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On your mark, get set: Brainstem circuitry
underlying saccadic initiation’

D.P. Munoz, M.C. Dorris, M. Paré, and S. Everling

Abstract: Saccades are rapid eye movements that are used to move the visual axis toward targets of interest in the vi-
sual field. The time to initiate a saccade is dependent upon many factors. Here we review some of the recent advances
in our understanding of the these processes in primates. Neurons in the superior colliculus and brainstem reticular for-
mation are organised into a network to control saccades. Some neurons are active during visua fixation, while others
are active during the preparation and execution of saccades. Several factors can influence the excitability levels of these
neurons prior to the appearance of a new saccadic target. These pre-target changes in excitability are correlated to sub-
seguent changes in behavioural performance. Our results show how neuronal signals in the superior colliculus and
brainstem reticular formation can be shaped by contextual factors and demonstrate how situational experience can expe-
dite motor behaviour via the advanced preparation of motor programs.
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Résumé : Les saccades sont des mouvements rapides des yeux utilisés pour diriger |’axe visuel vers des cibles
d’intérét du champ visuel. Le temps de déclenchement d'une saccade dépend de nombreux facteurs. Nous révisons ici
quelques progres récents dans notre compréhension de ces processus chez les primates. Les neurones du colliculus
supérieur et de la formation réticulaire du tronc cérébral sont organisés en un réseau pour controler les saccades.
Certains neurones sont actifs durant la fixation visuelle, alors que d’autres sont actifs durant la préparation et
I"exécution des saccades. Plusieurs facteurs peuvent influencer les niveaux d excitabilité de ces neurones avant
I"apparition d'une nouvelle cible saccadique. Ces variations d’ excitabilité pré-cibles sont corrélées aux modifications
subséquentes de la performance. Nos résultats montrent comment les signaux neuronaux dans le colliculus supérieur et
la formation réticulaire du tronc cérébral peuvent ére modulés par des facteurs contextuels; ils démontrent aussi com-
ment une expérience situationnelle peut faciliter le comportement moteur au moyen de programmes moteurs préétablis.

Mots clés : colliculus supérieur, formation réticulaire, mouvement des yeux, saccade, préparation motrice, controle

moteur.

[Traduit par la Rédaction]

Introduction

One of the fundamental functions of the central nervous
system is the generation of motor responses to sensory stim-
ulation. The visual guidance of saccadic eye movements rep-
resents one form of sensory-to-motor transformation that has
provided significant insights in our understanding of sen-
sory-motor processing, movement control, and the patho-
physiology of visual and gaze disorders (Leigh and Zee
1999). The eyes have a simple, yet well defined repertoire of
movements. Moreover, our knowledge of the brainstem cir-
cuitry controlling eye movements is now adequate to provide
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a basis for understanding how saccades are produced. The
goal of this article isto review recent advances in our under-
standing of the neural processes involved in the initiation of
saccadic eye movements in primates.

Background

The primate retina has a specialised region, called the
fovea, which serves the central portion of the visual field and
provides the greatest acuity (Perry and Cowey 1985). In
most cortical and sub-cortical visual areas, the fovea has the
greatest representation, emphasising its importance in visual
processing (Dow et al. 1981; Van Essen et al. 1984). Sac-
cades are rapid eye movements used to redirect the visual
axis, bringing successive visual images of interest onto the
fovea A fixation mechanism complements this visual track-
ing to keep the visual images steady on the foveae for de-
tailled analysis. This aternating saccade—fixate behaviour is
repeated several hundred thousand times a day, thereby mak-
ing it essential for the execution of everyday tasks, including
reading this article.

There is an extensive body of literature describing many
characteristics of the various areas in the primate brain that
areinvolved in vision, visua fixation, and saccade production.
These areas span most of the neuraxis, including regions of
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Fig. 1. (A) Coordinates of the saccadic motor map in the supe-
rior colliculus (SC). Each point codes for a unique direction and
amplitude as shown by the vectors from the six representative
sites in the left SC. Small saccades are represented rostrally,
large saccades caudally, upward saccades medially, downward
saccades laterally. Visual fixation is represented in the extreme
rostrolateral pole. (B) Extracellular recording of action potentials
(represented by rasters) from a fixation neuron (FN) in the
rostral SC and a saccade neuron (SN) in the caudal SC when a
monkey generates a contraversive saccade. (C) Schematic model
of how the SC controls visual fixation and saccade generation.
Higher inputs from several cortical areas, basal ganglia, and
other brain areas converge onto the SC motor map to selectively
activate populations of FN or SN. A network of lateral inhibitory
connections within the SC sharpens the signals at the level of
the SC, and a subset of FN and SN project to the reticular
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formation to influence the pre-motor burst generator circuit:
long-lead burst neuron (LLBN), omnipause neuron (OPN), me-
dium-lead burst neuron (MLBN), motoneuron (MN).

the parietal and frontal cortices, basal ganglia, thalamus, su-
perior colliculus, cerebellum, and brainstem reticular forma-
tion (Wurtz and Goldberg 1989; Leigh and Zee 1999).
Neurological immaturity, degeneration, or malfunction may
influence the ability of a subject to maintain visual fixation
and generate accurate saccades. Indeed, many neurological
and psychiatric disorders are accompanied by disturbances
in visual fixation and eye movements and these have be-
come important cues in the identification of affected brain
regions.

Neuronal circuitry: Superior colliculus and reticular
formation

The superior colliculus (SC), a laminated structure in the
dorsal mesencephalon, plays a critical role in the interplay
between visual fixation and saccadic eye movements. The
dorsal-most superficial layers of the SC contain neurons that
receive direct retinal inputs as well as inputs from other vi-
sual areas (Robinson and McClurkin 1989). As in the many
cortical visual areas, these SC neurons have well defined vi-
sual receptive fields and are organised into a topographically
coded map of the contralateral visual hemifield.

In contrast, the intermediate layers of the SC contain neu-
rons whose discharges are correlated with saccadic eye
movements and visual fixation (Glimcher and Sparks 1992;
Mays and Sparks 1980; Mohler and Wurtz 1976;
Moschovakis et al. 1988b; Munoz and Guitton 1989, 1991;
Munoz et a. 1991a, b; Munoz and Wurtz 1993a, 1995¢;
Schiller and Koerner 1971; Sparks 1978; Sparks and Mays
1980; Sparks et al. 1976; Waitzman et al. 1991; Wurtz and
Goldberg 1971, 1972). These neurons are organised into a
two-dimensional motor map coding for saccades directed to
the contralateral visual field (Fig. 1A). Neurons increasing
their discharges before and during saccades, the
saccade-related neurons (SN; Fig. 1B), are distributed
throughout these intermediate layers. Neurons exhibiting
tonic discharges during visual fixation and a pause during
most saccades, the fixation-related neurons (FN; Fig. 1B),
form a continuum with the SNs and are restricted mostly to
the rostro-lateral end of the motor map underneath the su-
perficial layer’s representation of the fovea. FN have been
prescribed a role in the maintenance of active visua fixation
(Munoz and Wurtz 1993a, b), however, they may also partic-
ipate in the execution of microsaccades (Munoz and Wurtz
1993q, 1995h; Gandhi and Keller 1999a), smooth pursuit
(Krauzlis et a. 1997), and vergence eye movements
(Chaturvedi and Van Gisbergen 2000). Local inhibitory con-
nections may help shape the reciprocal activity patterns of
SN and FN (Munoz and Guitton 1989, 1991; Munoz and
Wurtz 1993b, 1995b). The recent finding that most SN and
FN are inhibited at very short latency after microstimulation
of remote collicular regions (Munoz and Istvan 1998) pro-
vides credence to this hypothesis. Additional selective acti-
vation could be provided by inputs that converge upon these
SC neurons from the cerebral cortex (Segraves and Goldberg
1987; Paré and Wurtz 1997; Everling and Munoz 2000),
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Fig. 2. (A) Gap saccade paradigm. The fixation point (FP) ap-
pears in the centre of the screen and then disappears. There is a
gap period during which no stimuli are present which precedes
the appearance of an eccentric saccadic target (T). The monkey
is required to make a saccadic eye movement (E) to the eccen-
tric target after it appears. The gap period is either varied ran-
domly from 0-800 ms or fixed at 200 ms and the target appears
randomly at one of two mirror image positions. B and C) distri-
bution of saccadic reaction times (SRT) obtained from a monkey
during O ms gap trials (B) and 200 ms gap trials (C). Additional
details of methodology, results, and interpretation are provided in
Paré and Munoz (1996).
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basal ganglia (Hikosaka and Wurtz 1983), and other brain
areas. Fixation and saccade signals may be integrated within
the SC and then transmitted to the burst generator circuit in
the reticular formation (Fig. 1C) to dictate fixation and
saccade behaviours.

Both FN and SN have been shown to project directly to
neurons within the burst generator circuit located in the
reticular formation (Istvan et al. 1994; Moschovakis et al.
1988a, b; Scudder et al. 1996; Gandhi and Keller 1997). The
organisation and properties of this pre-motor circuit
(Fig. 1C) responsible for activating the ocular motoneurons
have been reviewed elsewhere (Fuchs et al. 1985; Hepp et al.
1989; Keller 1991; Moschovakis et al. 1996). Briefly, the
long-lead burst neurons (LLBN) and omnipause neurons

Can. J. Physiol. Pharmacol. Vol. 78, 2000

(OPN) receive potent monosynaptic SC excitatory inputs
that are presumed to originate primarily from SN and FN,
respectively (Raybourn and Keller 1977; Paré and Guitton
1994; Buttner-Ennever et a. 1999; Gandhi and Keller
1999p). Accordingly, these neurons display activity patterns
similar to those seen in the SC. The LLBN discharge a
saccade-related burst of action potentials preceded by low-
frequency activity, whereas the OPN display a tonic dis-
charge for al fixation periods and a pause during all sac-
cades (Luschei and Fuchs 1972; Keller 1974; Raybourn and
Keller 1977; Strassman et al. 1987; Everling et a. 1998b).
Ultimately, saccades are generated by a pulse of activity in
the agonist (increase) and antagonist (decrease) ocular mus-
cles provided by motoneurons (MN), which are respectively
produced by excitatory and inhibitory medium-lead burst
neurons (MLBN). The MLBN only discharge a discrete
burst of action potentials time-locked to the saccade onset
which is hypothesized to originate from the LLBN (Scudder
1988), whose low-frequency activation may be filtered out
by the potent monosynaptic inhibition from the OPN. As a
consequence, OPN must be silenced each time a saccade is
produced.

There is an important distinction between the code used
by the SC and the reticular formation to control saccade exe-
cution. Saccade metrics are coded spatially in the SC, with
each SN being optimally active for a specific range of
saccade direction and amplitude that define a movement
field (Wurtz and Goldberg 1971, 1972; Sparks et al. 1976;
Sparks and Mays 1980; Munoz and Wurtz 19954). Upward,
downward, leftward, and rightward saccades in the reticular
formation are represented by different populations of
MLBN, and the amplitude of saccades in the preferred direc-
tions of each MLBN are coded temporally (Van Gisbergen et
al. 1981; Fuchs et a. 1985; Hepp et al. 1989; Cullen and
Guitton 1998). Mechanisms for this spatiotemporal transfor-
mation have been proposed (Hepp and Henn 1983;
Moschovakis et a. 1998) and debated (Quaia and Optican
1998).

The gap saccade paradigm: A tool for studying
saccadic initiation

Several behavioural paradigms have been developed to in-
vestigate the neural processes involved in saccade initiation.
One of them includes the gap saccade task originally de-
signed by Saslow (1967) and illustrated in Fig. 2A. Each
trial isinitiated by the appearance of a central fixation point.
After a period of visua fixation, the fixation point disap-
pears leaving the subject momentarily in complete darkness
(the gap period) until an eccentric visual target appears. The
subject is required to maintain central fixation during the
gap period and to initiate a targeting saccade only after the
detection of the visual target. The disappearance of the fixa-
tion point somehow can both release the fixation system and
act as a tempora warning signal allowing the subject to pre-
pare for the impending target appearance (Ross and Ross
1980; Reuter-Lorenz et al. 1991; Jittner and Wolf 1992;
Kingstone and Klein 1993; Dorris and Munoz 1995; Paré
and Munoz 1996). Therefore, the introduction of a gap pe-
riod (e.g., 200 ms) leads to a genera reduction in saccadic
reaction time (SRT), known as the gap effect (Fig. 2B,C). In
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Fig. 3. Examples of recording from SCFN, SCBUN and SCBN in the SC and OPN, LLBN and MLBN in the reticular formation
while a monkey performs the gap saccade task. Each panel shows, from top to bottom, the discharge of a neuron during severa trials
(each tic mark is an action potential and each row is a single trial), the spike density waveform representing the probability of dis-
charge of the neuron at a given moment in time, the individual eye position traces from the same trials, and traces representing the
timing of target stimuli. Each condition starts with the monkey fixating a central fixation point (FP). In the gap saccade task, the FP
disappears (left vertical dashed line) 200 ms before an eccentric target (T) appears (right vertical dashed line) and the monkey the ori-
ents to the T. Additional details are provided in Dorris et al. (1997) and Everling et a. (1998q).
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addition, the gap paradigm often results in bimodal SRT dis-
tributions, with a first mode (~100 ms) of express saccades
and a second mode (~150 ms) of regular saccades (Fischer
and Boch 1983; Fischer and Ramsperger 1984; Fischer and
Weber 1993). The latency of express saccades represents the
minimal time required for sensory-motor transformation
(Carpenter 1981). When the spatia location of the saccade
target and the probability of its presentation is varied, it can
be demonstrated that the disengagement of fixation afforded
by the gap accounts for a general gap effect. However, the
introduction of the gap period does not guarantee that ex-
press saccades will be generated. Rather, express saccade
occurrence is determined by factors such as predictability in
the location and timing of appearance of the saccadic target
(Paré and Munoz 1996). Accordingly, we hypothesised that
advanced motor preparation is primarily responsible for the
occurrence of express saccades, which may be caused
mainly by neuronal changes restricted to specific loci, cod-
ing for the trained movements, in a neural map of saccades
such as the SC (Paré and Munoz 1996).

The gap saccade paradigm: General discharge
characteristics of neuronal classes

To gain insight into how the brain controls saccadic initia-
tion and identify neural correlates of the gap effect and neu-
ral mechanisms leading to the generation of express and
regular saccades, we recorded activity from several different
classes of neurons in the SC intermediate layers and
reticular formation while monkeys performed the gap
saccade task. Figure 3 shows representative examples of the
activity petterns that we encountered. In these experiments,

the gap duration usually varied from 0-800 ms and the tar-
get appeared randomly either to the right or left of central
fixation, dictated by the response field of the neuron under
study. The data in Fig. 3 illustrate only 200 ms gap trials
with the target appearing 10 degrees right of fixation. The
SC fixation-related neurons (SCFN) were tonically active
during visual fixation, but reduced their activity about
100 ms into the gap period before pausing completely for
the ensuing saccades. Reciprocally, the SC saccade-related
neurons were silent during visual fixation and discharged a
high frequency burst of action potentials for saccades into
their response field. Moreover, during the gap period, some
of these neurons, the build-up neurons (SCBUN), addition-
aly displayed low-frequency pre-target discharges, while
others, the burst neurons (SCBN), remained silent (Munoz
and Wurtz 19954). This initial classification scheme may be
somewhat artificial and a continuum may exist between
these cell types (Scudder et al. 1996; Dorris and Munoz
1998).

In the reticular formation, OPN continue to discharge at
the same tonic rate during visual and non-visual fixation
(Fig. 3). They do not exhibit the gap-related reduction in ac-
tivity observed in SCFN (Everling et al. 1998b). In compari-
son, LLBN display low-frequency pre-target activity during
the gap period very similar to that of SCBUN. MLBN lack
such gap-related activity, and therefore more closely resem-
ble the SCBN. How do OPN maintain their tonic discharge
during the gap period? We have hypothesised that OPN
receive excitatory inputs from SCFN and SCBUN (Everling
et a. 1998b). Increased input from SCBUN occurs when
SCFN input is reduced. A constant input onto the OPN
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Fig. 4. (A) Population response of 31 SCFN and 15 SCBUN for
a gap duration of 600 ms. (B) Plot of percentage of saccades
evoked by microstimulation of the SC (300Hz at threshold cur-
rent, defined as 50% responses for 0 ms gap duration) versus
gap duration. (C) Plot of mean saccadic reaction time (SRT)
versus gap duration. (D) Plot of percentage of express saccades
versus gap duration.
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ensure that their high tonic discharge continues during the
gap period and that, via their potent inhibition of MLBN,
low-frequency pre-target signals do not trigger a saccade
prematurely (Fig. 1C).

Neural substrates of fixation disengagement

It is widely recognised that the genera reduction in SRT
observed in the gap saccade task may be due to a disengage-
ment of the fixation system afforded by the disappearance of
the visual fixation point. Given the gap-related decrease in
activity of SCFN and its possible consegquence on the excit-
ability of saccade-related neurons, we hypothesised that it

Can. J. Physiol. Pharmacol. Vol. 78, 2000

constitutes a neural substrate of fixation disengagement
(Dorris and Munoz 1995). To further examine the behaviour
of these neurons in the gap saccade task, we detail in
Fig. 4A the average time course of the activation of a sam-
ple of SCFN during a long duration gap (600 ms). From a
relatively stable rate of ~60 spikes/s during visual fixation,
the average activation declines ~100 ms following the fixa-
tion point disappearance. This activity reaches a minimum
200-300 ms into the gap before rising toward a sustained
level dlightly less than during visual fixation. Consistent
with the local inhibitory network hypothesis, the activation
of SCFN and SCBUN are reciprocal. The average activation
of SCBUN is minimal during visua fixation but starts in-
creasing ~100 ms following the fixation point disappearance
to reach a maximum ~250 ms into the gap period and is
maintained at a high sustained level for the remainder of the
gap. It remains to be determined whether the changes in
SCFN activity could be responsible for the changes in
SCBUN activity, thereby explaining the short SRT observed
in the gap saccade task.

Microstimulation of SC saccade-related neurons with a
train of stimulation pulses elicits saccadic eye movements
whose metrics are remarkably similar to natural saccades
(Robinson 1972). However, when a near-threshold train of
microstimulation is employed, the probability of evoking a
saccade depends on the presumed state of excitability of the
local neurons (Sparks and Mays 1983). Thus, the signifi-
cance of the putative changes in the excitability of SC neu-
rons related to fixation release can be readily investigated
with this experimental tool. To estimate the time course of
the changes in neuronal excitability at different “gap” times
relative to the disappearance of a fixation point, we applied a
train of stimulation pulses at threshold current (eliciting a
saccade on ~50 % of O ms gap trials) on 25% of the trials
within a block in lieu of presenting the target stimulus
(Fig. 4B). Paralleling the time course of SCFN and SCBUN
excitability, the probability of eliciting a saccade increases
substantially with the introduction of the gap and it is opti-
mal for 200-ms gap trials. This observation reveals that the
changes in excitability within the SC that occur during the
evolution of the gap period do indeed influence the ability of
saccade-related neurons to trigger saccades.

Our hypothesis that pre-target SC neuronal activation in-
fluences SRT are further bolstered by other relationships ob-
served in behavioura measurements. Figure 4C and D
shows how varying the duration of the gap period between 0
and 600 ms affects the mean SRT and the percentage of ex-
press saccades following presentation of an eccentric target.
Mean SRT follows a profile similar to the discharge of
SCFN, being highest for a 0 ms gap and lowest for gaps of
200-300 ms (Fig. 4C). The percentage of express saccades
is equally influenced by the duration of the gap period
(Fig. 4D), and closely follows the shape of the SCBUN acti-
vation. However, as mentioned, the fixation disengagement
afforded by the gap does not provide sufficient spatial speci-
ficity to account for the occurrence of express saccades. Ac-
cording to our motor preparation hypothesis for express
saccade generation (Paré and Munoz 1996), topographically
localised changes in pre-target neurona activity of SCBUN
may represent the required motor preparation signal.
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Fig. 5. (A) Discharge of a single SCBUN in three separate
blocks of trials in which the probability of a saccade being gen-
erated into the response field of the neuron was varied between
50% (dashed line), 100% (solid line), and 0% (dotted line). (B)
Significant negative correlation between the level of pre-target
activity (sampled 50-60 ms after target appearance; see Dorris
and Munoz 1998) and the subsequent saccadic reaction time.
Each data point from a single trial.
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Neural substrates of motor preparation

Requin and colleagues (Requin et al. 1990; Riehle and
Requin 1989, 1993) established three criteria for labelling
changes in neuronal activity as related to motor preparation.
First, the changes in neuronal activity must occur in advance
of the movement, during a warning period. Second, the level
of discharge of a neuron must follow the likelihood that the
movement being produced involves that neuron. Third, and
most importantly, these changes in activity must predict
some attribute of motor performance (e.g., SRT).

To determine if the SC pre-target activity fulfilled these
criteria for motor preparation, we manipulated the probabil-
ity of the target appearing in the response fields of SCBUN
while monkeys performed the gap saccade paradigm with a
200 ms gap duration (Dorris and Munoz 1998). Figure 5A
shows how the discharge of a single SCBUN was altered by
changes in the probability of saccades being directed into its
response field. The pre-target activity of the neuron in-
creased ~100 ms into the gap period (thus fulfilling the first
criterion of motor preparation) and then the neuron dis-
charged a high frequency burst of action potentials for sac-
cades into its response field (Fig. 5A). The level of low
frequency pre-target activity was greater when the probabil-
ity of a saccade being generated into the response field of
the neuron was increased from 50% of the trials within a
block to 100% of the trials within a block, and was reduced
when the probability was switched to 0%. Therefore, the
magnitude of the pre-target activity varied systematically
with saccadic probability, thus fulfilling the second criterion
of motor preparation.

To test whether the intensity of the pre-target activity was
related to SRT, we measured the activity of the same neuron
immediately before the target-related information reached
the SC and, in Fig. 5B, we plot its value as a function of
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Fig. 6. Pre-target neuronal activity is shaped by past experience.
(A) Spike density functions are aligned on target appearance af-
ter a 200 ms gap period in the gap saccade paradigm. (B) The
pre-target activity is segregated based on whether the previous
saccade (N-1) was compatible (thick line) or incompatible (thin
line) with the neuron’s response field. (C) The pre-target activity
is segregated based on whether the previous two saccades (N-1
and N-2) were compatible (thick line) or incompatible (thin line)
with the response field of the neuron.
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SRT on a tria-by-trial basis. Using this analysis, we have
demonstrated that such a significant negative correlation be-
tween pre-target discharge rate and SRT exists for many
SCBUN (Dorris et a. 1997, 2000; Dorris and Munoz 1998;
Everling et a. 1999). However, similar analyses with SCFN
and OPN failed to reveal a consistent relationship between
pre-target activity and SRT (Dorris et a. 1997; Everling et
al. 1998b). Thus, because the level of pre-target build-up ac-
tivity begins during the gap period, varies with saccadic
probability, and predicts SRT, we believe this activity codes
for saccadic preparation.

Is motor preparation a memory of past experience?

The data illustrated in Fig. 5 show that when saccadic
probability changed across blocks of trias, it influenced the
level of pre-target activity of SCBUN. It is therefore possi-
ble that the level of pre-target activity is somehow influ-
enced by previous events. To understand this phenomenon,
we evaluated how this change in neuronal activity and the
corresponding SRT vary as a function of trial history (Dorris
et al. 2000). Figure 6A shows the discharge of a SCBUN in
the gap saccade task with saccadic probability for the block
of trials fixed at 50% in the neuron’s response field and 50%
to the opposite side. Note that the subsequent direction of
the saccade (compatible, into response field; incompatible,
into opposite hemifield) did not influence the level of dis-
charge during the gap period (Fig. 6A). This was expected
given that in this condition these neurons presumably cannot
predict target location. These data are resorted based upon
whether the previous trial (N-1) was compatible or incom-
patible with the neuron’s response field and reveals that the
previous tria influenced the subsequent level of pre-target
activity (Fig. 6B). When these same data are resorted again
based upon whether the previous two trials were compatible
or incompatible, this sequential effect was accentuated
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Fig. 7. (A) Mean SRT as a function of the sequence of previous
saccades. Mean SRT for the current saccade is shown irrespec-
tive of previous saccades (N) or based on the compatibility of
the metrics of the previous saccade (N-1) or previous two sac-
cades (N-2) with the current saccade. (B) Distribution of
pre-target neuronal activity as a function of the sequence of pre-
vious saccades. The current mean neuronal activity is shown ir-
respective of the location of the previous saccades (N) or based
on the compatibility of the previous saccade (N-1) or previous
two saccades (N-2) with each neuron’s response field. C, com-
patible; 1, incompatible.
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(Fig. 6C). In other words, the pretarget activity was
potentiated by the repetition of compatible trials and de-
pleted by the repetition of incompatible trials.

The relationship between collicular pre-target activity and
SRT was maintained in the configuration of the sequential

Can. J. Physiol. Pharmacol. Vol. 78, 2000

Fig. 8. Discharge of a SCBN (top) and SCBUN (bottom) in the
delayed saccade task used to dissociate temporally stimulus- and
saccade-related activation. Both neurons discharge two bursts of
action potentials: one time-locked to appearance of the visual
stimulus in the response field (Ieft panels), the second burst is
time-locked to saccade onset (right panels). Note that during the
delay period, the SCBN was nearly silent, while the SCBUN
was active at a low freguency.
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100ms
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pattern of changes in the SRT distribution (Fig. 7A) and
neuronal activity of the population of neurons (Fig. 7B).
Thus, the same neuronal activity both predicted future be-
haviour and reflected the past experience. We therefore ar-
gue that the neural processes underlying behavioural
responses cannot be isolated in a single trial but must be re-
cognised in the context of trial history.

Visual to oculomotor transition

The time required to initiate a saccade to a suddenly ap-
pearing target generally exceeds the afferent conduction time
for visual information to reach the oculomotor system, the
minimal sensory-motor processing time and the efferent time
for the saccadic motor command to recruit the ocular
motoneurons (Carpenter 1981). When monkeys look toward
an eccentric visua target that appears suddenly in the pe-
ripheral visual field, SCBUN and SCBN usually discharge
two bursts of action potentials. To dissociate temporally a
neuron’s response to visual stimulation from its motor acti-
vation, we employed a delayed saccade task, wherein the
monkey maintains fixation on a central fixation point even
after an eccentric target appears and the delayed disappear-
ance of the fixation point signals the animal to make a
saccade to the eccentric target. Many SCBN and SCBUN
discharge a transient response immediately following the
sudden appearance of the eccentric target in their response
field (Fig. 8, left panel) and they discharge a subsequent mo-
tor response time-locked to the occurrence of the saccade
into their response field (Fig. 8, right panel). The stimu-
lus-related activation of these neurons is amost always less
than their saccade-related activation (Dorris et al. 1997), and
it is usually considered to be a simple sensory response.
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Fig. 9. Difference in discharge (spike density waveform) of a
SCFN, SCBUN, SCBN, OPN, LLBN, and MLBN between ex-
press-latency (solid traces) and regular-latency (dashed traces)
saccades in the gap saccade task. Note that the SCBUN and
SCBN discharge two bursts for regular saccades, but only one
burst for express saccades. Note also that the SCBUN and LLBN
had more pre-target activity preceding express saccades.

SCFN SCBUN SCBN
express l"‘
_____ regular I\l \‘ ®
S AN E
OPN LLBN

| ‘ o~ \\

Aligned on Target Appearance

However, given that the activation of these neurons can po-
tentially reach the brainstem saccade generator circuit, it is
more reasonable to think of the stimulus-related activation as
a failled motor activation. This view is consistent with mod-
els of saccadic initiation in which a threshold level of activ-
ity must be surpassed to trigger a saccade (Carpenter and
Williams 1995; Hanes and Schall 1996; Dorris et a. 1997;
Ratcliff et a. 1999). In addition to phasic stimulus-locked
activation, sub-threshold sustained activity can also be ob-
served during the delay period of the delayed saccade task,
especially in the neurons (SCBUN) that display a build-up
of activity in the gap saccade task (Munoz and Wurtz
1995a).

Visual to oculomotor discharges: The case of express
saccades

Express saccades are a separate mode in the distribution
of SRTs (see Fig. 2C) whose latency approaches the mini-
mal sensory afferent and motor efferent conduction times
(Fischer and Weber 1993). Given their special nature do they
conform to threshold models of saccadic initiation? Figure 9
contrasts the mean discharge rate of individual neurons re-
corded in both the SC and the pontine reticular formation
during the execution of express and regular saccades. There
are two important observations to make. First, prior to the
execution of express saccades, SCBUN and LLBN both have
a higher level of pre-target activity preceding target appear-
ance in the gap paradigm. This is consistent with the hypoth-
esis that higher pretarget activity codes faster SRT
(Fig. 5B). The second important observation is that, for
SCBUN and SCBN, there are two bursts of action potentials
after target appearance for regular saccades, a small stimu-
lus-related burst and a second larger motor-related burst, but
only one burst for express saccades that is equally aligned
on both stimulus presentation and saccade onset. For express
saccades, it is asif the two bursts of activity merged into one
visuo-motor burst (Edelman and Keller 1996; Dorris et al.
1997).

Our hypothesis is that the pre-target activity that occursin
the gap paradigm moves the system closer to the threshold
for saccade initiation. When the transient stimulus-related
burst of activity arrives in the SC it is added to the early
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Fig. 10. Discharge of a SCBUN in the anti-saccade task. The ec-
centric stimulus appeared in the neuron’s response field and the
correct response (A) was to look to the opposite side, while the
incorrect response (B) consisted of looking toward the stimulus.
C) The spike density waveforms for correct (thin ling) and error
(thick line) responses are superimposed to revea a significant
difference in pre-target activity between correct and error re-
sponses. Circles in rasters denote saccade onset.

A

correct

(o

@ o

spikes/s

pre-target activity. If this early pre-target activity is high
enough then the visua burst drives the system over the
threshold and an express saccade is triggered. If the
pre-target activity is low, then the stimulus-related burst
does not reach the threshold for saccadic initiation and the
system must wait for a later signa which delays saccadic
initiation and produces a regular-latency saccade. According
to our hypothesis, two events are required for express sac-
cades: a high level of pre-target activity and a transient re-
sponse caused by either the appearance of a new target or
motion of an existing target. Because these conditions occur
often in the natural environment, we argue that express
saccade generation forms an important part of any visual
search and they are not simply an epiphenomenon limited to
the laboratory (see also Sommer 1994).

To further test the threshold models of saccadic initiation,
we have used the anti-saccade task (Everling et a. 1998a,
1999). We hypothesised that a high level of pre-stimulus ac-
tivity in the SC, which shortens SRT, would increase
saccadic errors directed to the stimulus by allowing the stim-
ulus-related burst to trigger a reflexive saccade. To test this
hypothesis, we recorded the activity of SCBUN while mon-
keys performed a task with randomly interleaved
pro-saccade (saccade toward the stimulus) and anti-saccade
(saccade away from the stimulus to the opposite side) trials.
In addition, the eccentric stimulus appeared with equal prob-
ability either in the response field of the neuron, or on the
opposite side. Figure 10 shows the discharge of a SCBUN
during the execution of correct anti-saccades and erroneous
pro-saccades triggered in the anti-saccade condition. The
stimulus was presented in the neuron’s response field so that
the opposite SC should drive the anti-saccade (Everling et a.
1999). The appearance of the visua stimulus triggers a tran-
sient phasic response in the neuron. On error trias, excessive
pre-target activity during the gap alows the stimulus-related
response to exceed a threshold and trigger an erroneous
pro-saccade. Most importantly, note that almost al of the er-
roneous pro-saccades are triggered at express saccade laten-
cies (Everling et a. 19984). On correct trias the pre-target
activity is reduced prior to stimulus appearance so that the
transient stimulus-related burst does not exceed saccade
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threshold. Once again the level of pre-target activity predicts
not only SRT, but also the selection of the saccade; too much
pre-target activity leads to the initiation of avisualy triggered
reflexive saccade. To initiate a voluntary anti-saccade,
pre-target activity within the SC must be reduced.

Conclusions

In this article, we have focused discussion upon pre-target
factors that influence movement initiation. It should be
stressed emphatically that these are not the only important
factors that determine behaviour. Certainly, in cases where
there exists high uncertainty of upcoming events (Hanes and
Schall 1996; Basso and Wurtz 1997; Hanes and Paré 1998)
or high cognitive loads such as during visual search or dis-
crimination tasks (Schall and Thompson 1999) there is little
pre-target information that can be gathered and therefore lit-
tle pre-target neural processing can occur. In these cases, the
variability in reaction times is dominated by post-target pro-
CESSES.

Warning signals like those provided in the gap saccade
paradigm by the gap period lead to systematic changes in
excitability of neurons within the superior colliculus and
brainstem reticular formation that subsequently influence
SRT. This may be analogous to the preparatory steps taken
by a sprinter when the starter at a race announces “On your
mark! Get set!” The higher the level of preparation, the
faster the subsequent reaction time. The trade-off isthat in a
heightened state of preparation, the system is very close to
threshold to initiate a response and there is no time for
post-stimulus processing other than providing a GO signal.

Understanding the brainstem saccadic initiation circuitry
acts as a foundation on which to study the influences of
higher cognitive inputs to the system. Inputs from the cortex
and basal ganglia are likely to play a crucia role in deter-
mining the excitability levels of the neuronal elementsin the
system to influence the behavioural states of visual fixation
and motor preparation. For example, recent studies have in-
vestigated the role of the frontal eye fields in saccadic initia-
tion and described mechanisms contributing to movement
initiation (Hanes and Schall 1996; Everling and Munoz
2000). Using rigorous behavioural manipulations with quan-
titative physiological measurements can lead to a better un-
derstanding of the neural basis of movement initiation.
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