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Everling, Stefan, Michael C. Dorris, and Douglas P. Munoz. tions, why can subjects suppress a reflexive response on some
Reflex suppression in the anti-saccade task is dependent on prestim- trials yet fail on others?
ulus neural processes. J. Neurophysiol. 80: 1584–1589, 1998. Re- It is widely assumed in cognitive neuroscience that reflex-
flexive responses often must be suppressed to correctly execute a ive responses can be inhibited by a stopping process initiated
voluntary behavior. It is largely unknown why this control some- after stimulus appearance (Hanes and Schall 1996; Logantimes fails. To examine the neural processes responsible for these

and Cowan 1984). Accordingly, it was proposed that reflex-failures, we recorded single-neuron activity in the superior collicu-
ive saccades in the anti-saccade task occur when the stoppinglus (SC) in behaving monkeys during an anti-saccade task in which
signal is generated too late (Guitton et al. 1985). However,they had to suppress a saccade to a visual stimulus that suddenly
the reaction time to a stimulus is also influenced by theappeared in the periphery and generate a saccade to the opposite

side. We found that the level and distribution of prestimulus activ- prestimulus activity in motor areas (Coles 1989; Dorris et
ity of buildup neurons in the SC was highly predictive of whether al. 1997; Riehle and Requin 1993). It was shown recently
a correct response or an error occurred. A high level of prestimulus that the variability in saccadic reaction times is related to
activity in buildup neurons at the location in the SC where the the variability of prestimulus activity in buildup neurons in
visual stimulus was represented was associated with the generation the SC (Dorris et al. 1997). These neurons display low-
of a reflexive saccade to the stimulus. These findings suggest that frequency prestimulus activity when there is high predict-the successful suppression of reflexive saccades is dependent on

ability of stimulus appearance (Basso and Wurtz 1997;prestimulus neural processes in the SC.
Dorris et al. 1997; Munoz and Wurtz 1995). Moreover,
many of these neurons have a high-frequency visual burst

I N T R O D U C T I O N before their saccade-related motor burst (Dorris et al. 1997;
Munoz and Wurtz 1995). We hypothesized that a high levelThe ‘‘visual grasp reflex’’ (Hess et al. 1946; Ingle 1973) of prestimulus activity in the SC, which shortens the reactionmoves the line of sight to a newly appearing visual stimulus time of saccades, would also reduce the ability to suppressin the peripheral visual field with a fast eye movement called a reflexive saccade to the stimulus by allowing the visuala saccade. This reflex is primarily mediated by the superior burst to trigger a reflexive saccade. To test this hypothesis,colliculus (SC) in the midbrain (Dorris et al. 1997; Edelman we recorded the activity of buildup neurons while monkeysand Keller 1996; Schiller et al. 1987; Wurtz and Goldberg performed a task with randomly interleaved pro-saccade1972), whose intermediate layers receive visual inputs and (saccade toward the stimulus) and anti-saccade (saccade toproject directly to the preoculomotoneurons in the brain stem the opposite direction) trials.(for reviews see Moschovakis et al. 1996; Wurtz and Gold-

berg 1989). Humans, however, can suppress the reflex and
can even be instructed to generate a saccade to the side oppo- M E T H O D S
site to the stimulus in a task known as the anti-saccade task

Single-cell activity was recorded from the SC of two male mon-(Hallett 1978; Hallett and Adams 1980). The suppression of
keys (Macaca mulatta , 6–10 kg). All experimental protocols werereflexive saccades seems to be mediated by direct and indirect
in accordance with the Canadian Council on Animal Care policy oncortical projections to the SC (for review see Wurtz and
use of laboratory animals and approved by the Queen’s UniversityGoldberg 1989) because subjects with certain psychiatric and Animal Care Committee.

neurological diseases that involve the frontal cortex or the The surgical procedures and standard electrophysiological tech-
basal ganglia have difficulties suppressing reflexive saccades niques for single neuron recording in the SC and eye movement
to the stimulus in this task (Fukushima et al. 1988; Guitton monitoring in head-fixed monkeys were described previously
et al. 1985; Lasker et al. 1987; Pierrot-Deseilligny et al. 1989 (Dorris et al. 1997). The monkeys were trained on a task with

randomly interleaved pro- and anti-saccade trials. The experiments1991). However, normal subjects also make frequently errors
were conducted in total darkness. The monkeys faced a tangentin the anti-saccade task, especially when the initial fixation
screen 86 cm in front of them, onto which light-emitting diodesstimulus is extinguished before the peripheral stimulus ap-
(green and red, 0.3 cd/m2) were back-projected to produce visualpears (Fischer and Weber 1992). Given identical task condi-
stimuli. The screen was illuminated diffusely between trials (1.0
cd/m2) to prevent the animal from becoming dark-adapted. EachThe costs of publication of this article were defrayed in part by the
trial started with the appearance of a central fixation point (FP)payment of page charges. The article must therefore be hereby marked
on the screen. The monkey was required to look at it and maintain‘‘advertisement’’ in accordance with 18 U.S.C. Section 1734 solely to

indicate this fact. fixation for 700–900 ms. A red FP signaled a pro-saccade trial

1584 0022-3077/98 $5.00 Copyright q 1998 The American Physiological Society

J121-8RC/ 9k2c$$se51 08-19-98 17:52:00 neupa LP-Neurophys



REFLEX SUPPRESSION IN THE ANTI-SACCADE TASK 1585

FIG. 1. Schematic representation of the
gap anti-saccade condition (A) and distribu-
tion of saccadic reaction times in this condi-
tion observed while recording from 40
buildup neurons (binwidth 10 ms) (B) . The
monkeys were required to fixate a central
fixation point (FP) that was extinguished 200
ms before a peripheral visual stimulus was
presented. When the stimulus was presented,
the monkeys had to suppress a saccade to
the stimulus ( – – – , Error) and generate an
anti-saccade ( , Correct) to the mirror
location of the stimulus to receive a reward.
Both monkeys made errors in this task (B) .
The majority of errors had shorter reaction
times than the correct responses.

and a green FP signaled an anti-saccade trial. On half of the trials These errors were less frequent in the overlap condition, and
the FP was extinguished for 200 ms (gap period) before stimulus the monkeys almost never made an anti-saccade when they
presentation (gap condition, Fig. 1A) . On the other half of the were instructed to generate a pro-saccade. We were specifi-
trials the FP remained illuminated during stimulus presentation cally interested in the neural processes that distinguish cor-
(overlap condition). A red visual stimulus was then pseudoran-

rect from reflexive responses. Therefore we compared thedomly projected with equal probability either at the position, which
activity levels of buildup neurons in the gap anti-saccadeyielded the optimal saccade-related response of the neuron, or at the
task between correct trials in which an anti-saccade wasmirror location on the opposite side of the horizontal and vertical
generated away from the stimulus with error trials in whichmeridians. The monkeys received a liquid reward if they made a

saccade within 500 ms to the correct position and maintained fixa- a reflexive saccade was generated toward the stimulus.
tion there for ¢200 ms. Trials with reaction times õ80 ms were Of the 73 saccade-related neurons recorded in the SC of
excluded as anticipations and trials with reaction times ú500 ms two monkeys, 40 neurons were identified as buildup neurons
were excluded as no response trials. (see METHODS). Sufficient data for an extended analysis (¢5

A postsynaptic activation function with a growth time of 1 ms correct anti-saccade trials and 5 error trials) were obtainedand a decay time of 20 ms was used to construct continuous spike
from 28 neurons for stimulus presentations into the neuron’sdensity waveforms and to obtain the levels of neural activity (for
response field and from 20 neurons for stimulus presenta-details see Thompson et al. 1996).
tions at the mirror position.To be classified as a buildup neuron, a neuron had to display 1)

a significant higher discharge at the end of the gap period (50 ms Figure 2A shows the response of a representative buildup
before stimulus appearance to 50 ms after stimulus appearance) neuron on correct trials and on error trials when the stimulus
compared with the visual fixation period (100 ms before the gap was presented into the response field of the neuron. The
period) on pro-saccade trials ( t-test, P õ 0.05) and 2) a saccade- activity of this buildup neuron began to increase during the
related dischargeú100 spikes/s for pro-saccades into the neuron’s gap period on correct trials and on error trials. However, theresponse field (Dorris et al. 1997).

activity before the arrival of the visual signal in the SC was
significantly higher on error trials, i.e., when the monkey

R E S U L T S generated a reflexive saccade toward the stimulus ( t-test;
P õ 0.0001). The appearance of the stimulus elicited aThe monkeys often generated pro-saccades in the gap con-
visual response on correct trials that occurred at the samedition when they were instructed to generate an anti-saccade,
time as the motor burst on most of the error trials. On trialssimilar to previous human studies (Fischer and Weber 1992;
where the stimulus was presented at the mirror location ofPierrot-Deseilligny et al. 1991). These pro-saccades had

shorter reaction times than correct anti-saccades (Fig. 1B) . the neuron’s response field (Fig. 2B) , no differences in the
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FIG. 2. Activity of a superior colliculus (SC) buildup neuron on correct and error trials. Each tick mark indicates the
time of an action potential relative to stimulus presentation, and each row represents one trial. Trials are sorted according
to saccadic reaction times (open circles) . Superimposed on the rasters is the average spike density waveform. Horizontal
dashed arrows indicate the average level of activation 40–50 ms after stimulus presentation (shaded region), which represents
the period before the arrival of the visual signal in the intermediate layers of the SC.

level of prestimulus neural activity were observed between Figure 3A shows the activity of the population of buildup
neurons on trials where the stimulus was presented into thecorrect and error trials in this neuron. After stimulus presen-

tation, the neuron had a transient decrease in discharge that response field. The mean discharge rate of buildup neurons
was 31 { 6 (SE) spikes/s (range 0–121 spikes/s) beforemay have been mediated by lateral inhibition in the SC

(Munoz and Istvan 1998). On correct trials, the neuron then correct anti-saccades and 57 { 6 spikes/s (range 14–124
spikes/s) before errors ( t-test, P õ 0.0001). Almost alldisplayed a weak motor burst for the anti-saccade. The mag-

nitude of the motor burst tended to be weaker for anti-sac- neurons in our sample (26/28, 93%) showed a higher activ-
ity level before errors compared with correct anti-saccadescades compared with pro-saccades. Anti-saccades also had

lower peak velocities than pro-saccades. These results re- (Fig. 3B) . Significant differences ( t-test, P õ 0.05) were
obtained for 50% (14/28) of the neurons. This finding showsquire a detailed quantitative analysis, which is beyond the

scope of this paper. The late increase in discharge on error that a high level of prestimulus neural activity in the SC
at the location where the visual stimulus is represented istrials corresponds to the discharge for a correction saccade

away from the stimulus after an error. associated with the generation of a reflexive saccade to the
stimulus.To determine when the levels of prestimulus activity

started to differ between correct anti-saccade trials and error Next we compared the prestimulus activity of buildup
neurons before correct anti-saccades and errors when thetrials, we compared for the sample of buildup neurons the

mean activity levels in 10-ms bins. On trials where the stimu- stimulus was not presented into the response field of the
neuron but at the mirror location (Fig. 3C) . In this case, thelus was presented into the response field of the neurons,

error trials started to differ significantly from correct trials neurons discharged a saccade-related motor burst for the
correct anti-saccades into their response field but not for thein the period 130–140 ms before stimulus presentation ( t-

test, P õ 0.05). On trials where the stimulus was presented errors toward the visual stimulus. The mean discharge rate
of buildup neurons was 44 { 6 spikes/s (range 2–114at the mirror position, significant differences started in the

period 40–50 ms after stimulus presentation ( t-test, P õ spikes/s) before correct anti-saccades and 34 { 5 spikes/s
(range 0–107 spikes/s) before errors ( t-test, P Å 0.028).0.05). In both cases, the differences between correct anti-

saccades and errors started before the arrival of the visual The majority of neurons (15/20, 75%) was more active on
a correct trial compared with an error trial (Fig. 3D) . Thesesignal in the intermediate layers of the SC (ú50 ms for all

neurons with stimulus-related responses in our sample) . For differences were significant ( t-test, Põ 0.05) only for some
neurons (6/20, 30%). Thus a higher level of prestimulusthe quantitative analysis to be described, we used the period

40–50 ms after stimulus presentation because the activity activity in neurons that subsequently discharged for the anti-
saccade was associated with the generation of correct re-in this period was not influenced by any changes related to

the appearance of the stimulus. sponses.
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FIG. 3. Activity of the sample of
buildup neurons on correct trials and error
trials. A : mean spike density on correct tri-
als (solid line) and error trials (dashed
line) for stimulus presentations into the re-
sponse field of the neurons. B : activity lev-
els in the time 40–50 ms after stimulus
presentation (shaded region in A) of indi-
vidual buildup neurons (squares) are plot-
ted before correct anti-saccades (abscissa)
against the activity levels before errors (or-
dinate) . The oblique dashed line represents
the unity line (slope is 1) . C and D : same
as in A and B but for stimulus presentations
at the mirror position.

Despite the significant differences in discharge between that prestimulus neural processes also have a major influence
correct trials and error trials, it was not clear how well the on the ability to prevent reflexive responses.
prestimulus activity of buildup neurons on a single trial could Buildup neurons in the SC display different event-associ-
predict the response behavior of the monkeys. To address ated activities: 1) a low-frequency prestimulus activity when
this question, we performed a discriminant analysis (Miller there is a high predictability of stimulus appearance, 2) many
et al. 1993; Snedecor and Cochran 1967) on the activity in neurons have a phasic increase in discharge after the presen-
the period 40–50 ms after stimulus presentation. This analy- tation of a visual stimulus into their response field, and 3)
sis determined the success rate by which a single trial could a motor burst for saccades into their response field (Dorris
be classified into the appropriate response population (cor- et al. 1997; Munoz and Wurtz 1995). The target neurons of
rect anti-saccade trials or error trials) . The average of the buildup neurons in the saccadic burst generator in the brain
means of the two populations served as the boundary point stem (for review see Moschovakis et al. 1996) cannot de-
for the classification. Because the response behavior of the code these different event-associated activities because they
monkey could either be a correct anti-saccade or an error, are simply action potentials of the same neuron at different
a chance classification rate would be 50% for each neuron. times. Therefore any increase in discharge of buildup neu-
For stimulus presentations into the response field, the mean rons leads to an increased excitation of the target neurons.
successful classification rate was 68% (range 40–88%). A saccade is elicited once the burst threshold of these target
This was significantly greater than chance ( t-test, P õ neurons is surpassed.
0.0001). The mean classification rate for stimulus presenta- In the gap saccade task, the disappearance of the FP leads
tions at the mirror location was 59% (41–76%). This rate to an increase in discharge rate in buildup neurons (Munoz
was also significantly greater than chance ( t-test, P õ and Wurtz 1995). If the stimulus is subsequently presented
0.001). into the response field of buildup neurons that already have

a high discharge rate, less increase in discharge is required
to surpass the burst threshold of target neurons to elicit aD I S C U S S I O N
saccade. Therefore a high level of prestimulus activity
should shorten saccadic reaction times by shortening theWe provided evidence for the hypothesis that a high level
time required to reach the threshold. This hypothesis is sup-of prestimulus activity in the SC at the location where the
ported by the negative correlation between the level ofstimulus is represented predicts the generation of reflexive
prestimulus activity in buildup neurons and saccadic reactionsaccades in the anti-saccade task. Previous studies empha-
times (Dorris et al. 1997). Express saccades, which havesized the role of stopping processes after stimulus appear-
latencies that approach the minimal conduction time in theance in reflex inhibition (Guitton et al. 1985; Hanes and

Schall 1996; Logan and Cowan 1984). Our findings indicate oculomotor system (for review see Fischer and Weber
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1993), are preceded by a high level of prestimulus activity We speculate that a general imbalance in favor of motor
preparation over inhibitory processes may account for thein buildup neurons (Dorris et al. 1997). In this case, the

level of prestimulus excitation of neurons in the saccadic poor voluntary control over reflexive responses associated
with many psychiatric and neurological disorders.burst generator may be so high that the stimulus-related burst

of saccade-related neurons is sufficient to bring the activity
over the threshold to trigger the saccade. Indeed, a single We thank A. Lablans, K. Moore, and D. Hamburger for technical assis-

tance and J. D. Schall for providing us with the algorithm for the postsynap-burst, which is equally correlated to the onset of the stimulus
tic activation function. We gratefully acknowledge the critical commentsand the onset of the saccade, was found before express sac-
made on previous versions by J. R. Broughton, B. D. Corneil, and M. Paré.cades in SC saccade-related neurons (Dorris et al. 1997; This work was supported by grants from the Medical Research Council

Edelman and Keller 1996). Similarly, in an anti-saccade and the National Science and Engineering Research Council of Canada, the
EJLB Foundation to D. P. Munoz and a fellowship from the Deutschetrial when a visual stimulus is presented into the response
Forschungsgemeinschaft to S. Everling.field of buildup neurons that already have a very high level
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directly by the stimulus-related burst or before a stopping Received 19 February 1998; accepted in final form 2 June 1998.
process can be completed in time to prevent the occurrence
of a reflexive pro-saccade. Indeed, the majority of reflexive REFERENCES
saccades generated by the monkeys in this study had laten-

AMADOR, N., SCHLAG-REY, M., AND SCHLAG, J. Supplementary eye fieldcies in the range of express saccades (Fig. 1B) . Conse-
(SEF) neuronal activity in monkeys can predict the successful perfor-

quently, it seems that a crucial prerequisite for the prevention mance of antisaccade tasks . Soc. Neurosci. Abstr . 21: 1195, 1996.
of reflexive saccades in the anti-saccade task is the suppres- BASSO, M. A. AND WURTZ, R. H. Modulation of neuronal activity by target

uncertainty. Nature 389: 66–69, 1997.sion of preparatory processes before stimulus presentation.
COLES, M.G.H. Modern mind-brain reading: psychophysiology, physiol-The reaction times of correct anti-saccades are longer than

ogy, and cognition. Psychophysiology 26: 251–269, 1989.the reaction times of pro-saccades in humans (Fischer and DORRIS, M. C., PARÉ, M., AND MUNOZ, D. P. Neuronal activity in monkey
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