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Abstract The macaque frontal eye field (FEF) is inton between the latency and the error of saccades made

volved in the generation of saccadic eye movements amdesponse to contralateral targets. In the delay task,

fixations. To better understand the role of the FEF, we F&F inactivation increased the frequency of making pre-

versibly inactivated a portion of it while a monkey mad®aature saccades to ipsilateral targets. FEF inactivation

saccades and fixations in response to visual stimuli. bad inconsistent and mild effects on saccadic peak veloc-

docaine was infused into a FEF and neural inactivatidyy FEF inactivation caused impairments in the ability to

was monitored with a nearby microelectrode. We ustixiate lights steadily in contralateral space. FEF inactiva-

two saccadic tasks. In the delay task, a target was pi@d always caused an ipsiversive deviation of the eyes in

sented and then extinguished, but the monkey was notdalFkness. In summary, our results suggest that the FEF

lowed to make a saccade to its location until a cuepiays major roles in (1) generating contraversive sac-

move was given. In the step task, the monkey was @ddes to locations of extinguished or flashed targets, (2)

lowed to look at a target as soon as it appeared. Duningintaining contralateral fixations, and (3) suppressing

FEF inactivation, monkeys were severely impaired iaappropriate ipsiversive saccades.

making saccades to locations of extinguished contralater-

al targets in the delay task. They were similarly impairi&@y words Saccadic eye movements - Fixations -

at making saccades to locations of contralateral target§inntal eye field - Reversible inactivation -

the step task if the target was flashed<®60 ms, such Macaca mulatt::

that it was gone before the saccade was initiated. Deficits

included increases in saccadic latency, increases in sac-

cadic error, and increases in the frequency of trials littroduction

which a saccade was not made. We varied the initial fixa-

tion location and found that the impairment specificall region of lateral frontal cortex in macaque, the frontal

affected contraversive saccades rather than affectingegi field (FEF), is involved in the generation of saccadic

saccades made into head-centered contralateral spage.movements and fixations. Many neurons in the FEF

Monkeys were impaired only slightly at making saccaddischarge before and during contraversive saccades

to contralateral targets in the step task if the target duf@ruce and Goldberg 1985; Schall 1991). FEF presaccad-

tion was 1000 ms, such that the target was present duithghovement cells are tuned for direction and amplitude

the saccade: latency increased, but increases in sacoafdicontraversive saccades (Bruce and Goldberg 1985).

error were mild and increases in the frequency of trials@ther FEF neurons fire during fixation (Bizzi 1968; Bizzi

which a saccade was not made were insignificant. Dand Schiller 1970; Suzuki and Azuma 1977; Bruce and

ing FEF inactivation there usually was a direct correl&oldberg 1985). FEF presaccadic movement neurons and
fixation-related neurons project to subcortical oculomotor
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1969; Schiller 1977; Schiller et al. 1979a; Schall 199Xprmal to the skull, and acrylic cement was applied. A stainless-

Therefore the FEF seems to command saccade gengf§l post was set in the acrylic to restrain the head during testing.
; : “ " : : In a subsequent surgery a chamber was implanted to access the
tion with a “vector” code, directing the eyes to move Igﬂ FEF. Correct placement of the chamber was verified visually,

specific amount in a certain direction, rather than withs@ce the arcuate and principal sulci could be identified through

“place” code, directing the eyes to move to a particukhe dura. Monkeys received antibiotics and pain-killers (buprenor-

location in the orbit. phine) postoperatively. They were allowed several days of recov-

; _ 'y before testing. The monkeys were deprived of water overnight

Ablathn O.f the FEF CauseS.Short term eﬁeCt.S that %ere testing and received apple juice reward during the experi-

clude a rise in threshold for brightness perception (Laf@nts. The monkeys were provided for in accordance with the

1977), an impairment in the ability to react to brieflgiH Guide for the Care and Use of Laboratory Animaisl the

presented contralateral visual stimuli (50 ms flasheidelines of the MIT Committee on Animal Care.

Latto and Cowey 1971a; 50-60 ms flashes, Schiller and

Sandell 1983), a bias of fixation toward |ps_|IateraI SPagfntification of the FEF with stimulation mapping

(Latto and Cowey 1971b), and a decrease in the frequen-

cy of making contraversive saccades (Schiller et Ahe exact location of the FEF was identified with electrical stimu-

1980). Most deficits of FEF ablation recover in a fe tion. A Pt-Ir, glass-insulated microelectrode (0.15-1.8 It

. . . Hz) was introduced through the dura. Penetrations were made
weeks (Latto and Cowey 1971a,b; Latto 1977; Schillerfym” apart in a grid pattern. Stimulation was performed at the

al. 1980), presumably because other brain areas tferecorded unit(s) and then every 0.1 mm. The stimulation pa-
over the functions of the lesioned FEF. Effects of FE&meters were those used by Bruce and Goldberg (1985): biphasic

ablation that have been reported to last beyond a moritiges, pulse duration of 0.25 ms, frequency of 350 Hz, and train

. . S - ration of 70 ms. We used a current of 180to determine the
include the disability in making saccades to flashed tgg'pth range for evoking saccades. Within this range we measured

gets (Schiller and Sandell 1983) and an impairmentdiirent thresholds. The core of the FEF has been defined as the
learning to make contraversive saccades to locationg@farcuate region within which saccades can be “evoked by elec-

extinguished targets (Deng et al. 1986). trical stimulation with currents <50A at some point in the elec-
e penetration” (Bruce and Goldberg 1985). We used seven

The purpose of the prese_nt StUdy vyas t(.) de.termme gﬁgw sites in each monkey for lidocaine, muscimol, or saline infu-
oculomotor effects ofreversible FEF inactivation. By sjon (Fig. 1).

temporarily silencing the FEF rather than ablating it, the Saccades could be evoked only after the electrode tip was
chance that other brain areas will compensate for the [86§ mm below the first unit(s). Typically, saccades could be
of the FEF is minimized. This might permit a clearer ufvoked until ~8 mm below the first unit(s), indicating that the

- . . electrode tip followed the bank, or reached the buried bank, of the
derstanding of the role of the FEF in the intact oculomg:zjate sulcus. Stimulation-evoked saccades were 3-30 deg in am-

tor system. plitude. Saccadic amplitude usually decreased with depth of pene-

To inactivate the FEF we primarily used lidocain&ation. Nearly all contraversive directions could be elicited in a
which binds to Nachannels and quickly inactivates neuﬁg‘g'eI F;.e”e{raF'O“-lusgﬁ"case" facca‘?'es were eVOkeo:lby Fl’lr?('onged

: o ) - _stimulation trains. In the arcuate region, these are all well-known

ral tlssu’e (Ritchie 1979,_Ragsdale et al. 1994)' Wh_'lesi nature attributes of the FEF (Robinson and Fuchs 1969; Bruce
monkey’s FEF was inactivated, we assessed its abilityetQi. 1985; Schall 1991).
make saccades in response to visual stimuli and its abili-
ty to maintain fixation near visual stimuli. We varied ini- o .
’ . . eneral protocol of infusion experiments
tial eye position to examine whether effects caused %y
FEF inactivation were more consistent with vector cods an overview, each experiment involved the following general
ing or place coding. To ensure that effects were duesgguence of events. A microelectrode and needle were lowered to-
: ot . her into the left FEF until an acceptable multiunit site was
inactivation of FEF neurons, '.“Ot fibers of passage, \@nd. The monkey was run on a task, providing “before” FEF in-
used the GABA agonist muscimol as a control (GABAtivation data. Lidocaine, muscimol, or saline was then infused
receptors are not found on axons). As a volume contitebugh the needle, and “during” FEF inactivation data was col-
we used saline. lected. Following recovery, “after” data were collected.

The results of this study will be discussed in the con-
text of the previous findings from FEF recording, stimygf,sion methods
lation, and ablation studies. Also, the results will be
compared with previously reported results of inactivatirvge infused lidocaine (lidocaine hydrochloride, 2% solution; Steris

an important subcortical oculomotor structure, the sugj@boratories, Phoenix, Ariz., USA), muscimol (5-aminomethyl-3-
rior colliculus ! ydroxyisoxazole; Sigma, St. Louis, Mis., USA), or saline at a site

while monitoring the nearby neural activity. The cut end of a 30
gauge needle was epoxied into one end of a 28 gauge cannula, so
that 16 mm of the needle was exposed. PE 50 tubing was fit snug-
ly over the other cannula end. About 80 cm of tubing was run to a

Materials and methods 10041l Hamilton syringe fixed in a slow injector. The tubing was
filled with distilled water except for the pharmacological agent at
Monkeys the needle end; a bubble separated the two liquids. A hydraulic

microdrive assembly held the needle in parallel with a recording
Two monkeys lacaca mulattawere used (“L” and “I"). For sur- microelectrode (Pt-Ir, glass-coated, ~1.@Mat 1 kHz) so that
gery, a monkey was anesthetized with ketamine (10 mg/kg) ftiey moved in concert through the dura, into the brain, with their
lowed by i.v. injection of pentobarbital (30 mg/kg). A search caiips 1.5 mm apart.
was implanted subconjunctivally (Robinson 1963; Judge et al. For monkey L, the low-threshold, <504, sites for evoking
1980) in the right eye. The skull was exposed, screws were pusétcades were 3—6 mm below the first recorded unit(s). Thus, we
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Fig. 1 Penetration sites for Dorsal
frontal eye field (FEF) infu-

sion.Top: a lateral oblique

view of a rhesus monkey brain.

Eachcircle represents the FEF

chamber for a monkefgelow

for monkey | (eft) and monkey .

L (right), the FEF infusion sites Anterior
are shown relative to the princi-

pal sulcusPs) and arcuate sul-

cus @9). Sulcal locations were

determined from histology, for

monkey L, and by inspection

through the dura, in surgery, for

monkey |. The current thresh-

old for evoking saccades was

<50 A, for at least one depth,

for every one of these 14 sites.

Keylists the symbols used to Monkey I
designate which tasks were run
during experiments at each site
and which pharmacological
agents were infuse@.oncen-

tric circlesat a site depict the
number of experiments done at
the site, withinner circlesrep-
resenting earlier experiments.
Lower-case letterbeside the
symbol for each experiment
provide labels for associating
experiments with penetration
locations:

(O Delay Task \ Lidocaine
Step Task % Muscimol
. Fixation Task Yy Saline

placed the needle and electrode tips within this depth range duNfigual stimulation
each infusion experiment involving monkey L. For monkey | we
placed the needle and electrode tips 4—-7 mm below the figskty-three yellow light-emitting diodes (LEDs; 18 cdjnmwere
unit(s), for the same reasons. Within the appropriate depth rarfgesd in a board that was curved horizontally and vertically to
we found a site with reasonably high (>5 Hz) and robust multiupibint the LEDs at the monkey, minimizing differences in lumi-
activity, so that neural inactivation could be confidently monirance caused by angle. The monkey sat 108 cm from the board.
tored. The LEDs were arranged in 7 rows of 9, spaced by 5 deg in the
For lidocaine infusion, 18l of the 2% solution was infused atcardinal directions, for a total area of 40 deg horizontally by
4 pyl/min. This has been shown to inactivate units 1.5 mm aw&g deg vertically. Subsets of the LEDs were used as targets or fix-
i.e., at the recording electrode, with nearly 100% certainty (Tation points in an experiment. Prior to each experiment we cali-
hovnik and Sommer, 1997). brated the eye position signal by having the monkey look at LEDs
For muscimol infusion, the apparatus was modified: qul25-illuminated for several seconds in various positions on the board.
Hamilton syringe, providing 0.fl resolution, was used instead of Except for the glow caused by LEDs when lit, the testing room
the 100pl one. Muscimol was dissolved in saline tqu@/ul. We was in darkness. The use of darkness as background allowed for
infused 2ul of the solution over 13.5 min. These parameters wepeecise control over photic stimulation and maximized target con-
selected to be similar to those used previously (Hikosaka &rakt, optimizing the monkey’s ability to see the LEDs. The room
Wurtz 1985; Schiller et al. 1987; Munoz and Wurtz 1993; Robilight and the entire array of LEDs were turned on for several sec-
son et al. 1993; Kurata and Hoffman 1994; Ohtsuka et al. 1994)onds between blocks of trials to keep the monkey alert. Occasion-
ally the monkey was given breaks in the light for 10-20 min to
prevent drowsiness.
Data collection

Experiments were controlled by a PDP-11 computer. The mic@eulomotor tasks

electrode signal was amplified (BAK, A-1B), spikes were discrim-

inated (BAK, DIS-1), and Schmitt trigger signals corresponding Tthree tasks were used (Fig. 2): the delay task, the step task, and
the spikes were sent to the PDP-11. Data files recorded eye pibs-fixation task. A single task was used in each testing session. A
tion (sampled at 333 Hz), task events, and the mean firing rbteck of trials lasted 8 to 30 min, depending on the monkey’s abil-
during each trial. ity to perform the task during FEF inactivation. Juice reward was
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A

Delay Task

Fix

Start of

/ Fixation

Targ

Saccade to
Extinguished
J Target

Eye

B

Step Task
Fix
10 ms Targ

Premature

[ Saccade

30 ms Targ

100 ms Targ
315 ms Targ

1000 ms Targ

Saccade to Flashed Target
or

Because there is an inevitable upwards drift and a compromise
in accuracy for saccades made in darkness to the locations of ex-
tinguished targets in delay tasks (Gnadt et al. 1991; White et al.
1994), target windows were 10 deg horizontally by 20 deg verti-
cally and fixation windows were 10x10 deg square. The same
window sizes were used in all our tasks to keep conditions as simi-
lar as possible between experiments.

Delay task

A fixation LED appeared and was foveated (Fig. 2A). After
200 ms, a target LED appeared for 300 ms and then disappeared.
After a 300 ms delay period, the fixation LED disappeared: this
was the cue to move. The monkey then had 2 s to move. A correct
response was a single saccade that landed in the target window. If
a saccade was made before the cue to move, it was “premature”. If
a saccade was made before target onset, the trial was aborted.
Twenty or more target locations and three initial fixation positions
(20 deg ipsilateral, central, and 20 deg contralateral) always were
randomized by trial.

Step task

A fixation LED was lit to start a trial and, 100 ms after the mon-
key foveated it, it disappeared (Fig. 2B). After 100 ms, a target
LED was lit. The monkey then had 2 s to move. A correct re-
sponse was a single saccade that landed in the target window. If a

Eye \_._._I_—Saccade to Persistent Target

saccade was made before target onset, the trial was aborted. Twen-
ty or more target locations always were randomized by trial. Addi-
tionally, in some experiments, three initial fixation positions
C (20 deg ipsilateral, central, or 20 deg contralateral) were random-
ized by trial, and target duration was set to either 30 or 1000 ms.
In other experiments, the target duration was randomized by trial
(10, 30, 100, 315, or 1000 ms) and only central fixation was used.
The 10, 30, and 100 ms duration targets were termed “flashed” be-
cause they always appeared and disappeared before a saccade be-
gan. The 1000 ms duration targets were termed “persistent” be-
cause they were still lit after a saccade was made in more than
99% of trials. The 100 ms “gap” of darkness before target onset
was used to encourage the production of express saccades (Schill-
er et al. 1987).
Fig. 2A—C Timing of the tasks. In each task, the monkey initially
had 5 s to acquire the fixation light-emitting diode (LEE)p].
Once fixation began, the remaining events occureDelay task. Fixation task
After foveation of the fixation LEDKix) a target LED Targ) was
lit and then was extinguished. The monkey was required to maiire monkey waited in darkness with eye position unconstrained,
tain fixation until the fixation LED disappeared, and then it waend after a random interval (~6 s) one LED was illuminated
allowed to make a saccade to the location of the extinguished {&ig. 2C). This LED was chosen randomly from an array of 9 or
get Eye, top track A saccade was premature if it was initiate@0 LED locations distributed across the testing space. The monkey
before fixation offsetye, bottom trade B Step task. After fixa- had 5 s to acquire the LED, i.e., fixate within the 10x10 deg win-
tion, the fixation LED Fix) disappeared, there was a brief gagow around it, and then it had to keep its eye position within the
with no stimuli present, and then a target LED was lit. The mowindow for an additional 5 s.
key was allowed to go to the target as soon as it appeByed (
trace). Flashed targets were of 10, 30, or 100 ms duration and per-
sistent targets were of 1000 ms duration. An intermediate, 315 Rifalysis
duration, target also was usddl.Fixation task. After initial fixa-
tion of an LED Fix), the monkey was required to maintain its eyg/e analyzed the first saccade made after target onset. Trials in
position near it until it disappeared. Lower traBgd) shows cor- which the first saccade was2.0 deg in amplitude (within the
rect performance. Time scale is at Hwtorr range of amplitudes of fixation-related microsaccades in our mon-
keys) and trials in which no saccade was detected were pooled as
“No Saccade” trials. These trials were counted but were not ana-
given for correct responses, and in cases of severe deficits, intyred further. For trials in which the first saccade was >2.0 deg in
rect responses sometimes were rewarded to keep the animal faomplitude, the saccade was characterized as follows. The saccadic
quitting. error was defined as the vectorial distance from the saccade’s end-
The computer judged on-line that the monkey was looking faint to the target's location. The saccadic latency was defined as
an LED if two conditions were met: the eye position was within dhe time to saccade initiation after either (1) fixation spot disap-
electronic window around the LED position and a fixation begapearance, for saccades made after the cue to move in the delay
i.e., the eye velocity fell below 50 deg/s. As soon as an initial fixgask, or (2) target onset, for premature saccades in the delay task
tion began, the sequence of other trial events was initiated (Fig.a2)d all saccades in the step task. Saccadic peak velocity and am-
and as soon as a correct saccade ended, reward was delivered plitude were measured for a consideration of dynamics. Second-

Fixation Task

Fix

Eye

300 ms
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ary, corrective saccades were rare and were not analyzed. Abastatadic error covaried with saccadic latency during FEF inactiva-

trials were discarded. tion, the Pearson correlation coefficient was found. To determine
Monkeys were run on tasks continuously for about 2 h afteménether eye position in the dark shifted during FEF inactivation,

lidocaine infusion (except during rest breaks) and periodically, efte paired, two-tailed Studentdest was used.

ery 30 min or so, after a muscimol infusion. Out of all the eye

movement data, three sets, called “before”, “during”, and “after”,

were fully quantified and compared. “Before” data were those céfistology

lected just before infusion. For lidocaine experiments, “during’; ; ; .
" o nkey L was overdosed with pentobarbital, perfused with 0.9%
data were those collected 5-30 min after the start of the infus Cl, and fixed with 4% para-formaldehyde. To estimate the loca-

(while FEF units were inactivated) and “after” data were the | n of injection sites, guide pins were inserted into the cortex at

data collected that day. For muscimol experiments, “during” d : ; : h .
. : ' erence locations in the recording chamber. Monkey 1 is being
were those collected approximately 90 min after the start of the ed for additional experiments.

fusion (while FEF units were inactivated), and “after” data we
collected the next day. For saline experiments, FEF inactivation
did not occur, so “during” and “after” data sets were time-matched
to the “during” and “after” data sets of lidocaine experiments (faesults
saline controls of lidocaine volume) or muscimol experiments (for ] ]
saline controls of muscimol volume). Overall infusion results
We tested hypotheses that the “during” or “after” data were in-
distinguishable from the “before” data, using the unpaired, twhlineteen infusions were made into the left FEFs of the

tailed Student’st-test with Bonferroni correction (tl’adltlona monkeys (Flg l) 12 were ||doca|ne |nfus|0ns’ two were

level was halved, to 0.025). Impairments affected entire hemj- _ .. : : . . .
fields, so contralateral target trials were pooled and ipsilateral t4/SCimol infusions, four were infusions of saline to

get trials were pooled. Trials with targets on the vertical meridié#atch the lidocaine volume, and one was an infusion of
were not statistically analyzed because of small sample size.S&dine to match the muscimol volume. Results from the
test hypotheses that changes in percentages were significant, iy monkeys were similar in all tasks. Results did not

square or Fisher exact tests were used, as appropriate, with = P ; ; :
forroni Correction. B¥bear to vary with injection location. Lidocaine and

For the remaining analyses, Bonferroni correction was not fAUScimol infusions caused the same types of effects, but
quired (significance criterion waB<0.05). To determine whetherwith different time-courses: lidocaine’s effects began

Fig. 3 Saccadic deficits of FEF :
inactivation using the delay Before During After

task. Saccadic eye movements | Saccades to Extinguished Targets Saccades to Extinguished Targets Saccades to Extinguished Targets
(dotted curvesare shown be- sees (B):- -

fore (eft), during ¢ente), and
after fight) FEF inactivation.
Small squareshow saccadic
endpointsSmall crosseémost-
ly obscured) show initial fixa-
tion locationsLarger squares
with dotted outlinesepresent
the 20 target location&lpper
panelsshow saccades initiated Premature Saccades Premature Saccades Premature Saccades
after the cue to move, made in | :
attempt to reach locations of
extinguished targetfower
panelsshow premature sac-
cades. Data marked with-
belled arrowsare discussed in
the text.Bottom the mean
multiunit firing rate 1.5 mm
from the infusion site is plotted
versus time, with O represent- Ipsi Contra 10 deg.
ing the end of the infusion. The >

average firing rate during every
trial was plotted and then adja-
cent data were connected with
straight lines. Awvery bottom
the capital letter identifying the
monkey is followed by a paren-

20

thesized letter designating the g
penetration site (see Fig. 1); &
this is a convention for the en- 3 g
tire paper 22
R
S3
-]
3
=

0 20 40 60 80 100 120
Time After End of Infusion (min)

1(p)
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A

50 Lidocaine

Saccadic Error (deg)

B
Lidocaine
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o © C
Lidocaine
> O o
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Saccadic Latency (msec)
1

g

) Muscimol

C 100
2
g -
& E 1
R 3
28w )
£g°
2aw
= ~ J
2
B~ Contra Ipsi Contra Ipsi

1(q)
D Lo Bonferroni t-test:
,3-5 § During v. Before,
20 - 0 “<" After v. Before.

o0 — *)
g ﬁ 7 p <.025
St
= § Fig. 5A—E Quantification of saccadic error and latency for all de-
£ 1 lay task experiments. Mean and standard deviation of defir (
E] 5 column and latencyr{ght column are shown before, during, and
= after FEF inactivation for saccades made after the cue to move, in
é attempt to reach locations of extinguished contralateral or ipsilat-

eral targetsA Results of the lidocaine infusion from Figs. 3 and 4.
0 20 40 60 80 100 120 B,C Results of lidocaine infusions from the other monk2yRe-
sults of the muscimol infusiorE Results of the saline infusion.

Time after End of Infusion (min) Degrees of freedom ranged from 20 tc: 76

I(p)

Fig. 4A-D Trial-by-trial account of saccadic impairment duringa | . . .
delay task experiment. Same experiment as in Fig. 3. Symbolsaetivation severely impaired the generation of saccades

present saccades made in response to contralateral taigges)( to locations of extinguished contralateral targets and it

or ipsilateral targetsc(ossey TheA error andB latency of each romoted the generation of premature saccades to ipsi-
saccade made after the cue to move, in attempt to reach the |

C -
tion of an extinguished target, are shownThe frequency of tri- aﬁ‘aral targets.
als in which a premature saccade was m&dd&ime-course of
neural activity 1.5 mm from the infusion <ite
Results from central fixation
within min and lasted about 1 h, but the effects of musci-
mol began later (about 1 h after infusion) and lasted Idn-Fig. 3, a monkey’s eye movements are shown before,
ger (recovery did not occur until the next day). during, and after left FEF inactivation. Before the infu-
sion, the monkey made saccades toward all locations of
extinguished targets (Fig. 3, Before). As is typical of sac-
Delay task cades made in darkness to locations of extinguished tar-
gets, these saccades tended to be hypometric and biased
The delay task was used during three lidocaine infusionpwards (Gnadt et al. 1991; White et al. 1994). Premature
one muscimol infusion, and one saline infusion. FEF isaccades were rare before the infusion (Fig. 3, Before).
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Fig. 6A-D Graphs of peak velocity versus amplitude (“main se- A
quences”) for saccades made in the delay task. Data from the three
lidocaine experiments and the muscimol experiment are pooled. Frequency of
Symbol explanations are shown itbaxin each plotA Main se- Premature
quences of contraversive saccades made after the cue to move, in Saccade
attempt to reach locations of extinguished contralateral targets: Trials

saccades made before or during FEF inactivation are comyigared.
Main sequences of ipsiversive saccades made after the cue to
move, during FEF inactivation: saccades made in attempt to reach

locations of extinguished contralateral or ipsilateral targets are B
comparedC Main sequences of saccades made to locations of ip-

silateral targets during FEF inactivation: premature saccades are ;;egx:z:f
compared with saccades made after the cue to nib¥eom the Trials

experiments using initially ipsilateral fixation, main sequences of
contraversive saccades made after the cue to move, in attempt to

% of All Trials

reach locations of extinguished contralateral targets, are shown: Contra I'
saccades made before or during FEF inactivation are com:pared pst
Chi-square test: L gﬂ -
During v. Before, &E g
Multiple units recorded 1.5 mm away from the infusion After v. Before. aAa <
*p <.025 BE3

site had a mean firing rate of approximately 8 Hz (Fig. 3,
bottom). Following lidocaine 'nfUS'On (“”?e 0), the flrlng’:i . 7A, B Frequencies of trials in which saccades were made
rate dropped and saccades were impaired (Fig. 3, Oy}Ematurely or not at all in the delay task. Results of the three Ii-
ing). Out of the 16 trials in whickhontralateral targets docaine experiments and the muscimol experiment are pobled.
were presented during FEF inactivation (eight targefde percentage of trials in which a premature saccade was made.
each presented twice), the following responses occurrfddne percentage of trials in which no saccade was made

In four trials, a steady fixation or a drift occurred instead

of a saccade (examples labelled “a”, Fig. 3, During). ttirection even from their moment of initiation. Out of the
five trials, contraversive saccades were made after the t@drials in whichipsilateral targets were presented, sac-
to move, but they were very inaccurate (see saccade eaues always went ipsiversively and their accuracies were
its target labelled “b”, Fig. 3, During). In the remainingormal, but in ten trials the saccades were premature. Fi-
seven trials, ipsiversive saccades were made after therally, in the 8 trials in which targets were presented on
to move (see saccade and its target labelled “c”, Fig.tl3 vertical meridian, in three trials saccades were prema-
During). These ipsiversive saccades headed in the wramg and went vertically. In the other five trials, saccades
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Fig. 8A, B The effects of FEF
inactivation on saccades made

in the delay task when initial Before During After
fixation wasA 20 deg ipsilater-
al orB 20 deg contralateral. Saccades to Extinguished Targets Saccades to Extinguished Targets Saccades to Extinguished Targets

Same experiment as in Fig. 3.
Saccades made after the cue td
move, in attempt to reach loca-
tions of extinguished targets,
are shown irupper panelsf A
or B. Premature saccades are
shown inlower panelf A or

B. Data collected before, dur-
ing, and after FEF inactivation
are shown. Same time periods
with respect to neural inactiva-
tion as shown in Fig. 3

Premature Saccades

Contra

B

Saccades to Extinguished Targets Saccades to Extinguished Targets Saccades to Extinguished Targets

Premature Saccades

. 10 deg.
Ipst 1)
were delayed until after the cue to move and went verti-The error and latency results for saccades made after
cally or ipsiversively. Two hours after the infusion, ththe cue to move are shown for all the delay task experi-
neural firing (Fig. 3, bottom) and the behavior (Fig. 3nents in Fig. 5. Saccadic error increased significantly for
After) had almost completely recovered. contralateral target trials during FEF inactivation in three
Figure 4 quantifies the continual time-courses of eff four experiments (Fig. 5A-D, left, shaded vs dark
fects for the same experiment. Saccades made afterhitues). Saccadic latency increased significantly for contra-
cue to move, in attempt to reach locations of extitateral target trials during all four FEF inactivations
guished contralateral targets, exhibited increased err@tg). 5A-D, right, shaded vs dark bars). The only change
(Fig. 4A) and increased latencies (Fig. 4B) just after tiveipsilateral target trials was an increase in saccadic la-
end of the infusion. These effects lasted about 30 mi@ncy during one FEF inactivation (Fig. 5A, right). After
while FEF activity was at its lowest level (Fig. 4D)FEF inactivation, saccadic error and latency usually re-
Also, the rate of making premature saccades to ipsilateovered (hatched vs dark bars). Infusion of saline to
al targets was elevated during this time (Fig. 4C). Behawatch the lidocaine volume caused no effects (Fig. 5E).
ioral recovery over time (Fig. 4A—C) roughly paralleled Overall, saccades made after the cue to move, in re-
the neural recovery (Fig. 4D). sponse to contralateral targets, were directed contra-
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Fig. 9 Saccadic deficits of FEF Before
inactivation using the step task
with random target durations.
Conventions as in Fig. Jop Saccades to 10 ms Targets
row: saccades made in response| .. :
to 10 ms duration flashed tar-
gets.Middle row saccades

made in response to 100 ms du-
ration flashed target®ottom

row: saccades made in response
to 1000 ms duration persistent
targets. Saccades made before,
during, and after FEF inactiva-
tion are shown

Saccades to 100 ms Targets
.. . B

versively only half the time during FEF inactivatiorof the time during FEF inactivation when contralateral
(34/68 saccades, experiments of Fig. 5A-D poolethrgets were used (Fig. 7B), up from 9% of the time be-
Peak velocities of these saccades were not affected fape FEF inactivation.

preciably by FEF inactivation (Fig. 6A). The ipsiversive

saccades made in the other half of the contralateral target

trials had peak velocities similar to those of saccadeesults from eccentric fixation

made in response to ipsilateral targets (Fig. 6B).

An increased frequency of making premature sabhke above results pertained to the one-third of trials in
cades to ipsilateral targets during FEF inactivation wasich initial fixation was central. In another one-third of
found in every delay task experiment. Overall, prematube trials, initial fixation location was 20 deg ipsilateral.
saccades were made in 48% of ipsilateral target trigigure 8A shows the ipsilateral fixation trials for the
during FEF inactivation (Fig. 7A), greatly exceeding theame experiment as in Fig. 3. During FEF inactivation,
baseline rate of 5%. Premature saccades had a meaaliaest all the saccades made after the cue to move, in at-
tency with respect to target onset of 351 ms (SD 138 nenpt to reach locations of the extinguished contralateral
and a mean error of 4.0 deg (SD 4.8 deg). The shortstjets, were contraversive (Fig. 8A, During); this ability
latency of a premature saccade was 195 ms. Peak veltcimake contraversive saccades was in marked contrast to
ties of premature saccades tended to exceed those of thacsituation with central fixation (cf. Fig. 3, During). The
cades made after the cue to move (Fig. 6C). This was exntraversive saccades made from ipsilateral fixation
pected, since saccades made directly in response to anare abnormally hypometric but their direction was al-
get have higher velocities than saccades made to thentays toward the location of the extinguished target
cation of an extinguished target (Gnadt et al. 199Eig. 8A, During, saccades and targets labelled “a” and
White et al. 1994). “b” are shown as examples). Other disturbances were

During FEF inactivation, the rate of failing to initiatesimilar to those described for central fixation: there were
a saccade after the cue to move increased significantlgdme fixations and drifts instead of saccades and, rarely,
response to contralateral targets (recall the drifts labeltbdre were ipsiversive saccades (Fig. 8A, During). Contr-
“a” in Fig. 3, During). “No Saccade” trials occurred 20%versive saccades made from ipsilateral fixation had nor-
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Fig. 10A-D Quantification of Saccadic Error Saccadic Latency
the error and latency of sac-

cades to contralateral targets in -~ A
the step task experiments that  ;4ocqine
used random target durations.

For each target duration, the

mean and standard deviation of
the saccadic errotgft column)

and the saccadic latenayght
column are plotted, for before,
during, and after FEF inactiva- B
tion. A Results of the lidocaine Lidocaine
experiment of Fig. 9B Results
of the lidocaine experiment
from the other monkey Re-
sults of the muscimol experi-
ment.D Results of the saline
experiment. Degrees of free-
dom ranged from 14 to =0

Muscimol

Saline

10 30 100 315 1000 10 30 100 315 1000

Target Duration (msec) Target Duration (msec)

1(k)

Bonferroni t-test:

During v. Before,

After v. Before.
*p <.025

mal peak velocities during FEF inactivation except faades to flashed contralateral targets. Saccades made to
some lowered velocities in the 7-13 deg amplitude ramugrsistent contralateral targets were less affected.
(Fig. 6D). Premature saccades were infrequent from ipsi-
lateral fixation during FEF inactivation (Fig. 8A, During).
In the final one-third of trials, the initial fixation loca-Results using random target durations
tion was 20 deg contralateral (Fig. 8B). During FEF in-
activation, monkeys often could not fixate the contralg&n example of a step task experiment in which target du-
eral LED long enough to allow for target presentation. tation was randomized is illustrated in Fig. 9. Before
the example of Fig. 8B (During), the monkey succeedE#&F inactivation, saccades were made in all directions
in fixating the contralateral LED in only 15 of 40 at{Fig. 9, Before). Saccades made to some contralateral
tempts. Of the 15 trials that were completed, eight resu#irgets were slightly shorter than saccades made to sym-
ed in ipsiversive premature saccades (Fig. 8B, During)etrically located ipsilateral targets (possibly due to cu-
Saccades were made normally after the cue to movenualative damage caused by the needle penetrations).
the other seven trials. They were made even to locatiinging left FEF inactivation, saccades made in response
of extinguished targets on the righthand side of thmallflashedcontralateral targets and some flashed verti-
board, i.e., in contralateral head-centered space (Fig. 88, targets were severely disrupted (Fig. 9, During, top
During). Recall that saccades did not enter this spaoel middle panels). Disruptions were similar to those de-
from central or ipsilateral fixation during FEF inactivascribed in the delay task: saccades sometimes were not
tion (cf. Fig. 3, During, and Fig. 8A, During). initiated, being replaced by fixations or drifts (“a”), sac-
cades sometimes were made contraversively but very in-
accurately (“b”), and saccades sometimes went ipsi-
Step task versively (“c”). Two of the saccades made in response to
flashed contralateral targets[T) were atypical in that
The step task was used during six lidocaine infusiotisey were strongly contraversive with clearly decreased
one muscimol infusion, and three saline infusions. FEElocities (note the close spacing of their eye position
inactivation severely impaired the ability to make sadets). Saccades made in responspeaiistentcontralat-
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Fig. 11A-D Quantification of Saccadic Error Saccadic Latency
the error and latency of sac-

cades to ipsilateral targets in

the step task experiments that Lidocaine
used random target durations.

Same experiments as in

Fig. 10: results oA andB li-

docaine C muscimol, and :
saline infusions are shown. De- L(h)
grees of freedom ranged from
14 to 3C:

Lidocaine

Muscimol

D 40

Saline 30

20
10

deg

10 30 100 315 1000 10 30 100 315 1000
Target Duration (msec) Target Duration (msec)

Bonferroni t-test:

During v. Before,

After v. Before.
*p <.025

HBefore
EDuring
S After

eral targets during FEF inactivation all were contravdn one experiment (Fig. 10B, right), latency increased
sive and accurate except for some slightly deviated ssigmificantly during FEF inactivation for saccades made
cades made to the upper right (Fig. 9, During, botton). response to one of the flashed target durations
Saccades made in response to all ipsilateral targets w&B® ms) and to persistent targets (1000 ms duration). In
normal during FEF inactivation. After FEF inactivationsum, FEF inactivation caused increases in the latencies
the saccadic behavior almost fully recovered (Fig. 9, Adf saccades made in response to both flashed and persis-
ter), although recovery took longer for saccades maddent contralateral targets.
response to the 10 ms duration targets. Saccades made to ipsilateral targets were negligibly
Figures 10 and 11 quantify the error and latency m&fected by FEF inactivation (Fig. 11A-C). In no case
sults of all experiments that used random target dudid saccadic error change significantly, but sometimes
tions. Saccades made in response to contralateral targateadic latency rose slightly. A small latency increase
are quantified in Fig. 10. For the two lidocaine experso was seen in the saline infusion, for 315 ms duration
ments and the muscimol experiment (Fig. 10A—C, leftgrgets (Fig. 11D). This was the only significant change
there was a pattern of increased error for saccades nsen in any of the saline infusions.
in response to flashed (10, 30, or 100 ms duration) con-Although we used a 100 ms gap of darkness before
tralateral targets: error was significantly increased duritayget presentation, express saccades never were made
FEF inactivation in eight of the nine cases. For saccatigsour monkeys, either normally or during FEF inactiva-
made in response to 315 ms duration targets, error wan. Latency distributions had means of approximately
significantly increased in one of three cases. For s@00 ms or higher and there was no evidence of the bi-
cades made in response to persistent (1000 ms duratioolality indicative of express saccade generation
targets, in no case was the error significantly increagedy., Sommer 1994). Hence, we were unable to deter-
during FEF inactivation. mine whether inactivating the FEF affects express sac-
The effects on saccadic latency were more uniforoades.
In two experiments, latency increased significantly dur- Overall, saccades made in response to flashed contra-
ing FEF inactivation for saccades made in responselateral targets (10-100 ms duration) during FEF inactiva-
every duration of contralateral target (Fig. 10A,C, rightlion were contraversive 67% of the time (58/87 saccades,
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600 During v. Before,
After v. Before.
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200 © Ipsi Target Fig. 13A, B Frequencies of trials in which saccades were not
» Contra Target made during the step task experiments with random target dura-
0+ tions. Results of the two lidocaine experiments and the muscimol
0 5 10 15 20 25 30 35 40 experiment are pooled. The percentage of trials in which no sac-

@

cade was made in responseAt@ontralateral targets @ ipsilat-
eral targets of 10, 30, 100, 315, or 1000 ms duration is shown, for

1200 Tsaccades to before, during, and after FEF inactivation

~1000 - Persistent Targets °

ﬁ; 1 ° response to flashed contralateral targets had comparable

T 800+ S . peak velocities to normal ipsiversive saccades (those

Z 1 200 made to flashed ipsilateral targets) with a few exceptions

& 600'_ > AL of velocity decreases in the 8-13 deg amplitude range

ol o&ge. (Fig. 12B). | |

= of 50 Saccades made in response to persistent contralateral

& 200 "0 © Before targets (1000 ms duration) were contraversive 97% of
1 * During the time (35/36 saccades, experiments of Fig. 10A-C

(U s s R e A pooled). Their peak velocities were unaffected by FEF

0 5 10 15 20 25 30 35 40

Fig. 12A—-C Main sequences of saccades made in the step t
with random target durations. Data from the two lidocaine exper)-

Amplitude (deg)

inactivation (Fig. 12C).

FEF inactivation often caused a failure to trigger
contraversive saccades in the step task. Frequencies of
Saccade” trials increased significantly for presenta-

ments and the muscimol experiment are pooled. Symbol explaH@n of flashed contralateral targets (10-100 ms dura-
tions are shown in hoxin each plotA Main sequences of cont-tions; Fig. 13A). FEF inactivation caused no significant
raversive saccades made in response to flashed contralateralji@rease in the rate of triggering saccades to longer dura-

gets: saccades made before or during FEF inactivation are C%
pared.B Main sequences of ipsiversive saccades made in respo

’Q' contralateral targets (Fig. 13A). FEF inactivation did

to flashed targets during FEF inactivation: saccades made in 1€f Significantly increase the rates of failing to make ip-

sponse to contralateral or ipsilateral targets are comp@rithin

siversive saccades (Fig. 13B).

sequences of contraversive saccades made to persistent targets:
saccades made before or during FEF inactivation are com:pared

Results using random fixation locations

experiments of Fig. 10A—-C pooled). Peak velocities of

contraversive saccades made in response to flashed dorother step task experiments, we randomly varied the
tralateral targets were unaffected by FEF inactivatidixation location and used only flashed (30 ms duration)
except for saccades in the 2—-8 deg amplitude range tvapersistent (1000 ms duration) targets. An example of
tended to have lower velocities (Fig. 12A). Similarlyan experiment using only persistent targets is shown in
during FEF inactivation, the ipsiversive saccades madd-ig. 14. Targets were spaced by 5 deg to finely test the
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Fig. 14 Saccades made in a
step task experiment that used
only persistent targets. Conven-
tions as in Fig. 3. Initial fixa-
tion location was central. Sac-
cades made in response to con-
tralateral and vertical targets
before, during, and after FEF
inactivation are shown

Rate (Hz)

Mean Multiunit Firing

0 20 40 60 80 100 120 140 160
Time After End of Infusion (min)
L)

contralateral space. The one-third of trials that used céfenkeys were impaired at foveating contralateral fixa-
tral fixation are shown. Saccades made to ipsilateral thon LEDs during FEF inactivation, but in trials that were
gets are omitted to permit larger, more detailed illustriaitiated successfully, the resulting ipsiversive saccades
tion of the contraversive saccades. Even though FEF tacflashed targets were normal and entered all parts of
tivity was thoroughly quenched (Fig. 14, bottom), the aspace (similar to data in Fig. 8B, top panels). In the two
curacy of contraversive saccades made to the persispamsistent target experiments, the only notable deficit
targets was only slightly perturbed (Fig. 14, Duringjvas the problem of foveating contralateral fixation
Subtle upwards shifts in some saccades caused a shizls.

but significant increase in overall error (Fig. 15D, left). The only compelling evidence we obtained for an ef-
Similar effects were seen in the other experiment thatt of FEF inactivation on saccadic dynamics came
used only persistent targets (Fig. 15C, left). In the tvfimm the results of the step task experiments of Fig. 15.
experiments using only flashed targets, contraversBaccades made to persistent contralateral targets exhibit-
saccades underwent the usual gamut of severe accueaty clear decrease in peak velocity over a large ampli-
disruptions during FEF inactivation (similar to the imtude range from both central fixation (Fig. 16A) and ipsi-
pairments shown for 10 and 100 ms duration targetslateral fixation (Fig. 16B). Contraversive saccades made
Fig. 9; quantitative data shown in Fig. 15A,B, left). Fdn response to flashed targets from ipsilateral fixation ex-
all four experiments, the latencies of saccades madehiiited a distinct drop in peak velocity for saccades in
response to contralateral targets were significantly e 5-15 deg range (Fig. 16C).

creased during FEF inactivation (Fig. 15A-D, right). In

one case the latency of saccades made to flashed ipsilat-

eral targets was increased as well (Fig. 15A, right). llmtency-error correlation

two saline experiments using only flashed targets, there
were no effects (not shown). In most of the delay and step task experiments, when

Varying the initial fixation location had similar effectsaccades were made in response to contralateral targets
on saccades to flashed targets as was seen with sacadul@sg FEF inactivation, the saccades with greater errors
made in the delay task (Fig. 8). Ipsilateral fixation aklso tended to have longer latencies (Fig. 17). This corre-
lowed for the generation of many contraversive but higtion was significant for six of the eight experimental
pometric, correctly directed saccades during FEF inaaenditions P<0.05, regression lines are shown for the
vation (similar to effects shown in Fig. 8A, top panelsgorrelated data).
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Saccadic Error Saccadic Latency A
1200
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400 -
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0 P e
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SE %3 | During v. Before, 1000 ms, Ipsilateral Fixation
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Fig. 15A-D Quantification of saccadic error and latency for the 1200
step task experiments that used only flashed or only persistent tar- ©
gets. All are lidocaine experimenis,B Results of the two experi- 1000 - °
ments using flashed targets,D Results of the two experiments )
using persistent targets. Degrees of freedom ranged from 25 to D i
108 T 800
iy
'S 600
= |
Fixation task S 400 -
=2 4
The delay and step tasks did not rigorously test a mon- E 200
key’s apility_ to _fixat_e. After a sacca}de in these taskjs, on- 1 30 ms, Ipsilateral Fixation
ly a brief fixation in the target window was required. 0 T T
Fixation deficits during FEF inactivation were suggested, 6 5 1‘:‘ 15“23 (zds )30 35 40
however, by the impaired ability to foveate initial fixa- mplitude (deg
tion LEDs located 20 deg contralaterally (e.g., Fig. 8B, o Before
During). To better examine this deficit, we ran monkeys * During

on a formal fixation task. In two of three lidocaine infu-.

; s At . 16A—C Main sequences of saccades made in the step task
sions that used the fixation task, the monkey was SeVé;'; eriments that used only flashed or only persistent targets. Data

ly impaired at fixating LEDs in contralateral space. A sgym the two flashed target experiments are pooled, as are the data

line infusion to match the lidocaine volume caused fom the two persistent target experimemsMain sequences of

deficit. contraversive saccades made to persistent contralateral targets
Figure 18 shows the results of a fixation task expeﬁc_E)m initially central fixation: saccades made before or during

- S - F inactivation are compareB.Same a®\ except that data are
ment. Before left FEF inactivation (Fig. 18, Before), thf'?om the trials using initially ipsilateral fixatiol© Main sequenc-

monkey'’s initial fixation location in the dark was slightlyss of contraversive saccades made to flashed targets from initially
up and ipsilateral. When an LED was lit at any of ningsilateral fixation: saccades made before or during FEF inactiva-

locations, the monkey made a saccade to it and then (#§0-are compared
ally fixated near it for 5 s. During FEF inactivation, the

monkey’s initial fixation location shifted ipsiversively

(Fig. 18, During). The monkey made saccades toward

the persistent contralateral LEDs but could not fixate
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them steadily: the eyes drifted ipsiversively and upwaedine infusion, just after FEF inactivation there was a
at 1-5 deg/s. Fixations of LEDs in ipsilateral and centigtharp ipsiversive shift in the mean fixation location in
space were less affected. After the inactivation (Fig. rkness (Fig. 19A). The average shift was highly signif-
After), the behavior recovered. icant (mean -5.78 deg, SD 1.94 deif11)=10.33,
We did not do a muscimol infusion using the fixatioR<0.001). In saline infusions, shifts were not significant
task. Monkeys usually worked for less than 2 h at tHiBig. 19C; mean —-0.09 deg, SD 3.07 de&)=0.06,
task, presumably due to the long fixations required. We0.956). An ipsiversive shift was seen in both musci-
considered this to be too brief for an informative muscitol infusions, but it developed over a longer time-course
mol experiment. However, in a muscimol infusion th@hot shown). There was no ipsiversive shift seen in the
used various initial eye positions (experiment akline infusion that matched the muscimol volume (not
Fig. 5D), the monkey was impaired at foveating the cashown).
tralateral fixation LED, exhibiting deficits similar to The vertical eye position also shifted just after lido-
those of Figure 18. caine infusion (Fig. 19B), moving downward on average
(mean shift -1.72 deg, SD 1.95 def11)=3.052,
P<0.05). The vertical eye position was unchanged just
Shift of eye position in the dark after saline infusion (Fig. 19D; mean shift —0.78 deg, SD
1.37 deg;t(3)=1.134,P=0.339), but a downward shift
The ipsiversive shift in the eye’s resting position in darkended to appear later. Gradually developing downward
ness during FEF inactivation was seen not only using #stefts also were seen in muscimol infusions and in the
fixation task (ellipses, Fig. 18), but also during the intesaline infusion used to match the muscimol volume (not
trial intervals of the delay and step tasks. In every lidshown).
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Before gets, at fixating in contralateral space, and at suppressing
ipsiversive saccades.

Fundamental result

Just after lidocaine infusion into the FEF, nearby unit ac-
tivity was quenched. Severe saccadic impairments oc-
curred in some tasks and fixational deficits usually ap-
peared. These effects were followed by behavioral and
neural recovery within the testing session. Muscimol in-
fusion caused similar deficits, demonstrating that they
were attributable to inactivation of cell bodies. Saline in-
fusion caused negligible effects, showing that complica-
tions from pressure or dilution of extracellular space
were minimal. The conclusion is that reversible inactiva-
tion of FEF neurons caused strong oculomotor perturba-
tions. This implies that FEF neurons play necessary roles
in generating saccades, in some task situations, and in
maintaining fixation.

Specific effects of FEF inactivation
Spatial aspects of saccades

During FEF inactivation, monkeys made highly inaccu-
rate saccades when attempting to look at locations of
contralateral extinguished targets, in the delay task, or
flashed targets, in the step task. Some saccades were
contraversive but inaccurate and others were ipsiversive.
Misdirected saccades were inaccurate from their moment
of initiation: they went straight to the wrong place. This
suggests that there was an impairment in encoding sac-
cadic metrics. Ablations of FEF also cause deficits in
making saccades to extinguished or flashed targets.
Schiller and Sandell (1983) reported that FEF ablation
caused a deficit in making saccades to brief targets
(50-60 ms duration) in a step task, and Deng et al.
(1986) found that FEF-lesioned monkeys were impaired
at learning to make saccades to locations of extinguished
targets in a delay task.

FEF inactivation caused only mild accuracy impair-

) o . . ments for saccades made to persistent contralateral tar-
Fig. 18 Deficits in the foveation of contralateral LEDs using th . . .
fix%tion task. Initial eye positioncfossey and all the eye mo%e-aets: This, “?0’ agrees with the results of FEF ablation
ments made during every trial are shown. Data from before, dgtudies (Schiller et al. 1980; Deng et al. 1986; Lynch
ing, and after FEF inactivation are shovirarge dotted squares 1992). Why does silencing the FEF leave intact the abili-
show the fixation windows around each LEDenter of the ellipse ty to make reasonably accurate saccades to persistent tar-

drawn on each illustration represents the mean initial fixation 1q- : :
cation of the eye, and the sizes of timgizontal and vertical axes ets even thoth it prOfoundly d'srUptS the accuracy of

of the ellipseare one standard deviation of the initial fixation locaS@ccades made to extinguished or flashed targets?
tion of the eye in each directin The generation of any saccade requires involvement of

brainstem circuitry (reviewed by Hepp et al. 1989). The
FEF influences the brainstem saccade generator directly
Discussion (Schiller et al. 1980; Segraves 1992), indirectly through
the superior colliculus (SC) (Segraves and Goldberg
The fundamental result was that reversible inactivati@887), and probably indirectly via nigral control of the SC
of a portion of the FEF perturbed saccades and fixatioftdikosaka and Wurtz 1983, 1985; Stanton et al. 1988).
Monkeys were severely impaired at making contraver- Models of the brainstem circuitry posit that it receives
sive saccades to locations of extinguished or flashed &m-input, which we will call f(Fig. 20), which repre-
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Fig. 19A-D Mean resting eye Lidocaine Saline
position in darkness as a func- A
tion of time after end of infu-

sion. Just prior to a trial in ev-

ery experiment, a fixation loca-

tion of the eye was sampled.

Mean and standard deviations

of these fixation locations were

calculated for each block of da-

ta (e.g., see ellipses in Fig. 18).

A Mean horizontal location of

fixation in the dark for all 12 li-

docaine infusions as a function

of time.B Mean vertical loca-
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sents where the eye should go (Robinson 1975; van Gis- FEF
bergen et al. 1981; Jurgens et al. 1981; Scudder 1988;
van Gisbergen and van Opstal 1989; Waitzman et al.
1991). K needs to be a sustained signal: it not only rep-
resents where to go but also drives the saccade. During a
saccade, Fis compared with an estimate of how far the E
eye has moved. When the estimate equals jhsighal, Trigger
the saccade terminates, and only then magease. If a
visual target is present throughout the saccade, visual re- Brainstem Circuitry
sponses of neurons will be available for generatigg E |_“_ _____________ ]
1

However, if a target disappears before saccade initiation |
the brain will have to maintain a representation of the |
target and make this representation available to the brainl T @- Generator |
| |

|

stem for generating £
Some FEF presaccadic cells fire with tonic activity | I P

that is maintained long after a visual stimulus disappears) -

until a saccade is made (Bruce and Goldberg 1985—F—————"""7"""7"————————

Funahashi et al. 1989). This leads to two hypotheses.

The FEF may be a part of a cortical system for maintain-

ing a neural representation of a target after it disappears.

Therefore, inactivating the FEF might impair the ability

to represent an absent target. Alternatively, since the FEg- 20 Simplified model of brainstem circuitry subserving the

; ; ; Lo eration of saccades. The inputs to the brainstem circuitry are
is an important mediator of saccadic signals from Cort%%;md atrigger signal. The Trigger signal inhibits@atemecha-

to the brainstem (as discussed above), FEF inactivatjign, permitting saccade initiation. The &ignal drives aPulse
might disrupt the brainstem’s access to the neural repeeneratormechanism. A neural integratdy.(.) generates an esti-

sentation of an absent target. Either way, FEF inactivgate of how far the eye has moved. This estimate is sent as nega-

; ; ; ve feedback to cut off the Enput to the Pulse Generator. Our re-
tion would cause Fto be disrupted in the absence of Té‘ults and previous findings suggest that the FEF serdsnanon

target, resulting in the severe deficits of saccadic acCuifior command downstream. Thg &nd Trigger signals are de-
cy that we observed. rived, at least in part, from this comma:nd

Monkeys made reasonably accurate saccades to per-
sistent contralateral targets during FEF inactivation. It is unlikely that the deficit in making saccades to lo-
These saccades may have been driven by, aigkal de- cations of extinguished or flashed targets was due to an
rived from direct visual responses, possibly provided itopairment at detecting the presentations of targets.
the brainstem through the occipitotectal pathway (SchiilEF-inactivated monkeys demonstrated the ability to see
er 1977). the targets, since they made saccades toward them from
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ipsilateral fixation (e.g. Fig. 8A). It follows that they als@ontraversive saccades made in all tasks had increased
saw the targets from central fixation, since visual detdatency, implying that the trigger signal was generally
tion abilities are fixed in reference to the retina amtklayed. This is consistent with the finding that FEF cell
should not vary with eye position. activity is related to the time of saccadic initiation (Se-
Dias et al. (1995) have independently confirmed tigeaves and Park 1993; Hanes et al. 1995). The FEF
basic findings that we presented here. The major diffeeems to make a particularly strong contribution to the
ence between our results is that, in their experiments tin@fgering of saccades to locations of extinguished and
were similar to ours (their multiple target experimentdjashed targets: saccades often were not initiated at all
they found that saccades made in response to persistdr@n these targets were used during FEF inactivation
contralateral targets were severely inaccurate during HEkgs. 7B, 13).
inactivation. This difference in results might be related to We found inconsistent evidence that FEF inactivation
differences in visual stimuli. Their targets, laser spatsfluenced saccadic peak velocity. Saccades that should
presented in dim ambient light, were less bright and wédr@ve been most affected, those made directly contra-
at lower contrast than our LEDs lit in darkness (E. @ersively during FEF inactivation, sometimes had obvi-
Dias, personal communication). A short-term effect olisly decreased peak velocities (Fig. 9I' saccades;
FEF ablation is an elevation of the threshold for brighfig. 16) but sometimes they did not (Figs. 6D, 12C).
ness perception (Latto 1977). A similar effect might o&accades made to persistent targets seemed as likely to
cur when the FEF is temporarily inactivated. It may b®ve their velocity lowered as saccades made to flashed
that the persistent targets of Dias et al. (1995) were neagets (e.g., Fig. 16). Our mixed results do not help to
or below the detection threshold whereas ours were msolve the controversy over whether the FEF is involved
prathreshold. Note that when Dias et al. (1995) used par-controlling saccadic velocity. Schiller et al. (1979b,
sistent targets that were located more predictably, at oh880) found that FEF ablation lowered saccadic velocity
two possible locations, one of their monkeys did malhen monkeys were required to scan a board of apple
accurate contraversive saccades to the targets during pieEes, and Deng et al. (1986) reported that FEF ablation
inactivation. In general, we and they seem to agree thdbwered the velocity of saccades made to locations of ex-
is possible for FEF-inactivated monkeys to make reasdinguished targets. However, in a recording study, Se-
ably accurate saccades to persistent contralateral targgtaves and Park (1993) found little evidence for FEF in-
We found that FEF-inactivated monkeys were less implvement in the control of dynamical aspects of sac-
paired at making saccades toward extinguished cades, whether the saccades were made to flashed or per-
flashed targets if initial fixation was ipsilateral rathegistent targets in a step task or to extinguished targets in
than central. That is, contraversive centripetal saccadedelay task. The role of the FEF in controlling saccadic
were less impaired than contraversive centrifugal ongslocity remains unclear.
We think the simplest explanation for this is that from ip-
silateral fixation, weakened contraversive saccadic at-
tempts were aided by the natural centering tendencied. afency-error correlation
the eye musculature. Also, targets were more predictably
located when fixation was ipsilateral, appearing only general effect of FEF inactivation was that the laten-
vertically and contralaterally. This increased predictabitiies and errors of saccades made in response to contra-
ty might have contributed to improved saccadic perfdeteral targets usually were directly correlated. Although
mance (Dias et al. 1995). trial-by-trial variations in error and latency during FEF
If a monkey initially fixated a contralateral LED durinactivation were to be expected because of probable
ing FEF inactivation, all ipsiversive saccades toward estight variations in the strength of the deficit over contra-
tinguished or flashed targets were accurate. Specificalateral space and over time, the fact that error and latency
the saccades readily entered head-centered contralatarahried was surprising.
space, even though saccades seldom were made into thiEhe probable basis for this correlation is that informa-
space from central or ipsilateral fixation. Therefore thi®n about where a saccade should go and when it should
deficit is not one of making saccades into contralatetsgin is encoded in @mmonmotor command leaving
space; rather, it is an impairment at making saccades theaFEF (Fig. 20). It is known that individual FEF move-
contraversive direction. This implies that the intact FERent neurons signal both where and when to make a sac-
uses a “vector” code, signalling for saccades to be maaele. “Where to go” is represented by a cell’'s location in
contraversively, not a “place” code, signalling for sathe FEF (Robinson and Fuchs 1969; Bruce and Goldberg
cades to be made to particular locations. 1985; Bruce et al. 1985) and “when to go” is represented
in a cell’s firing rate (Segraves and Park 1993; Hanes et
al. 1995). As noted above, these FEF signals influence
Temporal aspects of saccades the brainstem directly and indirectly. We therefore sug-
gest the following scenario to explain the latency-error
Besides an Esignal, the brainstem requires a trigger ircorrelation. When a portion of the FEF is inactivated, the
put to initiate a saccade (Fig. 20). The FEF seems to cmtegrity of a saccadic command originating from the
tribute to this trigger signal. During FEF inactivatiomrest of the structure is disrupted, varying from trial to tri-
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al. Because brainstem signals that determine where arattivation, the ability to fixate is poor in contralateral
when to make a saccade,@&nd trigger signals, respecspace, the eyes drift ipsiversively, and generation of
tively) are at least partly derived from this disruptecbntraversive saccades is impaired in the absence of per-
common motor command, there is a tendency for saccsidtent visual stimulation. The combination of these ef-
ic accuracy and latency to covary from trial to trial. fects probably caused the eye position to shift ipsiversiv-
ely in darkness. We also found a slight downward shift,
an effect we cannot explain. Ablation of FEF also causes
Premature ipsiversive saccades ipsiversive and downward shifts in eye position (Latto
and Cowey 1971b).
We found that FEF inactivation increased the rate of
making premature saccades to ipsilateral targets in the
delay task (also found by Dias et al. 1995). This impli€mparison of FEF inactivation with SC inactivation
that a role of the FEF is to suppress inappropriate ipsi-
versive saccades. Previous results using other methbde FEF and the SC both play important roles in gener-
had suggested that the FEF suppresses saccades, bating-saccades to visual stimuli (Schiller et al. 1980). We
lectivity for ipsiversive saccades had not been founslill compare our FEF inactivation results with previous-
Two studies reported that electrical stimulation in the reported results of SC inactivation, with the caveat
FEF can suppress saccades, but one found that hb#t such comparison is indirect since no investigator has
contraversive and ipsiversive saccades were affectedersibly inactivated both the FEF and SC using identi-
(Burman and Bruce 1990) and the other did not descridz methods.
the directionality of the suppression (Dassonville et al. There are many similarities between FEF inactivation
1992). Guitton et al. (1985) found that unilateral frontahd SC inactivation. During inactivation of either struc-
lobe lesions in humans cause deficits in withholding sdare, the accuracies of saccades made in attempt to reach
cades to visual stimuli, but the effects were bilateral. locations of extinguished targets are more disrupted than
the accuracies of saccades made to persistent targets
(Hikosaka and Wurtz 1985). Other similarities between
Fixation FEF and SC inactivation include latency increases for
saccades made in delay tasks (Hikosaka and Wurtz 1985)
In the fixation task, FEF-inactivated monkeys often weasd step tasks (Hikosaka and Wurtz 1985; Schiller et al.
severely impaired at foveating contralateral LEDs for ex987), impaired fixation (Hikosaka and Wurtz 1985;
tended periods. A saccade was made toward the persisdehiller et al. 1987; Munoz and Wurtz 1993), and an ip-
target but fixation was not maintained at the new positiaiversive shift in the resting position of the eyes (Hikosa-
Rather, the eye was swept ipsiversively and upwd and Wurtz 1985; Schiller et al. 1987).
(Fig. 18, During). Two factors may have contributed to There are three major differences between FEF and
this phenomenon. First, fixation itself seemed to be we&E€ inactivation. The first concerns saccades made to per-
ened since the eye did not “hold its ground” after enterisigtent targets. During SC inactivation, contraversive sac-
contralateral space. Second, there may have been a neadds made in response to persistent targets are consis-
imbalance at the brainstem that caused the ipsiverdizstly inaccurate (Hikosaka and Wurtz 1985, 1986; Lee
component of the drifting, since signals from the FEF &t al. 1988) to a degree that clearly exceeds the impair-
the other hemisphere presumably were not weakened. ment seen by us during FEF inactivation. Also, during
The results of the fixation task, along with observaeme SC inactivations, contraversive saccades to persis-
tions that FEF-inactivated monkeys were impaired at fitent targets are triggered only infrequently, and some-
ating contralateral fixation LEDs during the delay antimes they are not triggered at all (Hikosaka and Wurtz
step tasks, are consistent with a hypothesis that the AEB5). In contrast, we never saw significant rates of fail-
is involved with maintaining fixation. This concurs withing to trigger saccades to persistent targets in our FEF in-
results of previous studies demonstrating that fixatiactivations. We are led to conclude that the FEF is less
signals are carried by some FEF neurons (Bizzi 19&@portant than the SC for generating saccades to persis-
Bizzi and Schiller 1970; Suzuki and Azuma 1977; Brudent targets.
and Goldberg 1985), many of which project to subcorti- The second difference concerns ipsiversive premature
cal oculomotor regions (Segraves and Goldberg 1983rcades. Inactivation of the SC has not been reported to
Segraves 1992). Our results also are in agreement w#lise the appearance of premature saccades in a delay
the findings of Latto and Cowey (1971b) that FEF I¢ask (Hikosaka and Wurtz 1985) unless the inactivation
sions cause deficits in fixating contralaterally. is aimed at the rostral SC (Munoz and Wurtz 1993). Pre-
mature saccades caused by rostral SC inactivation have
very short latencies (~100 ms) and are predominantly
Ipsiversive shift of eye position in darkness contraversive (Munoz and Wurtz 1993). In contrast, FEF
inactivation results in premature saccades that are of
FEF inactivation always caused an ipsiversive shift loing latency £195 ms) and are ipsiversive. Since inacti-
eye position in the dark. As discussed above, during F&#ion of homolateral FEF or rostral SC causes such dif-
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ferent kinds of premature saccades, but FEF proj?gferences
much more to the ipsilateral than the contralateral

(Distel and Fries 1982), it is illogical that FEF inactiveBizzi E (1968) Discharge of frontal eye field neurons during sac-
tion causes premature saccades through a silencing of efcadic and following eye movements in unanesthetized mon-

; ; ; keys. Exp Brain Res 6:69-80
ferents to rostral SC. A simpler explanation is th Izzi E, Schiller PH (1970) Single unit activity in the frontal eye

through transcallosal projections (Huerta et al. 1987), fieids of unanesthetized monkeys during eye and head move-
one FEF normally inhibits the contralateral one (Schlag ment. Exp Brain Res 10:151-158 _ _
et al. 1996). Inactivation of an FEF therefore would diBruce CJ, Goldberg ME (1985) Primate frontal eye fields. I. Sin-

inhibit the contralateral FEF and promote the premature g'é?Ggg”g%gs discharging before saccades. J Neurophysiol

triggering of ipsiversive saccades. Bruce CJ, Goldberg ME, Bushnell MC, Stanton GB (1985) Pri-

The third major difference in the effects of FEF and mate frontal eye fields. II. Physiological and anatomical corre-
SC inactivation concerns saccadic velocity. Silencing the lates of electrically evoked eye movements. J Neurophysiol
SC with lesions (Schiller et al. 1980) or reversible inactj- 54:714-734

: . . rman D, Bruce CJ (1990) Suppression and delay of saccades by
vation (Hikosaka and Wurtz 1985, 1986; Lee et al. 19 ' microstimulation in the macaque frontal eye fields. Invest

Munoz and Wurtz 1993) causes reliable, pronounced ve-gphthalmol Vis Sci [Suppl] 31:400
locity deficits. FEF lesions also cause velocity deficits, Bassonville P, Schlag J, Schlag-Rey M (1992) The frontal eye
discussed above, but reversible FEF inactivation causedield provides the goal of saccadic eye movement. Exp Brain

: . . : . ., Res 89:300-310
ambiguous effects: we found inconsistent, mild veloci eng S-Y, Goldberg ME, Segraves MA, Ungerleider LG, Mishkin

deficits, but Dias et al. (1995, and personal communica- 1 (1986) The effect of unilateral ablation of the frontal eye
tion) found reliable deficits. A hypothesis consistent with fields on saccadic performance in the monkey. In: Keller E,
all these findings is that the SC, in comparison with the Zee DS (eds) Adaptive processes in the visual and oculomotor

; Tt i ; systems. Pergamon Press, Oxford, pp 201-208
FEF, is more mtlmately associated with structures uBits EC, Kiesau M, Segraves MA (1995) Acute activation and in-

. : . . |
control saccadic velocity (see also the Discussions c)Eflactivation of macaque frontal eye field with GABA-related
Hikosaka and Wurtz 1985, and Segraves and Park 1993).drugs. J Neurophysiol 74:2744-2748
Distel H, Fries W (1982) Contralateral cortical projections to the
superior colliculus in the macaque monkey. Exp Brain Res
48:157-162
Ferrier D (1875) Experiments on the brains of monkeys. Proc R
. . Soc Lond 23:409-430
This study revealed at least three possible roles of th@anashi S, Bruce CJ, Goldman-Rakic PS (1989) Mnemonic
FEF in natural behavior. First, we found that the FEF is coding of visual space in the monkey’s dorsolateral prefrontal

necessary for generating contraversive saccades to locacortex. J Neurophysiol 61:331-349 _
tons of targets that have disappeared. T finding tRARC, 3, Bracel R, Andersen a 1993 Sensormoto
the FEF is needed to make saccades to extinguished tar{-argets_ Vision Res 3%:639’3_715
gets in the delay task, although informative, does noéidberg ME, Bruce CJ (1990) Primate frontal eye fields. III.
have obvious relevance to everyday behavior. It is un- Maintenance of a spatially accurate saccade signal. J Neuro-
clear why, in natural situations, a monkey would puré- physiol 64:489-508 o

: f itton D, Buchtel HA, Douglas RM (1985) Frontal lobe lesions in
ppsefully withhold a Saccad.e toyvard a target until aﬂe_ it man cause difficulties in suppressing reflexive glances and in
disappears. More suggestive is the result from using generating goal-directed saccades. Exp Brain Res 58:455-472
flashed targets in the step task: the FEF is needed forHhees DP, Thompson KG, Schall JD (1995) Relationship of pre-
natural behavior of making a contraversive saccade tosaccadic activity in frontal eye field and supplementary eye

. . “ » field to saccade initiation in macaque: Poisson spike train
something seen fleetingly, “out of the corner of the eye. analysis. Exp Brain Res 103:85-96

~ Second, we found that the FEF contributes to fixatipg,, k Henn V, Vilis T, Cohen B (1989) Brainstem regions relat-
in contralateral space. This complements the saccadiCed to saccade generation. In: Wurtz RH, Goldberg ME (eds)
role of this structure, since a typical outcome of making Reviews of oculomotor research, vol 3. The neurobiology of

i i i saccadic eye movements. Elsevier, Amsterdam, pp 101-212
a contraversive saccade is to put the eyes in a Contrale}_th rgsaka O, Wurtz RH (1983) Visual and oculomotor functions of

al pQSition' . monkey substantia nigra pars reticulata. IV. Relation of sub-
Finally, we want to emphasize that the use of revers-stantia” nigra to superior colliculus. J Neurophysiol

ible inactivation seems to have revealed a major function49:1285-1301 o _

of the FEF that was missed by the use of other te€likosaka O, Wurtz RH (1985) Modification of saccadic eye

. - . . ovements by GABA-related substances. I. Effect of musci-
niques. The FEF is needed for suppressing InapprOpr""ltepr:ol and bicuculline in monkey superior colliculus. J Neuro-

ipsiversive saccades as well as for generating appropriatghysiol 53:266-291

contraversive saccades. Hikosaka O, Wurtz RH (1986) Saccadic eye movements following
injection of lidocaine into the superior colliculus. Exp Brain
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