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Executive control of countermanding saccades by

the supplementary eye field

Veit Stuphorn!? & Jeffrey D Schall

The supplementary eye field registers the occurrence of conflict, errors and reward in macaque monkeys performing a saccade-
countermanding task. Using intracortical microstimulation, we determined whether the supplementary eye field only monitors

or can actually influence performance. Weak microstimulation of many sites in the supplementary eye field improved monkeys’
performance on a ‘stop signal’ task by delaying saccade initiation. This effect depended on the context of the task because simple
visually guided saccades were not delayed by the same stimulation. These results demonstrate that the supplementary eye field

can exert contextual executive control over saccade generation.

Flexible adjustments of behavior require the continuous monitoring
and evaluation of the outcome of past choices so that future choices can
be adapted on the basis of these feedback signals. Recent work has
clearly demonstrated the existence of evaluation signals in the medial
frontal cortex of humans'? and has described error- and reward-related
signals in the supplementary eye field (SEF)? and the anterior cingulate
cortex (ACC) of macaque monkeys?. It is less clear whether these
evaluation signals influence behavior>=®. In the case of the oculomotor
system, the SEF is uniquely positioned to mediate between the execu-
tive and the motor systems. The SEF has strong reciprocal connections
with the ACC (refs. 9,10), but unlike the ACC, the SEF can influence
saccade generation through strong projections to the frontal eye
field>»!1, the oculomotor circuit of the basal ganglialz, the superior
colliculus and the brainstem!’. These connections are not strong
enough for the SEF to initiate saccades directly'¥; however, they
might allow the SEF to influence behavior by biasing the activity
distribution within the oculomotor system.

To test this hypothesis, we gently modulated activity in the SEF by
means of intracortical microstimulation while monkeys performed a
countermanding task (Fig. 1). This task probes a subject’s ability to
control the initiation of movements by infrequently presenting a ‘stop’
signal after a random delay (stop signal delay) in a response-time task'®.
Thus it is well suited to measure changes in the extent of executive
control that subjects exert. If microstimulation increases the degree of
executive control, subjects should make fewer incorrect movements in
the presence of a stop signal. This can be accomplished by increasing the
saccade reaction time (RT) on stimulated trials, independent of the
occurrence of a stop signal. Further evidence for executive control would
be a dependence of this RT increase on the context of the counter-
manding task. We found that microstimulation influenced the number
of errors committed and the RT for generating saccades.

RESULTS

We delivered intracortical microstimulation with currents up to 100 pA
in order to locate sites from which saccades could be evoked; then we
determined the threshold for evoking saccades. We tested sites within
and surrounding the SEF using currents below the threshold to elicit
saccades. We delivered subthreshold microstimulation for 200 ms
synchronously with the stop signal or, in no stop signal trials, at the
time when the stop signal would have occurred. Results were obtained
from 106 sites in the medial frontal cortex of 2 monkeys. Of these,
61 sites were in the SEF and provided sufficient statistical power
to be analyzed.

SEF microstimulation affects error rate

We analyzed the effects of stimulation on performance using a general-
ized linear model with four factors—stop signal delay (SSD), saccade
direction, delivery of microstimulation and the interaction between
saccade direction and microstimulation!®. Subthreshold microstimula-
tion had no significant (P > 0.05) effect on countermanding perfor-
mance at 19 of 61 sites. At most sites (42 of 61, or 69%), stimulation
influenced performance significantly (P < 0.05) and these effects were
of three kinds. At most sites in the SEF, subthreshold microstimulation
resulted in fewer erroneous (that is, non-canceled) saccades, both
contraversive and ipsiversive to the stimulated hemisphere (36 of 61,
or 59%; monkey N, 31 of 44; monkey F, 9 of 17; Fig. 2a). Micro-
stimulation with superthreshold currents always evoked saccades into
the contralateral hemifield. The improved performance was revealed as
a shift of the inhibition function (error rate as a function of SSD)
toward later stop signal delays. For example, on contraversive trials,
with a stop signal presented after 268 ms and no stimulation, the
monkey failed to cancel the saccade on 52% of trials; with stimulation,
he failed on only 19% of trials. A similar effect was present for all other
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