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CONCLUSIONS

I. We tested the predictions of two models of the saccadic
burst generator by electrically stimulating sites in primate superior
colliculus (SC) immediately
following
visually guided movements.
2. The amplitude and direction of stimulated saccades depend
systematically on the amplitude and direction of preceding visually
guided saccades, and that effect decays exponentially with a time
constant of -45 ms. The saccadic system, then, displays an amplitude-dependent non-stationarity
that follows an exponential time
course during the intersaccadic interval (ISI).
3. These results are consistent with a variant of the eye displacement model proposed by Jurgens et al. but not with Robinson’s
classic model of the burst generator. Moreover, since all models
of saccadic control must predict either stationary or nonstationary
behavior during the ISI, these results provide a powerful new constraint on those models.
4. Finally, the success of the displacement model in accounting
for our data suggests a new explanation for the results of colliding
saccade experiments.

INTRODUCTION

Robinson’s model of the saccadic burst generator (Robinson 1975) has motivated much of the subsequent research
into saccadic control. Figure 1A depicts an elaboration of
the model (Van Gisbergen et al. 198 1) that implements bidirectionality (up/down or right/left) by adopting the simple (though perhaps unrealistic) strategy of employing a
single neural integrator, comparator, and desired eye position
command, each of which can take positive and negative
values depending on the direction of a saccade. Although
the model successfully reproduces the essentials of saccadic
behavior, a number of other models have been offered in its
place.
Of these, Jurgens et al. ( 198 1) have proposed perhaps
the most conservative alternative. Figure 1B illustrates an
adaptation of their model that borrows the simple scheme
for bi-directional interactions depicted in Fig. 1A. Like Robinson’s, this model relies on integrated internal feedback to
control saccadic amplitude, and on motor error emerging
from a comparator (COMP) to drive excitatory burst neurons (EBN’s) . But in their eye displacement model, Jurgens
et al. ( 1981) replace desired eye position (DP) with retinal
error (or desired displacement, DD) and current eye position
(EP) with eye displacement feedback from a second,
“leaky” displacement integrator (DI) . After each saccade,
the value on DI must return to zero before the next displace0022-3077/95
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ment command arrives. Otherwise, the burst generator will
not produce saccades of the desired amplitude. However,
as long as zeroing has occurred before the next saccadic
command, the process could result either from an immediate
and active reset or from the gradual discharge of a leaky
integrator during the intersaccadic interval (ISI).
If the postsaccadic value on the displacement integrator
does discharge gradually during the ISI, then the displacement model and Robinson’s model make dramatically different predictions that have not previously been tested. The
displacement model predicts nonstationary behavior during
the ISI. More specifically, the burst generator will respond
differently to the same saccadic commands depending on
when they arrive during the integrator’s decay period. Any
residual value on the displacement integrator will be subtracted automatically from the next desired displacement
command at the comparator. Robinson’s model, however,
predicts complete stationarity in this respect-all elements
of his model are prepared for the next movement immediately after saccade offset. Under normal circumstances, commands may occur with sufficient temporal separation to obscure this difference between the models. However, if a
command were artificially injected during the decay time of
the putative displacement integrator, such a nonstationarity
might be revealed. To explore this possibility, we injected
desired displacement commands by electrically stimulating
sites in the SC following visually guided saccades.
Figure 1C illustrates the predictions of the displacement
model under these conditions. Filled and open arrows represent stimulated and visually guided movements, respectively. Consider a visually guided, 5’ upward movement
followed by stimulation at an SC site normally specifying a
movement with a 10’ upward component (the control movement). If the new command arrives at the comparator before
DI has begun to discharge (and assuming that command
completely replaces any residual desired displacement signal
that may remain from the preceding movement), then the
burst generator will produce a movement with a 5’ upward
component (a truncation). Although vertical DD remains
10” up, the displacement integrator will report that the eyes
have already moved 5Oup. After 5Omore, DI will equal DD,
terminating the saccade. Following a 2’ upward saccade, the
stimulated saccade will have an 8” upward component, and
so on. Furthermore, if the initial movement were 5’ down
(opposite to the impending desired displacement command),
then the resulting stimulated saccade would have a 15Oupward component (an overshoot). Finally, if the initial move-
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FIG. 1. A : simplified
schematic of the bi-directional
elaboration
of Robinson’s
original model (Van Gisbergen
et al. 198 1) ;
unless otherwise indicated, all connections
are excitatory.
DP (desired eye position),
COMP (comparator),
EBN (excitatory
burst neuron),
NI (neural integrator).
B: adaptation
of the eye displacement
model of Jurgens et al. ( 1981) ; DD (desired
displacement),
DI (displacement
integrator).
C and D: predictions
of the 2 models. Truncations,
overshoots,
and reversals
are indicated. See text for further details.

ment were 20” up, the model would predict a 10” downward
component in the stimulated saccade (a reversal).
Two general predictions of the displacement model follow. First, when stimulation occurs at a fixed time during the
displacement integrator’s discharge period, the component
amplitude of the stimulated movement will depend linearly
on the amplitude of the preceding, visually guided movement. Second, the component amplitude of the stimulated
movement will gradually approach its desired amplitude as
the new command occurs later in the integrator’s discharge
period.
Figure 1D schematically illustrates the first of these predictions. The open rectangle represents the desired vertical
amplitude for a particular stimulation site in the SC, and the
solid line illustrates one prediction of the displacement
model. The slope of this line, however, will depend on the
amount of integrator discharge that has occurred before the
onset of the stimulated movement. If none has occurred,
the negative unity slope of the solid line will be observed.
Otherwise, some fraction of negative unity will be observed
( . 0). As stated, Robinson’s model predicts complete stationarity-visually
guided saccades will not influence the
amplitude of the subsequent stimulated saccades, and the
data will fall along a line with zero slope (- - -) .
l

METHODS

Surgical,

training,

recording,

and stimulation

procedures

Data were obtained from two adult rhesus monkeys (Macaca
mulatta). Experimental procedures have been described in detail
previously (Mays and Sparks 1980). Briefly, during each session,
animals sat in very dim illumination
and looked to points of light
projected on a tangent screen by a laser galvanometer system. An
electrode was advanced to intermediate layers of the SC, as identified by saccade-related motor activity and low thresholds for electrical stimulation of saccades. The saccade vector associated with
a particular site was determined by electrical stimulation. Once a
site had been selected, stimulation parameters were set at 500
pulses/s for a 50-ms train duration and nominally at 50 PA.

Experimental design
THREE

TRIAL

TYPES

WERE

USED.

Control Stimulation Trials.

Animals fixated an initial target for 800 to 1,200 ms. Fifty milliseconds after the light was extinguished, but before any movement
could occur, electrical stimulation was applied to the SC producing
a saccade. A variable time after the stimulated saccade, a second
visual target appeared in a randomly selected location, and the
animal was rewarded for acquiring that target.
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FIG. 2. Amplitude series data. All movements were produced by stimulation at a single superior colliculus (SC) site. A:
vertical amplitude of the stimulated movement vs. vertical amplitude of the visually guided movement for 1 data set. Mean
vertical amplitude of control stimulations ( •I) is 4.9”. The slope of the fitted function is -0 .64, as shown in the equation in
the top right corner. See text for further details. B: raw traces plotting vertical eye position vs. time during the stimulated
movement for 4 individual trials from 2A. Same scale for all plots: control movement is 5”; total time plotted is 70 ms.

VISUAL
TRIALS.
Animals fixated an initial target for a variable
period and then received a reward for looking to a second, brief
visual target that was always extinguished before the animal acquired the target position.
VISUAL/STIMULATION
TRIALS.
These trials were exactly like visual trials except that at the end of the saccade to the location of
the brief visual target, stimulation was applied to the SC. Stimulation onset was locked to the eyes entering an electronically defined
window (22” or smaller) around the target position and occurred
after a variable delay (0 to 120 ms) . Stimulation-induced
movements began only after visually guided movements ended near the
location of the extinguished target.
The two stimulation trial types were used to assess the behavior
of the saccadic system during the time immediately following visually guided saccades. Control stimulation trials were collected at
the beginning and end of each experimental session and were presumed to reveal the desired displacement command emerging from
the SC and reaching the burst generator. Visual/stimulation
trials
served to probe the burst generator during the IS1 for nonstationary
responses to commands of constant desired displacement. For both
visual and visual/ stimulation trials, initial movements were always
made from eccentric origins toward a fixed central location. Thus,
all stimulated saccades began from approximately the same location, minimizing
differential orbital position effects. Since the initial visually guided movements were always directed toward purely
vertical or horizontal targets, only one component of the stimulated
saccade was systematically manipulated at a time. Results are presented only for the manipulated component.
Data were collected in one of two series according to the independent variable. In one series, we varied the time to stimulation
onset after the initial visually guided movement. The amplitude of
this initial movement was fixed for the duration of the data series
at a value that was typically greater than or equal to the desired
component amplitude for the particular site of SC stimulation (temporal series). These data were collected in blocks by time to
stimulation onset and were intended to reveal the time course of
any nonstationary behavior. In the other data series, stimulation
onset always occurred immediately after the eyes entered the target
window, but the amplitude of the initial visually guided movement
was systematically varied (amplitude
series). These data were
collected in blocks by first movement amplitude and were intended

to reveal the amplitude-dependence
of any nonstationarity. In both
data series, stimulation trials were randomly interleaved with simple visual trials. Stimulation occurred on -40% of trials.

Data analysis
The amplitude and peak velocity for the horizontal and vertical
components on both control stimulation and visual/stimulation
trials were measured, as was the duration of the IS1 on visual/stimulation trials. For the temporal series, the component amplitude of the
second, stimulated movement was plotted as a function of the
duration of the intersaccadic interval. Exponential curves were fit
to the data using the Statistica software package. For the amplitude
series, the component amplitude of the stimulated movement was
plotted as a function of the corresponding
component amplitude
of the initial visually guided movement (see Fig. 1 D). Linear
functions were fit to the data, also using Statistica.
RESULTS

Amplitude

series

In total, 18 data sets were collected from 14 stimulation
sites in two colliculi in two monkeys. In Fig. 2A, the vertical
amplitude of stimulated movements is plotted as a function
of the vertical amplitude of preceding visually guided movements for one data set. Figure 2B shows raw traces (vertical
eye position vs. time) of four individual trials from Fig. 2A:
control, overshoot, truncation, and reversal. In each of the
18 data sets, the component amplitude of the stimulated
saccadedepends systematically on the amplitude of the initial visually guided saccade, regardless of the component
amplitude of the control stimulated movement for that site.
For each data set, identical stimulation parametersat a single
site in the SC produced movements of widely varying directions and amplitudes that displayed amplitude-dependent
peak velocities typical of normal visually guided saccades.
The 18 data sets differ substantially only in the responses
under conditions that, by the displacement model depicted
in Fig. 123, should elicit direction reversals. In some data

M. J. NICHOLS AND D. L. SPARKS

434

12
10

8
6
4
2
60

INTERSACCADIC

INTERVAL (ms)

FIG. 3. Temporal series data (different SC stimulation sites than in Fig. 2). Amplitude of the stimulated movement vs. the
intersaccadic interval between the visually guided movement and the stimulated movement. A : data set for which Eq. I gave
the best fit. The time constant is 46 ms. Mean horizontal amplitude of control stimulations: -6.8”; mean horizontal amplitude
of preceding visually guided saccade: - 12.9”. B: data set for which Eq. 1 gave the worst fit. The time constant is 40 ms.
Mean vertical amplitude of control stimulations: 12.1”; mean vertical amplitude of preceding visually guided saccade: 15.5”.
See text for further details.

sets (as illustrated in Fig. 2A), reversals seem to fall close
to the same line that describes the rest of the data. In others,
reversals display amplitude-dependence,
but a distinct inflection point appears in the data as they pass into the reversal
region. Finally, in some data sets, no reversals appear at all.
Because of the special status of reversals, the data were
fit with two lines separated by a variable inflection point.
The worst fit accounted for 96% of the variance. Since the
behavior was variable under reversal conditions, Fig. 2A
displays only the 1i ne fit to the nonre versa1 side of the inflection point. For all the data set:s, the mean slope of this line
is -0.66 t 0.14 (mean t SD).
Temporal series

Data were collected for 10 collicular stimulation sites in
two monkeys. In Fig. 3, the component amplitude of the
stimulated movement is plotted as a function of the intersaccadic interval for two data sets. The nonstationary effect
observed in the amplitude series clearly decays gradually
over a period of - 100 ms. The exponential function in Eq.
I was fit to all data sets.
Y = A(1

- e(-X+b)m)

(0

Asymptotic amplitude (A), time constant (T), and x-intercept (b) were allowed to vary freely. The best fit (Fig. 3A)
accounts for 97% of the variance; the worst fit (Fig. 3B),
for 87%. The mean time constant for the population is 45 t
8 ms.
DISCUSSION

To recapitulate, the saccadic system clearly displays an
amplitude-dependent nonstationarity during the ISI, consistent
with the predictions of the displacement model and inconsistent with those of Robinson’s model. Furthermore, the exponential decay of the effect is suggestive of a leaky displace-

ment integrator. Finally, the displacement model readily predicts our finding that the slopes of the fitted linear functions
(as illustrated in Fig. 2A) fail to reach negative unity. If the
value on the integrator begins to discharge immediately after
saccade offset (as expected from a leaky integrator) and continues to discharge until the onset of the next saccade,’ then
the model would not predict negative unity slope in our paradigm. In fact, with a 19 ms mean IS1 across all visual/stimulation trials in our 18 data sets and a mean time constant of
45 t 8 ms, the putative integrator will typically have lost
between 30% and 40% of its value before the stimulated
saccade begins. The displacement model then predicts a mean
slope ranging from -0.60 to -0.70. The actual mean slope,
-0.66, falls in the middle of this range.
The displacement model presented in Fig. 1 B cannot, as it
stands, account for the variability in behavior under reversal
conditions. That behavior demands more complex bi-directional interactions than the schematic model suggests. However, to speculate about alternatives is beyond the scope of
the present paper.
It is essential to address the issue of refractoriness in
interpreting these data. Robinson ( 1972) has already demonstrated nonstationary behavior during the IS1 between successive saccades elicited by SC stimulation, and has attributed it to refractoriness of brain stem burst elements. In light
of our data, we propose that Robinson’s observations are a
special case of a broader phenomenon that cannot easily be
explained by refractoriness, either of the burst element or of
the SC. While a number of arguments make refractoriness
an implausible explanation, perhaps the two most compelling
are these.
If the population of collicular cells active during the initial
’ Due to efferent delay, the EBN’s may begin to recharge the displacement integrator before the onset of the stimulation-induced saccade. However., the nrecise timing of these events is unknown, and we could directly
measure only the intersaccadic interval.
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saccadebecomes inactive during a refractory period, effects
similar to those produced by lidocaine inactivation should
be observed (Hikosaka and Wurtz 1986; Lee et al. 1988):
reduced saccadic velocity, hypometric saccadeswhen stimulation occurs at a smaller amplitude site than the refractory
population, hypermetric saccadeswhen stimulation occurs
at a larger amplitude site, and saccadeswith unaltered amplitude when the sites are superimposed.This pattern of behavior was not observed.
If, on the other hand, the population of EBN’s reduces its
total output during a refractory period, one might expect
changes in movement velocity rather than movement amplitude. After all, the rate of EBN discharge is thought to code
velocity. Indeed, the internal feedback concept has been used
precisely to explain how the burst generator could produce
saccades of diminished velocity, due either to pathology
(Zee et al. 1976) or to pharmacological manipulation (Jurgens et al. 1981) and still achieve the correct amplitude.
Therefore. unable to invoke refractoriness. we conclude
that the nonstationary behavior we observed is fundamental
to the design of the saccadic burst generator at or below the
level of the SC. These findings add an important new constraint on models of the saccadic system. Any successful
model must explicitly predict amplitude-dependent, nonstationary behavior that follows the observed exponential decay. Some variant of the displacement model described here
may accomplish just that. Other models, perhaps with minor
adjustments, may also predict some kind of amplitude-dependent nonstationarity (e.g., Dassonville et al. 1992b;
Dominey and Arbib 1992; Optican 1994; Waitzman 1991) .
However, models that are fundamentally stationary during
the IS1 (e.g., Moschovakis and Highstein 1994; Robinson
1975; Scudder 1988; Van Gisbergen et al. 1981; Van Opstal
and Kappen 1993), or whose nonstationarity doesnot follow
the observed time course (e.g., Schlag et al. 1989), must be
reevaluated.
Finally, a variant of the displacement model capable of
accounting for our data may also account for the dissociation
between electrically stimulated, fixed-vector commands and
the metrics of the resulting saccadesobserved in the colliding
saccade paradigm (e.g., Dassonville et al. 1992a). In that
study, FEF sites were stimulated during ongoing saccades.
Despite the fixed-vector commands that presumably leave
FEF, the amnlitude and direction of each stimulated saccade
depended on the’ amplitude and direction of the ongoing
movement. Under these conditions, an apparent discrepancy
arises between fixed-vector commands arriving at the burst
generator via the FEF-SC pathway and those arriving by a
putative alternate pathway from FEF to brain stem (SchlagRey et al. 1992). Schlag et al. ( 1989) have argued that
fixed-vector commands from the SC must be “disabled”
during colliding saccadetrials while commands arriving via
an alternate pathway from FEF to brain stem, having been
combined with a delayed eye position signal, control the
variable-vector movements (Dassonville et al. 1992; SchlagRey et al. 1992). We propose an alternative explanation. If
the brain stem burst generators respond d@erentZy to commands of constant desired displacement depending on the
state of their respective displacement integrators, then fixedvector signals elicited by FEF stimulation and transmitted
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to the brain stem via the FEF-SC pathway will produce
variable-vector saccades of the sort seen in the colliding
saccadeparadigm. No signals need to be disabled and fixedvector commands themselves need not be altered to produce
these variable-vector movements.
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