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Sommer, Marc A. and Robert H. Wurtz. Frontal eye field sends ments (reviewed by Schall 1997 and Tehovnik et al. 2000);

delay activity related to movement, memory, and vision to the supgeurons in the FEF carry diverse signals ranging from vispial
rior colliculus.J NeurophysioB5: 1673-1685, 2001. Many neuron

within prefrontal cortex exhibit a tonic discharge between visu . . .
stimulation and motor response. Thislay activitymay contribute to oldberg 1985). A major projection of FEF neurons is to the

movement, memory, and vision. We studied delay activity sent frot/Perior colliculus (SC) (reviewed by Leichnetz and Goldbgrg
the frontal eye field (FEF) in prefrontal cortex to the superior collicul988), a midbrain structure that, compared with the FEF] is
lus (SC). We evaluated whether this efferent delay activity was relatatbre intimately linked to the brain stem saccade-generafi
to movement, memory, or vision, to establish its possible functiongircuitry (Bittner-Ennever and Biittner 1988; Chen and Mpy
Using antidromic stimulation, we identified 66 FEF neurons projecp000:; Segraves and Park 1993). Evidence that the projedtion
ing to the SC and we recorded from them while monkeys performggym, FEF to SC plays an important role in saccade generation
a Go/Nogo task. Early in every trial, a monkey was instructed as Itl%s accumulated. Activity in the FEF modulates SC neur

whether it would have to make a saccade (Go) or not (Nogo) to I
target location, which permitted identification of delay activity reIatefﬁSCharges (Schlag-Rey et al. 1992) and the ability to ev

to movement. In half of the trials (memory trials), the target disa _accades electrically from the FEF can be. blocked by X
peared, which permitted identification of delay activity related tthactivation (Hanes and Wurtz 2001). By antidromically ac |_§§_
memory. In the remaining trials (visual trials), the target remainaéating FEF neurons using a pulse of electrical stimulation|il

delay activity. In 53% (27/51) of these neurons, delay activity waglated to saccade-related, to the SC (Everling and Mup&z
modulated by Go/Nogo instructions. The modulation preceded sa®00; Segraves and Goldberg 1987; Sommer and Wurtz 2
cades made into only part of the visual field, indicating that the \y/o previously showed that a prevalent signal sent from
modulation was movement-related. In some neurons, delay actingF to the SC idelay activitythat intervenes between th

was modulated by Go/Nogo instructionshinth memory and visual - bl
trials and seemed to represent where to move in general. In ot fisory stimulus and the motor response (Sommer and U‘g‘

neurons, delay activity was modulated by Go/Nogo instructions onP00)- Delay activity in the FEF and in other prefrontal regio
in memory trials, which suggested that it was a correlate of workif§ay contribute to a variety of functions, including mot
memory, or only in visual trials, which suggested that it was Blanning, working memory, and visual perception, as is sfig-

cated that the activity was related to the visual stimulus. In some @ilsrupts movements made toward remembered stimuli and
these neurons, delay activity occurred in both memory and visygn impair visual perception, visual attention, and movemegnts
trials and seemed to represent a coordinate in visual space. In othg{§de toward visual stimuli (e.g., Deng et al. 1986; Dias gnd
delay activity occurred only in memory trials and seemed to repreS@(_J}grav(_}S 1999: Funahashi et al' 1993a: Jacobsen,1935 93

transient visual memory. In the remainder, delay activity occurrefgtto 1977; Latto and Cowey 1971; Sommer and Tehovhik

only in visual trials and seemed to be a tonic visual response. . - -
conclusion, the FEF sends diverse delay activity signals related 97; for reviews see Fuster 1997 and Tehovnik et al. 2090).

movement, memory, and vision to the SC, where the signals may g@nsistent with the idea that prefrontal delay activity contr
used for saccade generation. Downstream transmission of vari¢{i€s to a variety of functions, recording studies in the FEF gnd
delay activity signals may be an important, general way in which tla@ther prefrontal regions have shown that in some neurons|the
prefrontal cortex contributes to the control of movement. delay activity is related to movement whereas in others if is
related to visual stimulation; the latter, stimulus-related delay
activity can be mnemonic in nature, occurring if the stimulps

INTRODUCTION has to be remembered, or more visual in nature, occurring gnly

The primate frontal eye field (FEF) in the posterior prefron¥1€n @ stimulus remains visible (e.g., Bruce and Goldbgrg

tal cortex contributes to the generation of saccadic eye mover82; Funahashi et al. 1993b; Niki and Watanabe 1976;
g 4 tanabe 1986a,b). In our previous study of FEF neurons

Address for reprint requests: M. A. Sommer, Laboratory of Sensorimotar
Research, National Eye Institute, National Institutes of Health, Building 49, The costs of publication of this article were defrayed in part by the paymgnt
Room 2A50, 9000 Rockville Pike, Bethesda, MD 20892-4435 (E-maibf page charges. The article must therefore be hereby marked “advertisemgent”
mas@Isr.nei.nih.gov). in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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1674 M. A. SOMMER AND R. H. WURTZ

project to the SC, we detected delay activity by using a taskam not (Nogo) to the target location. If delay activity differe|

which a target appeared and then a delayed saaadgswas

in Go versus Nogo trials, then it was related to movement.
made toward it (Sommer and Wurtz 2000). This task did n@io characterize this activity in more detail, we examingd
permit us to distinguish activity related to the stimulus frorwhether it was related to making a specific range of saccgdic

that related to the movement, which limited our ability twectors, whether its intensity predicted reaction time,

interpret the functions of the delay activity.

In the present study our goal was to characterize in detail tbeen in error trials. Delay activity that didot differ in Go
delay activity sent from the FEF to the SC. We identified FE¥ersus Nogo trials was unrelated to movement; instead, it
neurons that projected to the SC (FigAlandB) and recorded likely was related to the visual stimulus. To permit furth
from them while monkeys performed a delayed Go/Nogo tagkaracterization of this delay activity, in half of the trials tHe
(Fig. 1,C andD). The key feature of this task was that a targehrget disappeared so that it had to be remembered du
always appeared but a monkey diidt always make a saccadeihe delay period and in the other trials the target remaif
to it. Prior to the delay period in every trial, a monkey wag; Thijs allowed us to distinguish delay activity related fo
instructed as to whether it would have to make a saccade (QQ}nembering a visual stimulus from delay activity that w

. 2 -1 0 1 2 3 4 5
Time relative to start of SC stimulation (ms)

C Targ. Instr. Cue to
On On Resiond
Fix ¥ ¥
Spot
Target:
Mem.—
VIS_—
Eye Nogo resp.
Go resp.
Bage I //Baﬁ . Delay
e By e R e
100 ms
Targ. Cue to
‘Ln Resiond
-
essss——
Nogo resp.
) Go resp.
Base I Base 2iVis  Delay
e e e —
100 ms

whether the activity always predicted saccade generat

a simple tonic visual response.

We found that the FEF sends to the SC a wide assortmer
delay activity signals that are related in various ways to mo
ment, memory, and vision. This suggests that the delay acti
sent from the FEF to the SC contributes to several differ
functions during saccade generation. Moreover, these reg
provide the first detailed description of delay activity identifie
as leavingany part of the prefrontal cortex. We hypothesiz
that a major, general way in which prefrontal cortex influeng
behavior is to send a diversity of delay activity signals to mqg
motor-related regions.

An abstract of this work appeared previously (Wurtz a
Sommer 1998).

Fic. 1.  Summary of method#\: lateral view of the rhesus monkey brain|.

We recorded exclusively from frontal eye field (FEF) neurons that projecte
the superior colliculus (SC) (shown in cutaway view). Projection of an F
neuron was identified by showing that it was antidromically activated
electrical stimulation in the SC. As, arcuate sulcBs.examples of action
potential waveforms showing application of the collision test. FEF record
waveforms from four consecutive trials of stimulating the SC at time 0
superimposed in each of thep andbottomillustrations.Top: the FEF neuron
fired reliably (black arrow) about 2 ms after a stimulation pulse was applie
the SC (pulse duration indicated by black bar). Stimulation artifact is eraseq
clarity. Bottom: when the SC stimulation was timed to occur just after the H
neuron fired spontaneously, stimulation always failed to evoke an ac
potential from the FEF neuron (white arrow). The failure occurred because
stimulation-evoked action potential traveling toward the soma of the neuy
was annihilated by the spontaneous action potential traveling away from
soma along the same axon. Failure of the stimulation-induced spike
happened if stimulation begani2.4 ms after the onset of the spontaneo
spike. The neuron therefore passed the collision test, which indicated th
was antidromically activated from the SC.andD: timing diagrams of the
delayed Go/Nogo task. In all trials, the monkey first foveated a spot (Fix S
initially colored blue. Then the two main task events occurred: presentatio
the peripheral target (Targ. On) and presentation of the foveal instruc
(Instr. On). C: target-first trials, in which target onset preceded instructi
onset. A target appeared and then, after a randomized delay period, thg
Spot changed to green for Go or red for Nogo trials. The instruction perio
illustrated in white in the Fix Spot bab: instruction-first trials, in which the
order of task events was reversed. The instruction was presented first and,
arandomized delay period, the target appeared. In all triaés(ID), a second
randomized delay period ensued and then the Fix Spot changed back to|
(depicted as transition from white to gray in Fix Spot bar), which was the
to respond. At this point, the monkey was required to make its response, w|
was a saccade to the target in Go trials (Go resp., Eye trace) or conti
fixation in Nogo trials (Nogo resp., Eye trace). Targets were flashed for 200
in memory trials (Mem.) or were persistently lit in visual trials (Vi)and
D, bottom: the time scale (100 ms/division) and analysis epochs are illustr
(Base 1, first baseline epoch; Base 2, second baseline epoch; Vis,
response epoch; Delay, delay epoch).
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DELAY ACTIVITY SENT FROM FEF TO SC 1675

METHODS TABLE 1. Randomly interleaved trial types
Physiology Movement Instruction

The present data were collected from the same neurons studied with Go Nogo
other tasks in a prior report and physiological methods are described
in detail there (Sommer and Wurtz 2000). Briefly, two monkeysarget:
(Macaca mulatta) were implanted with recording cylinders for ac- Memory Go memory Nogo memory
cessing the brain, scleral search coils for recording eye position, &/isual Go visual Nogo visual

plug for accessing eye coil leads, and a post for immobilizing the head
during recording sessions. All procedures were approved by thdor each of the four trial types shown, either the target or the instructfon
Institute for Animal Care and Use Committee and complied witfPuld appear first (see Fig. €,andD), which yields an overall total of eight
Public Health Service policy on the humane care and use of Iaboraté?’g}domly interleaved trial types.

animals. We found the FEF and the SC by using recording andW beaan recording after monk had been trained for sevkral
stimulation criteria (e.g., by locating sites at which stimulation-evoked € began recording atter monkeys nhad been trained for severa

saccades were evoked with<z50 A threshold) and confirmed the Wweeks and had reached stable levels of performance. During reconding
localizations with magnetic resonance imaging. We recorded sin ssions, 98.5% of trials were correct (Go responses in Go trials or

neurons extracellularly in the FEF and showed that they projected @90 responses in Nogo trials) and 1.5% were incorrect (Nggo

the SC by antidromically activating them with an electrical stimulir-e.Sponses in Go trials or Go responses in Nogo trials). Only corfect

tion pulse applied to the SC intermediate layer through a chronicach'/aIS v(;/e(rjet ar}alyzzq except where ?k:htte[jv_\gse POtethi’;”LTj fW‘i .
implanted microelectrode (FigA). We verified antidromic activation scarded trials ending In responses that did not meet our definitiop o

- e : a Go or Nogo response.
of every neuron using the collision test (Fig3)1 For details regarding visual stimulation and data collection, $ee

Sommer and Wurtz (2000). Briefly, foveal and peripheral stimuli wgre
Behavior 0.3 X 0.3° squares of light back-projected onto a tangent screen by a
liquid crystal display projector. Single neuron data, task event data,

We recorded neuronal activity while a monkey performed a delaya@d eye position samples were collected at 1 kHz using a perspnal
Go/Nogo task (Fig. 1C andD). The main purpose of this task was tocomputer real-time acquisition system. Colors were not adjusted to
vary the requirement to make a saccade so that we could see if deéfuminance and therefore may have differed in luminance as well g
activity was related to movement. In all trials, a monkey first foveatad chrominance. s
a blue spot at the center of a tangent screen for 500—800 ms (all
timings were pseudorandomized on a trial-by-trial basis). In half %(nalysis
the trials (Fig. 1C), a peripheral visual target then appeared, followed
800-1200 ms later by the instruction. In the other half of the trials Saccades were automatically detected in the recorded eye pog
(Fig. 1D), the order was reversed so that the instruction appeared finsices using a computer program that ran a template matching 3
The instruction took the form of a color change of the foveated spathm; accuracy of the saccade detection was verified by visualli
from blue either to green (Go instruction) or red (Nogo instruction). Ispection of data from every trial. Saccadic reaction time was defi
all trials, after both target and instruction appeared, a second det@ythe time from the cue to respond to the initiation of the saccadg.
period of 800—1200 ms ensued. The foveated spot then changed fancade was judged to be spatially accurate if it terminated with
its instruction color back to its initial color (blue) as a cue to respondirtual window surrounding the target location, the dimensions
In Go instruction trials, we rewarded the monkey if it mad&a which varied from 1° horizontally and 2° vertically for targets locatd
response, which is defined as a saccade to the target initiated 60—-&08mall eccentricity (e.g., 4° from the fovea), up to %020° for
ms after the cue to respond. In Nogo instruction trials, we rewardetgets located at large eccentricity (e.g., 40° from the fovea).
the monkey if it made &Nogo response, which is defined as steady To analyze the activity of a neuron, we calculated the neurop’s
fixation of the central spot for 1000 ms after the cue to responehean firing rates during various epochs of the task. We primafily
Unless otherwise noted, targets always appeared at the center ofathalyzed delay activity measured 300—0 ms before the cue to res
neuron’s visual and/or movement field as mapped prior to running tfielay epoch in Fig. 1C andD), but in one section of theesuLTswe
task (see Sommer and Wurtz 2000). We randomized target-first (Fidso analyzed short-latency visual responses during instruction-first
1C) and instruction-first (Fig. 1D) trials because we wanted the firstals measured 50—-150 ms after target onset (Vis epoch in Big.
event in each trial to be unpredictable, to minimize the possibility th&br comparison with activity levels during the Delay and Vis epocls,
neurons might exhibit anticipatory activity during the initial fixationrwe measured reference levels of activity during two baseline epqchs
period (anticipatory activity is common in the FEF; Bruce and Gold:alled Base 1 and Base 2. In target-first trials (Fig. 1C), the Ba
berg 1985). This was important because activity in the initial fixatioepoch was 300—0 ms before target onset and the Base 2 epoch wa
period served as a reference for detecting delay period discharges 1268—0 ms before instruction onset. In instruction-first trials (Figj, 1
in the trial (seeAnalysis). the Base 1 epoch was 300—0 ms before instruction onset and the Bas

For delay activity that was unaffected by Go/Nogo instruction® epoch was 300—0 ms before target onset. We calculated mean fjring
which suggested that it was related to the visual stimulus rather thates by finding the average number of spikes occurring in an epgoch
to the motor response, we wanted to be able to analyze whether @inel dividing this value by the epoch duration.
activity was related to memory of the stimulus or whether it was A significance level ofP < 0.05 was used for statistical tests.
simply a tonic visual response. Therefore, in half of the trials (memogpmpared mean firing rates between epochs with Studetg'st or
trials) the target appeared for only 200 ms so that its location hadttee Mann-Whitney rank sum test, using the former if the data were
be remembered (Merm Fig. 1,C andD) and in the remaining trials normal (determined with the Kolmogorov-Smirnov test) and of eqjial
(visual trials) the target appeared and remained until the end of teriance (determined with the Levene Median test) and the |
trial (Vis.in Fig. 1, C andD). In summary (see Table 1), there wereotherwise. The mean firing rate in an epoch could be used in u
eight different, randomly interleaved trial types: Go and Nogo menthree comparisons so, to be conservative, we uniformly adjusted| the
ory trials (Table 1,top row), Go and Nogo visual trials (Table 1,significance level t&®> < 0.0167 (=0.05/3, Bonferroni correction) fo
bottom row), and target-first and instruction-first versions of each.all comparisons of firing rates between epochs.
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1676 M. A. SOMMER AND R. H. WURTZ

Targ. Go Instr. Cue to Targ. Go Instr. Cue to
A (a)rﬁg OOZS " Respond C grig OOZS Respond

FIG. 2. Delay activity in four example
neurons.A-D: data from memory trials are
shown above (Mem.) and data from visug
trials are shown below (Vis.). For illustra-
tion, only target-first, Go-instructed trials arg
shown; data are aligned to target onset (Tar
On), to onset of the Go instruction (Go Instr]
On), and to the cue to respond. Rows of tic]

individual trials. Spike density functions
show average firing rates [constructed b
replacing the spikes with Gaussians (widtl

| | _oo—
{ I IM—

-

son and Aldridge 1979]. Delay activity is
C61-c277 €66-¢351 highlighted with shaded boxes. Below th
rasters and spike density functions are ticH
in 100 ms intervals and eye position deconi

B Targ. Go Instr. Cue to D Targ. Go Instr. Cue to posed into horizontal (§ and vertical (E)
On On Respond On On Respond traces (upward deflections in the eye trac

) ) " ' ‘ represent rightward movements fof, Bnd
upward movements for JE Scale bars for
spike density functions and eye positio
traces are to the right of each panel. S
spikes; deg., degrees. Code for identifyin
each neuron is at bottom right of each pang
A: data from a neuron with delay activity in
both memory and visual trial®: data from
another neuron with delay activity in both

Mem:

sp/s

Vis: memory and visual trialsC: data from a
neuron with delay activity only in memory
trials. D: data from a neuron with delay|

- activity only in visual trials.
T T T
C57-c234
RESULTS activity between stimulus and response, as we reported pr

Presence of delay activity in FEF output neurons activity could occur in memory trials, visual trials, or both. Th

fext step was to see if the delay activity was influenced
ovement instructions, which was done by comparing d
om Go versus Nogo trials.

We studied 66 FEF output neurons that projected to the
as determined by antidromic stimulation. Of these, 51 (779
had significant delay activity, i.e., their mean firing rates in t
Delay epoch were greater than (42 neurons) or less tha
neurons) their mean firing rates in the Base 1 epoch during
or more trial types. Figure 2 shows data from four FEF output Figure 3 shows data from the same neurons as in Fig. 2,
neurons to illustrate various types of activity profiles that wigow activity in Go trials (blue) is contrasted with that in Nog
found. For simplicity in illustrating these types, we only showtials (orange). If a neuron’s delay activity differed signif

réléglay activity modulated by movement instructions

trials in which the monkey was required to make a saccade (egntly in Go versus Nogo trials during one or more trial typgs,

trials). In each panel, memory trial results are shown in the

upper data set and visual trial results in the lower data setsLe 2. Distribution of FEF output neurons that have

Neuronal activity and eye movements are aligned to targ®flay activity

onset (left), Go instruction onset (middle), and the cue t&

respond (right). The shaded boxes highlight the delay activity. Go/Nogo Selective* in

Some neurons, as in Fig. 2,andB, had delay activity in both _

memory and visual trials. Others had delay activity only in a'\rfgrcgjyal Mteri':gy \::i:g' Go’;ﬁggo

memory trials (Fig. 2C) or only in visual trials (Fig. 2D). trials only only Selective Totals
Table 2 summarizes the overall distribution of neurons. Of

the 51 FEF output neurons having delay activity, 32 (63%)lay activity in

were similar to the neurons shown in Fig.2andB, in that ~ Memory and visual trials 11t 8 2 11 32
hey had delay activity in both memory and visual trials (Table Memor trials only — 5 — 2 7
fey Y y Y L Visual trials only — — 1 11 12
2, top rowtotal). Another 7 neurons (14%) were similar to theotals 1 13 3 Y o1

neuron shown in Fig. 2Gn that they had delay activity in
memory trials only (Table 2niddle rowtotal). The remaining * Go/Nogo selective neurons had delay activity that differed significantly|

e : : Go versus Nogo trials. T Values are numbers of neurons. ¥ —, locations ir]
0 )
12 neurons (24%) were similar to the one shown in Fig.i2 table that were not applicable; for example, if a neuron had delay activity

that they had delay activity in visual trials only (Table 2yemory trials only, it could not have been Go/Nogo selective in visual tri
bottom rowtotal). Thus many FEF output neurons had delaynly (because Go/Nogo selectivity is a property of delay activity).

marks represent action potentials recorded jn

o = 10 ms) and summing them; MacPher

ously (Sommer and Wurtz 2000), and in individual neurons {
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Go =
Nogo ==
A o C
Targ. Instr. ue to Targ. Instr. Cue t
0?1; On Respond ?)rng ’Sn’ chgogd
Mem: » Mem: 50
spfs spls
E, ol ol i i II ::I 20 Fic. 3. Delay activity during Go versus
E, =™ Sl deg, | | i deg.  Nogo trials. These data are from the san
neurons shown in Fig. 2, but now data fron
Go trials (blue) and Nogo trials (orange) ar
Vis: Vis: compared. Spike density functions summ
s Yis: f rize the firing rates and below them are ey

position traces from Go and Nogo triala:

S .. . Pt

! ] 1 — data from a neuron having Go/Nogo sele
1 | S I : a— tiye delay activity inbothmemory an_d visual
Co1-c2TT C66-c351 trials. B: data from a neuron having delay
activity in both memory and visual trials, buf
B D for thi; neuron the aptivity waisot Go/Nogo
Targ Fries Cuicito Targ Tristr Cue to selective in either trial typeC: data from a
on On Respond on On Respond neuron having Go/Nogo selective delay a
tivity only in memory trials.D: data from a
neuron having delay activity that was noj
Mem: Mem: Go/Nogo selective and that appeared on
Ca gg,s s 50, during visual trials.
| | 1 ﬂ-lﬁg H‘P' i mﬁ% 20
| | ==t ! ! ! " ldeg.
b w | [t
R e A T ]
i ; ) | 1 T -
| 1 = | | L
} I | I I 1
C57-c234 C75-c439

we termed the neuro®o/Nogo selective. We found a total ofin Go trials (74%, 20/27); we termed these neurons Go se
27 FEF output neurons that were Go/Nogo selective (see Tatile. The remaining neurons (26%, 7/27) had greater activity
2, first three columns). The neuron shown in Fig. 3A, faKogo trials; we termed these neurons Nogo selective.
example, was Go/Nogo selective in that it had greater delayln summary, we found that movement instructions infl
activity (shaded boxes) after Go instruction than after Nogghced delay activity in 53% (27/51) of FEF output neurons.
instruction. This neuron was Go/Nogo selective in memokyund a variety of neuron types; some neurons were Go/N
trials (upper data segndin visual trials (lower data set). As ggjective in both memory and visual trials & 11), others

shown in Table 2 (first column), a total of 11 neurons Wefgere Go/Nogo selective in memory trials only£ 13), and a

smgjna_r n lthe.lt lthey were Go/Nogo selective in both memony,, \were Go/Nogo selective in visual trials only € 3). In
and visual trials. o I .

.most neurons the delay activity was specificaly selective,

We also found some neurons that were Go/Nogo selective Y y b y

memory trials only (Table Zecond column) or in visual trials"lg" preferentially activated by Go instruction, but in son
only (Table 2 third column). The neuron shown in Fig. 3C, fofeurons the activity wadogo selective, i.e., preferentiallyf

example, had delay activity in memory trials only and thiglCtiVated by Nogo instruction.

activity was modulated by movement instructions; a total of 5 W& €mphasize that, at this point in our analysis, two |
neurons were similar (Table 2, intersectionnoifidle rowand Potheses about the data are valid. The Go/Nogo selective d

second column). Another 8 neurons had delay activity in bo%qtivity could be purelynstruction-related, literally representt

memory and visual trials but the activity was influenced by?d the movement instruction and therefore signaling the ¢
movement instructions only during the memory trials (Table £€Pts “go” or “do not go” in general. Alternatively, the activit
intersection oftop row andsecond column). Thus 13 neurondnight be motor-related, representing the specific upcomi
were Go/Nogo selective in memory trials only (Tables@cond Motor response (generation or suppression of a particular
columntotal). Another 3 neurons were Go/Nogo selective in
visual trials only (Table 2third columntotal). 1 Also, recall that for some neurons delay activity was represented 4

Delay acthiy couid be modulted by movement instructorfesesse g i Stne o eseng s e gt
In tW(.) pOS_SIb|e ways: the E_\CtIVIty CO_UId be relatlvely larger i ré of the920 Go selective neurons)yangoseIective ifgthey had a greate
Go trials(Fig. 3,A andC) or in Nogo trials (e.g. Fig. 4). Most of gecrease in activity in Nogo than in Go trials (this accounted for 1 of thg
the Go/Nogo selective neurons had delay activity thatlasgger Nogo selective neurons).
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M neuron (Fig. 5A). For this example, the instruction occuried
Nogo = after the target; therefore the eight analysis epochs began al
instruction onset. FigureBshows the mean firing rates (an
Targ. Instr: Cue to SEs) following instruction onset during each of the eight gp-
On On Respond ochs; also, activity during the Base 1, Base 2, and Dejay
epochs are shown for reference. We compared the firing rates
in Go versus Nogo trials within each epoch; asterisks idenfify
50 Go/Nogo pairs that were significantly differefit £ 0.05). For
sp/s this example, the earliest point at which Go and Nogo firing
E, e} | =10 rates diverged was 400-500 ms after instruction onset.
E, s} : — To find the average time of divergence across the samplg of
C56-c227 neurons, it was not useful to pool the raw data because mear

are as in Fig. 3 except that, for simplicity, only memory trials are shown. we normalized the f|r|ng rates of each neuron that had
, Nogo selective delay activity and averaged the normalized

tor of saccade). We evaluate these competing hypotheses Igigg Figure 5Bdepicts the normalization procedure graphji-
in the ResuLTs cally, with raw firing rates labeled on the left ordinate a
o ) ) normalized firing rates labeled on the right ordinate. We traps-

Delay activity related to the visual stimulus formed each neuron’s firing rates so that the mean dglay

We also found 24 FEF output neurons that had delay actithiVity for the instruction signaled by the neuron (e.g., Go Ior
that was not affected by Go/Nogo instructions (TabléoRrth & G'o selective neqron) equaled 1.0 and the mean delay actjvity
column). In these neurons, delay activity seemed to be unfling the other instruction (e.g., Nogo for a Go selectiye
lated to future movement and therefore it was instead proba§uron) equaled 0.0. We linearly adjusted the firing rafes
related to the visual stimulus. The neuron shown in Figg.far during all other time periods to this scale. Figu@shows the
example, had delay activity that was unaffected by Go versgéerage normalized time courses for all neurons having
Nogo instructions, and this activity occurred in both memory/090 selective delay activity; zero on the abscissa is the t
and visual trials. A total of 11 neurons were similar (Table 2f the second task event, i.e., the time of instruction onse
intersection oftop rowandfourth column). The delay activity {arget-first trials (see Fig.Q) or the time of target onset in
of these neurons seemed to represent the fact that a vidigiruction-first trials (Fig. D). We found that, on average, G
stimulus had appeared regardless of whether the stimulus sgid Nogo firing rates began to diverge 300—400 ms after
sequently disappeared or remained present. Another 2 neurbifstarget and the instruction were presented. .
had delay activity that was unaffected by Go/Nogo instruc- Next, we analyzed the spatial organization of delay activ
tions, and this delay activity occurred only in memory trial8Y, comparing neuronal responses with targets presente
(Table 2, intersection ofmiddle rowand fourth column). In different locations in the visual field. This was important f
these neurons, delay activity seemed to be exclusively relaf€§ting whether the delay activity might be related to nonsp
to memory of the stimulus. The remaining 11 neurons hadl€nomena (e.g., expectation of reward). Before starting
delay activity that was unaffected by Go/Nogo instruction§)al data collection on a neuron, we always had monkeys
and this activity occurred only in visual trials (Table 2, interP€rform the Go/Nogo task for several trials using targets gre-
section ofbottom rowandfourth column). An example of suchsented not only within the visual and/or movement field Qut

a neuron is shown in Fig.08 In these neurons, delay activityalso at an isoeccentric, opposite direction location to se¢ if
seemed to be a simple tonic visual response. there was any hint of delay activity faroth directions. Of the

Thus we found that movement instructions diatinfluence 21 neurons with delay activity, 31 Clear_ly had no de_lay activ|ty
delay activity in 47% (24/51) of FEF output neurons. The delaynen targets were presented opposite to the visual anp/on
activity of these neurons seemed to be entirely related to tfwvement field. For these neurons, we used only the tajget
visual stimulus. There was a variety of neuron types: so ation Wlthm the visual and/o_rmovement field during formpl
neurons had delay activity in both memory and visual triata collection. For the remaining 20 neurons, we rando
(n = 11), a few neurons had delay activity in memory triadhterleaved both target locations during formal data collectjon

only (n = 2), and the rest had delay activity in visual trials onija"d found that 12 of them had delay activity only for targgts
(n = 11). presented in the visual and/or movement field whereas 8 had
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activity was spatially selective in 84% of the neurons (43/5
which suggests that the activity was primarily related to sti
To further characterize delay activity, we analyzed its tentdus or response, both of which are spatially localized, and Was
poral attributes (for Go/Nogo selective neurons) and its spatgenerally unrelated to nonspatial phenomena.
attributes (for all neurons). First we asked the following ques- We also examined, in neurons having Go/Nogo selectjve
tion regarding Go/Nogo selective neurons: after the instructiolelay activity, whether the difference in activity in Go verslis
and the target were presented, when did the neuronal activitggo trials occurred only if saccades were made into a [re-
begin to diverge in Go versus Nogo trials? The time course sifficted region of visual space. If true, this would show that ghe
Go/Nogo divergence was quantified by measuring mean firidgfference in activity was specifically motor-related, i.e., asgo-
rates during eight successive 100-ms epochs after both dieted with making specific vectors of saccades, and not pufely
target and the instruction had appeared, as illustrated for dnstruction-related, i.e., representative of the nonspatial cpn-

Spatiotemporal characteristics of delay activity
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Temporal Properties

Spatial Properties
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FIG. 5. Spatiotemporal characteristics of Go/Nogo selective delay actiefy.temporal propertiesight: spatial propertiesA:
to illustrate the time course analysis, data from an example neuron are shown, aligned to targdeftsestfuction onset
(middle), and the cue to respond (right). Mean firing rates were calculated during 11 epochs: during 8 successive 100-ms epochs
following the second task event (thick lines at bottom) and during the Base 1, Base 2, and Delay epochs (thin lines aBbottom).
firing rates (mean and SE) during the 11 epochs for the neuron showariengraphed. Left ordinate shows raw firing rate in spikes
per second (sp/s); right ordinate shows the normalized firing rate such that mean delay activity in Ge friatel mean delay
activity in Nogo trials= 0. Legend at top. Base 1 and Base 2 epoch firing rates are at the far left and the Delay epoch firing rate
is at far right. Between are the firing rates from 0 to 800 ms after the second task event, i.e., instruction onset. Each datum from
0-800 ms is placed at the midpoint of the 100-ms sampling bin (i.e., every 50 ms). *, time points at which Go and Nogo firing
rates differed from each othe€: overall time course of Go/Nogo selective delay activity. Data from the 27 neurons having
Go/Nogo selective delay activity were pooled. Firing rates for each neuron were normalized as shown for the exBrapk in
the normalized firing rates of the 27 neurons were averaged within each epoch. Legend at top, Asiarks time points when
Go and Nogo signals diffeD: example of a neuron for which Go/Nogo selectivity vactional,which is representative of 93%
of the neurons having Go/Nogo selective delay activity. Spike density functions summarize the neuron’s activity in Go and Nogo
trials (legend at top), for contralateral target presentation (within the neuron’s movement field) (Con, upper data set), and for
ipsilateral target presentation (Ips, lower data set). Delay activity (shaded boxes) was significant and was different in Go versus
Nogo trials only for contralateral target presentatiBnexample of a neuron for which Go/Nogo selectivity wemdirectional,
which is representative of 7% of neurons having Go/Nogo selective delay activity. This neuron had an omnispatial visual receptive
field (it responded to both contralateral and ipsilateral target presentation) and had elevated delay activity in Go versus Nogo trials
for targets presented both contra- and ipsilaterally. Sp, spikes.

cepts “go” or “do not go.” Of the 27 neurons with Go/Nogdarget locations during formal data collection and found thal
selective delay activity, 18 clearly were inactive when targets them had Go/Nogo selective delay activagly when sac-

were presented opposite to the visual and/or movement fietddes were made to targets presented inside the visual afd/g

For the remaining 9 neurons, we randomly interleaved bothovement field (e.g., Fig.[» whereas 2 neurons were nor
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directional, having Go/Nogo selective delay activity for sadRelationship between Go/Nogo selective delay activity and
cades made to both locations of the target (e.g., Fi). ;1 saccade initiation

sum, th_|s analys's indicated that Go/Nogo §elect|ve dela_y aCve performed two analyses to determine the extent to wh
tivity primarily was motor-related because it was associat
with making a restricted range of saccades in 93% (25/27)

the neurons. , , _contribute to the timing of the saccadic response, we teg
To summarize, our analysis of spatiotemporal properties @hether the intensity of delay activity predictechena sac-

delay activity in FEF output neurons revealed thaGo/Nogo cade would occur. Second, we tested whether the differende in

selective delay activity started to differ in Go versus Noggelay activity in Go versus Nogo triatgwayspredicted that a
trials about 300—400 ms after both the instruction and tkgccade would be initiated, even in error trials. This wol

target were presente@) most of the delay activity was spa-reveal whether the Go/Nogo difference in delay activity wa$ a

tially restricted, and3) nearly all of the Go/Nogo selectivity command, inevitably leading to a particular motor response
seemed to be motor-related, because it was associated withwas more of asuggestion, providing information to down
making a restricted range of saccades. stream motor centers that could be used or ignored.

/Nogo selective delay activity was related to actual initiatipn
a saccadic eye movement. First, to see if the activity might
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First, we examined the relationship between delay actiJity
andwhena saccade occurred. We performed 54 correlatipns
between delay activity firing rate and reaction time in corrgct
Go trials (27 Go/Nogo selective neurois2 data sets each
i.e., visual and memory trials) with the Pearson product-

lations X 0.05 criterion level), we concluded that the level
delay activity was not related to when a saccade occurred

Second, we examined whether the Go/Nogo differenc
delay activity always predicted the motor response, even
error trials. Figure 6Ahows data from a session in which a
selective neuron was studiethp, spike density functions;
bottom,eye traces. The saccadic responses made by the
key in Nogoerror trials (black eye traces) were nearly identic

traces) also are shown. The question was, Did the delay act
in Nogo error trials resemble the delay activity in correct

box) during Nogo error trials (black) wasot identical to that
during correct Go trials (blue); rather, it overlapped with the
delay activity in correct Nogo trials (orange). In error trials,

FIG. 6. Go/Nogo selective delay activity during error trials. Color legend
for all data is at top. The type of response (resp.) and the instruction (instr.) that
occurred during each kind of correct and error trial is always noted explicifly.
A: error and correct trial data collected while recording from a Go selectve
neuron. Spike density functions are shown above and eye traces below. [Datg
are shown separately for Nogo error trials=n2), for correct Go trials (n=
15), and for correct Nogo trials (& 16). In all pairs of eye traces, the uppefr
eye trace is the horizontal component and the lower eye trace is the vetical
component. Scale bars at right represent 100 spikes/s (upper) and 20° (lopver)
B: error trial analysis for the pooled data from all 20 Go selective neurgns.
Normalized firing rate of delay activity (mean and SE) is graphed for Nogo
error trials (n= 11), correct Go trials (r= 673), and correct Nogo trials (A
736). Delay activity during Nogo error trials was significantly lower than delpy
activity during correct Go trials (*) but was not significantly different frorp
delay activity during correct Nogo trial€: error trial analysis for the pooled
data from all 7 Nogo selective neurons. For this population, delay actiyity
during Go error trials (= 5) was different from delay activity during correc
Nogo trials (n= 200) but was indistinguishable from delay activity durinp
correct Go trials (= 187). In neither case (Br C) did delay activity in error
trials predict the motor response; rather, it reflected the instruction that vas
given.
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therefore, the delay activity seemed to reflect the instructiommber of Go or Nogo selective visual responses that [we
instead of predicting the actual motor response. found, five, was not much greater than the number expected by

Because error trials were rare, occurring in only 1.5% ahance (false positive rate: 86 case$.0167 criterion levet
trials, we could not analyze the data quantitatively for aniy.4). To confirm this negative result, we analyzed the dgata
individual neuron (e.g., only 2 error trials occurred while wesing two other methods as well. First, we measured mean
recorded from the neuron illustrated in Figh)6 Therefore, to firing rate from 0-50 ms following the start of the visual-
analyze error trials quantitatively, we examined the populatioalated burst as detected on a trial-by-trial basis (Hanes ef al,
data. We normalized each neuron’s firing rates (see HJ. 51995; Schall et al. 1995). Of the 43 neurons with a shqrt-
and then pooled the data from all 20 Go selective neurons; fhéency visual response, 28 could be analyzed using this
result is shown in Fig. 6B. As was suggested by the singleethod (they had a strong enough burst to be detectablg in
neuron example (Fig. 6A), the population delay activity durinigdividual trials) and two cases of Go selective visual re-
Nogo error trials (Fig. B, black bar) was lower than thatsponses were found (Fig. 7B; an example is shown in Fig.|7E
during correct Go trials (blue bar) and was indistinguishabnd labelect in Fig. 7B). The expected false positive rate was
from that during correct Nogo trials (orange bar) (ANOVA0.9 (28 neuronsx 2 trial types eachx 0.0167 significance
followed by Dunn’s pairwise multiple comparison teBt,<< criterion), however, and therefore the result was not compel-
0.05 criteria). Therefore, in this sample, the delay activityng. The second alternate method was to use spike der]sity
reflected the instruction that was given instead of predicting thenctions to focus on firing rates very close to the peak dis-
actual motor response that was made. charge. To permit comparison with the results of Everling and

We also performed the same analysis on the sample of setumoz (2000), we replicated their analysis as closely as pos-
Nogo selective neurons, with similar results. Delay activitgible? The results were similar to those found with the other
during Go error trials (Fig. 6C, black bar) was significantlywo analysis methods: of 20 cases analyzed (10 neurofs
lower than that during correct Nogo trials (orange bar), evénal types each), we found two cases of Go or Nogo selectiyity
though the motor response in both cases was identical (i{ig. 7C), which was close to the expected false positive rat¢ of
steady fixation). However, the delay activity during Go errdd.3 (20 casesx 0.0167 significance criterion). FigureF7
trials (Fig. 6C, black bar) was indistinguishable from thathows the averaged spike density functions for the neurons

€

during correct Go trials (blue bar). In other words, the deldynctions overlapped in Go and Nogo trials. In sum, shqrg
activity again represented the instruction that was given aladency visual responses of the neurons were rarely influencg.d
failed to predict the motor response that was made. Due to the Go versus Nogo instructions. 2
rarity of error trials, we could not analyze any additional sets of o
data (i.e., Go error trials for Go selective neurons or Nogo errefscussionN 3
trials for Nogo selective neurons). L 3
In sum, we found that Go/Nogo selective delay activity was€!ay activity of FEF output neurons S
a poor predictor of actual saccadic initiation. The intensity of Delay activity within the prefrontal cortex has been scrufi€
delay activity was not related to reaction time, which suggestaged during the past three decades (reviewed by Fuster 1987
that the activity played no role in the timing of saccade gemecause it is likely that it plays critical roles in movement.,

eration. Also, the difference in delay activity in Go versugnemory, and vision. How the delay activity of prefront
Nogo trials failed to predict the motor response in error trialfeurons is used in the overall system that controls volun
which suggested that the delay activity provided informatiamovement, however, is still unknown. Is delay activity us
about a desired motor response but was not a command i&ay locally within the prefrontal cortex or does some of |t

4

inevitably caused a particular motor response. leave the prefrontal cortex to influence neurons elsewhefe?
Pioneering studies inferred that delay activity may leave the
Short-latency visual responses prefrontal cortex because delay activity in other cerebral Jre-

gions changed when the prefrontal cortex was cooled (Chafee
Many FEF neurons have an enhanced short-latency respoasé¢ Goldman-Rakic 2000; Fuster et al. 1985; see also To
to the onset of a visual target if that target is to be foveated kyal. 1999). Moreover, two studies of FEF neurons that project
a saccade (Goldberg and Bushnell 1981; Schall 1991; Wurttzthe SCexplicitly showed that some delay activity leaves the
and Mohler 1976), and Everling and Munoz (2000) recentlyrefrontal cortex (Segraves and Goldberg 1987; Sommer pnd
found this enhancement effect in FEF neurons that projectWurtz 2000). In the present study, our goal was to systemgati-
the SC. We therefore searched for this effect in our neurons ésly characterize this efferent delay activity. To do this We
analyzing instruction-first trials (see FigD]to see whether trained monkeys to perform a Go/Nogo task that manipulated
short-latency visual responses to a target’s onset differed afighether a saccade had to be made and whether a visua
the monkey had received Go versus Nogo instruction. Neurastimulus remained visible or had to be remembered.
had a short-latency visual response to target onset if their mean
activity in the Visual epoch differed significantly from their *We analyzed Visuomovement neurons only (identified in Sommer gnd
activity in the immediately preceding Base 2 epoch; 43 of t urtz 2000), constructed spike density functions for the datas(20 ms),
. und the peak time of the visual response 70-140 ms after target onse{ and
66 neurons (65%) had a short-latency visual response. T uded neurons if their peak visual response occurred outside this range,
response was a relative increase in activity for 32 neurons aréd the spike density functions to calculate the mean firing rate from 5|ms
a relative decrease for 11 neurons. The visual response diffepefdre to 5 ms after the peak for each neuron, and subtracted from this Value,
in Go versus Nogo trials for only 5 of 86 cases analyzed (4@ average prestimulus activity 40-50 ms after target onset. We exclyded

; ; ; faler i neurons if this final value of the visual response we0 spikes/s or if the
neuronsx 2 trial types, i.e., visual or memory trials; Fighy. average peak saccade-related discharge (also calculated using spike dpnsit

The only Go selective visual response that we found is illugmctions ofo = 20 ms) was=20 spikes/s above the immediately precedirlg
trated in Fig. 7D(its data point is labeled in Fig. 7A). The delay epoch activity.
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Our most fundamental result was that the delay activity of First, in 22% (11/51) of the FEF output neurons, delfy
FEF output neurons was remarkably diverse, as illustrateddativity was Go/Nogo selective in both memory and visyal
Table 2. Because the delay activity was not uniform in itsials (Table 3, item 1). We think that this type of delay activify
properties from neuron to neuron, we reject the possibility thgénerally signaled where to make the next saccade bedjuse
the activity plays only a single role in visuosaccadic behavidhe activity differentiated between Go and Nogo instructiong at
Instead, we think that various types of delay activity play an appropriate time, i.e., after the target and instruction wgre
variety of roles. In our view, there were six important classgsesented but before the cue to respond was gi?¢nthe
of delay activity in our sample that may be related to possibéetivity preceded only a restricted range of saccadic vectprs,
functions (Table 3). These six classes were those that we notdudch showed that it was related to where the saccade \8gn;
in REsuLTs delay activity that was Go/Nogo selective in bothihe activity did not predict reaction time, which suggested that
memory and visual trials, in memory trials only, or in visuait did not signalwhenthe saccade should occur; adll the
trials only, and delay activity that wast Go/Nogo selective activity was Go/Nogo selective regardless of whether or ngqt a
and that occurred in both memory and visual trials, in memowsual target was present, which suggested that it was relatgd tq
trials only, or in visual trials only. saccades in general and not to saccades made in specifid tag
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TABLE 3. Putative functions of delay activity in FEF Fourth, in 22% (11/51) of the FEF output neurons, delpy
output neurons activity wasnot Go/Nogo selective and the activity appeared|in
both memory and visual trials (Table 3, item 4). Because this

Observed Properties Putative Function delay activity was not influenced by impending movement| it

seemed to be entirely related to the visual stimulus. Further-
more, because it usually was directional it seemed to repregen
1. Go/Nogo selective in both memory Representation of where to move the |ocation of the stimulus and because it occurred in bbth

and visual trials (22%) memory and visual trials it seemed to represent the locatio

Go/Nogo selective (related to the impending movement)

2. Go/N lective i Worki . .
mgls 32{;5(25";,)”9 n memory oring memory the stimulusregardlessof whether the actual stimulus re
3. Go/Nogo selective in visual trials  Attentional modulation of visual mained the_re or disappeared. Therefore'We .thlnk this typ Qf
only (6%) response delay activity represented a coordinate in visual space. This
Not Go/Nogo selective (related to the visual stimulus) type of delay aCt'V_'ty may be an '”tefm_ed'?ﬂ/_ stage In visyo-
o ) ) ~_ motor transformation in that the activity is independent [of
4. Delay activity occurred in both Representation of a location in - ~ontinyed visual input but does not yet carry any informatipn
memory and visual trials (22%) visual space b . di
5. Delay activity occurred in memory  Transient visual memory a O_u'[ lmpen Ing movement. o
trials only (4%) Fifth, in 4% (2/51) of the FEF output neurons, delay activity
6. Delay activity occurred in visual Simple tonic visual response was not Go/Nogo selective and the activity appeared in mg¢m-
trials only (22%) ory trials only (Table 3, item 5). This activity, although excly-

Values in parentheses show the frequency of occurrence of each neuron’ﬁE’eely related to remgmbermg a VISl.JaI stimulus, dld. not sepm
as a percentage of the 51 FEF output neurons that had delay activity. Sunf@f'€present a WOI’kI!’]g memory signal because it was pot
the percentages does not equal 100% due to round-off error. attenuated in Nogo trials when memory of the target locat{on

became irrelevant. Therefore, we suggest that this actiyity

motor response during error trials. Characterizing this efferentSixth, in 22% (11/51) of the FEF output neurons, del
delay activity as representing where to move is consistent walstivity was not Go/Nogo selective and occurred in visual tri
a previous hypothesis, arising from electrical stimulation renly (Table 3, item 6). This type of delay activity clearl

OJHIAD

converted by a downstream structure into the vector of tidelay activity of FEF output neurons seems to represent |the
eventual saccade” (Dassonville et al. 1992, p. 300). current visual scene [more precisely, the scene one afferen %g
Second, in 25% (13/51) of the FEF output neurons, deléiyne (~100 ms) prior]. ]

defined as the temporary storage of information for the purpaseurons, however, the delay activity wh®go selective, re-
of performing a task (for reviews see Izquierdo et al. 1999 atated to not moving the eyes. We suggest that Nogo sele
Richardson 1996). Accordingly, delay activity was present imeurons played complementary roles to Go selective neur
memory trials when a Go instruction cued the monkey thatting to suppresssignals related to representing where o
remembering the target location was critical (because a saccau®ve, to working memory, and to visual attention, so as|to
would have to be made to the location), but this delay activifyrevent saccade generation.

was attenuated when a Nogo instruction cued the monkey thatn our previous study of FEF output signals (Sommer
remembering the target location was moot (because no saccéfetz 2000), we concluded that signal flow from the FEF [to
would have to be made). These criteria for identifying delaye SC may be modeled as a continuous multistage systein ir
activity as a correlate of working memory are similar to, buhat signals from every stage in the visuomotor transformatipn,
more restrictive than, the criteria of others (e.g., Funahashiietluding visual-related bursts of activity, delay activity, and
al. 1989; see Goldman-Rakic 1995) who required that tlsaccade-related bursts of activity, all are transmitted in the
activity occur in memory trials but who did not systematicallprojection. In the present study, we focused onrifiddle of
test whether the activity was attenuated when memory becathis visuomotor transformation and found that delay activity|in
irrelevant. Our interpretation that FEF output signals represdhe output of the FEF is related to vision, memory, and im-
working memory is consistent with the results of lesion angending movement. Our present findings therefore extend [our
reversible inactivation studies which showed that FEF activifyrior model of FEF output, showing that signals represent|ng
is crucial for the ability to make saccades to remembered targetccessive stages of visuomotor transformation are sent tq thg
locations (e.g., Deng et al. 1986; Sommer and Tehovnik 199%C even during delay periods between stimulus and response]

Third, in 6% (3/51) of the FEF output neurons, delay activity

was Go/Nogo .sglecnve in visual trials onI_y_(TabIe 3, item 3Bhort-latency visual responses of FEF output neurons
This delay activity was a response to a visible target that was

modulated by the requirement to look at the target and, there\We examined whether short-latency visual responses of FEF
fore, we think that this activity was a correlate of spatial visualutput neurons were influenced by Go/Nogo instructions. For
attention. Our limited sample of these neurons, however, pthe most part they were not. This was surprising becapse
cludes a more detailed discussion of them. enhancement of phasic visual responses has been indjcefl
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previously using Go/Nogo instructions (Schall 1991) and has both correct and error trials (Dorris and Munoz 1998;
been found in SC-projecting FEF neurons (Everling and MiDorris et al. 1997; Everling et al. 1998, 1999). Gap activity
noz 2000). We note, however, that in all studies finding eexists in the FEF also but there it is not as closely related to
hancement of FEF visual responses, saccades were madesiatcade generation (Everling and Munoz 2000; Everling et
mediately after visual stimulation with no imposed delagl. 1999).

(Burman and Segraves 1994; Everling and Munoz 2000; Gold-In sum, at thedestinationof the projection studied in thg
berg and Bushnell 1981; Schall 1991; Wurtz and Mohlgresent report, the SC, long-lead tonic activity seems to|be
1976). In contrast, saccades were purposefully delayed in @trongly related to saccade generation. At foeirceof the
study. It may be that saccadic enhancement of short-latermpjection, the FEF, similar tonic activity can be found but|it
visual responses requires the close proximity of the visual busgtems to be more weakly linked to saccade generatiitiin
to saccade initiation so that our lack of enhancement wtse projection, we found that delay activity leaving the FBF

caused by the delay period in our task. provides the SC with a wealth of signals related to selectior] of
where to move, to working memory, to spatial attention, |to
Previous studies of FEF neurons projecting to the SC selection of a location in visual space, to transient visial

11). However, they did not report the detailed characteristicsiotnce.
this activity, in particular, whether the activity decreased if Finally, we think that the present results have broader i

Munoz (2000) studied how activity in the projection from th&ending many types of delay activity related to movemeng
FEF to the SC varied with movement instructions, but they didemory, and vision to more motor-related areas. For the ské&-
not study delay activity. Rather, they examined activity occuetomotor system, these recipient areas would include the
ring beforea target appeared, with the goal of understandingotor and supplementary motor cortexes. Intriguingly, it
how initial “set” activity was related to the reaction time ofpears that some of the motor-related structures downstr
responding to the target. They found that, during an initiilom the prefrontal cortex in turn send delay activity ev Gy
fixation period, the averaged, pooled response of their FHkther downstream. For example, the primary motor corfex
output neurons was greater when a monkey was instructedsémds arm movement-related delay activity into the spip8l
look at an upcoming target as opposed to looking away from dord (Tanji and Evarts 1976) and spinal interneurons exhi{bg
Because the upcoming target location was randomized, tbimilar delay activity (Prut and Fetz 1999). An analogm%
instruction-related activity was not associated with a particulgituation may exist in the oculomotor system, with its mp=,
target location or saccade direction. Their nondirectional, iteneurons confined to the brain stem, because tonic, lgng-
struction-related “set” activity, therefore, was quite differeriead presaccadic activity is carried by some descending ||
from our directional, stimulus- or movement-related delay aefferents (Munoz and Guitton 1991). This distant penet[&~
tivity. tion of movement-related delay activity into the motor syfs-
tem may prime end stage motor circuits (Prut and Fetz 19p9)
Role of the prefrontal cortex in the control of voluntary ~ @nd ultimately accomplish a motor preparatory function that
movement improves the speed and control of motor behavior (4ee
Requin et al. 1991).
The signals that we described go to the SC, mostly to its
intermediate layers (Stanton et al. 1988). Many intermedi—\le lfhank °Uft CO\'/{/eagues att f][‘elt'-"i?]mifogy OI Se”}?gﬁm‘;‘é’;trée;:gg for
ate_l?‘yer SC neurons eXthlt. long-lead tonic activity prior t egel;rgﬁ?m]a?ir:)r?él Ir?sgiﬁtg;ao(? Il-J|eac1)Ith|eforamoz:1rgan%rt)i/corescl)angance images. ¥
restricted ranges of saccadic movements (Ma et al. 1991;
Mohler and Wurtz 1976; Schiller and Koerner 1971; WUrtaereReNCES
and Goldberg 1972). Much of this activity is strongly related

. . . s . 3Asso MA anD WuURTz RH. Modulation of neuronal activity in superior
to impending movement in that it is modulated by 'nStrU(’B colliculus by changes in target probabilityNeuroscil8: 7519-7534, 1998.
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movement field (Basso and Wurtz 1998). Intensity of th@urvan DD aND Secraves MA. Primate frontal eye field activity during

activity is related to reaction time (Basso and Wurtz 199g)natural scanning eye movemenisheurophysiolr1: 12661271, 1994.
UTTNER-ENNEVER JA AND BUTTNER U. The reticular formation. InReviews of

a”O_' to maklng saccades both in correct a”‘?‘ In error tria SOculomotor Researcledited by Rittner-Ennever JA. Amsterdam: Elseviel,
(Glimcher and Sparks 1992). These studies have beemoss, vol. 2, p. 119-176.
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