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Saccadic Gain Modification: Visual Error Drives Motor Adaptation

JOSH WALLMAN1 AND ALBERT F. FUCHS2

1Department of Biology, City College, City University of New York, New York 10031; and 2Regional Primate Research
Center and Department of Physiology and Biophysics, University of Washington, Seattle, Washington 98195

Wallman, Josh and Albert F. Fuchs. Saccadic gain modification: in the retina is quite slow (latencies of Ç30 ms at the optic
visual error drives motor adaptation. J. Neurophysiol. 80: 2405– tract) , most saccadic movements are not visually guided.
2416, 1998. The brain maintains the accuracy of saccadic eye Instead, the accuracy of saccades is maintained by adjusting
movements by adjusting saccadic amplitude relative to the target their amplitude relative to the distance of targets from the
distance (i.e., saccade gain) on the basis of the performance of fovea. Such adjustments correct consistent tendencies of sac-recent saccades. If an experimenter surreptitiously moves the target

cades to overshoot or undershoot their targets. The existencebackward during each saccade, thereby causing the eyes to land
of this adaptive control of saccade amplitude has been in-beyond their targets, saccades undergo a gradual gain reduction.
ferred from many experiments during the past 30 years. InThe error signal driving this conventional saccadic gain adaptation
a typical experiment, the target is moved surreptitiously dur-could be either visual ( the postsaccadic distance of the target from

the fovea) or motoric ( the direction and size of the corrective ing a saccade (a period during which vision is poor because
saccade that brings the eye onto the back-stepped target) . Simi- the eyes are moving so fast) so that a saccade that was in
larly, the adaptation itself might be a motor adjustment (change in fact accurate appears to have been too large or too small.
the size of saccade for a given perceived target distance) or a Over the course of many such deceptions, the average size
visual remapping (change in the perceived target distance) . We of the saccade is adjusted so that the eye lands near the
studied these possibilities in experiments both with rhesus ma- new target location (e.g., Deubel 1987; Deubel et al. 1986;caques and with humans. To test whether the error signal is mo-

McLaughlin 1967; Straube et al. 1997).toric, we used a paradigm devised by Heiner Deubel. The Deubel
This adaptive plasticity can be viewed most simply as aparadigm differed from the conventional adaptation paradigm in

parametric adjustment of a motoric gain, perhaps used inthat the backward step that occurred during the saccade was brief,
daily life to compensate for gradual changes in muscle effi-and the target then returned to its original displaced location. This

ploy replaced most of the usual backward corrective saccades with cacy or eye size. However, saccadic gain adjustment in hu-
forward ones. Nevertheless, saccadic gain gradually decreased over mans seems too complex for so simple a mechanism. Sac-
hundreds of trials. Therefore, we conclude that the direction of cadic gain can be adapted independently for different direc-
saccadic gain adaptation is not determined by the direction of tions of movement [e.g., rightward saccades increased while
corrective saccades. To test whether gain adaptation is a manifesta- leftward ones decreased (Semmlow et al. 1989)] , for differ-
tion of a static visual remapping, we decreased the gain of 107 ent amplitudes [e.g., 57 saccades increased while 207 sac-horizontal saccades by conventional adaptation and then tested

cades decreased (Miller et al. 1981)] and for differentthe gain to targets appearing at retinal locations unused during
behavioral situations [e.g., visually triggered saccades in-adaptation. To make the target appear in such ‘‘virgin territory,’’
creased without affecting memory-guided saccades or free-we had it jump first vertically and then 107 horizontally; both jumps
scanning saccades (Deubel 1995a,b; Erkelens and Hullemanwere completed and the target spot extinguished before saccades

were made sequentially to the remembered target locations. Con- 1993)] .
ventional adaptation decreased the gain of the second, horizontal Like humans, nonhuman primates show saccadic gain ad-
saccade even though the target was in a nonadapted retinal location. aptation that is specific to particular directions and ampli-
In contrast, the horizontal component of oblique saccades made tudes. However, saccadic gain changes more slowly in mon-
directly to the same virgin location showed much less gain de- keys than in humans (Albano and King 1989; Straube et
crease, suggesting that the adaptation is specific to saccade direc- al. 1997), and the gain changes produced by adaptationtion rather than to target location. Thus visual remapping cannot

of visually triggered saccades do transfer to scanning andaccount for the entire reduction of saccadic gain. We conclude that
memory-guided saccades (Fuchs et al. 1996).saccadic gain adaptation involves an error signal that is primarily

We ask two independent questions about the saccadic gainvisual, not motor, but that the adaptation itself is primarily motor,
adjustment of humans and monkeys: Is the adaptation a con-not visual.
sequence of a change in a motoric gain or can it be explained
as a static sensory remapping of the visual field? Regardless

I N T R O D U C T I O N of whether the adaptation is visual or motoric, what kind of
error signal drives adaptation?Saccades are rapid, voluntary changes of gaze, usually to

To consider the second question first, the most obviousobjects that attract one’s attention. Because saccades are
error signal would be the distance of the target from thevery rapid [a 107 saccade lasts only Ç50 ms and has a peak
fovea (retinal error) at the end of the saccade. Whereas suchvelocity of ú5007 /s (Becker 1989)] and visual processing
a signal would be easy to extract in the reduced laboratory
situation of a single target spot in a dark room, it might be

The costs of publication of this article were defrayed in part by the ambiguous in the case of spontaneous saccades in a normalpayment of page charges. The article must therefore be hereby marked
environment with numerous potential targets present. If,‘‘advertisement’’ in accordance with 18 U.S.C. Section 1734 solely to

indicate this fact. after a saccade, there were stimuli on either side of the fovea,

24050022-3077/98 $5.00 Copyright q 1998 The American Physiological Society
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was a red laser light spot, which subtended either 0.25 or 0.47 andthe gain-control mechanism would need to know which stim-
was reflected off two mirror galvanometers situated orthogonal toulus had been the saccade target to know whether the saccade
each other. Voltages specified by a Macintosh IIfx computer werehad overshot or undershot the target.
applied to the galvanometers to produce target motion in two di-An alternative solution would be to use a motoric error
mensions.signal, such as the direction of the small corrective saccades

that follow inaccurate saccades. If the corrective saccade
Experimental protocolswere in the same direction as the primary saccade it would

signal that the saccadic gain needed to be increased and if
CONVENTIONAL ADAPTATION. Before each experiment, we col-in the opposite direction, that the gain needed to be decreased
lected 100–200 unadapted saccades as a measure of the subject’s

(Albano and King 1989). In this paper, we argue that the normal saccadic gain. To do this, the spot stepped left or right
error signal for saccadic adaptation is not primarily a motoric randomly by either 7 or 107, thereby landing at a variety of hori-
one by showing that we can decrease saccadic gain whether zontal locations across the screen. During conventional adapta-
corrective saccades are in the same direction as the primary tion, the same random target motion was used, except that during
saccade or in the opposite direction. the saccade to each target step, the computer stepped the target

back by either 30 or 40% of the original target step. The occur-Whatever error signal is employed by the adaptation
rence of a saccade was detected when eye velocity, as measuredmechanism, the saccadic alteration itself could be either mo-
by analogue differentiation of eye position, exceededÇ507 / s. Fortoric or visual in origin. Because saccadic gain represents
107 saccades, the backstep occurred Ç10 ms before peak eyethe relation between the perceived distance of the target from
velocity. When we judged that horizontal saccades had reachedthe fovea and the magnitude of the saccade to match that
a stable reduced gain after several hundred trials, we stopped the

distance, a position error after a saccade could be interpreted adaptation paradigm and tested the subject withÇ30 simple target
in one of two ways. Either the perceived target distance is steps (except in the case of the virgin territory experiments de-
veridical and the saccade size needs adjustment or the sac- scribed later in METHODS) .
cade size is veridical and the perceived target distance needs

DEUBEL BRIEF BACKSTEP ADAPTATION. To produce saccadic
adjustment. We explored these possibilities by assessing gain decreases with few backward corrective saccades, we used an
whether adaptation of saccades to targets in a small region adaptation paradigm suggested by Heiner Deubel at the University
of the visual field transfers to identical saccades made to of Munich. In this paradigm, as in conventional adaptation, when
targets in other regions of the visual field. the eye makes a saccade in response to a target step, the target

jumps backward by 30% of its initial step (40% in a few cases) .
In contrast to the conventional adaptation paradigm, the targetM E T H O D S
dwells in the back-stepped location only briefly before returning

General procedures to the location it had after its initial step; this return nearly always
occurs before the occurrence of any corrective saccade. ExamplesThe subjects were five juvenile rhesus macaques (Macaca mu-
of the target and eye movements elicited in this paradigm arelatta) and two adult humans who were experienced in oculomotor
shown in Fig. 1.experiments. In the experiments on monkeys, eye movements were

For each subject, the amount of time that the target dwelled inmeasured with the search coil technique, which measures the orien-
its back-stepped location was adjusted to be as long as possibletation of a coil affixed to the eye within surrounding alternating
without eliciting many backward corrective saccades. We em-magnetic fields in spatial and temporal quadrature (Fuchs and Rob-
ployed this strategy because we reasoned that longer dwell timesinson 1966; Robinson 1963). For details about the surgery to im-
were more likely to facilitate saccadic gain adaptation. We had theplant the eye coil and the head restraints, see Fuchs et al. (1996).
impression that the expectation that the target would return to itsThe monkeys were trained to follow a jumping target spot and
previous location after the backstep produced a substantial increasewere rewarded with applesauce if their eyes remained continuously
in the saccadic reaction time. Therefore, we started each subjectwithin a certain distance (usually {27) of the target for several
with relatively brief dwell times and then, once or twice duringseconds. (This requirement was relaxed briefly when the target
each experiment, we increased the dwell time as much as possiblemoved.) After 2–3 mo of training, the animals followed the jump-
without causing the subject to make backward corrective saccades.ing spot diligently over a {207 range for several thousand trials
The dwell times used for the monkeys were 117–200 ms at theeach day.
onset of a session and increased to 183–283 ms by the end. ForIn the experiments on humans, eye movements were measured
the human subjects, we used dwell times of 200–300 ms.not by search coils but by a photoelectric transducer, which de-

Monkeys and humans were subjected to the Deubel paradigmtected differential reflections from the nasal and temporal iris-sclera
while they executed saccades to target steps in both the leftwardborders along a horizontal line. The subjects’ heads were stabilized
and rightward directions; 80% of the steps were 107 and 20% wereby a bite bar and forehead rest; the transducer position was adjusted
77. The function of the 77 target steps (which were not consideredto achieve a linear response over the {207 range. Because this
in the data analyzed) was to prevent the target from landing repeat-transducer was less stable than the eye coils, we did not rely on
edly at only a few locations. As with the conventional adaptationthe initial calibration for assessing saccadic gain changes. Instead,
paradigm, after Deubel adaptation, we tested the subjects withÇ30we assumed that the subjects had been fixating the target accurately
simple target steps.at the start of each trial and had regained accurate fixation within

1–2 s after the target moved, by which time they made no further CONVENTIONAL ADAPTATION TESTED BY DOUBLE STEPS IN
VIRGIN TERRITORY. To assess whether the saccadic adaptationcorrective saccades. We regarded the overall change in eye position

over this period as equal to the change in target position and used could be localized to a definitively visual or motor level of neural
processing, we attempted to disambiguate the two by testingthis measure as an internal calibration within each trial. The size

of the initial saccade was expressed as a proportion of this total whether adaptation was specific to the retinal location of the target
step during adaptation or to saccades of the size and directionchange.

For all experiments, the subjects were seated in a darkened room adapted. This was done in two stages. First we decreased the gain
of purely horizontal saccades to 10 and 77 target steps by usingand targets were projected onto a tangent screen 67 cm in front of

the subject or onto a drum 48 cm in front of the subject. The target conventional adaptation. Then we tested the adaptation of hori-
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SACCADIC GAIN MODIFICATION 2407

FIG. 1. Representative saccades early
(n Å 10) and late (n Å 10) in adaptation
produced by the Deubel brief backstep para-
digm. These examples show that gain reduc-
tion can occur with few backward corrective
saccades. All responses are aligned on sac-
cade onset. Data from monkey BW
(rightward saccades) . Duration of the brief
backstep was increased from 117 to 150 ms
during adaptation.

zontal saccades to target steps of the same size as during adaptation target steps was kept at 107. Starting at the center of the screen in
front of the monkey, the target stepped to an eccentric locationbut at a different retinal location, i.e., in virgin territory. We did

this by requiring the eye to make first a vertical then a horizontal and then back to the center. Each eccentric location and return step
was repeated twice and then the eccentric location was shifted by107 saccade, starting with the eye and target straight ahead. To

elicit this pair of eye movements, the target moved randomly either one counterclockwise location, e.g., from an angle of 1357 to an
angle of 157.57. After we had obtained preadaptation data underup or down and then, after a delay, randomly either to the right or

left. The delay between the vertical and horizontal steps was ad- these conditions, we reduced the saccadic gain in both horizontal
directions by the conventional adaptation paradigm and then re-justed to be just under the subject’s saccadic reaction time so the

target appeared in its second location before the eye had begun to peated the sequence of oblique target steps.
move. As the eye began its vertical saccade, its movement was
detected at a velocity threshold of Ç507 /s and the target spot Data analysis
was extinguished. Therefore, both the vertical saccade and the

To analyze the saccades, we digitized eye movement data on-subsequent horizontal saccade were executed in complete darkness.
line by sampling horizontal and vertical eye and target positionsAfter a 200- to 300-ms interval to ensure that both saccades had
at 1 kHz. An analysis program then calculated the horizontal andoccurred, the target spot was turned on again and the monkey made
vertical eye velocities and scrolled the target and eye positiona corrective saccade to the target. After the animal had been fixating
and eye velocity signals across a computer monitor. The programthe target accurately for Ç1.5 s, the target jumped back to the
indicated the occurrence of the target step and marked the startstarting position and, after a variable delay, the next trial began.
and end of the horizontal and vertical components of each saccadeThese double-step trials were interleaved randomly with purely
according to an adjustable velocity criterion. On the basis of thesehorizontal target steps so that the gain of the adapted saccades to
markings, which could be modified by the investigator, a secondsimple horizontal steps and to the horizontal saccade of the double
program calculated the saccade metrics, e.g., saccade size, duration,step could be measured simultaneously.
and peak velocity, as well as several timing measures, e.g., saccadeMonkeys found this double-step memory-guided saccade task
latency (reaction time) and time to peak velocity. For some of theto be quite difficult. During training, they were rewarded only
analyses, commercial programs (Microsoft Excel, Wavemetricswhen they executed first a vertical and then a horizontal saccade,
IGOR and DataDesk) were used for further manipulations, suchand double-step trials were interleaved randomly with catch trials
as sorting saccades according to size, direction, and sequentialof purely vertical saccades. Despite these precautions, even cooper-
number in the experimental session.ative monkeys followed both steps on only about three-quarters of

Gain (G) was measured as the size of the saccade (E) dividedthe trials. On the other trials, they went directly to the eccentric
by the size of the initial target step. Both before the adaptationtarget location with a single oblique saccade.
began and after adaptation was complete, we measured the gainCONVENTIONAL ADAPTATION TESTED BY SINGLE OBLIQUE
(Gpre and Gpost ) of saccades to targets moving with simple stepsSTEPS IN VIRGIN TERRITORY. To test whether the transfer of ad-
without subsequent intrasaccadic backward jumps. The percentageaptation found on the double-step virgin territory experiment was
of gain reduction was determined asspecific to the retinal location of the target or to the direction of

the saccade used to reach the target, we tested the adaptation of % Gain Reduction Å (Gpost 0 Gpre ) /Gpre

saccades to virgin territories in a second way. In this experiment,
Because we considered only target steps of 107, this expressionwe decreased the gain of horizontal saccades by means of conven-
reduced totional adaptation and then required the monkeys to saccade to

the same virgin territory loci used in the previous double-step % Gain Reduction Å (Epost 0 Epre ) /Epreexperiments, but this time with a single oblique saccade. The mon-
keys were rewarded for tracking targets that moved either horizon- To assess the percentage of gain transfer from horizontal sac-

cades adapted by the conventional paradigm to either the horizontaltally or obliquely at angles of {22.5 and {457 from horizontal to
either the right or left. The horizontal component of all oblique saccades elicited in the double-step virgin territory paradigm or
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J. WALLMAN AND A. F. FUCHS2408

the horizontal components of saccades elicited in the oblique-step conventional adaptation data without making assumptions
virgin territory paradigm, we first calculated the percentage of gain about the form of the curve, we fitted both with a Lowess
reduction in each paradigm as discussed with respect to the Deubel smoothing function. This nonlinear fitting procedure in-
paradigm. Then we determined the percentage of gain transfer from volves computing a regression line within a horizontal win-
conventionally adapted saccades (% Gain Reductionconventional ) to, dow around each y value and then assigning each data pointfor example, the horizontal saccade elicited by the double-step

a weight inversely proportional to its distance from the fittedvirgin territory paradigm (% Gain Reductiondsvt ) as
line, thereby reducing the influence of outlying points. With

% Gain Transfer Å (% Gain Reductiondsvt ) / (% Gain Reductionconventional) each iteration, these weights change, and the line converges
on the final fit (Cleveland 1979). Figure 2 shows the com-All the surgeries and training procedures were approved by the
plete course of gain changes both for the experiment ofAnimal Care and Use Committee at the University of Washington.
Fig. 1 and for an experiment on the same monkey withThe animals were cared for by the veterinary staff of the Regional
conventional saccadic adaptation. The rate or amount of gainPrimate Research Center. They were housed under conditions that

comply with National Institutes of Health standards as stated in reduction was clearly less with the Deubel paradigm than
the Guide for the Care and Use of Laboratory Animals and with with conventional adaptation.
recommendations from the Institution of Laboratory Resources and The difference in the courses of adaptation with the Deu-
the American Association for Accreditation of Laboratory Care bel and conventional paradigms is shown in Fig. 3, which
International. The human experiments were conducted under presents Lowess fits for representative experiments in both
guidelines specified by the Human Subjects Review Committee at directions for the four monkeys that had ¢750 adapted sac-the University of Washington.

cades. To compare the maximum rate of gain change (which
occurs at the start of adaptation) in the two types of adapta-

R E S U L T S tion, we determined the change in gain over the first 200
saccades of all five monkeys. In four of the five monkeys,Deubel brief backstep paradigm
the initial rate of gain change was lower for the Deubel
adaptation than for the conventional adaptation. The ratio ofBoth monkeys and humans showed a reduction in saccadic

gain after being subjected to the Deubel paradigm even Deubel to conventional adaptation across 10 experiments (5
monkeys, 2 directions) had a median of 0.67 (mean, 0.59).though they made hardly any backward corrective saccades.

Representative responses early and late in adaptation to a If, instead of treating each experiment separately, we average
across all Deubel adaptations, the average gain change overbrief (117- to 150-ms) backward target movement are shown

in Fig. 1. Initially, this monkey (BW ) and the four others the first 200 saccades was 0.030 { 0.015. For the conven-
tional adaptation, it was 0.071 { 0.038, yielding a ratio oftested made normometric saccades or slightly hypometric

ones (Fig. 1A) . As they experienced more and more trials in 0.42. It is evident from the data in Fig. 3 that in the Deubel
experiments, as in the conventional adaptation experiments,which the target stepped backward, their saccades gradually

became consistently hypometric. By the end of the adapta- gain changes accumulated gradually rather than suddenly,
suggesting that true saccadic gain adaptation was occurring.tion, corrective saccades were predominantly in the forward

direction (Fig. 1B) . The percentage of gain reduction for A sudden gain change in the Deubel experiments would have
suggested an entirely different mechanism, such as a changethe rightward saccades shown in Fig. 1 was 13.4%.

The Deubel paradigm produced different amounts of in targeting strategy.
The gradual decrease in gain produced by the Deubelgain reduction in the same subject in the two adapted

directions ( left and right ) and on different days. The aver- paradigm occurred even though there were hardly any
backward saccades. For example, in the experiment shownage gain reductions also varied considerably from subject

to subject. Such day-to-day and intersubject variations in Fig. 2, the incidence of backward corrective saccades
(plotted as the stepped line ) was only Ç1% (15 of thealso occur in monkeys when gain reduction is produced

by the conventional adaptation paradigm (Straube et al. 1,301 saccades made during adaptation) . Similarly few
backward saccades were elicited in the other Deubel ex-1997) . The percentages of gain reduction produced by

a brief 30% backstep are summarized in Table 1. Gain periments. For the representative experiments shown in
Fig. 3, the other three monkeys had minimums of 720,reduction ranged from 7.1 to 20.2% in monkey M and 7.5

to 16.1% in monkey TM over four experiments. Compara- 824, and 846 adapting saccades in each horizontal direc-
tion. The percentage of saccades followed by backwardble decreases in gain were obtained in the other three

monkeys in fewer experiments. Because there were no corrective saccades in these three experiments ranged
from 0.4 to 2.6%, with an average of 1.2 { 0.9%. Withinconsistent directional differences across monkeys, we

pooled the data for both directions for each monkey. The each experiment, there was no consistent tendency for the
direction with more backward saccades to be associatedaverage ({SD) gain reduction over a total of 17 experi-

ments (2 directions each) in the five monkeys was 11.8 { with a greater gain reduction. In contrast to adaptation
using the Deubel paradigm, in which only 1.2% of initial1.9%. A comparable average gain reduction of 11.4% was

obtained in the two human subjects. saccades were followed by a backward corrective saccade
(Ç10 saccades overall ) , nearly every saccade in conven-The gain reduction produced by the Deubel paradigm oc-

curred gradually. To document the course of adaptation, we tional adaptation was followed by a backward corrective
saccade. Therefore, if adaptation were driven solely byfitted the gains with exponential functions as we had done

previously for conventional adaptations (Straube et al. backward corrective saccades, one might expect the same
gain reduction of 11.8% that was seen over 846 saccades1997). However, many fits of data obtained with the Deubel

paradigm were obviously inappropriate, as the data lacked in the Deubel paradigm to occur in the first 10 saccades
under conventional adaptation. This clearly did not happena clear asymptote. Therefore to compare the Deubel and
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SACCADIC GAIN MODIFICATION 2409

TABLE 1. Percentage decrease in saccadic gain after adaptation using the Deubel paradigm

Average
Date of Adapted % Gain

Subject Experiment Direction Decrease L R Overall

Monkey BW 8/15/96 L 16.2
R 11.9

16.9 12.7 14.8
9/18/96 L 17.5

R 13.4

Monkey K 7/11/96 L 8.1
R 8.5

11.9 10.8 11.4
7/18/96 L 15.6

R 13.0

Monkey M 8/16/96 L 10.8
R 20.2

8/22/96 L 10.0
R 11.2

10.2 { 2.4 14.2 { 4.1 12.2
8/23/96 L 7.1

R 13.1
8/26/96 L 13.0

R 12.1

L 8.7 8.7 12.4 10.6Monkey T 4/17/96 R 12.4

Monkey TM 5/14/96 L 9.1
R 9.6

7/9/96 L 9.1
R 10.2

8.9 { 1.0 11.1 { 3.4 10.0
8/2/96 L 10.0

R 8.6
L 7.5

8/14/96 R 16.1

Grand average monkeys 11.8

Human AF 1/17/96* R 14.7 12.41/25/96* L 10.1

Human DR 1/26/96 L 9.6 11.4
R 12.6

10.9 9.8 10.4
L 12.2

1/29/96 R 7.0

Grand average humans 11.4

Values are means { SD; SD of the grand average of monkey test subjects was 1.9. * Adapted in one direction only.

( see Fig. 2, Conventional Adaptation ) . Furthermore, if target location was varied, as it was in our experiments,
substantially more trials were required (Albano and Kingadaptation was driven solely by backward corrective sac-

cades, one might expect no further Deubel adaptation be- 1989; Miller et al. 1981). Therefore it again seems unlikely
that these few backward corrective saccades were drivingyond saccade 800 in Fig. 2, after which there were no

backward corrective saccades at all. Adaptation, however, the gain reduction. Why the Deubel paradigm is less effec-
tive than the conventional adaptation paradigm is a questioncontinued.

In the four experiments in the two human subjects, the that will be addressed in the DISCUSSION.
Taken together, these data suggest that the primary errornumber of backward corrective saccades ranged from 5 to

30. As in the monkeys, there was no relation between the signal driving saccadic adaptation is not derived from the
metrics of the corrective saccades. Instead, the signal thatnumber of backward corrective saccades and the magnitude

of the gain change. Although some studies of conventional drives adaptation would seem to be a visual error, a topic
that will be considered further in the DISCUSSION. Regardlesssaccadic adaptation in humans have demonstrated significant

gain change with as few saccades (McLaughlin 1967; Miller of the nature of the error signal, the question remains as to
whether the adaptation itself arises from a warping of theet al. 1981), the saccade target in those studies jumped

between the same locations from trial to trial. When the visual map, which then commands a smaller saccade (a
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J. WALLMAN AND A. F. FUCHS2410

Fig. 4A . Before adaptation, horizontal saccades to targets that
stepped only horizontally (h on the y Å 0 line) were roughly
comparable in size, on average, to the horizontal saccades that
were part of two-saccade responses to targets that jumped first
vertically and then horizontally. After several hundred trials of
conventional adaptation in the horizontal direction, saccades to
targets stepping horizontally to the left were reduced in ampli-
tude by 12.7% and those to the right by 16.8%. Horizontal
saccades that were part of double-step responses to nonadapted
target locations showed comparable reductions in amplitude:
for targets appearing on the left either 7.57 above or below the
adapted target location, saccades were reduced by 18.8% (if
above) or 12% (if below); for targets to the right, saccades
were reduced by 20.8% (if above) and 15.2% (if below).
Therefore, there was a ú90% transfer of the gain reduction
produced by adapting horizontal saccades to horizontal sac-
cades made toward targets that were some distance from the
retinal site at which the adaptation trials had occurred.

Similar results were obtained in more extensive experi-
ments on two other monkeys (Table 2). As with most param-
eters of saccadic adaptation, however, there was consider-
able animal-to-animal and day-to-day variation in the magni-
tude of both the gain reduction and the gain transfer to new
target locations. For example, in the four experiments on
monkey BW, the percentage of transfer consistently was
greater to rightward saccades than to leftward ones, and for
any particular target locus, e.g., down/right, the percentage
of transfer varied considerably from day to day. In contrast,
monkey K showed relatively little variability from day to
day and in different directions in its two experiments. De-

FIG. 2. Comparison of the courses of adaptation using conventional and spite these differences, the average percentages of gain trans-
Deubel paradigms for monkey BW ( leftward saccades) . For both adapta- fer for these two monkeys were within 7% across all direc-tions, the intrasaccadic backstep was 30% of the initial target step. Data

tions, yielding a grand mean of 82%.for each adaptation paradigm are fit by a Lowess smoother (see text for
details) . Stepped line and right-hand axis show the accumulated number
of backward corrective saccades during Deubel adaptation. Dashed vertical Conventional adaptation tested by single oblique steps tolines show start of adaptation after control trials. Gain reduction is less for

virgin territoryDeubel adaptation than for conventional adaptation after equivalent numbers
of saccades.

The substantial transfer of gain reduction demonstrated
in the preceding section argues against the hypothesis that

sensory adaptation), or is a direct alteration of premotor saccadic adaptation is a manifestation of the remapping of
signals (a motor adaptation). We explored these alternatives small regions of visual space. However, it could be argued
in two different experiments in which we produced saccadic that adaptation causes visual remapping of large parts of
gain reduction by stepping targets on one part of the retina visual space that might extend to the virgin territories used in
and then tested whether that gain reduction transferred to our experiments. To control for this possibility, we adapted
other parts of the retina (i.e., virgin territories) that had not monkeys to horizontal target steps and then had them make
experienced the adapting stimuli. oblique saccades directly to the virgin territories used in the

double-step experiments. Then we examined whether the
horizontal component of the oblique saccade was reducedConventional adaptation tested by double-steps in virgin
in amplitude. If a visual remapping was responsible for ourterritory
double-step results, one would expect an equal gain transfer
in the case of oblique saccades to the same target locations.We next tested whether the adaptation is specific to a particu-

lar locus in the visual field (as would be expected if the plastic- For all three monkeys tested, the gain reduction for the
horizontal component of single oblique saccades was lessity involved changes in the static map of the visual field) or

to a particular direction and amplitude of saccade (as would than for the horizontal component tested with the double-
step paradigm. Data from such an experiment with monkeybe expected if the adaptation was motoric). After using the

conventional adaptation paradigm to reduce the gain of hori- M are shown in Fig. 4B . With the animal looking straight
ahead, the target jumped to an oblique locus. As the eyezontal saccades, we measured the amount of this gain reduction

that transferred to horizontal saccades toward targets at retinal made a targeting saccade, the target spot was extinguished
so that, as in the double-step virgin territory experiment, theloci that had not seen the target during the adaptation. We did

this by eliciting first a vertical and then a horizontal saccade saccade was made in complete darkness. Before adaptation,
the size of horizontal saccades and the horizontal componentas detailed in the METHODS and schematized in Fig. 4. Data

from a representative experiment on monkey M are shown in of oblique saccades were similar. Conventional adaptation
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SACCADIC GAIN MODIFICATION 2411

FIG. 3. Fits of the time of gain adaptation produced
by conventional (A) and Deubel (B) paradigms for 4
monkeys and average of the fits for each type of adapta-
tion across directions and individuals (C) . All fits were
done by the Lowess algorithm, using 20% spans
(Cleveland 1979). Lines of the same quality are used
for adaptation to the right and left in the same animal.

in the horizontal direction reduced the gain of horizontal in the double-step paradigm for targets in all four quadrants
(Fig. 5) . The difference in percentage of transfer rangedsaccades by an average of 16.3% to the right and 17.0% to

the left. Saccades to oblique targets, with either an upward from 23 to 55% in monkey BW and from 38 to 48% in
monkey K. Across all three monkeys and for all directions,or downward component, showed average gain reductions

of Ç7.4% for targets appearing to the right and Ç9.9% for the average transfer of gain to double-step targets was
roughly twice as great (92%) as that to oblique-step targetstargets appearing to the left. Therefore the percentage of gain

transfer from horizontal adapted saccades to the horizontal (44%). This difference is statistically significant by analysis
of variance (F Å 17.1, df Å 1,12, P Å 0.01). It is unlikelycomponent of 457 oblique saccades was 45% for those with

rightward components and 58% for those with leftward com- that this difference is due to different amounts of horizontal
adaptation training because the average number of trialsponents (Table 2). This average of Ç50% transfer to the

single oblique-step paradigm, compared withú90% transfer across the two types of experiments was within 5% (double-
step experiments, 2,110 trials, averaged over 12 experimentsin the double-step paradigm in the same monkey (Fig. 4A ,

Table 2), indicates that visual field remapping could explain in 2 monkeys; oblique experiments, 2,236 trials, averaged
over 17 experiments in 2 monkeys) .only part of the double-step data.

Similar conclusions can be drawn from the more extensive Finally, as a further check that these results were not due
to differences in the training that preceded the experimentsexperiments on the other two monkeys (Table 2). Again,

the oblique-step data varied somewhat according to target using single oblique steps and double steps, we measured
the transfer during those double-step trials in which errone-locus; the data also varied from experiment to experiment.

Nevertheless for both monkeys, the average percentage of ous single oblique saccades were made directly to the target.
In one experiment with monkey BW, transfer in the fourtransfer was always less in the oblique-step paradigm than
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FIG. 4. Transfer of conventional gain ad-
aptation to saccades made to targets in 4 non-
adapted virgin territories. Conventional adap-
tation consisted of 30% backward jumps dur-
ing saccades to 10 and 77 horizontal target
steps. Gain reductions in right- and leftward
saccades produced by conventional adaptation
are shown on the abscissa in both A and B .
Panels to the right illustrate the 2 experimental
conditions. In A , while the animal was looking
straight ahead, the target stepped 1st vertically
by 7.57 (1) then horizontally by 107 (2) . As
the eye made a vertical saccade, the target was
extinguished (3) and, in complete darkness,
the eye completed the vertical saccade and
then executed a horizontal saccade (4) . The
horizontal saccade of this double-step, mem-
ory-guided pair has the same direction and
amplitude as the saccades made during adap-
tation. In B , the target went directly to the
same virgin territory loci as in A (1) . As the
eye saccaded to the target, it went out (2) and
the saccade was completed in the dark. The
horizontal component of this oblique saccade
shows less reduction than does the horizontal
saccades to double steps in A .

quadrants was 27, 48, 62, and 63% of the transfer measured saccade assumed greater vertical components (Fig. 6) . The
average gain reduction in the adapted horizontal directionwhen the animal made two saccades to the double-step target

motion. Thus as in the results presented in the previous across experiments was 18.5 { 4.6%. The average gain re-
ductions for the horizontal components of oblique saccadesparagraph, the average transfer of gain to double-step targets

was twice that to oblique-step targets. were 7.8 { 2.6% for those directed 457 upward and 8.1 {
2.6% for those directed 457 downward. Therefore, the gainThe data just presented suggest that a significant portion of

saccadic gain adaptation is a motoric change in the saccadic transfer from the adapted direction was 43%, which com-
pares well with the 44% transfer to the oblique control sac-system. In the experiment described next, we tested whether

the motoric adaptation was expressed before or after saccadic cades in the double-step experiments. The lack of 100%
transfer argues that the adaptation occurs before the saccadiccommands had been sorted out into their horizontal and

vertical components. After adapting saccades to 107 hori- command is sorted into muscle coordinates. Were that not
the case, one would expect the degree of horizontal adapta-zontal target steps with the conventional paradigm, we re-

quired monkeys to track oblique target steps, which always tion to be the same, regardless of whether or not a vertical
component was present.had horizontal components of 107 and vertical upward or

downward angles relative to horizontal of either 22.5 or 457.
D I S C U S S I O NThe target always remained on, unlike the case in the previ-

ous experiments. In all cases, gain reduction was maximal The experiments described here yielded two principal re-
sults. First, saccadic gain was decreased by adaptation evenin the adapted horizontal direction and fell off as an oblique
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SACCADIC GAIN MODIFICATION 2413

TABLE 2. Extent of gain transfer from adapted horizontal saccades to horizontal saccades directed toward loci above or below the
loci used during the adaptation

Percent Transfer
Date of

Monkey Condition Experiment Up/Right Down/Right Up/Left Down/Left

M* Double step 3/14/96 124 90 148 94
Oblique step 3/28/96 55 35 49 66

BW† Double step 10/31/96 74 103 65 29
11/8/96 103 82 71 96
11/13/96 125 127 70 72
11/15/96 77 53 52 55
Average 95 91 64 63

Oblique step 2/19/97 56 39 25 44
2/28/97 56 33 14 36

Average 56 36 19 40

K† Double step 1/9/97 80 87 98 87
1/24/97 84 95 72 75

Average 82 91 85 81

Oblique step 1/14/97 50 44 44 43
2/6/97 37 59 29 35

Average 44 52 37 39

Oblique loci were reached by two saccades in the double step task and a single saccade in the oblique step task. In the oblique step task, transfer was
determined from the horizontal component of the oblique saccade. * Vertical component of 7.57. † Vertical component of 107.

when the target was stepped back so briefly that few back-
ward-directed corrective saccades were made. Second, the
amount of saccadic gain adaptation produced by conven-
tional adaptation at one retinal locus in large part was trans-
ferred to saccades of similar size and direction that were
directed toward a retinal locus that had not been used during
the adaptation.

Saccadic adaptation is driven by visual error

Our interpretation of the first result is that saccadic gain
is reduced even when the visual error signal is present only
briefly. Furthermore, gain reduction occurs whether correc-
tive saccades are in the same direction as the primary saccade
(as in adaptation using the Deubel brief backstep paradigm)
or in the opposite direction (as in conventional adaptation),
implying that corrective saccades do not provide an essential
error signal for adaptation.

We presume that saccadic gain adaptation serves to keep
the gain near unity. An alternative interpretation holds that
the function of saccadic gain adaptation is not related to
saccadic accuracy but instead serves to minimize the total
time spent in saccades (Becker 1989; Harris 1995). This
view is partly based on the fact that most normal saccades
are hypometric (Becker and Fuchs 1969; Harris 1995; Hen-
son 1978) and that this hypometria is actively maintained
in the face of experimental perturbations (Henson 1978).

FIG. 5. Summary of saccadic gain transfer from adapted horizontal sac- According to this view, backward corrective saccades are
cades to saccades with similar horizontal components made to retinal loci more undesirable than forward ones because the eye must
that never had experienced an adaptation target step. Histograms capped retrace the course just traveled. A simple way to minimize
by a single arrow identify data obtained in the oblique saccade paradigm

backward corrective saccades might be for their presence toin which the saccade went directly to 1 of 4 oblique loci located 107 right
signal that the saccadic gain is too high and cause the gainor left and 107 up or down. Histograms capped by 2 arrows identify data

obtained under the double-step paradigm in which the eye made 2 saccades, to decrease by more than forward corrective saccades caused
1st to a vertical target 107 up or down and then horizontally 107 to the left it to increase.
or right. Gains were calculated from the horizontal component of an oblique Our results using the Deubel paradigm, however, are notmovement or the horizontal saccade of a double-step pair. Histograms repre-

consistent with this interpretation or with any that posits thatsent averages of 2 experiments in each monkey (K and BW ). Double-step
saccades always showed much more transfer than did oblique saccades. the direction of the corrective saccades provides the only
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FIG. 6. Transfer of the gain reduction of saccades
adapted in the horizontal direction to the horizontal compo-
nents of oblique saccades made to targets jumping at various
angles relative to horizontal. All oblique target directions
have the same 107 horizontal component. Even at saccade
directions of 457 above or below the horizontal, substantial
transfer of adaptation occurred (Ç40% on average). Targets
always remained visible. Saccades with left and right compo-
nents for 2 different experiments on each of 3 monkeys are
plotted separately.

error signal driving saccade adaptation. After a few hundred paradigm produces adaptation at all probably indicates that
the adaptation mechanism is most sensitive to the positionsaccades, essentially all corrective saccades are forward, a

condition that should lead to a gain increase instead of the error immediately after the saccade. However, the lower
efficiency of the Deubel paradigm in producing gain reduc-gain decrease that actually occurred. Furthermore, after sac-

cade 800 in Fig. 2 (Deubel Adaptation), no further backward tions might suggest that the position error still can affect
adaptation even several hundred milliseconds after the initialsaccades occurred and yet gain reduction continued. We

infer that the direction of corrective saccades is not essential saccade, i.e., after the target returns from its brief backstep.
This interpretation is supported by experiments showing thatfor saccadic adaptation. We cannot exclude the possibility,

however, that the gain is adjusted not by the direction of the gain adaptation still occurs even if the target is turned off
when the saccade is made and then reilluminated at a back-corrective saccades themselves, but by the direction of the

corrective saccades that were programmed but then canceled stepped location °400 ms after the saccade (Fujita et al.
1996).when the target returned to its original location.

We infer from the adaptation produced with the Deubel Third, if adaptation also affects the gain of corrective
saccades, the Deubel paradigm imposes conflicting demandsparadigm that it is the presence of the target spot off the

fovea after a saccade that serves as the error signal for adap- on the adaptation mechanism because the position error after
the first saccade is backward (Fig. 1B) , encouraging a gaintation. Why then is the Deubel paradigm less effective than

conventional adaptation in producing saccadic gain adapta- decrease, but it is forward after the corrective saccade, en-
couraging a gain increase. In contrast, for conventional back-tion (Fig. 3)? We will consider four possible explanations.

First, the Deubel paradigm might be less effective because ward (gain reduction) adaptation, the position error after
both the primary and corrective saccades is backward andthe direction of corrective saccades does provide an error

signal for saccade adaptation, but it is simply not as effective therefore always promotes a gain decrease. The possible
deleterious effect of the corrective saccade in the Deubelas the visual one.

Second, this difference in efficacy of adaptation may be paradigm would be somewhat mitigated by the size differ-
ence between the two types of saccades; in our experiments,attributable to differences in the relation of the target and

fovea in the period after each saccade. In conventional adap- the corrective saccades were õ37 compared with 107 for the
primary saccades.tation, after a saccade the target remains on one side of the

fovea until a corrective saccade occurs. In that situation, the Fourth, one could argue that conventional adaptation is
more successful because subjects attend to the target in prep-error signal is constant in magnitude and direction. In the

Deubel paradigm, on the other hand, once the gain has de- aration for making a saccade to it. In the Deubel paradigm,
the target may be less salient during the backstep becauseclined a bit, the target appears on one side of the fovea after

the initial saccade and then shortly after jumps to the other attention or motor preparation is directed forward to where
the target is about to appear and to where the impendingside before the corrective saccade (Fig. 1B) . Thus in this

situation the error signal switches both in magnitude and in corrective saccade will be made, rather than backward to
the target’s temporary position. If this suggestion has merit,direction. Because the latency to the corrective saccade in

the Deubel paradigm was considerably greater than the la- it further emphasizes the importance of the visual error signal
in adaptation because saccadic gain is nonetheless decreasedtency to the primary saccade (an average of 102 ms longer

in representative experiments from 4 monkeys) , the target by this paradigm.
Thus we do not claim that our experiments eliminate thewas beyond the fovea during most of time between the back-

step and the corrective saccade (an average of 64% of the possibility that a motor error signal, such as the direction of
the corrective saccade, may influence saccadic adaptation.time in the same 4 monkeys) . The fact that the Deubel
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SACCADIC GAIN MODIFICATION 2415

We argue only that such an error signal is not necessary for adaptation is more specific to the direction of the saccade
than to the location of the target. The lack of robust transfersaccadic adaptation.
to the oblique saccades, despite the fact that they had the
same horizontal components as the adapting saccades, arguesSaccadic gain adaptation is motor not visual
that adaptation occurs before the saccadic command signal
has been sorted out into components for the different extra-Our second principal result was that conventional adapta-

tion of horizontal saccades was substantially transferred to ocular muscle pairs. The fact that there was some gain trans-
fer to oblique saccades is not surprising because adaptationhorizontal saccades to novel target locations. We interpret

this result as evidence that the adaptation was principally a of saccades in one direction is known to show some general-
ization to nearby directions (Deubel 1987; Frens and vanmotor adaptation specific to horizontal saccades rather than

a consequence of a remapping of visual space. These results Opstal 1994). At angles of 457 from the adapted direction,
Deubel (1987) found that humans showed about half asare consistent with recordings from neurons in the intermedi-

ate and deep layers of the monkey superior colliculus. These much transfer as we found, whereas Frens and van Opstal
(1994) found much greater transfer than we found. We haveneurons show the same saccade-related activity to particular

targets before and after adaptation, as though the adapta- no explanation for these disparate results.
We are not the first to look for sensory remapping associ-tional changes occurred downstream from the recording sites

(Frens and van Opstal 1997). ated with saccadic adaptation. Frens and van Opstal (1994)
used a paradigm very similar to our paradigm of adaptingIf static visual remapping were elicited by our adaptation

paradigm, one could imagine it taking several possible horizontal saccades and testing the transfer to virgin territor-
ies, except that they used human subjects and tested largerforms. First, visual space could be remapped locally, so that

if saccades to a point 107 left of the fovea consistently land saccades. They found, as we did, that if saccades of the same
amplitude and direction as those made during adaptationbeyond the target, that small region of the map might be

reassigned to represent 87; thus a target at 107 left would be (217 horizontal in their case) were made to a target distant
from the original adaptation locus (19.57 in their case) , theperceived as being at 87 left. Our results have shown that this

sort of remapping does not account for saccadic adaptation, adaptation transfer was nearly complete (85%, if calculated
in the way we have done), although there was a threefoldbecause there is nearly complete gain transfer to retinal loca-

tions above or below the adapted location. Alternatively, range in transfer among their three subjects. In contrast, the
transfer was much less for saccades that reached the adaptedconventional adaptation could provoke a more extensive

warping of the visual map, so that a large area around the locus at an angle of 607 from the adapted horizontal direc-
tion.local adapted region is remapped. Were this the case, it

would not be surprising if gain adaptation transferred to
nearby regions. Our results also argue against this sort of Sensory remapping and saccadic adaptation
visual remapping because conventional adaptation produced
only Ç44% transfer to a location in virgin territory if it was There is some uncertainty in the literature as to whether

saccadic adaptation is associated with a generalized staticreached by oblique saccades, whereas horizontal saccades
to the same location showed Ç92% transfer (Fig. 4) . Fi- visual remapping. Studies in humans indicate that after con-

ventional saccadic adaptation there is good gain transfer tonally, one could argue that a visual map is altered, but instead
of being the primary perceptual map, it is a visual map saccades elicited by other sensory modalities but poor trans-

fer to somatic movements aimed at visual targets. If wededicated only to specific saccade tasks. This possibility
would require the brain to maintain one map of visual space assume that the same saccadic mechanism is used for sac-

cades to visual and auditory targets and that the adaptivesolely for use in the targeting of horizontal saccades, and
other maps for other saccade directions. change is at the motoric level, it is not surprising that adapta-

tion of saccades to visual targets transfers to auditory ones, asThese arguments against static visual remapping would
not apply to dynamic maps updated after every saccade and shown by Frens and van Opstal (1994), because no sensory

remapping would be required. More provocative are otherbefore the programming of the next saccade. In such a map,
the final target in our double-step virgin territory experiment experiments that found poor transfer from adapted saccades

to movements that pointed the finger or head at a visualwould not have appeared in a novel region of the map when
the horizontal saccade was being programmed because once target (de Graaf et al. 1995; Kroeller et al. 1996; McLaughlin

et al. 1968), suggesting that the adaptation is not a manifes-the vertical saccade had taken place, the target would be at
107 horizontal, that is, at the adapted location. A neural tation of a generalized visual remapping. Alternatively, sen-

sory remapping might occur, but it might be delayed relativesignal reflecting such remapping has been described in the
lateral intraparietal area, the frontal eye fields, and the supe- to saccadic adaptation. For example, Moidell and Bedell

(1988) found a small but consistent delay in the transfer ofrior colliculus (Bracewell et al. 1996; Colby et al. 1996;
Mazzoni et al. 1996; Umeno and Goldberg 1997; Walker et adaptation to psychophysical assessments of the distance of

a target from the midline. Such a delayed sensory remappingal. 1995). Our results in the virgin territory experiment are
certainly consistent with such remapping, which we are in- would not have been detected in the studies by de Graaf et

al. (1995), Kroeller et al. (1996), and McLaughlin et al.clined to view as being more motor than visual because it
is so closely tied to impending saccades. (1968) because the number of adapting trials was small

(n Å 90, 40–50, and 33, respectively) . Such late sensoryBecause the transfer from conventional horizontal adapta-
tion to the horizontal component of oblique saccades remappings of course would be the result rather than the

cause of saccadic gain adaptation.(Ç44%) was considerably less than that to a horizontal sac-
cade to the same virgin territory (Ç92%), we conclude that In summary, we are not arguing against the possibility of
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in end positions of arm movements following short term saccadic adapta-sensory remapping, but it does not seem to be required for
tion. NeuroReport 6: 1733–1736, 1995.saccadic adaptation. Indeed, such a sensory remapping may

DEUBEL, H. Adaptivity of gain and direction in oblique saccades. In: Eye
play an important role in visuomotor functions. Because Movements: From Physiology to Cognition, edited by J. K. O’Regan and
saccadic gains are adjusted independently for different direc- A. Levy-Schoen. New York: Elsevier/North-Holland, 1987, p. 181–190.

DEUBEL, H. Separate adaptive mechanisms for the control of reactive andtions and distances, one can infer that there is an array of
volitional saccadic eye movements. Vision Res. 35: 3529–3540, 1995a.different gains. Such a deformable motoric map might be

DEUBEL, H. Is saccadic adaptation context-specific? In: Eye Movement Re-rather like the map of visual space. We speculate that these search: Mechanisms, Processes and Applications , edited by J. M. Find-
two maps might be kept in register by reciprocal sensory lay, R. W. Kentridge, and R. Walker. New York: Elsevier, 1995b, p.

177–187.and motor recalibrations: the saccadic adaptation paradigms
DEUBEL, H., WOLF, W., AND HAUSKE, G. Adaptive gain control of saccadicresult in motor recalibrations, which in turn are used over a

eye movements. Hum. Neurobiol. 5: 245–253, 1986.long time to recalibrate maps of visual space, as suggested ERKELENS, C. AND HULLEMAN, J. Selective adaptation of internally triggered
by Maloney and Ahumada (1989). If one arranged to adapt saccades made to visual targets. Exp. Brain Res. 93: 157–164, 1993.

FRENS, M. AND VAN OPSTAL, A. Transfer of short-term adaptation in humanrightward and downward saccades continuously for days or
saccadic eye movements. Exp. Brain Res. 100: 293–306, 1994.months, one might find that the metrics of visual space had

FRENS, M. AND VAN OPSTAL, A. Monkey superior colliculus activity duringaltered and that this alteration might in turn affect saccades
short-term saccadic adaptation. Brain Res. Bull. 43: 473–483, 1997.

even to unadapted locations. Such alteration might even af- FUCHS, A. F., REINER, D., AND PONG, M. Transfer of gain changes from
fect other modalities, such as finger-pointing. targeting to other types of saccade in the monkey: constraints on possible

sites of saccadic gain adaptation. J. Neurophysiol. 74: 2522–2535, 1996.In conclusion, we find that the simplest motoric error
FUCHS, A. F. AND ROBINSON, D. A. A method for measuring horizontal andsignal—the direction of corrective saccades—is not essen-

vertical eye movements chronically in the monkey. J. Appl. Physiol. 21:
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