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Handel, _Ari and Paul W. _Glimcher. Contextual modulation of and Wurtz (1983a-d, 1985a,b, 1989) extended this concept to
substantia nigra pars reticulata neuronk. Neurophysiol. 83:  studies of the basal ganglia when they demonstrated that the
3042-3048, 2000. Neurons in the substantia nigra pars reticulgi&iyity of saccade-related neurons in the substantia nigra pars
(SNr) are known to encode saccadic eye movements within some, bt~ |[ata (SNr), which project to the colliculus, was also

not all, behavioral contexts. However, the precise contextual fact . . o ; }
that effect the modulations of nigral activity are still uncertain. .%arrelated with the behavioral context within which a move

further examine the effect of behavioral context on the SNr, \A)@ent occurreq. , .
recorded the activity of 72 neurons while monkeys made saccaded\lthough Hikosaka and Wurtz's early studies clearly estab-

during a delayed saccade task and during periods of free viewing. Wighed that saccade-related signals in the SNr could be modu-
quantified and compared the movement fields of each neuron fated by the conditions under which a saccade was produced,
saccades made under three different conditidhspontaneous sac- an identification of the precise contextual variables that influ-
cades, which shifted gaze during periods of free viewing when mince nigral modulation has remained a subject of considerable
stimuli were presented and no reinforcements were deliveZpd; investigation. Recent studies, for example, have demonstrated
fixational saccades, which brought gaze into alignment with a fixatigRt many closely related neurons in the basal ganglia may
target at the start of a delayed saccade trial, were necessary for g}y information about the value of a movement to an animal:
completion, but were not directly followed by reinforcement; &d %Fhultz and colleagues (cf. Hollerman and Schultz 1998; Mire-
u L

terminal saccades, which brought gaze into alignment with a vis - . .
target at the end of a delayed saccade trial and were directly follo gwicz and Schultz 1996; Schultz 1998; Schultz et al. 1993)

by reinforcement. For three of the four SNr neuron classes, saccag@€ identified signals in the pars compacta subdivision of the
related modulations were only present before terminal saccades. $dpstantia nigra (SNc), which receives afferents from the SNr,
the fourth class, discrete pausers, saccade-related modulations weigelated with the discrepancy between expected and received
substantially larger for terminal saccades than for fixational saccadeeswards. Hikosaka and his colleagues (cf. Hikosaka 1991,
and modulations were absent for spontaneous saccades. These radiltissaka et al. 1993a,b; Kato et al. 1995; Kawagoe et al. 1998;
and other recent work on the basal ganglia suggest that some saccg@gi et al. 1995) have found that neurons in the caudate
related signals in the SNr may be influenced by the reinforcemedlicleus, an area that receives afferents from the SNc and
associated with a particular saccadic eye movement. projects to the SNr, generate movement-related activity that is
correlated with the gain an animal should expect to receive for
performing a movement.

INTRODUCTION To begin to test the hypothesis that, like the caudate and the

By examining brain stem afferents to the extraocular m&NC, the SNr carries contextu_ally modulated signals as_sociated
toneurons, movement physiologists have demonstrated the Wih the reward that an animal can expect to realize for
istence of neural signals tightly correlated with the rotationfoducing a movement, we examined the responses of nigral
position and velocity of the eye. Upstream from the neurof§urons during saccades made in three contéxtspontane-
that carry these signals, neurons of the superior colliculus hafis saccades, which shifted gaze during periods of free view-
been identified that topographically map saccades of all pd8d When no stimuli were presented and no reinforcements
sible amplitudes and directions. A large body of evidencere delivered?) fixational saccades, which brought gaze into
suggests that modulations of collicular activity are also tight§lignment with the fixation location at the start of a delayed
correlated with the generation of eye movements (for a reviéigccade trial, were necessary for trial completion, but were not
of these findings see Fuchs et al. 1985; Sparks and Mays 198tgctly followed by reinforcement; ang) terminal saccades,

It seems likely, however, that a nearly perfect correlatioffhich brought gaze into alignment with a visual target at the
between neural activity and movement generation cannot pefd of a delayed saccade trial and were reinforced at short
sist in areas that lie even further upstream from the musculatigiency. We found that, although all saccade-related SNr neu-
than the colliculus. Goldberg and his colleagues (Bushnell '@ns were modulated in association with the terminal move-
al. 1981; Goldberg and Bushnell 1981) were the first physidPents made at the end of a delayed saccade trial, no nigral
ogists to explicitly recognize this possibility in the oculomotop€urons were modulated for spontaneous movements and only
system. In the early 1980s they demonstrated the existenc&®B€ Physiological subclass was weakly modulated for fixa-
neurons of the frontal eye fields and posterior parietal cortégnal movements.
that carried saccade-related signals that were modulated by the
behavioral context within which a saccade occurred. Hikosaja tHop s

The costs of publication of this article were defrayed in part by the payment Seventy-two neurons were recorded from four substantia nigra pars
of page charges. The article must therefore be hereby magdatftisemerit reticulati in three awake-behaving rhesus macaques. During each
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. =~ experiment, eye position was monitored at 500 Hz using the scleral
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search coil technique (Fuchs and Robinson 1966; Judge et al. 198@yd deviations and standard errors were then computed for each bin
Standard behavioral, physiological, and histological procedures wéoeassess both the variance in our samples and the confidence that
employed as described in detail previously (Handel and Glimcheould be placed in our estimates of mean rate.
1999a). All procedures and protocols were designed in associatiomhe perimovement firing rates associated with all movements were
with the University Veterinarian, approved by the New York Univerdefined as the mean spike rate during the 150-ms period beginning
sity Animal care and use committee, and were in compliance with th@0 ms before saccade onset. Movement fields were generated for
U.S. Public health service'&uide for the care and use of animals. data from all three conditions by plotting perimovement firing rate as
We recorded neuronal activity while animals were free to shift gafenction of vertical and horizontal movement amplitude. Plots of
around a visually stationary, dimly illuminated room during freenovement fields were generated by averaging all observed spike rates
periods and while animals made gaze shifts during a delayed saccadtbin 2° X 2° bins and plotting average rate as a function of
task. Free periods were unsignaled, always 2.3 s in duration, and weoeizontal and vertical movement amplitude. Linear regressions were
inserted randomly between 5 and 10% of delayed saccade triglsrformed on the unaveraged raw data for each of our three saccade
Delayed saccade trials (Fig. 1) began with an audible beep. Thtgpes to identify best-fit planes that described the movement fields.
hundred milliseconds later a central light-emitting diode (LED) sub- In a previous description of the terminal saccade data presented
tending 0.25° of visual angle, which appeared yellow to normalere (Handel and Glimcher 1999a), we showed that these planes
human observers, was illuminated and the subject was requireddascribed nigral response fields at least as well as Gaussian functions
align gaze with this stimulus#3°) within 1,000 ms. Two hundred to for terminal saccade movement fields. Those linear regressions ac-
800 ms later, a single yellow eccentric LED was illuminated focounted for, on average, 86% of the total variance in each movement
200-1,200 ms, after which the fixation LED was extinguished and tfield. To determine whether the linear regressions were equally effec-
subject was required to shift gaze into alignment with the eccenttige at describing spontaneous and fixational movement fields, we also
LED (%3-5°) within 350 ms. If the subject's gaze remained iromputed variance accounted for by these regressions using the same
alignment with the eccentric LED for 350—-450 ms, the trial wakechniques that we have described for terminal saccades (Handel and
considered to be performed correctly. Each correctly executed tri@aimcher 1999a).
was immediately followed by a 300-ms noise burst that served as a
secondary reinforcer. In addition, a random 1/5 to 1/3 of correct trials
were also followed by delivery of a 0.25-ml drop of fruit juice thaRESULTS

served as a primary reinforcer. Eccentric LEDs were placed randomly, . s .
within 20 horizontal and 20 vertical degrees of the central stimulus. In a previous examination of these nigral neurons (Handel

An intertrial interval that ranged from 200 to 3,800 ms followed al?‘.nd Glimcher 1999a), we described the pattern of firing asso-

free periods and delayed saccade trials. ciated with the terminal movement producgd at the end of a
Terminal saccades were identified as movements produced afléfayed saccade task. By analyzing those firing rates we found
fixation stimulus offset that brought gaze into alignment with ththat saccade-related nigral neurons could be divided into two
eccentric target £3-5°). Fixational saccades were identified fronbroad categories: neurons that showed a reduction in firing rate
records of each delayed saccade trial and were defined as the fiesfore saccades (pausers) and neurons that showed an increase
movement £2° in amplitude) after trial onset, which brought thein firing rate before saccades (bursters). Although saccade-
point of gaze into alignment with the fixation positioh4°). Because rg|ated pausing neurons in the SNr had been described previ-
fi>f<ational saccadesI w&ere ut?constrain?ci in starting pgint, thely \ggﬁsw (Hikosaka and Wurtz 1983a—d; Joseph and Boussaoud
often >20° in amplitude. The range of fixation saccade amplitu : : ! :
and directions we sampled thus exceeded the range sampled ?5)’ bursting neurons in the SNr had only been described
terminal saccades that were constrained to fall within the central ong skeletomuscular movement-related cells _(SChU|tZ
of the oculomotor range. Finally, during each free period, from 0 to4986). We also found that each of these two categories could
spontaneous saccades2° in amplitude) were identified. Becauseb€ divided into two subclasses. One subclass of pausing cells
spontaneous saccades were not constrained either in starting poirgh@wed a perimovement decrement in firing rate for terminal
ending point, the range of spontaneous saccade amplitudes and dinreovements of all the amplitudes and directions we sampled
tions we sampled also exceeded the range of terminal saccades(w@0° from fixation; universal pausers), whereas others paused
sampled. ) ) ) ~ more strongly for contraversive movements than for ipsiver-
For each neuron, perievent time histograms were produced usingsile movements (discrete pausers). Nearly all of the bursting
Imo"e'r?”ts '”tohthe q”g‘dragt ﬁr Tem'f'e'd (‘a'gl" .”ppefr' ”E‘per "9fkurons that we encountered showed an increase in firing rate
ower left, etc.) that produced the largest modulations for the neurgly. . -aversive movements, but one subclass (pause-burst-

under study (for untuned neurons, movements of all amplitudes a h dad in firi te for insi .
directions were included). Histograms were generated by aligni S) showed a decrease in firing rate for ipsiversive move-

trials on movement onset and then averaging the data in 25-ms JAENtS, whereas the other subclass (bursters) did not.
and nomalizing spike counts/bin to spikes/second. Normalized stanf-or this report, we examined the firing rates of these same
neurons during spontaneous and fixational movements and

Delayed Saccade Task compared those data with our previously published description
Beep N of firing rates during terminal saccades. Figu# @ots the
Fix _ I @ Target firing rate of a universal pauser during three metrically similar
Target __ [N 5 uf upward saccades. Note that in te& andmiddle panelswhich
Reinforcement | e plot spontaneous and fixational movements, respectively, this
e 4= i universal pauser is ur_1m0du|ated around the. t.ime of the upward
Yo d ! saccade. In Fig. &, right, by contrast, the firing rate of the
Fixational Terinal neuron is reduced immediately before the saccade and remains
Movement Movement at a reduced level for-500 ms.
Time —» Display To determine how characteristic this response was of all the

Fic. 1. Temporal sequence of events and display appearance durin%_@lS we obtained for this cell, we generated perievent tir_n_e
delayed saccade trial. istograms, centered on movement onset, that averaged firing
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FIc. 2. Comparison of activity of a universal pauser, s0311971, during spontaneous, fixational, and terminal sacsiadés.
trials showing activity during metrically similar movements. Gray rectangles mark a 150-ms interval beginning 100 ms before
movement onseB: perievent histograms aligned on movement onset for all 3 movement types. Mean rate, standard deviations
(upwards bars), and standard errors (downward bars) in 25-ms bins. Because this neuron showed little spatial tuning, we constructed
the histograms using all 88, 145, and 151 spontaneous, fixational, and terminal saccades, resfizctioglyment fields plotting
firing rate during a 150-ms interval beginning 100 ms before movement onset. Data averagedn#s Bis and plotted over
+20° of horizontal and vertical amplitude. Gray arrows indicate baseline rate.

rates in 25-ms bins (Fig.B upward bars= standard devia- terminal movements the firing rate of the neuron dropped to
tions; downward bars= standard errors). Note that althougmearly zero. In contrast, during all spontaneous and fixational
the average firing rate of the neuron began to decreddt) movements the firing rate of the neuron remained at baseline
ms before terminal saccade onset, no modulation was appatenels, which are indicated by the gray arrow.
at any time in association with either spontaneous or fixationalLike the neuron shown in Fig. 2, most nigral neurons were
movements. not modulated during either spontaneous or fixational move-
To quantify this relationship and to account for the fact thahents. However, as shown in Fig. 3 for a discrete pauser, we
most nigral neurons are spatially tuned with regard to moveid find that some neurons were weakly modulated during
ment amplitude and direction, we plotted the firing rate of eadixational saccades. FigureA3plots neuronal activity during
neuron immediately before and during spontaneous, fixationtilyee metrically similar up-right movements. Note that the
and terminal saccades, as a function of horizontal and vertic&luron appears weakly, if at all, modulated before a spontane-
movement amplitude. FigureC2presents these movemenbus saccade, clearly modulated before a fixational saccade, and
fields that plot raw data for spontaneous movements, fixatioqbfoundly modulated before a terminal saccade. The perievent
movements, and terminal movements averaged into 2° bimee histograms indicate that for this neuron there was, in fact,
with mean firing rate coded in color. Note that during alh repeatable modulation associated with fixational movements
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Fic. 3. Comparison of activity of a discrete pauser, yy021898, during spontaneous, fixational, and terminal saccades, as in Fig.
2. A: single trials.B: perievent histograms for all 19, 50, and 65 spontaneous, fixational, and terminal saccades, respectively, with
horizontal amplitudes greater thar2°. C: movement fields. Data are averaged in4%° bins and plotted over40° (note scale
change to include additional data) of horizontal and vertical amplitude.

that was about one-half the size of the modulation associattid describing terminal movement fields (Handel and Glimcher
with terminal movements. 1999a).

The movement fields plotted for this neuron in FigC 3 We therefore used the average modulation and spatial tuning
reveal that these modulations were spatially tuned: the neurstimates derived from the planar fits to the three movement
paused more strongly for rightward (contraversive) fixationéields measured for each neuron to compare the degree to
movements than for leftward movements, just as it pausethich SNr neurons encoded spontaneous, fixational, and ter-
more strongly for rightward than for leftward terminal sacminal saccades. The results of this comparison for universal
cades. pausers, bursters, and pause-bursters are shown in Fig. 5. The

To provide a statistical test of the hypothesis that some or Hft panelof Fig. 5A plots the average modulation for sponta-
of the population of nigral neurons are unmodulated duringeous saccades as a function of the average modulation for
spontaneous and fixational saccades, we fit each of the thtemeninal saccades, for each neuron. Note that, for terminal
movement fields, for all neurons, with planar regressions amdccades, the average modulations in firing rate across this
then analyzed the parameters that described those regrespimpulation, which included both bursters and pausers, spanned
planes for our nigral population. Figure 4 plots the total vara range of>200%. In contrast, for spontaneous saccades, the
ance accounted for by the planar regressions for all three typegrage modulation for all of these neurons was very close to
of movement fields. The planar regressions accounted for, @¥. Similarly, theright panelof Fig. 5A shows that the tuning
average, 91% the variance associated with spontaneous matength for spontaneous saccades rarely exceeded 1 spike/s/
ments and 90% of the variance associated with fixationd¢g, whereas the tuning strength for terminal saccades ranged
movements. Thus the regressions did at least as good a jgbto 3 spike/s/deg. A similar pattern is apparent in the com-
describing spontaneous and fixational movement fields as thmyrison between fixational saccades and terminal saccades
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FiG. 4. Histograms of the variance ac-
counted for by planar regressions fit to move-
ment fields gathered for spontaneous, fixa-
tional, and terminal saccades. Terminal
saccade data have been previously reported.
For more details and methods see Handel and
Glimcher (1999a).
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(Fig. 5B). Although there were a few neurons that were vernese neurons during spontaneous and fixational saccades are
weakly tuned for terminal saccades but showed some tunidifferent than during terminal saccades (see Fig. 5 legend). In
for fixational saccades (FigB5 right pane), across this pop- fact, for all three classes the linear correlations between the
ulation the average modulation and tuning strength were sm@lbvement field parameters for spontaneous and terminal
for fixational saccades even when they were large for termimabvements were insignificant. Other than a weak effect for the
saccades. spatial tuning in pause-bursters, there were also no significant
We tested, for each of these three types of neurons, ttmrelations between fixational and terminal saccades move-
hypothesis that the modulations for spontaneous or fixatiomaént field parameters for these classes.
saccades were statistically indistinguishable from the modula-A different pattern was seen for discrete pausers (Fig. 6).
tions of these neurons for terminal saccades. For all threie the other cell classes, there was very little average mod-
groups of neurons were able to reject the null hypothesis (biation in firing rate for either spontaneous (Fig\, éeft pane)
t-test) for either the slope of the movement fields, their mean fixational saccades (FigB6left pane) even in neurons with
rates, or both, leading us to conclude that the modulationslafge average modulations in activity for terminal saccades.
However, unlike other SNr cell classes, many discrete pausers

A Average Modulation (%) T;ming‘Strength(SPikes/S/") did show spatially tuned decreases in activity before fixational
£ 100| n =46 ¢ (o fhiversal Pauser saccades. On average, however, the responses of discrete paus-
= = o o . .
3 g | Pause-Burster ers for fixational saccades tended to be only half as large as the
% @ o & responses of these neurons for terminal saccades (&igight
» LI WA »
g 0—*"'1-&-’5‘2#—'—.5 L g panel slope = 0.46; correlationP < 0.0005). A statistical
= = . . . . .
g St R analysis of these modulations, however, did permit us to reject
2 2l g ® oo
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FIc. 5. Comparison of movement field regression parameters for all uni- g - g
versal pausers«<, bursters¢), and pause-bursters)( A: correlations between 2, 2&1 % N
spontaneous saccade and terminal saccade average modulation across all § o §
possible movements (intercepts from movement field regressiefts;and § | § +
tuning strength (slope amplitudes from movement field regressiogist). i@ | b . L
Average modulation (%; by linear correlatioy)= —0.02% + 2, significance: -100| (e
= 0.411. Significance of the difference between spontaneous and terminal -100 ) 100 % Terminal Saccades 3
saccades bytest: universal pauserB, < 0.001; burstersP < 0.001; pause- Terminal Saccades
burstersP = 0.055. For tuning strength (spikes/s/degy —0.015 + 0.390, FIG. 6. Comparison of movement field regression parameters for all dis-

and significanceP = 0.763.t-Test significance: universal pausePs< 0.05; crete pausersH) as in Fig. 5A: correlations between spontaneous and terminal
bursters,P < 0.05; pause-burster® < 0.05. B: correlations between the saccades. For average modulation (%) —0.115% + 7, and significance:
average modulationldft) and the tuning strengttright) for fixational and P = 0.225.t-Test significanceP < 0.001. For tuning strength (spikes/s/deg):
terminal saccades. For average modulation & 0.05% — 7, and signif- y = 0.26% + 0.178, and significancd® = 0.018.t-Test significanceP <
icance:P = 0.179.t-Test significance: universal pausdps< 0.001; bursters, 0.005.B: correlations between fixational and terminal saccades. For average
P < 0.001; pause-burste®,= 0.055. For tuning strength (spikes/s/degy  modulation (%):y = 0.064& — 11, and significanceP = 0.585. t-Test
0.026¢« + 0.515, and significance® = 0.771.t-Test significance: universal significance:P < 0.001. For slope amplitudes (spikes/s/degy- 0.464 +
pausersP = 0.841; burstersP = 0.057; pause-bursterB, < 0.05. 0.110, and significancd? = 0.0004.t-Test significanceP < 0.005.
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the null hypothesis (birtest) that these neurons behaved in tharcuitry before memory saccades (cf. Hikosaka and Wurtz
same manner during fixational and terminal saccades (see Bi@89). Further, because the flow of signals through the oculo-
6 legend). Some discrete pausers also showed spatially tupgstor SNr was then believed to originate largely in the sac-
decreases in activity before spontaneous saccades, althogigile-associated frontal eye fields and to reach the SNr via the
these responses tended to be even weaker (Rigight panel  caudate, they proposed a general frontal eye fields-caudate-SNr
slope = 0.27; correlationP < 0.05). Thus discrete pausersircuit for the gated activation of the topographically mapped
appear to encode all three types of saccades, but in a manfigderior colliculus during memory saccades.

that appears to be correlated with the reinforcement that can bgyany of the assumptions on which that original theory was

expected to result from each type of movement. based have been refined over the past 20 yr. First, the work of
Schultz (cf. Hollerman and Schultz 1998; Mirenowicz and
DISCUSSION Schultz 1996; Schultz 1998; Schultz et al. 1993) and Hikosaka

In summary, we replicated the original finding by HikosakéHikosaka 1991; Hikosaka et al. 1993a,b; Kato et al. 1995;
and Wurtz (1983a) that saccade-related neurons of the SNr Kegvagoe et al. 1998; Kori et al. 1995) has suggested that the
modulated during terminal saccades produced in a delayregponses of neurons in the basal ganglia may be more tightly
saccade task but largely unmodulated during spontaneous it to the reinforcement or gain that an animal can expect to
cades produced while the animal is seated in a dimly illumieceive than to simple properties of the sensory stimulus guid-
nated stationary environment. We also examined fixatiorial the movement. Second, new anatomic evidence (Middleton
saccades, which, like terminal saccades, shifted gaze iated Strick 1996) suggests that afferents and efferents of the
alignment with an experimenter defined location within thgNr outside the basal ganglia include not only the frontal eye
context of an operant task. Unlike terminal saccades, howevislds and the superior colliculus but also a number of other
these fixational saccades were not followed by a reinforcemetrtical areas believed to play a role in visual perception and
at short latency. We found that nigral universal pausers, pausaecade planning. Third, our own work (Handel and Glimcher
bursters, and bursters were unmodulated during these fixation@d9a,b) has shown that not only does the SNr also contain
movements. Nigral discrete pausers were relatively weakly, Bi#ccade-related bursting neurons undescribed by Hikosaka and
significantly, modulated during these fixational movementgvurtz but that when saccade-related nigral neurons are exam-
These data may suggest that at least some neurons in the @bfl with identically reinforced memory and nonmemory
carry a signal related to the reinforcement associated with @izks, the nigral population is not preferentially modulated
eye movement. before memory saccades.

This conclusion should be tempered by the observation that, ofAt least some of these observations have been interpreted to
the saccades we studied, only the terminal saccades always shifteghest that a principal function of the basal ganglia is to predict
gaze from a central starting position to an eccentric ending pasie magnitude and timing of future reinforcements and to identify
tion. Both the spontaneous and fixational saccades began withéhers in those predictions (cf. Schultz et al. 1997). Both theoret-
eye at a variable starting position within the orbit. This observigal and experimental work conducted over the past several years
tion, however, is unlikely to account for our findings for twchas identified signals of these types as critical for response selec-
reasons. First, the initial eye position for many spontaneous s@én and generation (cf. Hikosaka 1991; Hollerman and Schultz
cades were similar to the initial eye position for terminal saccadg998; Kawagoe et al. 1998; Platt and Glimcher 1999). If, as these
and yet we found no evidence that any of the spontaneous ssigservations suggest, the basal ganglia serves as a source for
cades we examined were associated with rate modulationssignals of this type and these signals are critical for behavioral
universal pausers, pause-bursters, or bursters. Second, whendgMirol, then output nuclei like the SNr might be expected to carry
activity has been previously examined while subjects made sgiginals of this type beyond the basal ganglia. Our data begin to
cades from different starting positions, no effect of orbital positiasuggest that the SNr, a principal motor-related output nucleus of
on neuronal activity has been reported (Bayer and Glimcher 198% basal ganglia, carries a signal related to the reinforcement an
Hikosaka and Wurtz 1983a). animal can expect to receive for producing an eye movementin an

When Hikosaka and Wurtz (1983a—d, 1985a,b) first examperant task.
ined the saccade-related SNr nearly 20 yr ago, they concluded'o more fully test this hypothesis, it will be necessary to design
that unlike many brain stem and cortical areas, the SNr esxperiments in which animal subjects specifically communicate
coded saccade-related signals in a contextually dependent m@nestimate of the gain that they expect to receive for a behavioral
ner. Many nigral neurons were inhibited before saccades ungegponse. These behaviorally measured estimates, or psychomet-
some environmental contexts but not under others. In theie functions, could then be correlated with physiologically de-
preliminary examination of these saccadic contexts, they notéged neurometric functions for neurons in the SNr.
that some neurons were more strongly inhibited during tasks
WhIC!’l 1) imposed a memory requirement on the §Ubj®:t, We are grateful to M. Platt, V. Ciaramitaro, M. Brown, and H. Bayer for
required that saccades be produced at a very precise time, l{ace with the experiments and comments on the manuscript. We also
3) imposed very specific constraints for reinforcement. In lightank B. Miller, S. Corathers, J. Mones, and H. Tamm for technical support.
of existing data suggesting that the basal ganglia were preferfhis work was supported by National Institutes of Health Grants EY-10536
entially involved in the generation of movements guided Ind MH-11359 to A. Handel. - , _
remembered stimuli (cf. Divac et al. 1967; Leigh et al. 198 .Qsdr(]ji;]ess for reprint requests: P. W. Glimcher, Center for Neural Science, 4

. . gton Place, 809, New York, NY 10003.
Rosvold et al. 1958), they interpreted their data to suggest that
the SNr might be specialized to disinhibit brain stem saccadieceived 27 September 1999; accepted in final form 2 February 2000.
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