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SUMMARY AND CONCLUSIONS

1. The behavioral involvement of neurons
in the pars reticulata of the substantia nigra
(SNpr) in sensory and motor processes was
investigated in order to contribute to the un-
derstanding of behavior-related neuronal
mechanisms in the basal ganglia, of which the
SNpr is a major output station,

2. Electrophysiological properties of SNpr
neurons were studied with extracellular re-
cordings from single neurons in monkeys per-
forming in a behavioral GO/NO-GO para-
digm, employing significant auditory and vi-
sual stimuli, forelimb reaching movements,
and mouth movements,

3. Neurons in the SNpr discharged im-
pulses of 0.6 to 1.0 ms in duration, at rates of
23 to 145/s (median 68/s). They contrasted
with dopaminergic pars compacta neurons of
substantia nigra, which discharged longer im-
pulses at rates below 8/s.

4. Two-thirds of more than 100 quantita-
tively and statistically evaluated SNpr neurons
showed changes with temporal relationships
to at least one of the events of the behavioral
task. One-fifth of all neurons covaried with
more than one event,

5. The largest group of task-related neurons
increased or decreased activity with contra-
lateral forelimb movements (46% of all neu-
rons). Most of them covaried with large for-
ward reaching of the arm, and only the
minority covaried with distal forearm manip-
ulation. None of the SNpr neurons resembled
in their changes the timing of activity of single
muscles. Many neurons also showed changes
with ipsilateral movements, in a similar fash-
ion as on the contralateral side, Changes began

rarely before and mostly with or after onset of
muscle activity in prime movers. Changes were
quantitatively moderate, rarely exceeding a
doubling of discharge rate with increases and
reductions by 50% with decreases. Movement
relations did not appear to be due to somato-
sensory input.

6. Some neurons increased or decreased
their activity in relation to mouth movements
(16% of all neurons). Changes were quanti-
tatively moderate as in the case of movement
relationships.

7. Nine percent of all neurons decreased
their activity after an acoustic preparatory sig-
nal and 9% afier a light stimulus indicating
the GO or NO-GO situation. Latencies were
50-150 ms {median 90 ms) for the auditory
and 80-200 ms (median 120 ms) for the visual
responses.

8. Twelve percent of all neurons increased
or decreased their activity during the waiting
and preparation period, which lay between an
initial sensory signal and the permission to
move for reward. Changes began mostly in re-
sponse to an initial preparatory tone or an in-
structive light stimulus indicating the behav-
ioral situation. A few other neurons were also
related to complex behavioral processes by
having different relationships to movements
under different behavioral conditions.

9. The data suggest that SNpr neurons are
related in their activity to components of
mammalian behavior dealing with the prep-
aration of behavioral acts, sensory reception,
and motor reactions. These relationships are
interpreted to be due to neuronal processing
in the major input structures, the caudate and
putamen, and in the SNpr. The demonstrated
behavioral relationships of SNpr neurons are
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basal ganglia influence other brain structures,

INTRODUCTION

The mammalian basal ganglia receive neu-
ronal information from virtually all areas of
primary and associational cortex as well as
from some thalamic nuclei. They subserve a
variety of sensorimotor and “higher” functions
(9). For many years it was believed that most
neuronal information is transmitted from the
basal ganglia to other brain centers via the glo-
bus pallidus. Recently, it has been shown that
the pars reticulata of the substantia nigra
(SNpr) may represent another major output
station {10). Reticulata neurons receive mostly
inhibitory afferents from the striatum and the
subthalamic nucleus (27, 30, 43) and project
to medial parts of ventrolateral and ventroan-
terior thalamic nuclei, superior colliculus, and
nucleus tegmenti pedunculopontis pars com-
pacta (5, 10, 26).

Previous studies have investigated several
aspects of the behavioral involvement of SNpr
neurons. Neurons of the cat and monkey SNpr
were found to be depressed in relation to goal-
directed saccadic eye movements and in re-
sponse to visual and acoustic stimuli (12, 16).
Several of the visual and saccadic responses
were contingent on memory-related processes
(13). In studies dealing with motor-control as-
pects of cat and monkey basal ganglia, very
few SNpr neurons were found to change their
activity in relation to distal forelimb move-
ments (7, 37). However, a considerable in-
volvement in movements of the mouth was
found (7). Also, SNpr neurons in the cat co-
varied with phases of locomotion on a tread-
mill (37). The present work was intended to
study SNpr functions in a broader behavioral
context without focusing on one particular as-
pect. If the SNpr represents an output station
of the basal ganglia, it would be necessary to
know if other information besides that dealing
mainly with eye and mouth movements is
transmitted to other brain centers. In partic-
ular, the conduction of information from
SNpr via ventral anterior thalamic areas (5)
to the frontal cortex {17) would suggest a larger
Involvement in processes dealing with the
breparation and execution of different motor
acts, An additional objective for this investi-
gation was to be able to compare the behav-

sions of the substantia nigra (SN), the SNpr,
and the dopamine cell-containing pars com-
pacta in the same behavioral situation (36).
Some of the data have been presented in pre-
liminary form (34, 35).

METHODS

Four Macaca fascicularis monkeys (2.5-4.5 kg)
were trained to perform a behavioral task, were im-
planted with intramuscular electrodes and an elec-
trode base for daily single-cell recordings in SNpr
in relation to a behavioral task, and on completion
of the experiment, were killed for histological as-
sessment of the recording area. One of these and
an additional monkey were used for the recording
of task-related eye movements. Many techniques
were similar to those previously reported (36).

Animals were seated 3-6 h each weekday in a
specially constructed primate chair, which allowed
free movements of both arms, limited excursions
of the legs, and some postural adjustments. They
were released each day into their home cages. An-
imals were trained to perform in a GO/NO-GO
paradigm involving indicative light stimuli, a
reaching movement of the forearm towards a small
food-containing box, and mouth. movements (see
Fig. 1, A-D). Food rewards consisted of ~ /100 to
1/150th part of an apple. Animals were food de-
prived on weekdays, their weight being controlled
and maintained above 90% of the preexperimental
level.

For initiation of a trial, the animal had to keep
its hand relaxed on a key. The key was either a
telegraph lever, whose mechanical resistance for
closing an electrical contact was spring adjusted to
the weight of the animal’s forearm, or a nonmovable
metal bar connected to an electronic frequency-
sensing circuit that detected the touch of the ani-
mal’s hand as a change in electrical capacity. Each
trial was initiated by a 100-ms-long tone from a
distant sound source of 66 to 67 dB intensily, mea-
sured at the head of the animal. This was followed
500 ms later by illumination of either a green or a
red light-emitting diode, indicating the GO or the
NO-GO situation, respectively. Lights were placed
10 mm above each other at the animal’s eye level,
one pair on each side, at 19° laterally. While the
light stayed on and at 1.5-5 s after the tone, the
door of a food-containing box opened with a char-
acteristic low-intensity sound. Food boxes had a
frontal opening of 40 % 40 mm and were placed at
eye level, at 27° laterally, and at reaching distance
of the forearm (250 mm from the animals’ shoul-
ders), one on each side. Animals were unable to
reach into the box of the opposite side and were
prevented from seeing the interior of the box by a
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box from below (see Fig. 1, A-D). In the GO situ-
ation, when the green light was itluminated, the an-
imal released the holding key after door opening,
reached into the box, took the food and brought it
to the mouth. In the NO-GO situation, when the
red light was illuminated, the animal kept the hand
on the key after the door had opened, only reaching
for food reward a few seconds later when this was
presented from a more medially located, uncovered
box, or by the experimenter. Lights were extin-
guished on key release. Premature key release or
muscle activity canceled the trial.

Animals performed a full series of trials on the
side contralateral to the recording site before being
tested ipsilaterally, with both illumination of the
lights and arm movement towards the food box oe-
curring on the same side. The unused arm remained
unrestrained and relaxed in a flexed posture on a
rest in front of the animal, and only minor EMG
activities were seen in the shoulder muscles and
maore proximally, which were unrelated to the ac-
tivity in the moving arm. GO and NO-GO trials
were alternated according to the judgement of the
experimenters but were random during the initial
testing of each cell.

Behavior was electronically monitored from
standard electronic pulses generated with the tone,
lights, door opening, and release of the holding key.
Phototransistors sensitive to an infrared light beam
across the entrance of each food box served to de-
termine the times at which the animal’s hand en-
tered and left the box (beginning and end of beam
interruption). All behavior-related electrical signals
were sampled as bits in parallel by a computer, this
being performed on-line at a rate of | or 2 kHz
(Hewlett-Packard 21MX or Ithaca Intersystems
Z80-CPM).

Animals underwent surgery when >9%0% correct
behavioral performance had been obtained. Under
deep pentobarbital sodium anesthesia and aseptic
conditions, bolts for head fixation and a stereotax-
ically positioned stainless steel chamber were fixed
to the skull to permit vertical access with micro-
electrodes to both SN. The dura was left intact. Tef-
lon-coated multistranded stainless steel wires
(Cooner Wire) were implanted into the extensor
digitorum communis (EDC) muscles of both fore-
arms and led subcutaneously to the head. All metal
components, including plugs for the muscle elec-
trodes, were imbedded in several layers of dental
cement and fixed to the skull with surgical-grade
stainless steel screws,

Intramuscular recordings of electromyographic
(EMG) activity from chronically indwelling wires
and acute surface EMG recordings from several
muscles of the lower and upper arm, shoulder, and
trunk were used to assess muscle activity during
performance in the paradigm. Together with a
closed-circuit video system, they also served to as-

ment during the trial period prior to door opening.
Rectified and filtered (10-250 Hz band pass) EMG
activity was sampled at | or 2 kHz by the computer,
following either 12-bit analog-to-digital conversion
or in the form of standard digital impulses generated
by a Schmitt-Trigger.

Lateral and transverse radiographs of the head
were taken with a guide cannula installed on an X-
Y moveable microstage at a known coordinate in
each hemisphere, The distances of the guide cannula
to the midline and bony structures were used to
establish a reference system with the coordinates of
the microstage. Extracellular activity of single cells
was recorded with glass-insulated tungsten micro-
electrodes (exposed tips of 8 to 15 pum length and
2.5 to 4.5 um diameter), modified after Merrill and
Ainsworth (21), which were passed daily inside a
rigid guide cannula of 0.6 mm outer diameter into
the brain. Parallel electrode tracks were made ver-
tically, roughly in the stereotaxic plane, and con-
forming to a 1-mm grid, Before investigating the
SN, the thalamic area above it was electrophysio-
logically delineated by recording from the specific
face representation in the ventroposteromedial
(VPM) thalamus, This was performed under pen-
tobarbital sodium anesthesia 1 wk after implanta-
tion and repeated in each recording session in the
awake situation. Signals from the microelectrode
were conventionally amplified and displayed in full
waveform on oscilloscopes. Neuronal discharges
were converted into standard digital pulses by pas-
sage through an adjustable Schmitt-Trigger and fed
to an electronic counter and the computer (sam-
pling rate 1 or 2 kHz).

The relationships of neuronal discharges and
EMG activity to the digital behavioral events of the
paradigm were assessed in each trial on line in the
form of dot displays and perievent time histograms
on a computer video screen, referenced to up to
four different events. All data were stored uncon-
densed on computer disks. Of-line computing fa-
cilities permitted statistical evaluation of changes
in discharge rate by using the two-tailed Wilcoxon
matched-pairs signed-rank test on single-trial data.
For this test, the series of single-trial dot displays
for a given neuron in the same behavioral situation
(GO vs. NO-GO on the same side) were visually
inspected for apparent modulations in relation to
a behavioral event. Two time epochs of equal length
were chosen, one before and one after occurrence
of the event, constant in position and length for all
trials of a given neuron. The number of impulses
in the time periods of each trial were considered as
a pair and subjected to the test. Differences only
become statistically significant when changes occur
reproducibly in the same direction in virtually every
trial. Mean changes of >25% from background dis-
charge rate during the whole epochs of comparison
and at P < 0.01 were considered to show a temporal

ring any causalitics.

Horizontal and vertical eye movements were
monitored in relation to arm movement toward the
food box in two monkeys, one of which was also
used for SNpr cell recordings. This was done by
fine-wire electrodes inserted bitemporally, or by
chronically implanted Ag-AgCl electrodes in the
Jateral, superior, and inferior canthi of the orbitae
{3). Eye-movement signals were 12-bit analog-to-
digital converted at a rate of 1 kHz, displayed during
experiments, and stored uncondensed on computer
disks. The occurrence of eye movements and their
temporal relationships to door opening and arm
movement were determined from single-trial anal-
ysis using a movable cursor on a computer screen,

During the last sessions with each animal, several
small electrolytic marking lesions were placed im-
mediately after recording from a neuron in the SN
and above in the same track by passing a small neg-
ative current through the microelectrode (5-10 pA
for 5-20 s), thereby producing distinet patterns of
vertically oriented histological marks in each hemi-
sphere, Animals were deeply anesthetized and con-
ventionally perfused with formaldehyde through the
heart. Guide cannulas were inserted into the brain
at known coordinates of the implant system in order
to delineate the general area of recording, The tissue
was cut in 50-pm thick serial coronal sections on a
cryotome and stained with cresyl violet. Recording
positions in individual microelectrode tracks were
reconstructed using the distances to the electrolytic
lesions in the same or a parallel neighboring track
upto 1.5 mm away. In one of the animals, electrode
positions were only reconstructed by their distance
to the inferior border of the specific somatosensory
face representation in VPM thalamus through
which the electrode passed in each track, by tissue
marks from passage of the guide cannula and the
microelectrode, and by the presence of typical elec-
trical activity from nigral pars compacta neurons
in the vicinity,

Data in this report are only presented from those
neurons whose positions were histologically located
within the SN and which were recorded in the ab-
sence of variations of impulse height caused by pul-
sations or other local tissue movements, All neurons
were tested with at least 10 trials in the GO situation
contralateral to the recording electrode, and all their
data were stored on computer disks and submitted
to the Wilcoxon test in relation to several behavioral
events.

RESULTS

General

The sequence of behavioral events during
performance in the GO situation is shown in
Fig. 1, A-D, together with the activity of some

of the basic types of modulations of SNpr cell
activity scen in this paradigm (Fig, 1, G-K).

Activity in one of the prime mower muscles,
the extensor digitorum communis (EDC) is
shown in Fig. | E in direct relation to the be-
havioral events of the paradigm, EMG activity
in this muscle began at a median time (50th
percentile) of ~250 ms after door opening and
at medians of ~120-160 ms before key re-
lease. Peaks of activity occurred before key re-
lease as well as before and during hand ma-
nipulation inside the food box. Further details
of EMG recordings in the GO and NO-GO
situations are shown in Fig. 2. Muscles related
1o lifting of the hand (EDC} and the forearm
(biceps) became active shortly before key re-
lease in both situations. Forearm flexor mus-
cles were predominantly active during hand
manipulation inside the food box (between
“enter” and “leave” box). Muscles of the dor-
sum and upper trunk show very little involve-
ment in the individual movements of the task,
as exemplified in Fig. 2 by recordings from the
latissimus dorsi. Muscle activity was qualita-
tively similar in the GO and NO-GO situa-
tions. There were no consistent changes in
EMG activity following the instructive light
signals or during the waiting period within
each trial.

The timing of mouth movements was in-
directly assessed by single-cell recordings in
the anterior VPM thalamic nucleus (Fig. 1F).
Input from different somatosensory receptive
fields showed that mouth movements already
began while the hand manipulated a piece of
food inside the box and reached a peak 200-
1,000 ms after leaving the box, They then
continued at lesser intensity, in a variable
manner, for another few seconds. The timing
and magnitude of VPM cell activation were
used for assessing the relationships of SNpr
cells to mouth movements,

Neurons of the SNpr spontaneously dis-
charged initially negative impulses of 0.6 to
1.0 ms duration at rates between 23 and 145/s
(median 68/s; Fig. 3) when the animal sat
quietly while not performing in the task. Im-
pulses of SNpr neurons were thus distinctively
shorter and showed a much higher rate than
those of dopamine neurons of the pars com-
pacta of SN (32, 36). A few neurons with typ-
ical reticulata characteristics were found in or
near pars compacta cell nests within SN and
were considered to be SNpr neurons.
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FIG. I An overview of the behavioral paradigm (4-D), 2 biological markers (&, F), and the observed types of
behavioral relationships of SNpr cells (G-K). A-D show performance in the GO situation: While the animal kept its
hand on the lever with its muscles relaxed (E), a tone and then a light appeared (4}, After 1.5-5.0 s, the door of a
food-containing box at eye level in front of the animal opened (B). The animal released the key (€) and reached
forward to collect a picce of food (~0.8 g of apple) (D). After leaving the food box {“leave bax™), the animal brought
the reward to the mouth. £ shows the averaged EMG activity from 576 arm movements on the right-hand side during
performance in the paradigm on § days. Recordings in £ were obtained from chronically indwelling multistranded
Teflon-coated stainless steel wires in ane of the earliest active muscles, the extensor digitorum communis of the forearm.
Averages in £ are referenced to onset of movement (key release). EMG reaction time in £ had a median of 246 ms,
the delay time between EMG onset and key release being 146 ms, F shows a perievent time histogram of the discharges
from a YPM thalamic cell, referenced to “leave door,” at a bin width of 20 ms and with 20 trials. This cell had an
intraoral receptive fiekd. G-X show schematics of the five principal types of changes seen in SNpr neurons in relation
to the tested behavioral events. Only depressions of activily were seen with auditory () and visual () related cells.
With forelimb movement (£), mouth (f}, and complex (K) cells, both increases and decreases in activily were seen.
Schematics G-K show means of changes, except in f and K where maximal and minimal time caurses are indicated.
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FIG. 3. Histogram of spontaneous discharge frequencies
of behaviorally fully tested pars reticulata neurons of
monkey substantia nigra,

A limited number of cells discharging short
impulses (0.5-0.8 ms) at low rates (0-15/s) are
not included in the present sample because
they differed in these characteristics from the
typical pars compacta or SNpr neurons, as
found in this and a previous study (36). Some
of these cells showed strong phasic changes in
relation to arm movements that were quan-
titatively much stronger than those of typical
SNpr neurons. Data from an apparently sim-
ilar type of neuron in the SNpr were recently
reported (24). Monophasic discharges of short
duration (0.1-0.3 ms), which were difficult to
maintain, were assumed 1o originate from ax-
ons (11) and were also rejected,

Of 117 SNpr neurons that were fully tested
in all parameters, 74 covaried with at least one
of the different events of the paradigm.
Changes in these neurons sy rpassed 25%
against background activity and were repro-
ducible from trial to trial, as indicated by a
P < 0.01 in the Wilcoxon test, Five types of
changes were seen (Table 1; Fig. 1, G-K):
1) 10 neurons were depressed in their activity
following the auditory signal; 2) 10 neurons
were depressed following the illumination of
the instructive green or red light, or both lights;
3) 54 neurons were activated or depressed in
relation to contralateral forelimb movements
in the GO situation; 4) 19 neurons were ac-
tivated or depressed during chewing; 5) 14
neurons were activated or depressed during
the waiting period between an initial sensory
stimulus and the availability of reward. Of the
74 modulated neurons, 56 covaried with only
one behavioral event, while the remaining 18
showed multiple relationships (see Table | for
details). In a few Forclimbmovement-related
neurons both activations and depressions were

£1 ULLULIGHLE UL EYe MOovements was in-
vestigated in order to delineate a participation
of oculomotor mechanisms in the observed
changes of SNpr activity. Eye movements oc-
curred very consistently in the form of one
horizontal saccade between door opening of
the food box (Fig. 4.4) and onset of arm move-
ment (Fig. 4C), Most saccades preceded the
onset of EDC EMG activity (Fig. 4B), which
itself preceded key release (Fig. 4D). Fixation
was on the food box until afler the hand had
left it, and then smaller and irregular saccades
oceurred during the hand movement towards
the mouth and thereafier, Vertical eye move-
ments occurred less consistently and at lower
amplitude during the trial-on period until the
food was collected, This may have been due
to the fact that lights and the food box were
installed at eye level, Changes of neuronal ac-
tivity between door opening and key release
therefore suggest a relation to horizontal sac-
cades. This was observed in the form of re-
ductions of activity in about 50 additional
SNpr cells, which were not used for further
testing in the paradigm. A typical example is
shown in Fig, 5.

Histological location of neurons

For reasons of simplicity and in accordance
with the current anatomical literature, the
substantia nigra (SN) was subdivided into the
pars compacta, which containg mostly dopa-
minergic neurons, and the nondopaminergic
pars reticulata (SNpr). Although it is often dif-
ficult to draw clear boundaries between the
two subdivisions in the monkey, the SNpr lies
mostly ventral in the anterior parts of SN and
isincreasingly disrupted by compacta cell nests
more posteriorly, Histological recomstructions,
aided by marker lesions, were used to localize
the positions of individual nevrons within the
boundaries of SN (Fig. 6, 4 and B). More than
40 additional neurons with impulse forms and
discharge rates similar to SNpr neurons were
found dorsally to the SN and are not included
in the sample of cells. The distribution of the
different types of changes within the SNpr was
assessed by subdividing the SN into three ros.
trocaudal parts [the borders being at A6.5,
A7.8, A9.1, and A10.5 according to the atlas
of Shanta et al. (38)] and into three mediola-
teral parts, Sampling of neurons was biased
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F1G, 4. Horizontal eye movements (H-EOG}) in relation to different events of the behavioral paradigm in a rr_!o?ke‘:r-}
used for single cell recordings in SNpr. A:  specimen records of eye movements !'o][owmg door opening (ver{:m ﬂif‘
fine 1o the left). First and second short vertical lines denote key release and entering o[ the food box, rc§pect‘lvel)‘- .
the relation of H-EOGs to onset of EMG activity in EDC muscle of the arm. The histogram shows time intervals
between the two events as assessed from single-trial analysis, & the occurrence qf][-EOG following door apcni{ng
(teft vertical line) and before key release (“movement,” short vertical fines to the ng.&f).li.?.' the onset of EDC-B!\ G
activity between door opening (fefi line) and key release (short fines to the right). Individual trials in C and D are
regrouped according to increasing reaction times,

als. Mouth-movement-related, audEw{y, and
complex cells appeared to be predominantly
located in the rostrolateral two thirds of SN pr,

lowards intermediate and lateral parts of
SNpr, since we oriented electrode tracks after
the landmark VPM thalamus in all anim-
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FiG. 5. Reduced activity of an SNpr neuron during the time of horizontal saccade between opening of the food
box door and onset of movement (“key release”). In this and all following figures, dot displays are shown below
perievent time histograms, each dof representing one discharge of the cell under study. Histograms are always composed
of those impulses that are shown as dots below. The relative distance of each dot to the behavioral event (in this figure
“door apens” and “key release”) corresponds to the real-time interval. Each /ine shows the discharges during performance
in | trial, the natural sequence of trials being preserved downwards, except where noted. In this figure, the trials in the
right part were rank-ordered according to the time interval between key release and the hand leaving the food box
(“leave box,” taken as the last interruption of the photobeam across the box entrance). Occurrence of the latler event
is indicated by longer lines below the histogram and within the dot display. The shown data indicate that there was no
relation of cell activity to the total duration of movement. Bin width is 10 ms; short lines below histograms indicate
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10 bins.

whereas motor and visual cells did not show
any preferential distributions, Cells without
relationships to any of the behavioral param-
eters were found more often in the posterior
third than elsewhere in SNpr.

Changes related to forelimb movements
Neurons were classified as forelimb move-
ment related according to their changes in the
GO situation. Of 117 fully tested SNpr neu-
rons, 27 increased and 27 decreased their ac-
tivity in relation to contralateral forelimb
movements. Increases and decreases were seen
with neurons of all ranges of spontaneous dis-
charge rate. Table 1 shows that about one-third
of these neurons also showed relationships to
one or more of the other behavioral events.
Most forelimb-movement-related SNpr
neurons covaried with large forward reaching
of the arm. Changes continued in several neu-
rons during hand manipulation inside the food
box and during arm movement towards the
mouth (Table 2; Figs. 7 and 8; left part). Ten
movement-related SNpr neurons showed
changes only during distal forearm movements
when the animal handled a food morsel inside
the box (Fig. 9), which was accompanied by
EMG activity in forearm flexors and extensors

(Fig. 2). With the possible exception of these
hand-manipulation-related neurons, we have
seen no changes in SNpr neurons which re-
sembled the timing of EMG activity in single
muscles,

In the NO-GO situation, forelimb move-
ments occurred later than in the GO situation,
after a waiting period of 1 to several seconds
after door opening. Of 35 neurons covarying
with forelimb movements in the GO situation,
21 also showed qualitatively and quantitatively
similar movement relationships in the NO-GO
situation (see Figs. 7 and 8, middle parts). Four
neurons showed an inverse relationship, i.e.,
a decrease of activity during movements in
the NO-GO and an increase in the GO situ-
ation (two cases), or the opposite. The 10 re-
maining neurons did not significantly covary
with movements in the NO-GO situation,

Ipsilateral movements were tested with 25
SNpr neurons that showed contralateral
movement-related changes, Only five neurons
did not covary ipsilaterally. Thirteen neurons
showed qualitatively and quantitatively sym-
metrical changes (see Figs. 7 and 8, right parts),
but their onset relative to the onset of move-
ment was often delayed by a few tens of mil-
liseconds. Asymmetrical relationships were

FIG. 6. 4: histological reconstructions of cell positions i
shown with their approximate anteroposterior levels in mi )
Clased circles, SNpr type neuron; open circles, pars compacla type neuron; horizontal line, unclassified neuron not

belonging to either of the two main subgroups, arrows,

n the substantia nigra from | monkey. Coronal sections are
llimeters according to the atlas of Shanta et al. (Ref. 38).

lesions performed directly after cell recording; SNpr, pars

reticulata; SNpe, pars compacta of substantia nigra; RN, red nucleus; CP, cerebral peduncle. 5: photomicrograph of

a caronal section through the ventroanterior midbrain, wit

h a lesion marking the position of a recorded neuron in the

substantia nigra (arrow). Bar denotes | mm. Cresyl violet-stained 50-pm section,

seen in seven neurens, which showed quan-
titatively minor changes ipsilaterally or which
were modulated during a different phase of
the movement.

Most changes in movement-related cell ac-
tivity began after onset of EMG activity or key
release. Changes starting after key release were
seen in 24 neurons (10 activated, 14 depressed)
and between 0 and 120 ms before key release
in 10 neurons (5 activated, 5 depressed).
Changes as early as 120 to 180 ms before key

release, i.e., at a time corresponding to onset
of EDC activity, were found in 16 neurons (10
activated, 6 depressed). Only four neurons (3
activated, 1 depressed) were modulated clearly
before any EDC activity (i.e., > 180 ms before
key release).

In quantitative respects, movement-related
changes in SNpr cell activity were generally
moderate, Activations amounted maximally
to a tripling of discharge rate, with a median
of 70% increase above the level of spontaneous



Neurons Neurons
Activated Depressed MNeurons With Neurons With Additional Relationships
B T Only | =
N % N % Relationship Audit Light Mymt Mouth
Auditory signal 0 0 10 9 0
Instruetive light 0 0 10 9 1 4
Forelimb movement 27 23 27 23 33 4 3
Mouth movement 14 12 5 ] 10 2 3 6
Waiting period 5 4 9 8 i 4 0 5 0
Sum 46 6l 56

The total number of neurons activated (1 = 46) or depressed (n = 61) in relation to a behavioral event is superior
to the total number of neurons (n = 74) modulated in the lask, because 18 neurons showed more than one behavioral
relationship. The observed combinations of relationships in these neurons is given at right. The total number of

quantitatively fully tested neurons was 117,

activity. The median reduction of activity ob-
served was 50%, the maximum being 80%,

Somatosensory input from arm, shoulders,
and upper trunk was tested with about half of
the SNpr neurons. We moved both arms of
the animal in a similar trajectory as that of
active reaching toward the food box and stim-
ulated glabrous and hairy skin without evoking
pain, Surface or deep somatosensory input was
never seen in a consistent and reproducible
manner. Some neurons of SNpr responded to
this stimulation for about four or five trials:
thereafter the effect vanished and could not
be regained. This was independent of eye
movements. Although the nature of these re-
sponses is uncertain, it is unlikely that the ma-
jority of movement relationships of SNpr
neurons is caused by somatosensory input,
Similar passive movenients of the arm evoked
clear somatosensory responses in neurons of
the ventral posterolateral nucleus of thalamus,
which were recorded in a few more lateral
tracks.

Changes related to mouth movements

Nineteen of 117 tested SNpr neurons
changed their activity during mouth move-

TABLE 2.  Detailed relationships of forelimb
movement-related SNpr netirons

Activated Depressed
Foreward reaching 13 g
Foreward reaching with
hand manipulation 4 k)
Total duration of arm
movement 5 11
Hand manipulation only 5 5

ments. Of these, 14 cells were activated and 5
cells depressed. Six of these neurons were, in
addition, modulated during forelimb move-
ments, while four responded also to the tone
or a light or to both. Changes began when the
hand entered the food box (4 neurons acti-
vated, | depressed), while the hand manipu-
lated inside the box (3 neurons activated, |
depressed), when the hand left the box or up
to 250 ms afterwards (5 neurons activated, |
depressed). Changes were continuous with arm
movement-related modulations in four neu-
rons (2 activated, 2 depressed). Activations
amounted to 52-200% increases above spon-
taneous discharge rate, while decreases ranged
from 25% to 50%.

The possibility of a role of trigeminal so-
matosensory input remains an open question,
We could not detect perioral receptive fields
in those neurons tested but did little intraoral
testing. Mouth movement-related changes in
SNpr neurons may thus be due to motor or
somatosensory mechanisms or o both,

Responses to an instructive light stimulus

Nine of the 117 SNpr neurons decreased
their activity in response to the green light
which invariably signaled the GO situation
(Fig. 10). One additional neuron responded
with a decrease to the red light, which signaled
the NO-GOssituation, but not to the green light
{see Fig. 11). Nine visual neurons also covaried
with other behavioral events, i.e., initial tone,
forelimb movement, mouth movement, or
waiting (sce below). None of the visual cells
were depressed between door opening and key
release, which would have been suggestive of
an oculomotor relationship.

Of the nine neurons responding to the green

LEAVE BOX

HH—H
LEAVE BOX

KEY RELEASE

KEY RELEASE

3

HEY RELEASE
200 mses —

FiG. 7. The activity of an SNpr neuron which displayed an increased discharge rate during t_‘ore]imb movement.
Data are referenced to onset of movement (“key release”). In the feff and right part of the figure, trials are rank-ordered
aecording to the interval between movement onset and leaving the food box. The latter event is indicated by longer

lines. Bin width is 10 ms.

light, eight were also tested in the NO-GO sit-
vation (Fig. 10). Two of these responded to
the red light, while the others remained unaf-
fected or showed a mild and slow increase in
activity. Ipsilateral performance was tested
with six neurons responding to the green light.
Four of them also responded to the ipsilateral
green light, while two remained unaffected.

Latencies of responses to the contralateral
green light ranged from 80 to 200 ms, with a
median of 120 ms. Responses amounted to
decreases in activity by 25-70% with a median
of 47%,

Auditory responses

Ten of the 117 SNpr neurons decreased
their activity in response to the tone that ini-
tiated each trial (Fig. 11). All of them also co-
varied with other behavioral events of the par-

CONTRALATERAL GO

IMP/SEC
@

CONTRALATERAL NOGD

adigm, three of them showing visual responses.
Five auditory neurons were also tested for ip-
silateral performance. Three of them showed
a similar auditory response as for contralateral
performance, two did not respond ipsilaterally.

Latencies of auditory responses ranged from
50 to 150 ms, with a median of 90 ms. Re-
sponses amounted to decreases of activity
ranging from 35 to 80%, the median be-
ing 60%.
Changes related to waiting

Fourteen of the 117 SNpr neurons showed
consistent and statistically significant changes
in activity during performance in the paradigm
that were not simply related to sensory stimuli
or forelimb and mouth movements. Five neu-
rons increased and nine decreased their activ-
ity during the period between an initial sensory

IPSILATERAL GO

-
LEAVE BOX

KEY RELEASE

KEY RELEASE

KEY RELEASE
400 msag ——

FIG, 8. An SNpr neuron whose activity decreased during forelimb movement, Data are referenced to onset of
movement (“key release™). Longer lines below left and right histograms indicate the moment when the hand left the

food box, Bin width is 20 ms,
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FG. 9. The activity of 2 SNpr neurons that displayed changes of discharge rate during hand manipulation inside
the food box (cell 4: activated; cell B: depressed). Trials are rank-ordered according to the duration of hand ma-
nipulation inside the box. Leaving the box is indicated by short lines below histograms and in dot displays. Bin width
is 100 ms,

stimulus and the final possibility to move for In detail, changes began after the tone and
reward. Seven of these neurons showed ad-  before light onset in five neurons (4 increases,
ditional changes in relation to sensory stimuli 1 decrease), and after the green light (GO sit-
or movements. uation) in seven neurons (4 decreases, 3 in-

RED LIGHT
(INSTRUCT NOGO>

GREEN LIGHT
(INSTRUCT GO

100 msec

FIG. 10. Reduced activity of an SNpr neuron in response to a light stimulus in front of the animal. The green light
sionaled the GO sitnatinn the red light the NO-GO situation. Bin width is 5 ms.

IMP/SEC

GREEN TONE RED 200
LIGHT LIGHT msec
GO (NOGOD

fic. 11, Reduced activity of an SNpr neuron in response to an auditory stimulus of 66-67 dB. This neuron also
responded to the red light signaling the NO-GO situation, Heavy bars below the histograms indicate the duration of
the stimuli. Bin width is 10 ms,

creases) (Figs. 12 and 13), Activation in one Decreased activity in another neuron began
other neuron began after illumination of only ~ after door opening in the NO-GO situation,
the red light (signaling the NO-GO situation).  after which the animal kept its hand on the

IMP/SEC

300 msec

GO INSTRUCTION FOOD BOX OPENS

HG, 12, Increased discharge rate of an SNpr neuron during the waiting period between the behavioral instruction
and the moment at which reward became accessible. Time axes are split at vertical interrupted lines while maintaining
the mean time interval between behavioral events. Curves below the dot displays are cumulative frequency distributions
of cell activity shown above. Bin width is 15 ms,
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Fici, 13, Decreased discharge rate of an SNpr neuron between the behavioral instruction and the moment when
the animal gained access to the reward (“enter food box™). This change was also seen with ipsilateral performance. No
change in activity oceurred during performance in contralateral NO-GO trials (fower lgfi). There was no response o
the green light outside of the behavioral context (Jower right). Time axes are split at vertical interrupied lines while
maintaining the mean time interval between behavioral events. Bin width is 15 ms.

key and waited for later reward. Changes con-
tinued until the door of the food box opened
(1 = 2; Fig. 12), the forelimb movement began
(n = 4), the animal’s hand reached the food
box (n = 6; Fig. 13), or the hand left the box
with a food morsel {n = 2). Changes were
slower in onsel than with other types of mod-
ulations.

Four neurons showing changes after light
onset were also tested in the NO-GO situation.
Three of them showed changes only after the
green light (GO situation), and only when the
light was illuminated in the behavioral context
(Fig. 13). All five neurons tested during per-
formance on both sides showed bilaterally
symmetrical changes (Fig. 13).

DISCUSSION

The present findings indicate that the activ-
ity of many SNpr neurons in the primate
shows temporal relationships to forelimb

reaching movements. This adds a new aspect
to their behavioral function, which is so far
known to be concerned with auditory and vi-
sual responses and oculomotor mechanisms
{12, 16), and with mouth movements (7, 22).
Somatosensory input had been reported in cats
(37), but this was not confirmed in primates
by others (7) and by us. We could, however,
demonstrate neuronal mechanisms that ap-
pear to be related to attentive waiting during
the arm movement task. Similar complex re-
lationships have been seen in SNpr neurons
in relation to oculomotor mechanisms (13).
The GO/NO-GO paradigm in the present
experiment was chosen in order to investigate
a wider range of behavioral relationships of
basal ganglia neurons than that permitted by
a direct motor-control task. The paradigm in-
volved alerting and instructing signals requir-
ing diflerent kinds of preparation for behav-
ioral responses to trigger stimuli, response
suppression, and movements under two dif-

JELGHIL SIS, 11 & i daasss s s v
pare SNpr neuronal activities with those of
pars compacta dopaminergic neurons in the
same behavioral situation (36).

The forelimb movements in the presently
used paradigm involved proximal and distal
muscles of the arm as well as shoulder muscles,
but little activity of trunk muscles, in agree-
ment with an earlier study (36), The results
indicate that only a very small number of SNpr
cells are modulated preferentially during the
time of activity in distal arm muscles, as re-
ported previously (7). The fact that the activity
of forelimb-related SNpr neurons generally
covaries throughout the time of the arm tra-
jectory suggests a relationship to arm move-
ment occurring independently of the temporal
pattern of activity of individual muscles. We
have seen no similarities between SNpr cell
discharges and the activity of any of the tested
muscles. A higher percentage of movement-
related SNpr neurons was found than in a
more direct motor-control task used by others
(7). The movements required in the present
task were of larger amplitude and involved
more muscles than the forearm flexion-exten-
sion movements in the experiments of DeLong
et al. (7). This should largely account for the
observed differences. The changes of SNpr ac-
tivity in temporal relation to arm movements
were quantitatively minor when compared
with those with eye movements. Until now,
movement relationships in monkey SNpr
neurons have been studied in a precise motor-
control task (7) and in our paradigm involving
more general, large-amplitude arm move-
ments. It is therefore unclear whether SNpr
neurons might show more dramatic changes
in relation to other kinds of limb movements.

The relations of SNpr neurons to forelimb
movements agree well with the known afferent
input from movement-related striatal regions,
The monkey SNpr receives fibers from both
caudate nucleus and putamen (28, 40-42), al-
!hough the caudate input appears to predom-
inate in the SNpr as a whole (27). The fore-
limb-related region of the putamen (6, 19, 20)
projects heavily to the lateral half of the SNpr
(27). This nigral territory overlaps with the
SNprarea in which we recorded in the present
cxperiments. The majority of forelimb-related
SNpr neurons also covaried with ipsilateral
movements, mostly in a fashion similar to
contralateral movements. This is compatible
with the bilateral nature of input to the stria-

SNpr (2, 14, 26).

Eye movements consisting of one horizontal
saccade between door opening and onset of
reaching movement occurred regularly under
the present paradigm. They were seen im-
mediately before and with the onset of fore-
limb muscle activity. About 50 SNpr neurons
decreased their activity during this period. Al-
though we have not submitted these neurons
to further tests, most of them should be con-
sidered as eye movement related. Hence, SNpr
neurons that were related to the simulta-
neously occurring initiation of forelimb mus-
cle activity may have been missed. Neurons
like these were only judged to be movement
related when changes of activity continued
during the period of forelimb reaching, when
no eye movements were seen.

Several neurons showed changes during the
period of attentive waiting before the arm
movement towards the food-containing box,
Some temporal similarities exist between these
changes and one of the three types of memory-
contingent saccade-related responses that were
seen before in monkey SNpr neurons at a
comparable frequency (13). Several neurons
in the other categories of our sample showed
behavioral relationships that also did not ap-
pear to be of primarily motor or sensory na-
ture. Some forelimb-related neurons did not
covary with movement in the NO-GO situa-
tion, or showed an inverse relationship (acti-
vation vs. depression). Some visual SNpr neu-
rons were only influenced by one of the two
behaviorally significant lights, although we
cannot exclude spectral selectivity because of
the invariable behavioral significance of each
color. Several SNpr neurons both responded
to a sensory signal of the task and covaried
with forelimb or mouth movements. It appears
possible that many of these complex relations
to the task, in particular those during waiting,
represent neuronal mechanisms that are in-
volved in certain aspects of preparation for the
correct response according to the indicative
stimuli (GO vs. NO-GO). Alternative inter-
pretations may include attentional, motiva-
tional, and short-term mnemonic processes,
which are operational during a short, well-de-
fined period before the animal may actively
approach the rewarding situation. Although
we presently possess no specific data to favor
one or the other of these or similar hypotheses,
the results indicate an activity of basal ganglia



neurons during the intermediate term plan-
ning of a movement before the immediate ini-
tiation in response to the triggering signal oc-
curs. Some of these questions may be answered
in future studies with specifically developed
paradigms.

The behavioral relations of SNpr neurons
appear, on first sight, to be very heterogencous.
This is not surprising in view of the currently
held notion that proposes that the SNpr func-
tions as a major output station of the basal
ganglia. The different relationships of SNpr
neurons should reflect the results of neuronal
operations in the striatum dealing with mul-
timodal sensory processing, cognitive mech-
anisms, and the initiation and conduction of
limb movements (1, 4, 6, 18,23, 25, 29), Neu-
ronal activity progresses from SNpr to ventral
thalamic areas, midbrain tegmentum and su-
perior colliculus (2, 5, 10, 26). Ventral tha-
lamic areas with nigral input project to sup-
plementary motor area (31) and, more ros-
trally, to prefrontal cortex (17). In this way,
the SNpr would form part of a neuronal loop
from the frontal cortex through the striatum,
SNpr, and thalamus back to frontal cortical
areas. The existence of these frontal associa-
tional and motor loops (8) would be compat-
ible with the observed relationships of SNpr
neurons to motor and complex processes.

The behavioral relationships of SNpr neu-
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