the visual 1A) and during a blink-perturbed saccade that landed close to
stimulus appeared inside their receptive field. A prelude gie extinguished target (FigBL Figure B shows, in a qual-
presaccadic activity that could start several tens of milliseconglstive way, the consistent features of blink-perturbed re-
before the high-frequency, saccade-locked burst was also #gpnses that were obtained in all three monkeys. First, at the
quently observed. Cells that were endowed with a considerabigset of the blink, the eye rapidly deviated from its normal,
amount of long-lead %100 ms) presaccadic activity alSOgiraight trajectory (typical latencies20 ms relative to the air

showed a considerable amount of postsaccadic activity over & onset at the eye), and no sharp increase in the cell's

perigd ofleO msl after thefsaccz?]descnd w?re tygicallyc;anco Scharge was observed around the eye-movement onset. Sec-
tered at deeper locations from the SC surface. Saccade ampli- - : ] .
tudes for which the recorded SRBNs were maximally recrui?]eﬁ;;d’ as the cell continued its low-level discharge, the eye

ranged between 8 and 50°, except for four cells in the cauda?vemem continued, and the perturbation in both direction
SC which had no optimu}n for saccade amplitudeg0°® and velocity was compensated in complete darkness. Finally,

When tested in fixation trials, SRBNs were silent, and the{® increase in movemen'F duratior) to reach 'the target was
were not recruited when air puff stimuli were presented i atched by a comparable increase in the duration of the cell’'s

fixation-blink trials. discharge. - -
To document the reproducibility of these findings among our

sample of collicular neurons, Figs. 2 and 3 show the activity of
two other representative SRBNs during a series of control trials
When air puffs were used to elicit a reflex blink near thand a series of perturbation trials. The data plotted in Fig. 2
onset of saccades, not only were the stereotyped spatial-temere recorded from a neuropj$203 that was found in the
poral properties of saccades disturbed (Goossens and \entral region of the SC motor map. Saccade vectors were
Opstal 2000) but the discharge patterns of SRBNs in the $@atched in amplitude and direction, and data are aligned on
also were clearly modified. This is illustrated in Fig. 1, whicldifferent events, frontop to bottom saccade onset (Fig. 2,

Activity during compensatory saccades
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FIG. 2. Clipped activity of an SRBNp{5203 for a series
of perturbed and control saccades made in darkness toward the
position of targets flashed &R [®] = [20, 60] deg. Amplitude
and direction of the saccade vectors were matched and corre-
sponded closely to the cell's optimurA. and B: radial eye
position € = VH2 + V?) and vectorial eye velocityg =
V'H? + V?) traces. Subsequent panels show spike rasters and
averaged spike density aligned with saccade orGetndD)
with saccade offsetH and F) and with air puff onset in the
perturbation trials @), respectively.H: comparison of the
cell’s discharge during perturbed saccades and control sac-
cades by showing the difference in the average spike-density
waveforms when data were aligned with saccade onset.
standard deviation. The cell's burst discharge during perturbed
saccades is consistently prolonged until the movement ends,
and a transient suppression of activity, shortly after the air puff
onset, is apparent. Note the 2 trials where the perturbation
occurred late in the saccad®f rowsin the spike rasters).

400 spk/s

sac. offset sac. offset

H mean

sac. offset

air puff onset

sac. onset

A-D), saccade offset (Fig. E andF), and air puff onset (Fig. discharge until the perturbed saccade ended. The latter can be
2G). As shown in Fig. 2right, the cell showed a brisk burstreadily observed in Fig.E2 which shows the data aligned with
discharge for control saccades of optimal amplitude and diresaccade offset. FigureH2compares the two conditions by
tion ([R, ®] = [20, 60] deg). The onset of the saccade-relateshowing the difference between the average spike-density
burst (“motor burst” for short) preceded the saccade onset fuyction for control and perturbed trials (data aligned with
~20 ms (Fig. D) and peaked shortly before saccade onsetye-movement onset). As was typically observed, the resulting
Subsequently the discharge declined sharply during the sdifference waveform was endowed with an initial negative
cade until it stopped when the saccade ended (F#j. Ideu- component, followed by a positive phase that ended with the
rons with such behavior have also been referred to as clippggerage end of perturbed saccades. The biphasic profile illus-
burst neurons (Munoz and Wurtz 1995; Waitzman et al. 1991)ates both the initial suppression as well as the prolongation of
During perturbation trials (Fig. 2eft), the cell's burst dis- the cell's burst discharge in the perturbed condition. Note that
charge was clearly disturbed along with the saccade kinemite negative component leads the eye-movement onset because
ics. As may be observed in Fig.C2 the neuron typically the air puff typically preceded the onset of the impending
showed an irregular discharge around movement onset, excggatcade, thereby interfering already with the cell’s presaccadic
in two trials where the cell showed a near-normal butsp ( discharge.

rows of the spike rasters). The irregular, lower-frequency dis- Figure 3 shows comparable data obtained from an SRBN
charge was associated with the low-velocity saccades, whergzd10]) that was endowed with long-lead presaccadic activity.
the two clear bursts were associated with the two high-velociys may be observed in Fig.[8 this prelude activity was
saccades (clearly identifiable in FigAR Figure Z5 shows the followed by a more intense burst just before and during control
same responses aligned with air puff onset. Note that the ce§accades of optimal amplitude and directioR,({P] = [14,
(upcoming) burst activity was transiently suppressed shortlfp0] deg). The discharge peaked at saccade onset and then
after the air puff arrived at the eye. About 30—40 ms after thdeclined rapidly toward the end of the saccade. After this
air puff onset, the cell resumed its activity, and it continued itsigh-frequency burst, the neuron showed a gradual decline of
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1
#er110 FiG. 3. Unclipped activity of an SRBNef110) in the

blink-perturbation paradigm. Same display format as in Fig. 2.

Note the buildup of presaccadic activity and the gradual decline

of the postsaccadic activity. The neuron’s optimum saccade

vector was atRR, ®] = [14, 150] deg. Apart from a substantial

F amount of intrinsic noise, the cell's response showed compa-
: rable features as the neurons with a clipped discharge presented

in Figs. 1 and 2. Note the 1 trial with a late perturbatitop(

row in the spike rasters).

400 spk/s

D
sac. onset sac. onset

sac. offset sac. offset

mean
sac. offset

air puff onset

sac. onset

postsaccadic activity over a period-6250 ms (i.e., unclipped Suppression and resumption of SRBN discharge
discharge; see Fig.R3. Collicular neurons that exhibit such

temporal cischarge charatersics have aiso been ramefi"Ce the e pufle often tefere aeady wih e cell
buildup neurons (Munoz and Wurtz 1995). During perturbati ge, P

trials (Fig. 3,left), the cell's activity was clearly suppressecf anges in SRBN activity were the underly_ing cause rather
within ~10—20 ms after the air-puff onset (Fig3B As the air han the consequence of modified saccade kinematics. To gain

. . ; further insight into the possible mechanism that could underlie
puffs were presented prior to the impending saccade, the onggt suppression of SRBN discharge, we also examined re-

of the suppressioprecededhe actual saccade onset (FI€)3 gponses in which the saccade was accompanied by a gaze-
except in the one trialt¢p row of the spike raster) where thee_voked blink. As shown in the companion paper (Goossens and
perturbation occurred toward the end of the saccade (see Kjgn Opstal 2000), the spatial-temporal perturbation resulting
3A). Following a near complete cessation of activity, the nerom gaze-evoked blinks were qualitatively similar to those
ron resumed its discharge30—40 ms after the air-puff onsetobtained with air-puff-evoked blinks.

(Fig. 3G). Although the discharge of this neuron did not end at Figure 4 compares the responses of two different SRBNs
saccade offset, it may be inferred from the spike rasters in Figat were recorded under both air-puff- and gaze-evoked blink-
3E that it showed an increased firing rate until the end of theg conditions. The two cellsgr0902 (Fig. 4, A and B) and
perturbed eye movements. This prolongation of the cell's sguj6802(Fig. 4,C andD), were isolated in the left and right SC,
cade-related activity is also evident from the difference beespectively. Note that the burst activity of both cells was
tween the average control and perturbed response (Hy. 3strongly suppressed following the onset of reflex blinks that
which drops to zero around the mean offset of the perturbegre evoked by air puff stimulation of the left eye (FigAdand
saccades. C). By contrast, no transient suppression was observed following
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A Air-puff-evoked blinks B Gaze-evoked blinks

__/__ 10deg[
E E

250 deg/s I

FiG. 4. Discharge of 2 different SRBNs under air-puff and

gaze-evoked blinking conditions.andB: SRBN found in the

300 spk/s l left superior colliculus (SCer0903. C andD: SRBN found in
the right SC j6807). Data were aligned to blink onset and

#er0902

blink onset blink onset .
50 ms averaged (thick traces). Average control responses are super-
imposed inB andD (thin traces). A strong transient suppres-
C Air-puff-evoked blinks D Gaze-evoked blinks sion of activity following the onset air-puff-evoked blinks is
apparent for both cellsA(and C). By contrast, no transient
L L — ———— suppression is observed in the case of gaze-evoked blBiks (
a.u. I andD). Note that the SRBN discharge as well as the saccade

kinematics were only mildly affected in the case of gaze-

evoked blinks.
_/_ 2500 |
E E

#pj6801 /
50 spk/s

blink onset

blink onset
50 ms

the onset of gaze-evoked blinks (Fig.BlandD; thick traces),  To obtain at least a crude estimate of the time course of the
which had a comparatively small influence on the discharge of theppression and subsequent resumption of SRBN activity, we
SRBNSs. Note that this difference in SRBN discharge is alsmalyzed the discharge of those SRBNs(7) that exhibited
reflected in the saccade kinematics, which were less dramaticallgtrong suppression in a large number of trials. To that end, the
disturbed by gaze-evoked blinks. The latter may be inferred fraspike-density functions from all perturbation trials in a record-
the control data that are superimposed in FigB4ndD (thin ing session, except the ones in which the perturbations oc-
traces). On average, also the air-puff- and gaze-evoked blircksred very early or very late in the burst, were averaged (
were different. However, by selecting a subset of responses wigstween 20 and 8Qr = 4 ms) and subsequently normalized
comparable eyelid traces, it could be excluded that the differeneéth respect to the mean. Figure AandB, shows the results
in SRBN discharge were merely due to differences in blinkf this procedure for each neuron (thin curves) when data were
magnitude (data not shown). aligned to air puff onset and blink onset, respectively. Aver-
As illustrated by the preceding examples, SRBNs showediged data of the seven neurons (thick curves) are superim-
transient decrease in their discharge following the onset of pased. As may be inferred from these data, the suppression
air puff. Although present in most cells tested, this suppressistarts, on average; 10 ms after the air puff onset and leads the
was often far from complete and variable from trial to trialblink onset by an approximately similar amount. About 10-30
Moreover, at the time of the air puff (fixed re. target onset, sees after the blink onset, the SRBNs resumed their discharge.
METHODS), the amount of presaccadic activity was variable dug@ome caution is called for with regard to the interpretation of
to considerable scatter in the onset latencies of the motor bultst data in Fig. B because movements of the contralateral,
with respect to target onset (see Fig.A4andC). It was not unstimulated eyelid were used to detect blink onsets. However,
possible therefore to quantify the onset latency and the duratasindicated in the companion paper (Goossens and Van Opstal
of this phenomenon for each neuron with the same accura@@00), it is reasonable to assume that there is no significant
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1.5 A the cell’'s movement field. For neurons showing clipped or
partially clipped activity in the control conditiom(= 13), the
burst duration was measured from 20 ms before saccade onset
to the time when the spike density fell below 1% of the peak
value. To determine, in a comparable way, the duration of the
high-frequency motor bursts in cells with an unclipped dis-
charge patternn( = 12), we first estimated the end of their
high-frequency burst in the averaged control data by looking at
the transition point between the high- and low-frequency dis-
charge (see Fig. 6 for an illustration). The ratio between the
peak spike-density and the spike density at the end of the burst,
thus derived from the averaged control data, was subsequently
used to detect the duration of each individual burst (for the
different neurons, actual cutoff values ranged between 10 and
30% of the peak discharge rate). The latter was done by a
computer algorithm that computed spike density functions with
a o of 10 ms (seaeTHoDS). Because of the reduced firing rates
during perturbed saccades (see e.g., Figs. 2 and 3; see also the
guantitative data in following text), this relatively wide kernel
was needed to obtain a more robust detection in both the
perturbed and unperturbed condition (sameused in both
conditions and for all neurons). Although this procedure tends
to overestimate the absolute duration of individual bursts (de-
pending on the actual cutoff value), this overestimate is virtu-
ally fixed (within ~5 ms) across trials. It therefore has a
negligible influence on the slopes and correlations of the linear
regression analysis reported in the following text.
-1 Figure 6,top andbottom,illustrates the results of this anal-
-40 -20 0 20 40 60 80 100 ysis for two different SRBNs. In Fig. 6A and C, the burst
Time re. Blink Onset (ms) duration is plotted versus eye-movement duration for all sac-
Fic. 5. Time course of the blink-related suppression and resumption @ades around the respective movement field optimum. The data
SRBN dischargeA: averaged and normalized spike density waveforms fromghow that the duration of the motor burst of both cells corre-

7 SRBNs (thin curves), aligned with air puff onset. Trials in which thefated well with the actual saccade duraticnnz( 0.85 andr =
perturbation occurred very early or very late in the burst were removed fr )

the data sets. Each curve was normalized with respect to its mean. Althocl)slglﬁ_5 in ':'9- G’A andC, reSpeCtlve_ly’ pooled conditions). As
the precise onset of the suppression is ill defined for each neuron (see texif)@icated in Fig. 8, a 1% detection level could be used to
crude estimate from the averaged cell data (thick curve) indicates a latencyméasure the burst duration oéll pj6701since its discharge
~10 ms relative to the air puff onseB: same data as i, but now the anded quite abruptly near the end of control saccades (i.e.,

individual responses(between 20 and 80) were aligned to the onset of thg,: ;
(consensual) blink. Note that the suppression starts, on averd@ens before 8I|pped d|scharge).Neuron er0904, however, showed a

the blink onset. Approximately 10-30 ms after the blink onset, the neuropélilun O_f _pre!Ude aCtiYity and a gradual dQC"ne of postsac-
resumed their discharge. cadic activity (i.e., unclipped discharge). As illustrated for the

control condition in Fig. B, the end of its burst discharge was
latency difference between ipsi- and contralateral eyelid movgerefore taken at 30% of the peak discharge. Defined in this
ments as the short-latency, uncrossed R1 component of ¥y, it appeared that the correlation between saccade and burst
primate blink reflex hardly contributes to movements of thguration was much more comparable for the two cells than
eyelid (Bour et al. 2000). could be simply inferred from the spike density waveforms

obtained in the control condition. Based on control saccades
Quantitative analysis of the saccade-related discharge only, the relation between saccade and burst duration appeared

to be less strict, as may be observed particularly for control

Unlike in previous saccade interruption paradigms, th@sponses obtained fromeuron er0904Note, however, that
evoked perturbations in the present experiments typically af-

; is apparent lack of correlation is mainly due to the substantial
fected the entire saccade. Nevertheless the data presented s@% bp y

o . ! : unt of intrinsic noise in the cell’'s responses (see also
indicate that the response properties of SRBNs during blinkp ks and Mays 1980) combined with the stereotyped nature
perturbed saccades showed qualitatively similar features

o= Sthe control saccades. Indeed when only the perturbed re-
have been observed during interrupt saccades (Keller and E ‘EJ'()nses (filled circle) in Fig. @ were considered, a high

man 1994; Munoz et al. 1996). Therefore to facilitate & COMdy relation between saccade and burst duration was obtained
parison between_the interruption data an_d t.he present data sRly for this neuronr(= 0.87).

we started out with a comparable quantitative analysis. The histograms in Fig. 7 present a quantitative summary of
BURST DURATION. The raw data in Figs. 1-3 indicate that thehe results for all 25 neurons analyzed in this way. Figuke 7
SRBNs showed a prolonged burst discharge until the perturlbsftbws the range of correlation values (pooled conditions). Note
eye movement ended. To quantify this feature, we determingtt the burst duration correlated well with the actual saccade
the duration of the motor burst for each individual saccade intluration in the majority of SRBNs; i.e., 20 neurons showed a
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FIG. 6. Duration of the motor burst vs. saccade
duration for 2 different SRBNSA and B: burst dura-
tion of an SRBN §j6701) that showed a clipped
discharge. Data points iA scatter closely around a
regression line with a slope of 0.90, indicating that the
end of the motor burst in control trials (open circle)
and perturbation trials (filled circle) was tightly cou-
pled to saccade offset. As indicatedBnburst dura-
tion was measured from 20 ms before the saccade
onset (vertical dotted line) to 1% of the peak discharge
(horizontal dotted line; “1% level”). Plotted are the
averaged radial eye positiok)and the spike-density
waveform D; o = 10 ms) of a series of control
saccades corresponding to the neuron’s optimum vec-
tor ([R, ®] = [50, 0] deg).C andD: comparable data
for the high-frequency burst of an SRBBIr0904 that
showed long-lead presaccadic activity. Note the
buildup of prelude activity and the gradual decline of
postsaccadic activity after the burst. Burst offset was
taken at 30% of the peak discharge (“30% level”),
where the mean spike-density waveform showed an
inflection. Also for this neuron (optimum aR[P] =
[12, 180] deg), a significant relation between saccade
duration and burst duration was obtained. This was
most evident from the cell's responses in the per-
turbed condition (filled circle; correlation coefficient
r = 0.87; slope= 1.13). Slopes and correlations
indicated inA andC are based on pooled data from the
2 conditions.

Saccade Duration (ms)

significant correlation 0&=0.4 (P < 0.001). Low correlation bation trials in which the saccade kinematics appeared to be
values €0.2) were obtained for five neurons. Since the sabardly affected were excluded from this analysis (typically
cade-related response of these latter neurons consisted &f5-10% of the trials).

weak burst discharge that contained only a few spikes, it mayFigure 8 illustrates the results of this analysis for the two
not be surprising that the activity measured during individuakurons shown in Fig. 6. Plotted are histograms of the number
responses showed no significant correlation with saccade dfi-spikes in the burst and the total number of spikes on
ration (P > 0.1). Indeed the strength of the correlation betweéndividual control trials (op) and perturbation trialsbptton).
saccade duration and burst duration appeared to be related\tBough the average number of spikes in the burst was
the average mean firing rate of the cells measured for contgightly higher for perturbed saccadestdst, P < 0.01), the
saccades of optimal amplitude and direction= 0.56,P < difference between the two conditions was remarkably small.
0.001; not illustrated). FigureBrshows the range of slopesthjs result was obtained fdrothneurons (Fig. 8A andB, and
obtained by fitting regression lines to the data of each particular, ,q F), even though the number of spikes in the burst of the

cell (see Fig. 6). It may be observed that a wide range of SIOHSﬁg-Iead SRBN ¢r0904 was only a limited fraction of its

(0.0-0.98) was obtained and that the skewed distribution %?al number of spikes (compare Fig.BandF with G andH).

Its medlfén:o.bT LIITettréetCOILelatlon vafl_u_es, thf slcopes ?Imsglqe latter readily indicates that the long-lead SRBN also
ggr?teiglresacga dgsrre(’_a % 510 p i rg%zin nlcr)ltngh:)?/ven) Olrt 3\';!5 owed a considerable amount of pre- and postsaccadic activ-
verified that the resulté s,hown iﬁ Fig 7 did not. criticalh}ty-(See also Fig. b). Note, however, that the total number_ of
d d on the precise cutoff values used to detect burst offsg lkes fO( control responses and per_turbed responses in the
ependon P 860-ms window was very similar too (Fig. 8,andH). For the
BURST MAGNITUDE. The raw data in Figs. 1-3 illustrate thatshort-lead SRBN 6707, the number of spikes in the burst
the discharge rates were substantially lower during blink-peand the total number of spikes was very similar (compare Fig.
turbed saccades. However, the impression was obtained Ba andB with C andD), which is readily understood from the
the number of spikes in the motor burst was approximatetyipped nature of its discharge (see also FiB. &d piscus
similar for perturbed and control saccades. To better quantipn).
this property, we counted the number of spikes in each bursiThe scatter plots in Fig. 9 summarize the quantitative results
for saccades of optimal amplitude and direction using a tinfier all 25 fully tested SRBNs. The data in FigA8how that, on
window that ranged from 20 ms before saccade onset to sagerage, the mean number of action potentials during perturbed
cade offset. For comparison, the total number of spikes befosaccades increased slightly with respect to the control condi-
during, and after the saccade also were quantified by countii@n. As a result, the linear regression line had a slope of 1.14
all spikes over a fixed 800-ms window starting 100 ms aftand a correlation coefficient of 0.94. Yet in view of the con-
target onset (which excluded visually evoked activity). Pertusiderable spatial-temporal disturbances, the number of spikes
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tivity of the cells, indicated by the slope values, varied sub-
stantially from cell to cell (range: 0.04—1.68 spikes/s per °/s;
median: 0.28 spikes/s per °/s) and depended on a cell's average
mean firing rater(= —0.42,P < 0.04; cf., Fig. 10A andB).

The data presented so far demonstrate that the temporal
characteristics of the SC activity during blink-perturbed sac-
cades were considerably modified with respect to the control
condition. In summary, we found a transient decrease in SRBN
activity around the onset of a blink as well as a subsequent
prolongation of the SRBN discharge in line with the increase in
02 04 06 08 1 saccade duration. Moreover the mean firing rate was reduced

Correlation during perturbed saccades in such a way that there were an
approximately equal number of spikes in the burst as for
control saccades. These findings therefore show that blinking
interferes with saccade generation at the level of the midbrain
SC.

A BURST DURATION

Intrasaccadic discharge in relation to the 2-D saccade
trajectory

The observed linkage between saccade duration and burst
duration (Figs. 6 and 7) could be expected if the SC is part of
the local feedback loop that is thought to control the saccade

02 04 06 08 1 . . . ;
Slope trajectory (seentrobucTion). To further investigate this pos-

sibility, we therefore analyzed the intrasaccadic discharge of
;gﬂllicular neurons in relation to th2-D saccade trajectory.

Slopes and correlations are based on pooled data from control trials @mATIAL PROPERTIES. Figure 11 shows a typical example of the
perturbation trials (typicallypn > 50) and are pooled for the different SRBN ragylts of this analysis for an SRBN that was most active for

FIG. 7. Quantitative summary of the relationship between saccade
burst duration in the sample of 25 collicular neurons recorded in 3 monk

subtypesA: intermediate to high correlations were obtained for the majority qf - ~
neuronsii = 20;r > 0.4; P < 0.001). No significant correlation was obtainecghpward control saccades (movement field cerfir]] [35,

for 5 cells ¢ < 0.2; P > 0.1). B: range of slopes obtained by fitting linear 90] deg). Figure 11A-C, shows the 2-D trajectories of a
regression lines to the data (see Fig. 6). Slopes tend to cluster around 0.7-0eturbed saccade and a control saccade toward the same target

(Fig. 11A; T at [R,®] = [27, 60] deg) as well as simultaneous
for perturbed saccades was remarkably similar to the numbetords of the cell’s discharge during each of these movements
of spikes in the burst for control movements. Indeed th€ig. 11,B andC, respectively). Figure 1D—F, shows data of
apparent increase was not significatateist,P > 0.1) in about two visually evoked control saccades that matched to the two
half of the cells § = 15) and did not reach the 1% criterion insubsequent eye-movement phases that were present in the
another three neurons. Since blink-evoked perturbations typerturbed saccade. Comparing the perturbed response in Fig.
cally resulted in much longer saccade durations, the me&iB to the control response in Fig. €lone may observe that
firing rate was substantially reduced in the perturbed conditicthe duration of the saccade-related discharge during the per-
This is further quantified in Fig.B Note that the slope of the turbed response exceeded the normal burst duration by far. The
regression line is now only 0.48, indicating a significant renost important feature, however, is that the cell resumed its
duction in the mean firing rate across the recorded SRBNarst activity after the blink-related suppression even though
(t-test,P < 0.01 for 17 cells). Similar results were obtained fothe direction of the compensatory movement (rightward) did
movements of less optimal amplitude and direction (data nedt match thedirection of the cell’s movement field (upward).
shown). The latter becomes evident by noting that the compensatory

When the number of spikes in the burst is fixed and bunstovement in Fig. 18 was almost equivalent (albeit slower) to
duration correlates with saccade duration, it may be expectée rightward saccade plotted in Fig.BL(cf., Fig. 11,AandD)
that the mean firing rate in the burst is related to the meand by noting that the cell was not at all recruited for this
saccade velocity (defined as amplitude/duration). This featwentrol saccade. Because the neuron resumed its burst activity,
is exemplified in Fig. 10A andB, which shows this relation for we conclude that the compensatory movement was still part of
the two cells also illustrated in Figs. 6 and 8. Note that thetke initial saccade program specifying an eye displacement up
was a significant® < 0.01) correlation for both cells & 0.54 and to the right. If the compensatory movement had instead
andr = 0.49 in A and B, respectively). Figure 10C andD, been generated by a new motor command specifying a right-
summarizes the correlation coefficients and slopes of the linggird eye displacement, the discharge of the neuron should
regression lines, respectively, for the whole population of 2&ave stopped completely when the eye moved rightward (see
fully tested cells. The correlation was highly significant for th€ig. 11E). Note that these results closely resemble the results
majority of cells P < 0.0001 forn = 13 cells, and 0.000% obtained in the interruption paradigms used previously (see
P < 0.01 forn = 9 cells), two cells did not reach the 1%inTrobucTion) except that in this case the direction of the
criterion, and only one cell showed no significant correlatiocompensatory movement has been altered too. The initial
(P > 0.1). The population average of the correlation coeffphase of the perturbed response is also quite interesting. In this
cients was 0.67 (range: 0.28—0.90; median: 0.72). The sermt of the response, the eye movement was direictedthe
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FiG. 8. Similar number of spikes in the burst for control and perturbed saccades toward the movement field center illustrated
for 2 different SRBNs. The burst was taken from 20 ms before saccade onset until saccade offset. The total number of spikes before,
during, and after the saccade was quantified over a fixed period of 800 ms starting 100 ms after targat-Dnseta obtained
from a clipped SRBN showing little prelude activitpj6701). Same neuron as in Fig. 8,andB. HistogramsA andB show the
number of spikes in the burst for control and perturbed saccades of optimal amplitude and direction. His@grahis show
the total number of spikes in the same trials (800-ms window). The average number of spikes in the burstwagm&an=
SD; n = 18) and 23+ 8 (n = 15) in A andB, respectively. The average total number of spike€ endD was 19+ 6 and 23+
6, respectivelyE—H: similar data from an unclipped cell showing long-lead presaccadic actaif®04. Same neuron as in Fig.

6, C andD. The average number of spikes in the burst was28 (n = 20) and 30+ 3 (n = 10) in E andF, respectively. The

average total number of spikes@andH was 63= 7 and 62+ 9, respectively. Note that the number of spikes in the burst for

control saccades and perturbed saccades was very similar for both neurons. Note also that the total number of spikes appeared to
be similar too and that the number of spikes in the burst was only a small fraction of the total number of spikes for the neuron shown

in E-H.

cell's movement field (upward). As may be observed in Fignodified the saccade kinematics but also changed the 2-D
11, A andD, the amplitude and direction of this initial move-saccade trajectories, additional phase plots were made of spike
ment were comparable with that of the upward control saccadensity versus the respective horizontal and vertical motor-
Note, however, that during the upward movement in Fi@,11error components. Spike density functions were computed with
the cell showed a near-complete cessation of activity (see figs} of 4 ms and shifted backward in time by 4—8 ms to obtain
50-60 ms), whereas the cell discharged vigorously for thge pest linear decline as function of radial motor error for
upward control saccade plotted in Fig FLBecause the SRBN gntrol responses (Waitzman et al. 1991).

showed a near-complete cessation of activity even though therypical results of this type of analysis are illustrated in Fig.
eye moved in the optimal direction of the cell, we conclude thab for one of the recorded SRBNs. Saccades were evoked
the SRBN discharge did not mediate the _upward trajectofyward targets atR, ®] = [14, 60] deg, which corresponded
perturbation. If the upward movement had instead been geilssely to the movement field optimum of the cell. As in Fig.
erated a (modified) collicular command specifying an upward| ' the instantaneous movement direction of the eye during the
eye displacement, the cell should have continued its vigorogismpensatory phase fell outside the neuron’s movement field
discharge during the upward movement (see Fig:)15um- (right and upward; not indicated) and was approximately or-
marizing these results, it appears that the actual 2-D traject@Rpgonal to the movement direction during control saccades
of the perturbed saccade was not reflected in the SRBN digge Fig. 12). The neuron’s prolonged motor burst for per-
charge pattern. turbed saccades is depicted in FigB1Zhe phase plots in Fig.
DISCHARGE DYNAMICS. For all neurons that could be tested irl2, C—E, show spike density as function of radial, horizontal,
detail, phase plots were constructed of instantaneous spétel vertical motor-error components, respectively. Note that
density versus radial motor erroME; difference between the intrasaccadic decline of spike density during control sac-
desired and current eye displacement) by following the sarnades (averaged data only; thin solid curves) was nearly lin-
method utilized in previous studies (Keller and Edelman 199darly related to the decrease éachmotor error component.
Munoz et al. 1996; Waitzman et al. 1991). The majority ofhe latter results, of course, from the fact that the control
these cellsf = 17) showed a monotonic decline of spikesaccades were approximately straight (see Fig).12or per-
density as function of decreasing radial motor error for contrairbed saccades (averaged data: thick solid cynnelvidual
saccades toward the center of their movement field and weesponses: dots at 2-ms time resolution), however, clearly
therefore subjected to a further analysis. Since blinks not ordifferent curves were obtained that were no longer monotonic.
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among the 17 neurons analyzed in this way. The plots in Fig.
13, A-C and D-F, show the results obtained from two other
SRBNs whose temporal discharge patterns are shown in Figs.
2 and 3, respectively. Although these SRBNs were endowed
with quite different pre- and postsaccadic discharge properties,
. the three plots of intrasaccadic spike density versus dynamic
.S motor error were qualitatively similar for the two neurons. In
. both cases, the final portion of the phase curves tends to
...-." coincide for radial and horizontal motor error components. Yet
because of the highly curved nature of the saccade trajectories
p:0234 (see also Goossens and Van Opstal 2000), spike density versus
a slope = 1.14 vertical motor error yielded nonmonotonic relations also at the
4 end of the perturbed movements.
, ‘ , Figure 1% shows the average normalized behavior of all 17
0 10 20 30 40 50 60 neurons during control saccades (population average only;
# Spikes in Control Burst thick dashed curve) and during perturbed saccades (population
average: thick solid curve; individual neurons: thin solid
curves). Note that the phase relations are clearly different for
the two conditions. Only three neurons showed a more or less
25 . similar relation for two conditions, but in those recording
r=0.89 sessions, the actual perturbations were relatively small. A
slope = 0.48 direct comparison between the average control and perturbed
: response of each individual neuron is provided in Figd1®
this figure, the average normalized activity during control
saccades is plotted against the averaged normalized activity
during perturbed saccades (thin curves) for corresponding ME
values. The population average is superimposed (thick curve).
Both radial motor error and time are implicit in this plot. Note
that there are large deviations from the identity line (dashed),
indicating that there was no consistent relation between spike
density and dynamic motor error in the far majority of cells.
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FIG. 9. Number of spikes in the burst and mean firing rate in the burst for

control and perturbed saccades of optimal amplitude and direction for all 25So0 far we have presented an analysis of the SRBN dis-
fU:'yt_teftelqmce”Sh-Ai the average nthquef °ft_sl|3itkes in tlhe bUfStt_ Sho‘f’Vféharge properties during saccades that compensated for the
relatively little change even though the spatial-temporal properties o : ; ; ;
saccades were always substantially modified. In most neurons, the numbeﬁdpk_related perturbatlons. Typlcally the SC Ce.”S remamed
spikes in the burst increased only slightiy € 0.01 forn = 7 cells:P > 0.1 active throughout these movements, irrespective of the in-
for n = 15 cells), resulting in a slope of 1.14 of the regression line. Averaggtantaneous eye-movement trajectory. It is therefore of in-
spike counts were typically based arl0 trials, and in no case were5 trials  terest to also consider what happened in cases where com-

used.B: a significant reduction of the mean firing rate in the burst was obtain n ion w n | n nd Van I
for most cells ( = 17; P < 0.01), resulting in a slope of only 0.48 of the‘?fb satio as absent (see also Goossens and Van Opsta

overall regression line. This is readily understood from the fact that comp%ooo)' Although this latter response mOde_WaS qwte uncom-
rable spike counts were obtained for movements of much longer durationdnon (usually no more than 15% of the trials), it was typi-
cally found in those cases that the cell stopped firing well
At the onset of perturbed movements (i.e., at the lariSt before the eye-movement offset. Examples of this behavior
values), spike density fell significantly below the contrchre shown in Fig. 14.
curves. Interestingly, the relation of spike density with radial Figure 14A depicts the 2-D trajectories of four blink-per-
and horizontal motor-error (Fig. 122 and D) became, on turbed saccades-(- ; mean indicated by-) that showed com-
average, comparable with the control relation near the endpensation for the disturbance (mainly in velocity). The cell’s
the movement (i.e., aME values below~5°). One may prolonged burst discharge until the end of these saccades into
realize, however, that the actual 2-D saccade trajectories wiasemovement field (center aR[ ®] = [40, 200] degq) is plotted
considerably different during this compensatory phase (seeFig. 14B. Figure 14C andD, shows the data obtained in five
Fig. 127A). Hence it appeared that the neuron showed a coperturbation trials where no compensation occurred. Rather
parable instantaneous discharge but for quite different egfter the initial movement toward the target, the eye started
movements. The latter is underlined by FigEL®hich shows moving upward, a direction that was not into the cell's move-
that the relation of spike density with vertical motor error wasient field (leftward; not indicated). It can be clearly observed
very different from the control curve throughout the perturbetthat in these cases the cell’s initial burst discharge stopped as
movement. As can be noticed in Fig. ®andB, this results soon as the eye stopped moving toward the target.
from the fact that vertical motor error did not change mono- These observations raised the question what would happen
tonically as function of time. in the converse case when a nongoal-directed movement would
Figure 13 demonstrates the reproducibility of these findinge made into a cell’'s movement field. We therefore attempted
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vidual responses in controb) and perturbation &)
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Mean Eye Velocity (deg/s) Mean Eye Velocity (deg/s) cell er0904(buildup type).C: summary of the corre-

lation coefficients obtained for all 25 fully tested cells.
For the far majority of cells (22/25), the correlation

5, C 617 D was significant P < 0.01). Population average was
0.67 (median: 0.72; range: 0.28-0.90). slopes of
the regression lines for all 25 neurons vary substan-
tially from cell to cell, although clustering occurs
between 0.0 and 0.25 (median: 0.28 spikes/s per °/s;
range: 0.04-1.68 spikes/s per °/s).
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to elicit such eye movements in the direction of the preferrgmtofound influence on the saccade-related discharge of collicu-
vector of several neurons studied, but sufficient data could la@ SRBNs. In summary, it was found thatLO ms after the air
obtained in only three recording sessions. It is neverthelgasff reached the eye, SRBN activity was briefly suppressed,
interesting to consider the results of this particular experiment10 ms before the onset of the evoked blink reflex; all re-
which is illustrated in Fig. 15 for one of these neurons. Figuigrded SRBNs resumed their discharge shortly (10-30 ms)
15A depicts blink-perturbed saccades toward target T1, whigler the blink onset; all SRBNs continued their discharge for
was flashed on the horizontal meridian. Note that all movgnal-directed saccades into their movement field, irrespective
ments were goal-directed and showed compensation for fi€the saccade duration and irrespective of the instantaneous
blink-related perturbation. Despite the disturbances, the neurQn,_movement direction: the duration of the high-frequency

(err];1r10]) sho;\_/ed a dbrisk dhischarge durir;_g lhhese .movegen rst was approximately matched to the overall saccade dura-
which were directed into the movement field (optimum I[tion for the majority of cells, regardless of their pre- and

@] = [14, 150] deg). Figure 15 shows the cell's response o e o
during a series of control saccades made outside its moven%%ﬁigcgﬁg'Ctr?i'jseir:grrigees I?/:/(;Fr)eerttl)?)?h agrrlo(;ggrr: dtl?le;f?ec;zge ;(r;r(;e

field. As one may readily infer from this figure, the neuron wasd : )
completely silent during these movements. Figur€ $hows vgn_able, the number of spikes in the burst was remarkably
blink-perturbed eye movements that were obtained while tRinilar for control and perturbed movements, whereas the
animal was required to make saccades toward T2, but fgan firing rate was strongly reduced50%); for most cells,
compensation occurred. Luckily the resulting eye movemenfi€an firing rate in the burst and mean eye velocity were well
in these particular trials were directed into the cell's movemef@rrelated; the monotonic relation between spike density and
field, and they were also quite comparable to the ones showrflynamic motor error, often observed for control saccades,
Fig. 15A. Note, however, that the cell's burst discharge rdroke down for perturbed saccades; large changes in instanta-
mained absent (Fig. . The two other SRBNs showed aneous eye-movement direction were not reflected in the instan-
similar behavior. These data therefore support the idea tt@Beous discharge rate of SRBNs; SRBN activity stopped pre-
SRBNs are recruited only for planned movements into theiaturely when saccades showed no compensation; and finally

movement fields. SRBNs remained silent when eye movements made into
the cells’ movement field were not part of a planned move-
DISCUSSION ment.

Taken together, the data presented in this paper and in the

In the present experiments, we have investigated the infkempanion paper (Goossens and Van Opstal 2000) show that

ence of blinking on the saccade-related discharge patterngefiex blinks change many parameters: saccade latency, eye

the intermediate and deep layers of the SC. The results deralocity, saccade duration, and saccade trajectories as well as
onstrate, for the first time, that trigeminal reflex blinks have @RBN firing rates and SRBN burst duration. The only two
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T Fic. 11. SRBNs resumed their burst activity ir-
F F Right respective of the instantaneous eye-movement direc-
tion. Example fromneuron pj4204. A 2-dimen-

B E sional (2-D) trajectories of aontrol saccade and a

perturbedsaccade of equal amplitude and direction
L evoked from the fixation pointH) toward a briefly
\ / Ia‘“‘ flashed visual targefT( presented atR, ®]] = [27,
60]). The movement field optimum was &,[®] ~
. [35, 90]. B and C: plots of eyelid [, vertical) and
H H __J Right eye H, horizontal;V, vertical) position as function

of time for the 2 movements shown k. Simulta-
neous records of the neuron’s activity are plotted
underneath. Shown are the spike density functions
I 10 deg (D; ¢ = 4 ms) and individual action potentials
v (vertical lines).D—F: similar data for arupwardand
a rightward control saccade matched, respectively,
to the initial upward and subsequent rightward eye-
D D movement phase of the perturbed saccade shown in
| T O L A andB. Note that the burst activity of the cell was
transiently suppressed (see 1st 50—60 after saccade
onset inB) even though the perturbed saccade con-
) sisted of an initial upward movement that was di-
C F #pj4204 rectedinto the cell’'s movement field (see burstfi.
Note also that the neuron subsequently resumed its
L ————— burst discharge until the eye had reached the target
(seeB) despite the increase in movement duration
with respect to the control saccadeGrand despite
H the fact that the rightward, compensatory movement
H fell outsidethe cell's movement field (see absence of
activity in E).
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variables that remained virtually unaffected were the overall Nevertheless, (large) saccades tend to be accompanied by
saccade displacement vectors and the number of spikes inltlieks (Evinger et al. 1991; Zee et al. 1983), the gaze-evoked
burst. Our findings therefore strongly suggest that the numbsinks, which may result from a linkage between the saccadic
of spikes in the burst of collicular SRBNs specify the desireahd blink systems (Evinger et al. 1994). Furthermore despite
displacement vector of the eye rather than its actual 2ibe suppressive effect on SRBN activity, air-puff-evoked
trajectory. The data also indicate that the observed perturldinks yieldedreducedsaccade latencies (see Goossens and
tions of the saccade trajectories are compensated by median Opstal 2000). Presumably, this effect results, at least in
nisms that act downstream from the motor SC rather than pgrt, from saccade-blink interactions at a different level in the
local feedback through the SC. This hypothesis will be dipremotor circuitry. It has been shown that blinks are accom-

cussed in the subsequent sections. panied by a pause in the tonic OPN discharge (Cohen and Henn
1972; Fuchs et al. 1991; Mays and Morrisse 1994). As a result,
Saccade-blink interactions the reduced firing rates of collicular SRBNs (Fig)%an still

gain access to the saccadic burst generator, which is otherwise
Previous experiments have shown that trigeminal refléxhibited by the OPNs. Apparently, these low collicular acti-

blinks are suppressed by excitation of the SC presumalfytion levels also result in much slower saccades (e.g., Figs. 2
because the SC excites a nonsaccadic pathway that inhibitsdhe 3 and 10) (see also Berthoz et al. 1986; Van Opstal and
reflex blink circuitry (Basso and Evinger 1996; Basso et allan Gisbergen 1990).
1996; Gnadt et al. 1997). The results of the present study show
that reflex blinks (or blink-evoking air puff stimuli), in turn, ; ;
inhibit saccade-related activity of the SC. Thus the picture Og.lppressmn of SREN discharge
an antagonist interaction between the saccade and blink sysAn interesting feature that was observed in most of the
tems emerges. recorded SRBNs was a brief suppression of their discharge
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Fic. 12. Typical discharge dynamics in relation to the 2-D trajectories of visually evoked saccades, illustrated for 1 of the
recorded SRBNspj5501). A: 2-D trajectories of a series of control saccades and blink-perturbed saccades toward targets flashed
at [R, ®] = [14, 60]. Amplitude and direction of the saccade vectors closely matched the cells’ optimum vector, but the
compensatory movement during perturbed saccades was approximately orthogonal to the control trajgctpikes.density
functions D; o = 4 ms) and horizontalH) and vertical {/) eye position components as function of time. Control movements and
spike density functions are cutoff for clarity. Note sustained discharge during perturbed saccades until eye-movement offset even
though the compensatory movements were nadsidethe cell's movement field (right and upward; not indicatée}E phase
plots of spike density versus radial, horizontal, and vertical dynamic motor &y ¢omponents, respectively. Dynamic motor
error is the difference between saccade endpoint and instantaneous eye pBsitior-(H, — Hgg VME = V, — Hg g RME =
VHME? + VME?). The curves begin at the largest motor error values and proceed, in a counterclockwise loop, toward 0. Time is
implicit in these plots. The spike density functions were shifted backward in time by 7 ms to obtain the best linear decline as
function of radial motor error for control saccades. Note scale differences. Each panel shows the sampled records of individual
perturbed responses (dots at a time resolution of 2 ms). Solid lines show the averaged control responses (thin lines) and perturbed
responses (thick lines). Dashed linesOnE denote standard deviations of the averaged control curves. Note the monotonic, nearly
linear, relation witheachmotor error component for control saccades. Also note quite different and complex, nonmonotonic curves
in the case of perturbed movements. The final portion of these curves tends to coincide with the control cliavegDnbut not
in E due to the highly curved nature of the saccade trajectories (see also Goossens and Van Opstal 2000). Hence, the neuron showed
a comparable activity near the end of the perturbed and control movements, even though the instantaneous eyeditecgarent
was distinctly different (sed).

following the onset of an air puff (Figs. 2-5). Also the meaexcitatorybecause their study showed that SC neurons increase
firing rates were reduced considerably in the majority of celtheir discharge in relation to nociceptive and wide-dynamic-
(Fig. 9). Our experiments provide no direct evidence concemrange facial stimuli in anesthetized rat. It is unclear, however,
ing the mechanisms underlying these phenomena. whether they recorded from movement-related cells analogous
to SRBNSs. In our present experiments, we obtained no evi-

served suppression is due to afferent input from principdfnce that SRBNs in the monkey SC are excited by trigeminal

sensory and spinal trigeminal neurons that innervate the S@Nas.

(e.g., Huerta et al. 1981, 1983; Wiberg et al. 1987). ThisEREBELLOTECTAL PATHWAY. An alternative possibility is
possibility is supported by our observation that SRBN activithat a cerebellotectal pathway mediates the suppression of
was only mildly affected by gaze-evoked blink, whereas @RBN activity. As reported by May et al. (1990), the mon-
strong suppression was observed during air-puff-evoked blirkey SC receives cerebellar input via two pathways. One, the
ing in about one-third of the cells (Figs. 4 and 5). Also théastigiotectal pathway, is derived from cells in the caudal
latency of this effect, estimated at10 ms relative to air puff fastigial nucleus that project bilaterally to the rostral SC.
onset (Fig. 5), seems to be roughly in line with what could bEhe other pathway is derived from cells in the interposed
expected for a trigiminotectal pathway in rhesus monkegucleus and the dentate nucleus, which project to the inter-
However, it is currently unknown whether the SRBNs imediate and deep layers of the contralateral SC. In cat,
monkey receivénhibitory trigeminal signals, either directly or cerebellar dentate neurons are related to both saccade and
indirectly (via interneurons). Earlier work, by e.g. Redgrave elyelid parameters (Gruart and Delgado-Gart994). How-

al. (1996), suggests that trigeminal afferents to the SC aeer, it remains to be determined whether dentate projec-

TRIGEMINOTECTAL PATHWAY. One possibility is that the ob-
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Fic. 13. Relation between instanta-
neous spike density and dynamic motor
error was different under the 2 experimen-
tal conditions. A—F: phase plots of in-
trasaccadic spike density as function of
dynamic motor error for 2 representative
neurons endowed with different presac-
cadic and postsaccadic discharge proper-
ties. Same layout as Fig. 1Z-E A-C
spike density of a clipped SRBNj6203
as function of dynamic motor error. The
activity of this neuron as function of time
is shown in Fig. 2 (same responses, except
the 2 with a late perturbationp—F: sim-
ilar data for an unclipped SRBNef1101)
endowed with long-lead presaccadic activ-
ity. Figure 3 shows the temporal discharge
pattern of this neuron during the same re-
sponses (except the 1 response with a late
perturbation). Note clearly different phase
curves for control saccades (thin curves)
and perturbed saccades (thick curves) in all
6 panels but qualitatively similar results
for the 2 SRBNs.G: normalized phase
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10 & a 10 function of radial motor error to account
o ) 0§ for variability in saccade kinematics (see
go08 Population g,‘; 0.8 METHODS). H: spike density during per-
= n=17 o turbed saccades vs. spike density during
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Control Responses

tions to the SC exert a short-latency, transient inhibitorgon’s and Huntington’s disease give rise to both marked ocu-
influence on collicular SRBNs. lomotor deficits, such as slow saccades, and an abnormal reflex
blink excitability that may be partly due to a disturbed SNr
jnput to the SC (Basso and Evinger 1996; Basso et al. 1996;
ronstein and Kennard 1985; Hikosaka and Wurtz 1983; Leigh
al. 1983; Rascol et al. 1989; White et al. 1989). Taken
gether, it is conceivable therefore that the SNr could be
volved in modifying the SRBN discharge during blinks.

before and during a saccade, thus allowing a brisk burst d s(_arhaps reflex blinks give rise to a transient excitation of SNr

charge by collicular SRBNs (Hikosaka and Wurtz 1983). R ells, causing a suppression of SRBN burst discharge. The
cent studies in rat have furthermore indicated that the amgfee" dm txrn_, V.\I’OULd faf[:r']“taf‘e hreﬂ(-i)x b|ll’lkSt fat thedtlkr)neMofHaf
tude of reflex blinks can be modulated through a nigro-tect accade. A simiiar hypothesis has been put forward by vicHal-

spinal pathway (Basso and Evinger 1996; Basso et al. 19 g et al. (1989), who proposed a model of competitive inter-

1996: Evinger et al. 1993). Inactivation of the SN by micro:glctions between SC-mediated orienting and defensive reflexes,

injections of muscimol, for example, yielded a suppression 8} Which the orienting responses are suppressed by inhibition
Ia the basal ganglia while withdrawal responses are initiated.

reflex blinks in rats (Basso et al. 1996) as did electrical micro: ; ; . .
stimulation of the SC in both rats and monkeys (Basso et owever, it remains to be shown that blinks actually influence
e activity of SNr cells.

1996; Gnadt et al. 1997). Microinjections of muscimol into th
rat SC, in turn, led to an enhancement of reflex blinks (Bas8@RACOLLICULAR MECHANISMS. A transient suppression of
et al. 1996). In addition, neurological disorders like ParkifSRBN activity also occurred when intrasaccadic microstimu-

NIGROTECTAL PATHWAY. A third possibility is that the sub-
stantia nigra pars reticulata (SNr) of the basal ganglia is i
volved. As far as we know, only the SNr is currently known t
have strong inhibitory projections throughout the motor Sf
(e.g., Beckstead et al. 1981; Graybiel 1978; May and H f
1986). Many SNr cells normally decrease their tonic dischar
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Fic. 14. The SRBN discharged stopped
well before the end of the movement when
there was no compensation for the blink-
related perturbation. Data frooell er0603.

A and B: spatial trajectories and eye-posi-
tion traces K andV) of blink-perturbed eye
movements into the cell's movement field
(optimum R, @] ~ [40, 210] deg) exhibit-
ing compensation. Spike density functions
(D) show the synchronization of the neu-
ron’s discharge with saccade offs€t.and

D: similar data as irA andB, but now the
saccades showed no compensation. Note
that the burst discharge of the cell stopped
when the eye started moving upward. The
eye movements ended just outside of the
neuron’s movement field (not indicated).

200 spk/s
A

#er1101

50 ms

Fic. 15. Goal- and nongoal-directed eye movements, both made into the cell's movement field, resulted in different responses.
Data fromcell er1101. A perturbed, but goal-directed saccades toward flashed targets (T1) presented within the cell's movement
field. Note the burst discharge of the cell despite the perturbatireontrol saccades toward a target (T2) presented outside the
cell's movement field. Note that the cell remains sileégitblink-perturbed saccades showing no compensation, but the resulting
eye movements were into the cell's movement field. AB,the animal was required to make saccades toward target T2. Note the

absence of a burst discharge despite the similarity between the eye movemaraadiC.
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lation was applied in the rostral SC (Munoz et al. 1996) or ih977). Because of these side effects, it could not be decided
the OPN region (Keller and Edelman 1994). In both cases, tiMbether reactivation of the OPNs or cessation of SRBN activ-
observed suppression is thought to result from an inhibition lty caused the saccade interruption. As discussed in the pre-
rostral SC cells that were stimulated either directly (Munoz eeding text, the air-puff-evoked blinks are instead more likely
al. 1996) or indirectly through retrograde activation (Keller antb cause suppression, rather than excitation, of both the OPNs
Edelman 1994). Could it be, therefore, that the blink-relatehd the rostral SC in the present experiments. The spatial-
SRBN suppression in the present study was due to an exciamporal saccade disturbances resulting from blinks are also
tion of rostral SC cells? We regard this possibility as unlikehquite different from the brief stimulation-induced saccade in-
The rostral zone is involved in active fixation (Munoz anderruptions (see Goossens and Van Opstal 2000, for details).
Guitton 1991; Munoz and Wurtz 1993a,b) and has extensiveDespite these differences, other aspects of our results are
excitatory projections to the OPN region (fBwer-Ennever et quite comparable with the interruption data. First, SRBNs
al. 1999; Gandhi and Keller 1997; Pared Guitton 1994). The resumed their discharge also after a blink-induced inhibition
OPNs, in turn, are known to pause for blinks (Cohen and Heafthough neither the size nor the direction of the compensatory
1972; Fuchs et al. 1991; Mays and Morrisse 1994). It is moegye movement corresponded to the cell's movement field (e.g.,
likely, therefore, that rostral SC neurons, like OPNs, will paud€gig. 11). The latter observation further supports the notion that
for blinks. This would be more in line also with the observethe saccade trajectory is not encoded by a dynamic shift in the
reduction of saccadic latencies (see Goossens and Van Opstzdtion of activated neurons in the SC motor map (see Ander-
2000). It is also unlikely that the OPNs would mediate thson et al. 1998). Second, as in the interruption experiments,
suppression of SRBN activity since these neurons do nrmirst duration remained well coupled to total movement dura-

project to the SC (Bitner-Ennever and Btner 1988). tion (Fig. 7) despite its two- to threefold increase. Third, for
both types of perturbations, the total number of spikes in the
Resumption of SRBN discharge burst was comparable with that for control responses. Espe-

cially for blink-perturbed responses, where the spatial trajec-

The question as to which mechanism underlies the resuntpries as well as the movement kinematics were altered much
tion of SRBN activity shortly after blink onset (FigBpcannot more dramatically, this is quite a remarkable finding. Finally,
be answered on the basis of the present experiments. @gewas qualitatively observed by Munoz and colleagues, sac-
possibility could be that an external excitatory signal remairade perturbations affected the high-frequency discharge of
(Munoz et al. 1996). Alternatively, since the suppressive effeloing-lead (buildup) and short-lead (burst) neurons in a similar
of blinking was often far from complete (Fig. 5), it could bevay. Our present results confirm and further quantify these
that intrinsic properties of the collicular network, such as locabservations (Figs. 6, 8, 10, and 13). These data therefore
excitatory interactions, underlie the resumption of SRBN distrongly suggest that both SRBN subtypes fulfill very similar
charge. roles in the control of saccades. Further support for this hy-

Nevertheless it can be concluded that the resumed dischapgéhesis will be presented in the following text.
was closely linked to the actual oculomotor behavior. First, the
two- to threefold) increase in duration of the perturbed move-
Snent was well cgrrelated with the increase ir? duration of tteerent feedback to the motor SC?
motor burst (Figs. 6 and 7). Second, despite a substantiBEDBACK ABOUT THE ACTUAL 2-D TRAJECTORY? One hypoth-
reduction in the mean discharge rate, the number of spikeseisis about the activity of collicular neurons is that their dis-
the burst associated with perturbed saccades was very similaarge rate encodes dynamic motor error. This idea was in-
to that in the burst for control saccades (Figs. 8 and 9). Thirshired by the observation that the motor burst of many SC
the reduction in mean firing rate was well correlated with theeurons ends with saccade offset and that the discharge rate
reduction in eye velocity during perturbed saccades (Fig. 1@f. these cells decays monotonically with radial motor error
These findings clearly reflect the fact the SRBNs are a majiWaitzman et al. 1991). As reported by Keller and Edelman
source of input to the brain stem saccade generator. Yet as \{i094) and Munoz et al. (1996), this monotonic decay persists
be discussed in the following text, these results do not necésr postinterruption saccades. However, whether these striking
sarily imply that the SRBNs receive feedback about the sgeroperties are due to some form of efferent feedback from the

cade trajectory. brain stem saccade generator remains difficult to decide on the
basis of the interruption data. As argued in thierobucTiON,
Comparison with previous perturbation studies the kinematics of postinterruption saccades are still highly

stereotyped as inferred from their main sequence behavior
As reviewed in thentrobpucTiON, previous studies have usedMunoz et al. 1996). In addition, the saccade trajectories re-
electrical microstimulation of either the OPN region (Kellemained unaltered since no changes in movement direction were
and Edelman 1994) or of the rostral SC (Munoz et al. 1996) teduced. Thus except for the brief stimulation-induced inter-
investigate the influence of perturbations in saccade kinematioption, the changes in the eye movements were relatively
on the discharge patterns of saccade-related neurons in the S@all, whereas the SRBN discharge is typically endowed with
These studies revealed a transient cessation in SRBN activitlyconsiderable amount of intrinsic noise (see e.g., standard
as well as an intrasaccadic fixation of the eyes. In the casedeviations of the control curves in Figs. 12 and 13).
OPN stimulation, the rostral SC is presumably excited throughThe air-puff-evoked blinks strongly disrupted both the kine-
retrograde activation (Keller and Edelman 1994). Converselyatics and the spatial trajectories of saccadic eye movements.
rostral SC stimulation probably activates also the OPNs (Mumnder these conditions, it appeared that the monotonic relation
noz et al. 1996; Parand Guitton 1994; Raybourn and Kellebetween the SRBN discharge and dynamic motor error was no
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ossens and Van Opstal 2000). Same cells,
trials and format as in Fig. 13—F. Note
clearly different curves for control sac-
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SRBNSs.

Spike Density (spk/s)

0 10 20 -15 B -10 -5 0 0 5 10
Reconstructed Reconstructed Reconstructed
Radial ME (deg) Horizontal ME (deg) Vertical ME (deg)

longer obeyed (Figs. 12 and 13). It should be noted that if tisés would imply that these perturbations occur entirely down-
SRBNs were to represent the dynamic motor error signal, tegeam from this local feedback loop (e.g., at the extraocular
phase relations should have been identical for control antbtoneurons). If so, phase curves of spike density as function
perturbed conditions and the number of spikes in the burdtdynamic motor error of reconstructed saccades would have
should have increased substantially for perturbed saccatiebe identical to the control curves. However, as illustrated in
because of their much longer duration. Neither of these reig. 16 (same cells as in Fig. 12-F), the resulting phase
quirements were confirmed in our present experiments. Insteagves were still very different from the control curves. Note
it was found that the SRBNs continued their discharge fonat this result follows from the fact that the number of spikes
compensatory movements directedtside their movement in the burst remained fixed while the dynamics of the recon-
fields (Fig. 11), while the instantaneous firing rate during suatructed movements changed considerably.

movements could be similar to that during control movements

directedinto the movement field (Fig. 12). ; ;

Taken together, our findings indicate that the SRBN dié\l_umber of spikes versus discharge rate
charge rate does not rely on efferent feedback regarding therhe finding that the number of spikes in the motor burst of
actual 2-D saccade trajectory. Rather both the blink-inducggjlicular SRBNs is roughly invariant to the spatial-temporal
disturbances as well as the compensatory phase of the gygperties of the saccade trajectory (Fig. 9) hints at the inter-
movement are likely to be generated at a level downstreafsting possibility that this quantity, rather than the firing rate
from the motor SC. per se, represents the desired eye displacement vector. Recent
FEEDBACK ABOUT AN INTENDED TRAJECTORY? In the compan- studies on the effects of electrical microstimulation in the SC
ion paper, we examined the possibility that blink-perturbegliso support this hypothesis. By manipulating either stimula-
saccades result from a linear superposition of two independént intensity (Van Opstal et al. 1990), or the number of
motor commands: an unperturbed saccade command anstimulation impulses (Stanford and Sparks 1996), saccade am-
pure blink-related command. It appeared that the 2-D trajectditude, but not saccade direction, was systematically varied
ries, but not the kinematics, of the “reconstructed saccadds®tween zero and the optimal amplitude represented at the
(obtained by subtracting pure blink-associated eye movemestisnulation site.
from blink-perturbed saccades) were comparable with that of The hypothesis would therefore entail that SRBNs encode a
control saccades (see Figure 11 in Goossens and Van Opstiight eye displacement, the direction of which is determined
2000). The observation that the reconstructed saccades, liethe location of the recruited cells within the SC motor map
control saccades, had approximately straight trajectories isand the movement amplitude of which is determined by the
line with the results of the present study, which indicate thatimber of spikes in the burst. In this way, the temporal
changes in eye-movement direction are not reflected in tHistribution of the SRBN spikes may influence, but not neces-
SRBN discharge (Figs. 11 and 12). sarily encode, the velocity of the saccade. A similar suggestion

It is possible that the SC would only receive dynamic feedellows from Scudder's model of the collicular-brain stem
back about its own motor command without knowing about treaccade generator (Scudder 1988).
blink-induced trajectory perturbations. Note that this hypothe- Note, however, that the amplitude of stimulation-evoked
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FIG. 17. Spike-count analysis on all 25
fully tested cellsA: the total number of spikes,
counted in an 800-ms window starting 100 ms
after target onset, measured in control trials
and perturbation trials was remarkably similar.
Slope of the regression line (solid) was slightly
different from unity P < 0.01).B: the burst
index Bl) is defined by the number of spikes
in the burst, divided by the total number of
spikes in the trial shown in ARl = BIT).
WhenBI = 1.0, all spikes are contained within
the saccade-related burst (burst neuron), low
Bl values refer to neurons with considerable
pre- and postsaccadic activity (like buildup
cells). Note thatBl scatters widely over our
population of cells and appears to be distrib-
uted along a continuumC: the number of
spikes in the burst plus the number of postsac-
cadic spikes was nearly identical in the 2 con-
ditions. Slope of the regression line was not
significantly different from 1.00R > 0.1).D:
the clip index Cl) is defined by the number of
spikes in the burst, divided by the number of
spikes obtained in the 500-ms window starting
20 ms before saccade onset [Burst Post;

Cl = B/(B + P)]. For a cell without postsac-
cadic activity, CI = 1, whereasCl is very
small when the number of postsaccadic spikes
far exceeds the burst. The population of cells
studied in this paper encompassed a large
range of clip indices. Yet all cells exhibit the
same properties in their spike counts.

saccades saturates at a site-specific value even if the eledtree number of spikes in the burst and postsaccadic activation
stimulation is continued after the saccade (e.g., Robinspariod (seense), for all 25 cells. A clip index of one indicates
1972). Similarly the number of spikes in the motor burst i80 postsaccadic activity, whereas a clip index of zero indicates
often only a fraction of the total number of spikes (see e.g., Figat there was no burst. Note that the clip indices were slightly
8), and many SRBNs continue their discharge well after sadifferent for the two conditions, and in line with Fig. B7
cade offset (see e.g., Fig. 3). Thus a large proportion of tigdely distributed (range 0.4—1.0). Thus the tight correlation
cells’ activity does not contribute directly to the saccade. that is observed in Fig. 17 is the same for all SRBNSs,

To gain further insight into the firing properties of theregardless of the pre- and postsaccadic discharge properties.
SRBNs, we have extended our spike-count analysis to includdn conclusion, our data suggest that the number of spikes in
also the pre- and postsaccadic discharge. The results for allte motor burst is fixed not because the SRBNs are under
fully tested cells are summarized in Fig. 17. Figurdhows feedback control but because intrinsic properties of the SC
that the total number of spikes (800-ms window; sese), network ensure that these cells generate a (more than) suffi-
was also very similar for the two experimental conditions fatient number of spikes. This in turn guarantees that the brain
all cells. Figure 1B shows the burst index, which we definedgtem burst generator can complete the eye displacement vector
as the fraction of spikes in the motor burst relative to the totegquested by the SC. This theory implies therefore that a
number of spikes (sei@se). Note that the burst index is very mechanisnmdownstreanfrom the SC would count the number
different from cell to cell (range: 0.25-1.00) and distributedf spikes from the SRBN population until a site-specific value
along a continuum. The latter indicates that our cells could nistreached, causing reactivation of the OPNs to stop the sac-
be classified into two separate categories. The spike-count dzade. Thus the mechanism that apparently determines a fixed
in Fig. 17C evaluate only the burst together with the postsagumber of spikes in the SRBN burst could act entirely down-
cadic spikes (500-ms window; s@ese). Note that in this case stream from the SC.
the slope of the regression line (solid) is not significantly
diffe_rent }‘rom 1.00P > 0.1) as a!l data points scatter aroun@:ompensatory behavior
the identity line (dashed). This hints at the possibility that the
spike count including both burst and postsaccadic activity is Our behavioral data demonstrated that a near-complete com-
the real invariant parameter rather than the saccade-relgpetisation for blink-related disturbances ensured that the eye
spike count. Figure 17 shows the clip index, which we landed close to the extinguished target (see Goossens and Van
defined as the fraction of spikes in the motor burst relative @pstal 2000). It was argued that this compensatory behavior
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FiIG. 18. Conceptual model that may account for the observed phenomenaisSession for explanation. SC, intermediate
and deep superior colliculus; BURST, brain stem saccadic burst generator; OPN, omnipause neurons; OMN, extraocular
motoneuronsT andk, time constant and stiffness of the pladg, desired eye displacement; OO, Orbicularis oculi muscle.

was due to neural control mechanisms, rather than to passéaecade-blink interactions that may explain the observations
elastic restoring forces within the oculomotor plant. Ourom the previous and present paper. In short, when the blink
present neurophysiological data provide strong additional sitgystem is activated) motoneurons that innervate the orbicu-
port for this view (e.g., Figs. 1-3 and 14). laris oculi muscle (OO) are recruited to produce a bligk.
Two mechanisms could in principle account for the conells in the entire motor SC are inhibited. As this inhibition
pensatory movement component: local feedback within tigeadually subsides, SRBNs at the location corresponding to the
brain stem saccade generator or an active reset eye movenoestall desired saccade vector resume their activity. Due to
that is generated by the blink system itself. On the basis of tremaining suppression, the activity levels in the SRBNs are
current experiments, it is not possible to decide between eithewer than for control response3) The saccade burst gener-
possibility. Local feedback could indeed ensure that the blinktor in the brain stem is excited (in this scheme biphasically, to
induced eye deflections are automatically corrected for batcount for the return movement of the eyes as well), which in
only if these trajectory perturbations result from a blink-relateirn shuts off the omnipause neurod¥.Due to this indirect
signal that acts within the local feedback circuit. On the oth€@PN inhibition (possibly combined with inhibition that is more
hand, an active reset movement generated by the blink systainect), the burst generator is also excited by the SRBNs. Since
itself could be added either to the neural drive from the SC blink-related and collicular signals add at this level, the result-
elsewhere in the premotor circuitry. ing eye-movement trajectory is slow and strongly curved but
It is quite unlikely that the SC mediates the eye-movemeands close to the targé&) SRBNs at a given site in the SC send
deflections since SRBNs are typically suppressed around thburst to the saccade burst generator that contains an approx-
onset of a blink (Fig. 5). This is further supported by the daienately fixed number of spike®) If the number of spikes
in Figs. 14 and 15, which indicate that only the site corresponeixceeds a site-specific value, the eye movement will stop by
ing to the desired movement is involved. Instead, we believeactivation of the OPNs. This OPN activation ensures that the
that the blink-related signal that is responsible for the 2-Bxact number of spikes produced by the SRBNs is not critical.
trajectory disturbance interacts with the saccade system at a
level that isdownstreanfrom the SC, buUpstrearrfrom both We thank C. van der Lee for manufacturing the microelectrodes and H.
the extraocular motoneurons and the oculomotor neural intgeiinen and T. van Dreumel for technical support. We also thank the staff of
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reticular formation during blinks (Cohen and Henn 1972) have
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Conceptual model of saccade-blink interactions ANDERSON RW, KELLER EL, GANDHI NJ, AND DAs S. Two-dimensional sac-
cade-related population activity in superior colliculus in monkkeuro-

Figure 18 provides a simplified summary scheme of thephysiol80: 798-817, 1998.



SC ACTIVITY DURING BLINK-PERTURBED SACCADES 3451

Aral K, KELLER EL, AND EpeELman JA. Two-dimensional neural network GrAYBIEL A. Organization of the nigrotectal connection: an experimental
model of the primate saccadic systeheural Networks7: 1115-1135, tracer study in the caBrain Res143: 339-348, 1978.
1994. GRUART A AND DELGADO-GARCIA JM. Signalling properties of identified deep

BaHiLL AT, ADLER D, AND STARK L. Most naturally occurring human saccades cerebellar nuclear neurons related to eye and head movements in the alert
have magnitudes of 15°rees or lebaiest Ophthalmol4: 468—-469, 1975.  cat.J Physiol (Lond)478: 37-54, 1994.

Basso MA aND EVINGER C. An explanation for blink reflex hyperexcitability Hikosaka O aND WuRTz RH. Visual and oculomotor functions of monkey

in Parkinson’s disease. Il. Nucleus raphe magriusleuroscil6: 7318— substantia nigra pars reticulata. I. Relation of visual and auditory responses
7330, 1996. to saccades] Neurophysio#9: 1230-1253, 1983.

Basso MA, PoweRrs AS, aNnD EVINGER C. An explanation for blink reflex HUERTA MF, FRANKFURTER AJ, AND HARTING JK. The trigeminocollicular
hyperexcitability in Parkinson’s disease. |. Superior colliculi$eurosci projection in the cat: patch-like endings within the intermediate gBagin
16: 7300-7317, 1996. Res211: 1-13, 1981.

Basso MA, STReCkER RE, AND EVINGER, C. Midbrain 6-hydroxydopamine HuerTA MF, FRANKFURTER A, AND HARTING JK. Studies of the principal
lesions modulate blink reflex excitabilitfExp Brain Re94: 88—96, 1993. sensory and spinal trigeminal nuclei of the rat: projections to the superior

BecksTEAD RM, EbwarDs SB, AND FRANKFURTER A. A comparison of the colliculus, inferior olive, and cerebellund. Comp Neurol220: 147-167,
intranigral distribution of nigrotectal neurons labeled with horseradish per-1983.

oxidase in the monkey, cat, and rdtNeuroscil: 121-125, 1981. JURGENS R, Becker W, AND KorNHUBER HH. Natural and drug-induced
BERTHOZ A, GRANTYN A, AND DRouLEz J. Some collicular efferent neurons variations of velocity and duration of human saccadic eye movements:
code saccadic eye velocitieurosci Lett72: 289-294, 1986. evidence for a control of the neural pulse generator by local feedBaok.

Bour LJ, ARAMIDEH M, AND ONGERBOER DEVISSERBW. Neurophysiological Cybernet39: 87-96, 1981.
aspects of eye and eyelid movements during blinking in humhheuro- KEeLLER EL AND EpeLmAN JA. Use of interrupted saccade paradigm to study
physiol83: 166-176, 2000. spatial and temporal dynamics of saccadic burst cells in the superior col-
Bour LJ, VAN GIsBerRGEN JAM, BRuuNs J, aND OTTES FP. The double liculus in monkey.J Neurophysiol72: 2754-2770, 1994.
magnetic induction method for measuring eye movements: results in maree C, RoHReER WH, AND Sparks DL. Population coding of saccadic eye

key and manlEEE Trans Biomed En81: 419-427, 1984. movements by neurons in the superior colliculd&ture 332: 357-360,
BroNsTEINAM AaND KENNARD C. Predictive ocular motor control in Parkin-  1988.

son’s diseaseBrain 108: 925-940, 1985. LerEVRE P AND GaLianA HL. Dynamic feedback to the superior colliculus in
BUTTNER-ENNEVER J AND BUTTNER U. The reticular formation. InNeuroanat- a neural network model of the gaze control systé&eural Networksb:

omy of the Oculomotor Systeelited by Rittner-Ennever J. Amsterdam:  871-890, 1992.

Elsevier, 1988, p. 119-176. LEIGH RJ, NEwmMAN SA, FOLSTEIN SE, LASKER AG, AND JENSENBA. Abnormal

BUTTNER-ENNEVER JA, HOrRN AKE, HENN V, AND CoHEN B. Projections from ocular motor control in Huntington’s diseaséeurology33: 1268-1275,
the superior colliculus motor map to omnipause neurons in mok&pmp 1983.

Neurol413: 55-67, 1999. , , ~ MACPHERSON JM AND ALDRIDGE JW. A quantitative method of computer
CoHEN B AND HENN V. Unit activity in the pontine reticular formation  analysis of spike train data collected from behaving aninBsin Res175:
associated with eye movemenBrain Res46: 403—-410, 1972. 183-187. 1979.

CoLLEWIIN H, VAN DER MARK F, AND JANSEN TC. Precise recording of human
eye movements] Neurophysiob4: 11-27, 1975.

Das S, GanpHI NJ, aND KELLER EL. Open-loop simulations of the primate
saccade system using burst cell discharge from the superior colli@&ibls.
Cybernet73: 509-518, 1995.

DrouLEz JAND BERTHOZA. A neural network model of sensoritopic maps witl
predictive short-term memory propertieBroc Natl Acad Sci USA88:

MAy PJanD HALL WC. The sources of the nigrotectal pathwblguroscience
19: 159-180, 1986.
May PJ, HARTWICH-YOUNG R, NELSON J, $ARks DL, AnND PoORTER JD.
Cerebellotectal pathways in the macaque: implications for collicular gener-
h ation of saccades\Neuroscience36: 305—-324, 1990.
Mavs LE aND MorRIssEDW. Activity of pontine omnipause neurons during

9653-9657, 1991. eye blinks.Soc Neurosci Abst20: 1404, 1994.
EppiNG WJ AND EGGERMONT JJ. Coherent neural activity in the auditoryMAYS LE AND SpArks DL. Dissociation of visual and saccade-related re-
mid-brain of the grassfrogl Neurophysiob7: 1464—1483, 1987. sponses in superior colliculus neurodsNeurophysiol3: 207-232, 1980.

EVINGER C, BAsso MA, MANNING KA, SiBoNy PA, PELLEGRINI JJ,AND Horn  McHAFFIE JG, Kao C, aND STeIN BE. Nociceptive neurons in rat superior
AKE. A role for the basal ganglia in nicotinic modulate of the blink reflex. colliculus: response properties, topography and functional implications.
Exp Brain Re92: 507-515, 1993. J Neurophysiob2: 510-525, 1989.

EVINGER C, MANNING KA, PELLEGRINI JJ, Basso MA, Powers AS, anD  Mcluwain JT. Lateral spread of neural excitation during microstimulation in
SiBoNy PA. Not looking while leaping: the linkage of blinking and saccadic the intermediate gray layer of cat's superior colliculdisNeurophysiol5:
gaze shiftsExp Brain Resl00: 337-334, 1994. 167-178, 1982.

EVINGER C, MANNING KA, AND SiBoNY PA. Eyelid movements. Mechanisms MoscHovAkis AK AND HIGHSTEIN SM. The anatomy and physiology of pri-
and normal datalnvest Ophthalmol Vis S@2: 387—400, 1991. mate neurons that control rapid eye movemeAisnu Rev Neuroscl7:

FucHs AF. Saccadic and smooth pursuit eye movements in the monkey.465-488, 1994.

J Physiol (Lond)191: 609-631, 1967. Munoz DP anp GuitTon D. Control of orienting gaze shifts by the tectore-

FucHs AF, LinG L, KanEko CRS, KING WM, AND UsHER SD. The timing of ticulospinal system in head-free cat. Il. Sustained discharges during motor
the response of brainstem omnipause neurons relative to saccade eye movyaeparation and fixationl Neurophysiob6: 1624-1641, 1991.

ments in rhesus monkeySoc Neurosci Abstt7: 462, 1991. MuNoz DP, FELissoND, aND GuiTTon D. Movement of neural activity on the
FiscHERB AND WEBER H. Express saccades and visual attent®ehav Brain superior colliculus map during gaze shif@cience251: 1358-1360, 1991.
Scil6: 553-567, 1993. Munoz DP, Waitzman DM, anD WuURTZ RH. Activity of neurons in monkey

GanpHI NJ AND KELLER EL. Spatial distribution and discharge characteristics superior colliculus during interrupted saccadé&s\europhysiol75: 2562—
of superior colliculus neurons antidromically activated from the omnipause 2580, 1996.

region in monkeyJ Neurophysiol78: 2221-2225, 1997. Munoz DP ano WurTz RH. Fixation cells in the monkey superior colliculus.
GNADT JW, Lu S-M, BREzNEN B, BAsso MA, HENRIQUEZ VM, AND EVINGER |. Characteristics of cell dischargé&.Neurophysiol70: 576-589, 1993a.

C. Influence of the superior colliculus on the primate blink reflexp Brain  Munoz DP aND WuURTz RH. Fixation cells in the monkey superior colliculus.

Res116: 389-398, 1997. Il. Reversible activation and deactivatiod. Neurophysiol70: 576-589,
GoosseNsHHLM anD VAN OpsTaL AJ. Blink-perturbed saccades in monkey. 1993b.

|. Behavioral analysis] NeurophysioB3: 3411-3429, 2000. Munoz DP ano WurTz RH. Saccade-related activity in monkey superior

GoosseNsHHLM, VAN OpsTaL AJ, AND GIELEN CCAM. Superior colliculus colliculus. I. Characteristics of burst and buildup celldNeurophysiol73:
activity during saccadic eye movements perturbed by air-puff induced2313-2333, 1995.
blinks. Soc Neurosci Abst22-1: 663, 1996. OpTicaN LM. A field theory of saccade generation: temporal-to-spatial trans-
GoosseNsHHLM, Horvan PM, aAND VAN OpsTaL AJ. Inferior colliculus formation in the superior colliculud/ision Res35: 2213-3320, 1995.
activity in the awake and behaving monké&oc Neurosci Abst23-1: 735, OTTESFP, VAN GISBERGENJAM, AND EGGERMONTJJ. Visuomotor fields of the
1997. superior colliculus: a quantitative modé&fision Resl2: 1795-1808, 1986.



3452 H.H.L.M. GOOSSENS AND A. J. VAN OPSTAL

PARE M AND GuiTTon D. The fixation area of the cat superior colliculus: saccades evoked from the primate superior colliculusleurophysiol76:
effects of electrical stimulation and direct connections with brainstem om-3360-3381, 1996.
nipause neuron€xp Brain Resl01: 109-122, 1994. VAN GISBERGENJAM, RoBINSONDA, AND GIELEN S. A quantitative analysis of
RascoL O, QLANET M, MoNTASTRUC JL, SMONETTA M, SOULIER-ESTEVE MJ, generation of saccadic eye movements by burst neudddsurophysio#5s:
Dovon B, AND RascoL A. Abnormal ocular movements in Parkinson’s  417-442, 1981.
disease. Evidence for involvement of dopaminergic syste#nain 112: oy OpstaL AJ AND GoossensHHLM. Superior colliculus activity during
1193-1214, 1989. . . o . blink-perturbed saccades: implications for saccade control mo&els.
RayBoURN MS anD KELLER EL. Colliculoreticular organization in primate Neurosci Abst25-11: 1922 1999
RE(;%l:?Ig\r/réog)r fﬂﬁ_t'ir;gENggofﬁgs'Sﬁ% %%_ﬁzgictggz/é neurones in rat VAN OPSTALAJ AND KAPPEN H. A two-dimensional ensemble coding model
L > . A P for spatial-temporal transformation of saccades in monkey superior collicu-
superior colliculus. I. Antidromic activation from the contralateral predorsal lus. Networkd: 19—38. 1993
bundle.Exp Brain Resl09: 185-196, 1996. : P IO : ) .
RicHMOND BJ AND OpTIcAN LM. Temporal encoding of two-dimensional VAN OPSTALAJ AND VAN GISBERGENJAM. R(.)Ie of monkey superior collicu-
patterns by single units in primate inferior temporal cortex. II. Quantification US in saccade averagingxp Brain Res79: 143-149, 1990.
of response wave formil Neurophysiob7: 147-161, 1987. VAN OpsTALAJ, VAN GISBERGENJAM, AND SmiT AC. Comparison of saccades

RosinsoN DA. Eye movements evoked by collicular stimulation in the alert €voked by visual and collicular electrical stimulation in the alert monkey.

monkey.Vision Resl2: 1795-1808, 1972. Exp Brain Res79: 299-312, 1990.
ScHILLER PH AND STRYKER M. Single-unit recording and stimulation in superiorWAITzZMAN DM, MA TP, CpTicAaN LM, AND WuRTz RH. Superior colliculus
colliculus of the alert rhesus monkey NeurophysioB5: 915-924, 1972. neurons mediate the dynamic characteristics of saccad=urophysiob6:
Scupper CA. A new local feedback model of the saccadic burst generator.1716-1737, 1991.
J Neurophysiob9: 1455-1475, 1988. WHITE OB, SAINT-CYR JA, TomLINSON RD, AND SHARPE JA. Ocular motor
SNIDER RS AND LEE JC. A Stereotaxic Atlas of the Monkey Brain (Macaca deficits in Parkinson’s disease. Il. Control of the saccadic and smooth
mulatta). Chicago, IL: Univ. of Chicago Press, 1961. pursuit systemsBrain 106: 571-587, 1983.

SPARKS DL AND HARTWICH-Y OUNG R. The deep layers of the superior collicu-WiBerc M, WESTMAN J, AND BLomQVIST A. Somatosensory projection to the
lus. In: The Neurobiology of Saccadic Eye Movements, Reviews of Oculomesencephalon: an anatomical study in the monBegomp NeuroR64:
motor Researchedited by Wurtz RH and Goldberg ME. Amsterdam: 92-117, 1987.

Elsevier, 1989, vol. Ill, p. 213-256. WuRrTz RH AND OpTICAN LM. Superior colliculus cell types and models of
Sparks DL aND MAys LE. Movement fields of saccade-related burst neurons saccade generatio@urr Opin Neurobiol4: 857-861, 1994.
in the monkey superior colliculu®rain Res113: 21-34, 1980. Zee DS, GHu FC, LeicH RJ, Swino PJ, HATZ NJ, ReEingoLp DB,

StanForD TR, FREebmAN EG, anD Sparks DL. Site and parameters of anp Cocan DG. Blink-saccade synkinesi®Neurology33: 1233-1236,
microstimulation: evidence for independent effects on the properties 0f1983.



