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SUMMARY AND CONCLUSIONS

) 8 _The three types of responses described
in this report were all related to either sac-
cades to remembered targets or to the targets
1o be remembered. All the responses were a
decrease in discharge rate.

2. The new paradigm frequently used in
this study required the monkey to remember
the location of a stimulus presented briefly
while it was fixating; a later saccade was re-
warded if it was made to the position of the
no longer present stimulus, The three types
of responses were revealed by the use of this
paradigm; they were less obvious or unde-
tectable in conventional paradigms in which
the monkey responded to the stimulus that
was still present.

.3' The first type of response was to the
visual stimulus that the monkey had to use
as the target for a subsequent saccade (mem-
ory-contingent visual response); a minimal
response occurred if the monkey made a sac-
cade to the stimulus while it was still present
or if the monkey continued to fixate. Laten-
clics_and receptive fields for this response were
similar to those for simple visual responses
(17). Of 93 substantia nigra cells with some
sensory-oculomaotor response, 29 cells (31%)
showed this type of response.

4. The second type of response was tem-
pc_rall:.r correlated with a saccade made to the
point where a visual stimulus was once pres-
ent (memory-contingent saccade response).
Nearly half of these cells showed no signifi-
cant response if the saccade was made to the
stimulus while it was still present, whereas

others showed a comparable response in both
conditions. None of them showed a change
in activity in relation to spontancous sac-
cades in darkness.

5. The onset of a memory-contingent sac-
cade response usually preceded the saccade
onset by up to 280 ms (most frequently by
7010 240 ms). The response was usually spa-
tially selective; for most responses, contra-
lateral saccades were associated with an ex-
_c[usivc or greater response compared with
ipsilateral saccades. Movement fields were
demonstrated for some cells, Of 128 cells
tested, 41 cells (32%) showed this second type
of response.

6. The third type of response began after
the briefly presented stimulus and continued
up}il the saccade made to the stimulus po-
sition (memory-contingent sustained re-
sponse). Of 95 cells tested, 15 cells (16%)
showed this type of response. These cells fre-
quently also showed a memory-contingent
saccade response.

7. These three types of substantia nigra
cell activity arc related to the special type of
}usuooculommor behavior in which a visual
input, particularly its spatial location, must
be stored and then used as a target for a sac-
cadic eye movement. One of their efferent
connections, the nigrocollicular pathway,
may act as a channel for the stored visual-
spatial information to be executed as a sac-
cadic eye movement,

8. Discussions of basal ganglia function
generally emphasize one of three functions:
sensory, motor, or cognitive. All of these
three functional aspects appear to be com-

bined in the substantia nigra pars reticulata,
which is presumably a final stage of process-
ing in the basal ganglia. In single substantia
nigra cells, however, they are combined or
gated in diffcrent ways so that the sensory or
motor activities of the cells are specialized
for the different contexts in which behavior
0CCUTS.

INTRODUCTION

In a preceding paper (17) we demonstrated
a class of substantia nigra pars reticulata cells
{hat showed a decrease in discharge rate in
relation to saccades made to visual targets
located in one area of the visual field. These
cells showed no activity when a similar sac-
cade was made spontancously in the dark.
These visually contingent saccade responses
are not unique to the substantia nigra: cells
in the superior colliculus, referred to as vi-
sually triggered movement cells (24), and
cells in the frontal eye fields (3) show a similar
contingency for saccade-related activity. In
contrast, cells whose discharge is also related
to spontaneous saccades have been reported
in the superior colliculus (30, 33, 36, 37), the
intralaminar nuclei of the thalamus (31), and
the pontine and midbrain oculomotor areas
(sce Ref, 27 for summary).

The visually selective nature of some sub-
stantia nigra cells was strengthened by the
demonstration that these cells showed no
change in discharge in relation to saccades
presumably based on the memory of target
position derived from previous trials (saccade
with gap task) or on visual information cur-
rently available. To our surprise, other sub-
stantia nigra cells did show activity related
to such memory-based saccades. The present
experiments describe the characteristics of
this response by using a behavioral task that
requires the use of spatial memory: a visual
stimulus (target cue) is presented briefly dur-
ing the monkey's fixation and after a certain
time delay, when the fixation point goes off,
the monkey must make a saccade to the po-
sition of the target cue. We find three types
of responses in this task: a memory-contin-
gent visual response, which is time-locked to
the onset of the target cue, a memory-con-
tingent saccade response, which is time-locked
{o the onset of the delayed saccade, and a
memory-contingent sustained responsc,

which starts after the target cue and ends with
the delayed saccade.

The discovery of these cells presumably
related to spatial memory emphasizes the
distinction between saccades made to visual
targets, those made to remembered targets,
and those made spontaneously. We will con-
sider the possible neural organization that
might underlie these substantia nigra cell ac-
tivities related to memory-based saccades
and the anatomical correlates of this orga-
nization. In addition, we will attempt to sum-
marize all the visual and oculomotor activity
of substantia nigra cells, Finally, we will at-
tempt to relate our findings on visual and
oculomotor aclivity to more general views
on the function of the basal ganglia.

A brief report of this work has appeared
previously (16).

METHODS

The general methods used in these experiments
were the same as those deseribed in a previous
report (17).

The behavioral paradigms used included the
fixation task, the saccade task, and the saccade
task with overlap and gap, which were described
in a preceding paper (17). In addition, a delayed
saccade task was also used and it is illustrated in
the schematic drawing at the top of Fig. 18, In
this task, as in the fixation task, the monkey first
touched a bar and a fixation point (F) came on.
While the monkey fixated on this spot, another
spot of light (T; target cue) was flashed for 50 ms
at some point distant from the fixation point.
About 1-3 s after this flashed spot appeared the
fixation point went off, and the monkey had to
make a saccade to the location of the previously
flashed spot (a delayed saccade). The reward was
given if the end point of the saccade was within
a certain distance of the position of the target cue;
an error, usually of +20% of the eccentricity of
the target cue, was allowed for both the horizontal
and vertical eye positions. Saccades made before
the fixation point went off were unrewarded and
terminated the trial.

RESULTS

Memory-contingent visual responses

Some substantia nigra cells responded to
a visual stimulus but the visual response was
markedly improved when the monkey had
to make a saccade after a time delay to the
position of the stimulus that was no longer



to the previous location of the target in order
to get a reward, The response of the cell (a
decrease in discharge rate) to the spot of light
(T) was clearly more pronounced in Fig. 1B
than in Fig. 14, although both the eye po-
sition and the physical characteristics of the
stimulus were identical. There was little
change in discharge rate in relation to the
saccade (Fig. 1B, right). The same experi-
ments done in total darkness in order to elim-
inate effects of any visual stimuli in the field
of view, except for the fixation point and the
target point, gave essentially the same results.

Note that the response of the cell in the
delayed saccade task (Fig, 18) was somewhat
variable trial by trial. This seemed to be re-
lated to the performance of the task by the
monkey; when the decrease in discharge rate
was greater or longer (Fig. 1B, 4th-7th trials),
the latency of the delayed saccade to the off-
set of the fixation point tended to be shorter;

when the response was weaker (1st—3rd, 8th-
11th trials), the monkey failed to make a cor-
rect saccade (st trial) or did so with longer
latencies.

The more pronounced visual response in
the delayed saccade task could be related to
a change in general arousal or selective at-
tention to the target. The effect of arousal
and a shift of attention could be checked by
requiring the monkey to make a saccade to
the target while it was still present. [ has been
argued that this type of visually guided sac-
cade is accompanied by a shift of selective
attention as well as a change in general
arousal, and in several areas of the brain such
a saccade produces an enhanced visual re-
sponse to the saccade target (as discussed in
a preceding paper, Ref. 17). The experiments
shown in Fig. 2 (the same cell as in Fig. 1),
which compared the responses to the same
spot of light during the fixation task (Fig. 24)
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_Fig. I. Response to a spot of light when the spot is remembered as the target for a saccade (memary-contingent
visual response). A: slight response to a spot of light (T) of short duration (50 ms) while the monkey looked at
!he fixation point (F) without making a saccade (fixation task). The monkey was rewarded for release of the bar
in response to the dimming of the fixation point (not shown), B clear response (a decrease in discharge rate) to
the same spat of light (T) of the same duration while the monkey looked at the fixation point (F} but made a
delayed saccade to the position of the flashed spot of light (delayed saccade task). The monkey was rewarded if he
made a correct saccade after the fixation point went off. T was located 20° into the contralateral visual field in both
A and B. H and V: sample horizontal and vertical eye-position traces. The raster shows consecutive trials for each
corlndmon, F, Iduration of the fixation point; T, duration of the target point. Single dots in the raster indicate single
action potentials, Each raster is aligned on an event: the onsct of T (4 and &), the offset of F (8, left), or the onset
of the s_aocade (8, right). Vertical small bars on the raster in B (left) indicate onsets of the delayed saccades, The
same trials are aligned on the saccade onset in & (right). Note that the monkey failed to make a correct saccade
on the first trial and, consequently, this trial is not shown in 8 (right). The trials are summed to produce time
hlslug‘rams‘and cumulative time histograms. Calibration to the side of the time histogram indicates 100 spikes/s
per trial. Ilim width on the time histogram is 6 ms, The interval between large dots on the time scale is indicated
in lower right corner. Number in lower left corner indicates monkey and cell number. All subsequent figures use
these values and conventions unless otherwise stated.

present but, instead, had to be remembered.
An example is shown in Fig, 1, In the fixation
task (Fig. 14), the cell showed only a slight
decrease in discharge rate following the onset
of a spot of light (T) turned on for 50 ms at

a point 20° contralateral to the fxation
point. In the delayed saccade task (Fig. 18),
we again flashed on the spot of light for 50
ms, but then after 1 s the fixation point went
off and the monkey had to make a saccade
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FiG. 2, Lack of response of a cell with a memory-contingent visual response during a saccade task. The same
cell and the same stimulus as in Fig. 1. A: fixation task; the target point T came on 20° into the contralateral
visual field for | s (offset not shown) and the monkey was rewarded if he released the bar when the fixation point
(F) dimmed. B: saccade task; T came on at the same time as the fixation point went off; the monkey made a
saccade 1o T and was rewarded if he released the bar when T dimmed, The monkey’s use of the spot as a “current”
target, rather than as a “future’ target, for a saccade did not produce a clear visual response to the spot.
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changes in arousal or attention are unlikely
to be related to the stronger visual response,
The response remained very subtle, even
when the monkey made a saccade (o the spot
of light while it was still present (Fig. 2B).
For this cell to produce a clear visual re-
sponse to the target stimulus the monkey had
to make a saccade with a delay after the dis-
appearance of the target. Since in this case
the visual information, particularly its spatial
aspect, must be stored and maintained for
the delayed saccade to be enabled and since
this storage mechanism is most easily re-
ferred to as “memory,” we will refer to this
response as a memory-contingent visual re-
sponse. Of 93 substantia nigra cells with
some visual or oculomotor responses, 29 cells
(31%) had this type of response,

The visual receptive fields of the cells with
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memory-contingent visual responses were
similar to those of cells with simple visual
responses (17); they were large with the most
sensitive areas located in the contralateral
visual field, Latencies of the memory-contin-
gent visual responses (e.g., 115 ms for the cell
in Fig. 1) were well within the range of la-
tencies found for simple visual responses,
These results suggest that common visual in.
puts underlie the visual and the memory-
contingent visual responses,

Memory-contingent saccade response

We found some cells in the substantia
nigra whose activity was correlated primarily
with a saccade made to the point where a
visual stimulus was once present but was no
longer present. For example, the discharge
of the cell shown in Fig. 3 showed little
change in the ordinary saccade task either to
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FIG, 3 Response related 1o a saccade to a previously flashed spot of light (memory-contingent saccade responsel.
In A (saccade task), saceades to the target (T) were associated with only a slight decrease in discharge rate. In B
(delayed saccade task), saccades with the same direction and amplitude but to the point where the target was flashed
previously but was no longer present were associated with a clear decrease in discharge rate. The targel was located
20° into the contralateral visual field, In both 4 and B, the same trials are aligned on stimulus changes on the left
and saccade onsets on the right, Vertical small bars on the raster lines on the left indicate saccade onsets,

the target onset (Fig. 34, left) or to the sac-
cade onset (Fig, 34, right). In the delayed
saccade task (Fig. 3B), however, this cell
showed a clear decrease in discharge rate in
relation to saccades made to the previously
present target. The high discharge rate started
decreasing nearly 200 ms before the onset of
a saccade and recovered gradually after the
saccade, as seen in the raster in Fig. 35, right,
which is aligned on the onset of the saccade,

The clear saccade-related response in the
delayed saccade task (Fig. 38) compared with
the weak response in the ordinary saccade
task (Fig. 34) cannot be attributed to the
difference in the physical properties of the
saccade: they were virtually the same, as ex-
emplified by the traces showing eye position,
The response was not correlated with offset

of the fixation point, since in some trials (the
8th and 10th trials in Fig, 3B) the response
started clearly before the offset of the fixation
point but still in close temporal relation to
the onset of the saccade. The possibility that
the monkey used some landmarks on the
screen Lo guide saccades in the absence of g
target in the delayed saccade task was ex-
cluded because the response was still present
when the same delayed saccade task was
done in total darkness. These results sug-
gested that the decrease in discharge rate of
this cell was correlated with a particular type
of saccade, one that used the stored infor-
mation (memory), on the location of a target
as opposed to one that used the visual infor-
mation currently available, Therefore, we
will refer to this response as a mMemory-con-
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FIG. 4. Increase in memaory-contingent saccade response with increased gap between offset of the fixation point
{F) and onset of the target point (T). The duration of the gap was 0 (A}, 200 (B), 400 (C), and 600 (D) ms. When
the duration of the gap was long (C and particularly D), the monkey was able to make an accurate saccade to the
location of the targel before il came on, since the target position was fixed in this series of experiments (20° into
the contralateral visual field), and such saccades were associated with a clear decrease in discharge rate. The monkey
Was always rewarded for detecting the dim of the targel, not for making the correct saccade,



tingent saccade response. Of 128 substantia
nigra cells with some visual or oculomotor
response, 41 cells (32%) showed this type of
response. It should be noted that about half
of these cells showed a visually contingent
saccade response as well (see Fig. 9) but none
of them showed activity related to sponta-
neous saccades (see Fig. 5).

The memory of target location need not
be updated on each trial for this type of cell
to produce the memory-contingent saccade
response. We also trained one monkey to
make a saccade without giving him any target
cue on a series of trials. After an initial series
of trials in the delayed-saccade task with the
position of the target cue fixed, we stopped
presenting the target cue but continued to
reward the monkey for the correct saccades.
Although this task was difficult for the mon-
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key, the response related to the saccade was
as clear as that shown in Fig, 38.

Since the ways in which the monkey ob-
tained a reward were different in the saccade
task (releasing the bar) and in the delayed
saccade task (correct saccade), the difference
in cell response in the two tasks might be
related to differences in the strategy that the
monkey used in performing the task. In the
series of experiments shown in Fig. 4, we
always rewarded the monkey for detecting
the dimming of the target point so that dif-
ferences in the monkey’s strategy to obtain
a reward should be minimized. In these ex-
periments, we increased the gap between the
offset of the fixation point (F) and the onset
of the target point (T) from O (Fig. 44, sac-
cade task) to 600 ms (Fig. 4D, saccade with
gap task). In the trials with relatively long
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F1G. 5. Lack of response with spontancous saccades in a cell with a memory d A

clear response related to saccades made during a long time gap between the offset of the fixation point (F} and the
onsct of the target point (T). The experiment was done in total darkness except for Fand T, B no response related
to saccades made spontaneously in total darkness, Saccades with similar amplitude and direction to those in 4
were selected.
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FG. 6. Movement field of a cell with a memory-contingent saccade response. Results of more than eight trials
of the saccade task with a long gap (more than 600 ms) were sumimarized to obtain the response magnitude for
each location of the target. Response magnitude (% D) was defined by the following equation: % D = (B — R)/B
® 100; B is the total spike number within the background period (500 ms before to 350 ms before the saccade
onset) and R is the total spike ber within the period (50 ms before to 100 ms after the saccade onset).
This cell st d little in the y saccade lask,
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FiG. 7. Maintained decrease in discharge rate of a cell during the delay period of the l:lc'laytd‘ saccade task
(memory-contingent sustained response). Discharge rate decreased usually afler the targel point (T) was ﬂ_ashcd
and remained low through the delay period until the delayed saccade oceurred. The task was performed in the
dark,
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time gaps (Fig. 4C and D), the monkey made
saccades 1o the target point before it actually
came on (as indicated by the small vertical
bars on the raster lines). This was possible
because the position of the target was fixed
throughout this series of experiments. On
these trials, the cell showed a clear decrease
in discharge rate at the time of these early
saccades in contrast to little response in the
ordinary saccade task with no gap (Fig. 44).
The saccade task with a long gap (as in Fig.
4D) can be regarded as a variation of the
delayed saccade task: instead of a target cue
for each trial, the target point in previous
trials (with an interval of about 3.5 s) acls as
the cue for the target. All 18 cells with a
memory-contingent saccade response that
were tested in both the delayed-saccade task
and the saccade with gap task showed about
the same response in both tasks.

Mo

The longer the gap duration, the greater
the saccade-related response. When the gap
duration was 200 ms (Fig. 48) or 400 ms
(Fig. 4C), the saccade-related response was
obvious but weaker than when the gap du-
ration was 600 ms (Fig. 40). Although in
many of these trials saccades started after the
target came on, their latencies to the target
onset seem too short for the visual input to
be solely responsible for the initiation of
these saccades. Therefore, the weaker re-
sponse in Fig. 48 and C may be correlated
with the weaker but consistent contribution
qi‘ the memory target location in saccade ini-
tiation.

It should be emphasized that cells with a
memory-contingent saccade response showed
no activity in relation to spontaneous sac-
cades (Fig. 5). While the monkey sat in total
darkness and without significant sensory
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Fic. 8. Gradual qccrcasc in discharge rate of a cell during the delay period of the delayed saccade task (a varien!
of the memory-contingent suslaineq response). 4: no response during the ordinary saccade task. B: discharge raté
began decreasing after the target point (T) was flashed and continued decreasing uniil the saccade was made to the

position of T.

stimuli, we selected saccades (Fig. 58) whose
amplitudes and directions were similar to
those studied in the saccade with gap task
(Fig. 54). At least some of these spontaneous
saccades had time courses similar to those of
memory-contingent saccades although oth-
ers had longer durations. Nonetheless, we
found no change in discharge rate associated
with any saccade (Fig. 5B). Furthermore, this
result excludes the possibility that the sac-
cade-related response was simply suppressed
by the presence of visual inputs in the ordi-
nary saccade task. Of eight cells with mem-
ory-contingent saccade response in which
spontaneous saccades were examined sys-
tematically, none showed a change in dis-
charge rate in relation to these saccades.

The memory-contingent saccade response
was usually spatially selective. We tested sac-
cades in both horizontal directions for 17
cells, and 12 showed exclusive or greater re-
sponse for contralateral saccades; the re-
maining cells showed no difference in re-
sponse for the two directions; none showed
an ipsilateral preference, It was difficult to
map the movement field of these cells, since
frequent changes in the farget position low-
ered the performance of the monkey, but Fig.
6 shows a nearly complete map of the move-
ment field of a cell with a memory-contin-
gent saccade response. By using the saccade
with gap task, we collected data on at least
eight saccades made to each target point and
calculated the response magnitude by the
same method as used for visual responses
described previously (17). This cell showed
a clear response for downward saccades, but
the movement field included both the con-
tralateral and the ipsilateral visual fields, with
the contralateral side dominant.

Memory-contingent sustained response

Some cells showed a sustained decrease in
discharge rate following the flashed target cue
in the delayed saccade task. For example, the
discharge rate of the cell shown in Fig. 7 de-
creased after a target cue was flashed and re-
mained low until after a delayed saccade was
made, Recovery of the discharge rate was
related to onset of the saccade (Fig. 7, raster
and histogram on the right) rather than the
offset of the fixation point (Fig, 7, left). This
cell behaved as if it maintained the infor-
mation on the approximate location of the
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FiG. 9. Diagrams showing the combination of re-
sponse types in substantia nigra cells. Total number of
cells that showed a particular type of response is indi-
cated beside the abbreviation of each response lype.
Mumber within each area of the diagram indicate num-
ber of cells that showed a particular combination of re-
sponses. Abbreviations: VIS, simple visual response,
SAC/VIS, visually contingent saccade response; SAC/
MEM, memory-contingent saccade response; YIS/MEM,
memaory-contingent visual response; SUS/MEM, mem-
ory-contingent suslained response,

target cue to enable the delayed saccade to
the location of the target. Since the experi-
ment shown in Fig. 7 was performed in total
darkness except for the fixation point and the
briefly flashed target cue, this cell could not
respond to some landmark on the screen. We
will refer to this response as a memory-con-
tingent sustained response. Of 95 substantia
nigra cells with some visual or oculomotor
responses, 15 cells (16%) showed this type of
response.

The onset of the decrease in discharge rate
was frequently time-locked to the onset of
the target cue, and there appears to be an-
other component of the response time-locked
to the saccade onset (Fig. 7). These presumed
visual and saccade-related responses were
also present in the fixation or saccade task
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FIG. 10. Combination of visually contingent saccade response and memory-ce
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ingent saccade resp A-C

targel point came on 600 ms (A4), 400 ms (B), and 200 ms (C) before the fixation point went off, In these trials
{A~C) saceades occurred while the visual target was present and, therefore, the response was a visually contingent
saccade response. D ordinary saccade task, F-G: target point came on 200 ms (£), 400 ms (), and 600 ms (G)
after the fixation point went off, For E-G the target point was flashed (50 ms) 1 s before the fixation point offsct
to facilitate the monkey's performance. In these trials (E-G) saccades occurred frequently in the absence of the
visual target and, therefore, the FESPONSS Was 4 memory-contingent saccade response. H shows lack of TESpONSE
associated with spontaneous saceades of the same amplitude and direction as that in 4-G but made in total darkness.

and, according to our classification criteria,
this cell therefore had visual and saccade-re-
lated responses as well as a memory-contin-
gent sustained response,

The sustained response did not, however,
always begin so sharply after the flashed tar-
get as for the cell illustrated in Fig. 7. Other

cells showed a gradual decrease in discharge
rate in the period between the target cue and
the occurrence of the saccade. For example,
the cell illustrated in Fig. 8, which showed
no response in relation to the visual target
or the saccade to the visual target in the sac-
cade task (Fig. 84), showed a gradual de-

crease in discharge rate between the target
cue and the onset of the saccade (Fig. 8B).

Combination of response types

Different types of responses seen individ-
ually in some cells were also seen in com-
bination in other cells (Fig. 9). Cells with a
combination of a memory-contingent sus-
tained and a memory-contingent saccade re-
sponse were common, as the diagrams of Fig.
9C show: of nine cells with a memory-con-
tingent sustained response (SUS/MEM)
studied on one monkey, eight had a memory-
contingent saccade response (SAC/MEM} as
well.

Combination of the memory-contingent
saccade response and the visually contingent
saccade response described in the first paper
of this series (17) also occurred. For example,
the cell illustrated in Fig. 10 showed a de-
crease in discharge rate in relation to sac-
cades, whether they were made in the pres-
ence of the target (Fig. 104-D, a visually con-
tingent saccade response} or in the absence
of the target (Fig. 10F and G, a memory-con-
tingent saccade response). This type of cell,
however, did not show any change in its ac-
tivity in relation to spontaneous saccades
(Fig. 10H). Cells with this combination of
1esponses also were common, as indicated in
Fig. 94: of 34 cells with a memory-contingent
saccade response (SAC/MEM), 19 (8 + 1)
showed a visually-contingent saccade re-
sponse (SAC/VIS) as well.

Time course of saccade-related responses

The two saccade-related responses, a vi-
sually contingent saccade response and a
memory-contingent saccade response, tended
to have different temporal relationships to
the saccade onset (Fig. 11). We classificd the
saccade-related cells recorded in one monkey
into three types according to the type of sac-
cade-related responses, and the length of the
horizontal bars in Fig. 11 indicates the du-
ration of the response (from the onset to the
offset of a decrease in discharge rate) for each
cell. Cells in which the memory-contingent
Saccade response was greater (Fig. | 1) had
earlier onsets of response than cells in which
the visually contingent response predomi-
hated (Fig. 11A4): memory-contingent re-
Sponses started well before (70-280 ms) the
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FiG. 11. Different time course of the saccade-related
response between three groups of cells. 4: cells that
showed better response related to visually contingent
saccades than to memory-contingent saccades. 5 cells
that showed comparable responses to these two types of
saccades. Ci cells that showed better response related
to memory-contingent saccades than to visually contin-
gent saccades. The start (left) and the end of each line
indicate the onset and the offset of the response (a de-
crease in discharge rate) of a single cell relative to the
saccade onsel (vertical line). The onset was defined as
the point where the line of the cumulative time histo-
gram started deviating downward from the initial slope;
the offset was defined as the point where the line resumed
its initial slope. Memory-contingent sustained TESPONSEs
were nol included in this analysis,

saccade onset, while visually contingent re-
sponses started barely before or just after the
saccade onset. Cells with a visually contin-
gent and memory-contingent response that
were about equal (Fig. 118) tended to have
intermediate times for decrease of discharge.

DISCUSSION

We have described substantia nigra cells
that are related to a specific visual and oc-
ulomotor behavior in which the monkey
made a saccade with a time delay to the lo-
cation where a spot of light had been previ-
ously flashed as a target cue. We could iden-
lify three types of responses: cells that de-



creased their discharge rate briefly following
onset of the target cue, cells that decreased
their discharge rate briefly before and after
the onset of such delayed saccades, and cells
that decreased their discharge rate in a sus-
tained manner after the target cue came on
and until the delayed saccade occurred. Since
this delayed saccade task required the mon-
key to remember the position of a visual
stimulus, it is likely that these substantia
nigra cells have some interactions with the
brain areas that store the spatial information
as a short-term memory., We will first con-
sider possible mechanisms and their anatom-
ical correlates. We will then discuss what the
results of the present and preceding papers
(17, 18) suggest about the function of the
basal ganglia in general.

Mechanism of memory-
contingent responses

The memory-contingent visual response
is a decrease in discharge rate following the
onset of a visual stimulus that is evident only
when the monkey must make a saccade to
the location of the stimulus after it is no lon-
ger present. The basic assumption necessary
to explain this visual response, as well as the
following two types of responses of substantia
nigra cells, is the presence of a neural cor-
relate of spatial memory, which would signal
the previous location of the visual stimulus.
The memory-contingent visual response
could be either 7) a result of a facilitation of
a visual response already present by its cor-
responding spatial memory or 2) a direct
source of the spatial memory. Possible neural
mechanisms underlying these relationships
are shown in a single schema in Fig. 124.
For the first mechanism the neural element
of spatial memory (M), which is presumed
to be located outside the substantia nigra,
facilitates the visual input presynaptically; if
the spatial memory is already present when
the visual stimulus came on, in other words,
if the monkey has a memory of stimulus lo-
cation before the stimulus came on, the
memory element would facilitate the visual
input. For the second mechanism the sub-
stantia nigra cell has an inhibitory connec-
tion onto the memory element; if a response
(a decrease in discharge rate) occurs, it would
disinhibit the memory element and initiate
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FiG. 12, Possible neural organization underlying a
memory-contingent visual response (VIS/MEM) (4), a
memeory-contingent sustained response (SUS/MEM)
{B), and a memory-contingent saccade response (SAC/
MEM) (C and D). Substantia nigra cells with any of
these responses are assumed 1o have interactions with
a neural correlate of spatial memory (M). Details are
described in DISCUSSION,

the spatial memory. Although these two
mechanisms assume conceptually different
roles for the substantia nigra, we do not have
enough data to support one as opposed to
the other of them, It is also possible that these
two mechanisms coexist.

The memory-contingent sustained re-
sponse is a decrease in discharge rate that
starts after the target cue and ends with the
delayed saccade. Figure 128 shows two con-
nections between the substantia nigra cell
and the memory element, either of which
could underlie this response. An inhibitory
connection from the memory element onto
the substantia nigra cell is assumed if this
response is merely the reflection of the activ-
ity of a memory element. An inhibitory con-
nection from the substantia nigra cell ont®
the memory element is assumed if the spatllal
memory is the result of the memory-contin-

gent sustained response in the substantia
nigra. Although the second mechanism alone
is unlikely {there has been no evidence in-
dicating that the substantia nigra is the neural
correlate of spatial memory), it is possible
that both of these mechanisms coexist and
cooperate to maintain the spatial memory.

The memory-contingent saccade response
is a decrease in discharge rate correlated with
a saccade made to the location where a stim-
ulus was located. Since such a saccade is not
guided by any external stimulus that is cur-
rently present, it must be based on the mem-
ory of stimulus location. Analogous to the
other types of response, two conceptually
different mechanisms could underlie this re-
sponse, as shown in Fig., 12C and D. If this
response is merely the result of the saccade
signal originating in some other brain area
but conditioned by the presence of the spatial
memory, the neural mechanism shown in
Fig. 12C is possible in which the inhibitory
input from the saccade-related area is facil-
itated presynaptically by the memory ele-
ment. If the response is the precursor of the
saccade, the mechanism shown in Fig. 12D
is possible; the substantia nigra cell receives
an input from the memory element and
transmits the signal to the saccade-related
area, thereby facilifating the initiation of a
saccade; since the memory-contingent sac-
cade response is transient, whereas the mem-
ory activity is presumed to be fairly long-last-
ing, some mechanism underlying this tem-
poral transformation would be necessary,
and it is shown by an intervening ele-
ment T,

Anatomical correlates of visual and
spatial memory

Except for the behavioral dependency, the
characteristics of the memory-contingent vi-
sual responses are similar to those of simple
visual responses and, therefore, it is likely
that the same brain areas considered in the
preceding paper (17) are the sources of the
visual input to these cells.

The best currently known candidate for
the source of the neural correlate of spatial
memory is the prefrontal cortex. Ablation of
this area disrupts behaviors that require
short-term memory, including spatial mem-
ory (see Ref. 28). In the delayed response task

or the delayed alternation task, some cells in
the prefrontal cortex showed a sustained ex-
citation or inhibition, starting with the pre-
sentation of a visual cue and ending with the
delayed response (13, 21). Although the par-
adigms in these experiments differed from
ours in that they used a skeletal movement
rather than an eye movement as the delayed
response, the nature of the cue they used was
similar to ours because it was a visual stim-
ulus and required a memory of where the
cue was.

If the prefrontal cortex contains the mem-
ory elements, the signals related to spatial
memory are very likely to be transmiited to
the substantia nigra by cells in the caudate
nucleus, In fact, after ablation of the caudate
nuclei, the performance of the delayed re-
sponse task is impaired considerably (12, 29),
Although Niki et al. (25} did not see sus-
tained activity in the head of the caudate
nucleus during the delay period of a delayed
alternation task, it is still possible that cells
in other parts of this nucleus transmit the
memory-related activity.

The possible neural organization related
to the memory-contingent responses (Fig.
12) requires a return pathway from the sub-
stantia nigra to the memory element. An an-
atomical connection that might subserve the
first step in this pathway is the major efferent
connection of the substantia nigra pars retic-
ulata to the thalamus (see Ref. 15, for sum-
mary). In the monkey, pars reticulata cells
have been shown to project to the medial
part of the nucleus ventralis anterior and the
nucleus ventralis lateralis (VA-VL complex)
as well as to the nucleus medialis dorsalis
(MD) (4). These thalamic areas in turn pro-
ject to the frontal cortex including the frontal
eye fields. These nigrothalamocortical con-
nections seem to fit the hypothetical return
pathway, Furthermore, the branching of this
return pathway from the output pathway to
the superior colliculus is justified by experi-
ments showing that single pars reticulata cells
frequently project both to the thalamus and
the superior colliculus (2, 9).

Visuomotor control and basal
ganglia function

The substantia nigra pars reticulata is one
of the two major output pathways of the
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function of the basal ganglia, particularly the
striatum. Bilateral lesions of the striatum lead
{0 striking neglect of sensory stimuli (11),
Cells in the striatum receive sensory inputs
from different modalities (as discussed in
Ref. 17; see Ref. 20 for summary).

A third view has been that the basal ganglia
are involved in more complex or cognilive
functions (see Ref, 35 for summary). This is
largely based on the fact that the ablation of
the caudate nuclei disrupts the performance
in memory-required tasks (such as the de-
layed response tasks; 12, 29).

What is striking in the present experiments
is that all three factors—motor, sensory, and
cognitive—are involved in the activity of
substantia nigra cells. Our experiments show
that cells within a subset of cells in the sub-
stantia nigra pars reticulata receive sensory
signals (at least visual or auditory) and/or
cognitive (specifically spatial memory) sig-
nals and produce an output signal related to
the initiation of saccadic eye movements.
Cells described in the first paper of this series
{17) contribute to the initiation of visually
guided saccades, those described in this paper
contribute to the initiation of memory-guided
saccades, and those in the second paper (18)
contribute 1o the transition between visually
guided and nonvisually guided oculomotor
behaviors. Thus, sensory, motor, and mem-
ory functions are present, not as discrete en-
tities but rather as an interrelated neural or-
ganization (0 produce a saccadic eyc move-
ment under specific conditions.

In essence, we envision each type of sub-
stantia nigra response as forming a particular
channel for saccade initiation, either sensory
or memory, which leads to the intermediate
layers of the superior colliculus (19). The su-
perior colliculus, which may receive other
inputs related to visually guided saccades
(possibly from the frontal eye fields as dis-
cussed previously) and in addition is likely
to generate a signal for the initiation of spon-
tancous saccades (1), sends the signal of 2
saccade, now independent of its mode of ini-
tiation, to the brain stem oculomotor system
(14, 26).

The thread of consistency that runs
throughout the activities of the substantia
nigra neurons is their dependency on behav-
ioral events. A correlation of cell activity 19
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{he sensory or motor events is not enough
(o reveal the relation of these substantia nigra
cellsto behavior; their discharge is contingent
on the conditions under which such sensory
of motor events occur. The contingent na-
wre of the cell activity might also be a larger

REFERENCES

|. ALBAND, J. E. MistkiN, M., WESTEROOK, LB
AND WURTZ, R, H. Visuometor deficits following
ablation of monkey superior colliculus. J. Neurg-

physiol. 48: 338-351, 1982,

7, ANDERSON, M. AND Yosuipa, M. Electrophysio-
logical evidence for branching nigral projections Lo
the thalamus and the superior colliculus. Brain Res.
137: 361-375, 1977,

3, BRUCE, C. 1. AND GOLDBERG, M. E. Fromtal eye
fields in monkey: classification of neurons discharg-
ing before saccades. Soc. Newrosci. Abstr. Tt 131,
1981.

4. CARPENTER, M. B., NAKAND, K., AND Km, R
Nigrothalamie projections in the monkey demon-
strated by autoradiographic techniques. J. Comp.
Newrol. 165: 401-416, 1976,

5. Coaan, D. C. Paralysis of down-gaze. Arch.
Ophthalmol. 91: 192-199, 1974,

6. ComiN, M. S., ELIZAN, T. §., AND BENDER, M. B.
Oculomotor function in patients with Parkinson’s
disease. J. Neural. Sci. 15: 251-265, 1972,

7. DEJonG, J. D, AND MELVILL JONES, G- Akinesia,
hypokinesia, and pradykinesia in the oculomotor
system of patients with Parkinson's Discase. Exp.
Newrol, 32: 58-68, 1971.

8. DELONG, M. R, AND GEORGOPOULOS, A, P. Motor
functions of the basal ganglia. In: Handbook of Phys-
iology, The Nervous Systen, Bethedsa, MD: Am.
Physiol. Soc. 1981, sect. 1, part 2, vol. I, chapt. 21,
p. 1017-1061.

9. DENIAU, 1. M., HAMMOND, C., RISZIK, A, AND
FEGER, ). Electrophysiotogical properties of iden-
tified outpul neuroncs of the rat substantia nigra
{pars compacta and pars reticulata): evidences for
Ihe existence of branched neurones. Exp. Brain Res.
32: 409-422, 1978.

10. Denny-Brown, D. The Basal Ganglia and Their
Relation to Disorders of. ‘Mavement, London: Oxford
University Press, 1962.

11, DENNY-BROWN, D, AND YANAGISAWA, N. Therole
of the basal ganglia in the initiation of movement.
In: The Basal Ganglia, edited by M. D. Yahr, New
York: Raven, 1976, p. 115-149.

12, Divac, 1, RosvolLp, H. E., AND SZWARCBART,
M. K. Behavioral effects of selective ablation of the
caudate nucleus. J. Comp. Physiol, Psychol. 63
184-190, 1967.

13, FusTER, J. M. Unit activity in prefrontal cortex dur-
ing delayed-response performance: neuronal corre-
lates of transient memory. J. Neurophysiol. 36: 61—
78, 1973,

14, GRANTYN, A. A. AND GRANTYN, R. Synaptic ac-

15

w

A BALAIE A Ui peut

factor in other basal ganglia neurons whose
activity is related to skeletal movements than
is apparent from current studies.

Received 12 July 1982; accepted in final form 24
November 1982

tions of tectofugal pathways on abducens motoneu-
rons in the cat. Brain Res. 105: 269-285, 1976.

. GRAYBIEL, A. M. AND RAGSDALE, C. W, JR. Fiber

connections of the basal ganglia. In: Development
and Chemical Specificity of Neurons. edited by M.
Cuenad, G. W, Kreutzberg, and F. E. Bloom, Am-
sterdam: Elsevier, 1979, p. 239-283.

. HIKOSAKA, O. AND WURTZ, R, H. Response of sub-

stantia nigra cells related to saccades to remembered
targets. Soc. Newrosci, Abstr. T2 132, 1981,

. Hixosaka, O. AND wuriz, R. H. Visual and oc-

ulomotor functions of monkey substantia nigra pars
reticulata. 1, Refation of visual and auditory re-
sponses 1o saccades. J. Neurophysiol. 49: 1230-
1253, 1983,

 HikoSAKA, O. AND WURTZ, R. H, Visual and oc-

ulomotor functions of monkey substantia nigra pars
reticulata. 1. Visual responses related to fixation of
gaze. J. Neurophysiol. 49: 1254-1267, 1983,

. HIKOSAKA, O. AND wurTz, R. H. Visual and oc-

ulomotor functions of monkey substantia nigra pars
reticulata. V. Relation of substantia nigra 1o su-
perior colliculus. J. Newrophysiol. 49: 1285-1301,
1983,

. KRAUTHAMER, G. M. AND 6perg, R. G. E. Sen-

sory functions of the neostriatum, In: The Neastri-
atum, edited by 1. Divac. Onxford, UK: Pergamon,
1978, p. 263-289.

. KupoTa, K. AND Mk, H Prefrontal cortical unit

activity and delayed alternation performance in
monkeys. J. Neurophysiol. 34: 337-347, 1971,
LEIGH, R. J., NEWMAN, 5. A, FOLSTEIN, S, E,, AND
LASKER, A. G. Disturbed oculomotor control in
Huntington's Disease (HD). Soc. Neurosel. Abstr.
7: 297, 1981,

MELVILL JONES, G. anp DeJong, D. 1. Dynamic
characteristics of saccadic eye movements in Par-
kinson's discase. Exp. Newrol. 31: 17-31, 1971

. MOHLER, C. W. AND WuR1Z, R H Organization

of monkey superior colliculus: intermediate layer
cells discharging before eye movements, J. Newro-
physiol. 39: 722-144, 1976,

. Mik1, H, SAKAL M., AND KUBOTA, K. Delayed

alternation performance and unit activity of the cau-
date head and medial orbitofrontal gyrus in the
monkey. Brain Res. 38; 343-353, 1972,

. RAYDOURN, M. S. AND KELLER, E. L. Colliculo-

reticular organization in primate oculomotor 8ys-
tem. J. Newrophysiol. 40: 861-878, 1977.

. ROBINSON, D. A. The use of control systems anal-

ysis in the neuraphysiology of eye movements.
Annu. Rev. Newroscl. 4 463-503, 1981,

28, ROSENKILDE, C. E. Functional heterogeneity of the



)

5

prefrontal cortex in the monkey: a review. Behav.
Newral Biol. 25: 301-345, 1979,

RosvoLp, H. E., MISHKIN, M., AND SZWARCBART,
M. K. Effecis of subcortical lesions in monkeys on
visual-discrimination and single-alternation perfor-
T‘;as%ce. J. Comp. Physiol. Psychol. 51; 437-444,
ScHILLER, P. H. AND KOERNER, F. Discharge char-
acteristics of single units in superior colliculus of the
J;I;?l rhesus monkey, J. Neuwrophysiol, 34; 920-936,

. SCHLAG-REY, M. AND SCHLAG, J. A. Eye-move-

ment related neuronal activity in the central thal-
amus of monkeys. In: Progress in Oculomotor Re-
search, edited by A. Fuchs and W. Becker. New
York: Elsevier, 1981, p. 169-176.

. SHIBAsaK!, H., Tsu, S, anp Kuroiwa, Y. Oc-

ulomotor abnormalities in Parkinson’s discase. Arch,
Newrol. 36: 360-364, 1979.

3,

3.

35

36.

37

SpARKS, D. L., HOLLAND, R., AND GUTHRIE, B. L
Size and distribution of movement fields in the
monkey superior colliculus. Brain Res. 113: 21-34
1976. '
TERAVAINEN, H. aND CALNE, D, B, Studies of par.
kinsonian movement: programming and execution
of eye movements. Ann. Newrol Scandinav. 6):
137-148, 1980.

TEuseR, H, L. Complex functions of basal ganglia,
In: The Basal Ganglia, edited by M. D. Yahr, New
York: Raven, 1976, p. 151-168.

Wulk*rz, R. H. anp GorLpsera, M. E, Superior
Foihculus cell responses related to eye movements
in awake monkeys. Science 171: 82-84, 1971.
WUR_W., R. H. aND GOLDBERG, M. E, Aclivity of
superior colliculus in behaving monkey. 11, Cells

discharging before eye movements. J. Neuropltysial.
35: 575-586, 1972.

Vel 49, No. 3, May 1983, Princed in US A

visual and Oculomotor Functions of Monkey
Substantia Nigra Pars Reticulata. IV. Relation of
Substantia Nigra to Superior Colliculus

OKIHIDE HIKOSAKA anp ROBERT H. WURTZ

Laboratory of Sensorimetor Research, National Eye Institute,
National Institutes of Health, Bethesda, Maryland 20205

SUMMARY AND CONCLUSIONS

I. The preceding studies (18-20) have
shown that cells in the monkey substantia
nigra pars reticulata have responses that are
temporally correlated with visual or auditory
stimuli and saccadic eye movements. In this
study we determined whether these substan-
tia nigra cells project to the superior colli-
culus.

2. We first recorded from a substantia
nigra cell and identified its sensory and oc-
ulomotor properties using the behavioral
paradigms developed previously (18-20).
Then we stimulated the ipsilateral superior
colliculus while moving the stimulating elec-
trode through the layers of the colliculus to
determine whether and from what depth the
substantia nigra cell was activated antidrom-
ically. Finally, we identified the visual and
oculomotor properties of the colliculus cells
located near the points from which the sub-
stantia nigra cell was activated antidromi-
cally with the lowest thresholds.

3. Of 180 substantia nigra cells studied,
51 were activated antidromically from the
ipsilateral superior colliculus. Nearly half of
the substantia nigra cells that showed some
visual- or saccade-related responses were ac-
tivated antidromically, whereas cells that did
not show such responses were rarely acti-
vated.

4. For each of the substantia nigra cells
that showed visual- or oculomotor-related
responses, we determined the center of the
visual receptive or movement field of the cell
and compared it with the ficld center of the
flupcrior colliculus cells found at the lowest

ters, the more probable the antidromic ac-
tivation of the substantia nigra cell, which
suggests that each substantia nigra cell pro-
jects to the superior colliculus so as to match
its own field with that of the colliculus cells
in its projection area.

5. The threshold stimulation current for
antidromic activation of single substantia
nigra cells varied, depending on the depth of
the stimulating electrode within the superior
colliculus, with several low-threshold points
usually seen on a penetration through the
colliculus, Regardless of the type of visual or
oculomotor response of the substantia nigra
cell, the low-threshold point was most com-
monly found among colliculus cells that
showed a burst of spikes before saccades and,
therefore, were probably located in the in-
termediate layers. A low-threshold point was
also common in the deep layers but was rel-
atively rare in the superficial layers. The la-
tency of antidromic response ranged from
0.7 to 2.3 ms. The antidromic latency for
single substantia nigra cells tended to de-
crease with the depth of stimulation in the
superior colliculus,

6. We compared the visual and oculo-
motor aclivity of antidromically activated
substantia nigra cells with that of superior
colliculus cells near the point of lowest
threshold for stimulation. An inverse rela-
tionship was found between saccade-related
activities of such a neuron pair: a decrease
in discharge rate of the substantia nigra cell
occurred with an increase in discharge rate
(frequently a burst of spikes) of the superior
colliculus cell. However, such a relationship
depended on how the saccade was initiated




