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Role of primate basal ganglia and frontal cortex
in the internal generation of movements

II. Movement-related activity in the anterior striatum
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Summary. In order to more comprehensively assess the
role of the basal ganglia in the internal generation of
movements, we studied the activity of neurons in the head
of the caudate and in the rostral putamen in relation to the
execution of movements. Monkeys performed self-initi-
ated and stimulus-triggered arm reaching movements in
separate blocks of trials. With stimulus-triggered move-
ments, 217 striatal neurons increased their activity after
the trigger stimulus (127 in caudate, 90 in putamen). Of
these, 68 neurons showed time-locked responses to the
trigger stimulus, with a median latency of 60 ms, that were
independent of visual or auditory stimulus modalities.
Three quarters of responses were conditional on a move-
ment being performed. These responses may participate in
neuronal processes through which the reception of a
stimulus is translated into the execution of a behavioral
reaction. Further, 44 neurons increased their activity
before the earliest muscle activity without being clearly
time-locked to the stimulus (148-324 ms before movement
onset), 55 neurons were activated later before the move-
ment, and 50 neurons were activated after movement
onset. With self-initiated movements, 106 striatal neurons
showed movement-related activity beginning up to 460 ms
before movement onset (52 in caudate, 54 in putamen).
Comparisons between the two types of movement were
made on 53 neurons with premovement activity beginning
more than 500 ms before self-initiated movements. Only
one fifth of them also showed movement-related activity
with stimulus-triggered movements, including trigger re-
sponses. Comparisons among 39 neurons with movement-
related activity during self-initiated arm movements
showed that about half of them also showed movement-
related activity with stimulus-triggered movements. These
data demonstrate a considerably segregated population
of striatal neurons engaged in the internal generation of
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movements, whereas processes underlying the execution
of movements appear to involve overlapping neuronal
populations.
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Introduction

The preceding report described how neurons in the rostral
striatum were activated up to a few seconds before self-
initiated movements (Schultz and Romo 1992). The tim-
ing of this activity would allow these neurons to partici-
pate in the internal generation of movements. Only one
third of these neurons were also activated during an
instruction-induced preparatory period preceding stimu-
lus-guided movements. This indicates that neurons related
to the internal generation of movements are largely sepa-
rated from neurons with instruction-induced preparatory
activity, suggesting a preferential relationship of certain
striatal neurons to self-initiated movements. A more com-
prehensive assessment of this potential selectivity would
require also investigating processes occurring in closer
temporal relation to the execution of the movement.
Movement-related activity in the striatum may occur
in several forms. Besides the activity during the execution
of movements consistently found in the sensorimotor
putamen (Crutcher and Del.ong 1984b; Liles 1985; West
et al. 1990), previous studies have described responses in
the head of the caudate to visual stimuli eliciting immedi-
ate arm, mouth, or eye movement reactions (Aldridge
etal. 1980; Rolls et al. 1983; Amalric et al. 1984; Hikosaka
et al. 1989; for review see Schultz 1989; Montgomery and
Buchholz 1991). A recent study separated the activity
during movement execution from the time-locked re-
sponses to movement-triggering stimuli and showed that
these two types of movement-related activity are present
in different populations of neurons in the arm area of the



386

sensorimotor putamen (Kimura 1990). Tonically dis-
charging neurons as a particular class of striatal cells are
also known to respond to movement-triggering stimuli
(Kimura et al. 1984; Apicella et al. 1991).

The present experiments extended the investigation of
striatal processes involved in internal movement genera-
tion to movement-related activity. We addressed two
questions. The first involved whether neurons exhibiting
premovement activity before self-initiated movements
would also show movement-related activity with stimulus-
triggered movements. Such activity following a move-
ment-triggering stimulus could be involved in a move-
ment-related initiation process and particularly needs to
be taken into account when studying the internal genera-
tion of movements. The second question was whether
neurons activated during the execution of self-initiated
movements would also show movement-related activity
with stimulus-triggered movements. To these ends, two
periods of neuronal activity in reference to movement
onset were distinguished. With self-initiated movements,
activity beginning more than 500 ms before movement
onset, and thus before earliest movement-related muscle
activity, was defined as premovement activity related to
internal generation of movement, whereas increases in
activity less than 500 ms before a movement or during
movement execution were considered to be movement-
related. A similar distinction was made with stimulus-
triggered movements, with the movement-triggering
stimulus separating the preceding preparatory activity
from the following movement-related activity.

Materials and methods

The study was performed on the same three Macaca fascicularis
monkeys of the preceding report, in which all experimental proce-
dures are described in detail (Schultz and Romo 1992). Briefly, the
activity of single neurons was recorded with moveable micro-
electrodes in the left caudate and putamen during contralateral task
performance, while monitoring electromyographic (EMG) activity
and eye movements. Upon termination of recording, the animals
were deeply anesthetized, their brains were perfused with formalde-
hyde, and microelectrode positions were reconstructed on coronal
histological sections.

In addition to the self-initiated movements and the delayed go
no-go task described in the preceding report (Schultz and Romo
1992), this study also used a direct go no-go task. Two small food
boxes were mounted in front of the animal at 15° and 27° to the right
of the midsagittal plane, respectively. Either one of the boxes opened
in a given trial. According to the spatial position of the box, the
animal either released a resting key and reached into the box to
collect a small morsel of apple, cookie, or raisin (go situation;
invariably the lateral box), or remained motionless on the resting key
for 3 s (unrewarded no-go situation; invariably the medial box).
Instruction lights prior to box opening were not used. Thus, opening
of a food box door served as trigger stimulus for the arm movement
or as stimulus demanding withholding of movement in no-go trials.
Box opening was visible (a vertical upward movement of 40 mm in
20-22 ms), produced a sliding noise, and triggered a 1-kHz sound of
rectangular waveform, 100 ms duration, and 90-92 dB intensity
measured at the animal’s head. Besides this composite stimulus, the
three sensory components of the door-opening stimulus were also
used separately in go trials. The visual component alone was
employed by deleting both the 1-kHz sound and abolishing the noise
of the sliding door with a masking noise of 91 dB intensity applied

close to the animal’s head. The sliding noise served as trigger
stimulus alone when the 1-kHz sound was omitted and door opening
was invisible because of a cover mounted in front of the box. Only the
1-kHz sound component of door opening was used when the cover
was mounted and the masking noise applied. During the recording of
each neuron, effective masking of door noise was ascertained by the
absence of behavioral reactions to door opening when, in addition,
the cover was mounted and the 1-kHz sound deleted.

Two periods for evaluating neuronal relationships to task per-
formance were distinguished for each type of movement. Pre-
paratory activity was defined as activity beginning more than 500 ms
before self-initiated movements or beginning before the trigger
stimulus in the go no-go task. Activity beginning after these time
limits was considered to be movement-related. Onset, duration, and
significance of increases in neuronal activity were statistically asses-
sed with the sliding window procedure (Schultz and Romo 1992).
Step size and time window were 8 ms and 80 ms, respectively, for
activity related to execution of movement. In order to obtain finer
temporal resolution for the responses to box opening, their latency,
duration, and statistical significance were assessed from the inflec-
tions of the cumulative frequency distribution against a line re-
presenting control activity, followed by a Wilcoxon test over the
duration of the activation against a 250- to 500-ms control period
prior to box opening (for details, see Ljungberg et al. 1992). Only
neurons tested with at least 10 (up to 64) trials in a given task
situation are reported. Depressant responses occurred occasionally
but were not further investigated because of the low spontaneous
activity of the striatal neurons studied.

EMG latencies following box opening and onsets and offsets of
saccadic eye movements were determined off line by single-trial
analysis using a moveable cursor on a computer screen. The median
(50th percentile) was determined as a single numerical value for
distributions of neuronal and behavioral data. Differences in dis-
tributions were assessed with two-tailed versions of the Mann-
Whitney U-test for unpaired and the Wilcoxon test for paired data.

Results

Activity was recorded from 1226 slowly discharging neu-
rons in the head of caudate and the rostral putamen
(Table 1). Stimulus-triggered movements were tested with
1197 neurons (851 in the delayed go no-go task, 361 in the
direct reaction go no-go task, including 15 in both tasks).
Data from these two task variations were pooled because
of insignificant differences in most parameters. Self-
initiated movements were investigated with 683 neurons,
of which 654 were studied with both stimulus-triggered
and self-initiated movements.

Table 1. Numbers of neurons tested

Caudate Putamen Sum
Delayed go no-go task 497 354 851
Direct reaction go no-go task 215 146 361
Both delay and direct task 10 S 15
Subtotal stimulus-triggered 702 495 1197
movements
Self-initiated movements 390 293 683
Both stimulus-triggered and 375 279 654
self-initiated movements
Total 717 509 1226




Stimulus-triggered movements

The activity of 217 striatal neurons increased after the
trigger stimulus. Of these, 68 neurons showed time-locked
responses to the trigger stimulus (41 in the direct reaction,
27 in the delay task). These responses were characterized
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by their close temporal relationship to stimulus onset and
the lack of relation to onset of muscle activity and
movement, as judged from visual inspection of individual
trials referenced to these different task components. Most
of these responses were restricted to go trials (Fig. 1A).
Only 17 neurons were also activated in no-go trials in
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Fig. 1A-C. Responses of three striatal neu-
rons to trigger stimuli. A Response to opening
of the food box serving as trigger stimulus for
arm and eye movements, but lack of response
in no-go trials (Nogo) without following arm
movement (putamen neuron tested in delayed
2o no-go task). B Response of caudate neuron
is restricted to no-go trials without following
arm movement. There is only a mild depres-
sion in go trials with arm movements. C
Response to trigger stimulus in caudate
neuron is unrelated to saccadic eye move-
ments. Eye movements occurred in close as-
sociation with the reaching movement, unless
animals incidentally fixated the stimulus
when it came on. Trials were separated for
analysis according to the presence (left) or
absence (right) of saccades, and only go trials
are shown. Go and no-go trials in A-C
alternated randomly during the experiment
and were separated for analysis. All go trials
are ordered according to reaction time (from
stimulus to movement onset), both for neuro-
nal and electromyographic (emg) rasters,
whereas no-go trials are shown in original
order downward. Onset of arm movement
(key release) is indicated by short vertical lines
in raster displays, and below the time scale.
Individual parts show from the top: horizon-
tal electrooculogram, perievent time histo-
gram (A, B) of the neuronal impulses shown
in raster display below (neuron), rasters from
activity of biceps brachii (A, C; bic emg) or
extensor digitorum communis muscles (B; ext
emg) contralateral to neuronal recording.
Each dot denotes the time of a neuronal
impulse or emg activity exceeding a preset
level whose distance to stimulus onset corres-
ponds to the real-time interval. Each raster
line shows one trial. Eye movements, neuro-
nal impulses, and emg activity were recorded
simultaneously. Vertical calibration is 20
impulses/bin for all histograms
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Fig. 2. Polymodal character of response to trigger stimuli. The response of this caudate neuron is maintained when the composite door-

opening stimulus is separated into its individual sensory components. Auditory refers to the sliding noise component (1 kHz component not
tested with this neuron). Only data from go trials are shown

A Responses to trigger stimulus

e Other activations preceding muscle activity 2 mm
Fig. 3. Recording positions of striatal neurons showing early move- clearly time-locked to the stimulus (n=44). Positions of neurons
ment-related activity with stimulus-triggered movements. Triangles from all three monkeys are drawn on the outlines of coronal sections
indicate neurons with time-locked responses to the trigger stimulus from the left brain of one monkey at approximately corresponding
(n=68), whereas circles refer to activity which began before earliest positions. Sections are labeled in anteroposterior stereotaxic planes

muscle activity (> 140 ms before movement onset) but was not (A15-A20). CD, caudate; PUT, putamen



which arm movement reactions were absent. An addi-
tional 9 neurons responded exclusively in no-go trials
(Fig. 1B). All neurons responding in no-go trials lacked
responses to the same stimuli outside the task. In all but
two neurons, responses were independent of saccadic eye
movements (Fig. 1C). Separation of the sensory compo-
nents of the trigger stimulus revealed that neurons re-
sponding to the composite stimulus typically were
driven by each of the visual, door noise, and 1-kHz sound
components (4, 11, and 11 neurons tested, respectively;
Fig. 2). Trigger responses showed latencies of 28176 ms
(median 60 ms) and began 148-360 ms before movement
onset (median 276 ms). The responses in 15 neurons lasted
beyond movement onset. These parameters differed insig-
nificantly between caudate and putamen (P >0.25, Mann-
Whitney test). Responding neurons were distributed over
the entire rostral parts of both caudate (n=47) and
putamen (n=21; Fig. 3).

Movement-related activity in the remaining 149 neu-
rons began before movement onset without being clearly
time-locked to the trigger stimulus (54 neurons in caudate,
45 in putamen) or after movement onset (26 in caudate, 24
in putamen). In 44 of these neurons, increases in activity
began before the earliest time of muscle activity observed
in any monkey (140 ms), i.e., 148—324 ms before movement
onset (median 204 ms; Fig. 4). These neurons were found
in rostral parts of both caudate (n=23) and putamen
(n=21) where they were intermingled with neurons re-
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sponding to the trigger stimulus (Fig. 3). Activity in the 50
neurons beginning after movement onset showed a median
onset time of 158 ms (range 4-1092 ms) and lasted for 328
ms (range 120-1264 ms). All measures in the 149 neurons
differed insignificantly between caudate and putamen
(P>0.2).

Self-initiated movements

Neuronal activity increasing less than 500 ms before
movement onset or during the movement was considered
to be movement-related, rather than representing pre-
movement activity. Activity of this type was found in 106
striatal neurons (52 in caudate, 54 in putamen), many of
which were found in the arm area of putamen and in the
head of caudate, whereas fewer were located at the rostral
pole of striatum (Fig. 5). Quantitative evaluations of the
movement-related activity of 47 neurons (28 in caudate,
19 in putamen) showed that their activity increased
12-460 ms before movement onset in 22 neurons, and
12-604 ms after movement onset in the remaining 25
neurons (median 12 ms after movement onset for all 47
neurons; Fig. 6A). These activations lasted 104-3200 ms
(median 424 ms). All measures differed insignificantly
between caudate and putamen (P>0.07). Movement-
related activity occurred in conjunction with premove-
ment activity in eight neurons, either temporally separated

Fig. 4A-C. Different stimulus relationships of move-
ment-related striatal neurons. A Response of a pu-
tamen neuron whose onset is time-locked to the
trigger stimulus (left). This relationship is also evident
when the same data are referenced to movement onset
(right). B, C Early movement-related activity of two
putamen neurons that was not clearly time-locked to
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the stimulus. Graphs on the left and right show
neuronal data from the same trials referenced to the
trigger stimulus and to movement onset, respectively.
Trials are ordered according to reaction time
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Fig. 5. Recording positions of striatal neurons with movement-related activity during self-initiated movements (dots). Positions of neurons
from all three monkeys are drawn on coronal sections (475-A420) from the left hemisphere of one monkey. CD, caudate; PUT, putamen
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Fig. 6A-C. Movement-related
activity during self-initiated
movements. A Activity of a pu-
tamen neuron during the move-
ment. B Activity of a move-
ment-related putamen neuron
showing, also, modest premove-
ment activity. C Activity during
the movement temporally sep-
arated from premovement
activity



from premovement activity (Fig. 6C) or superimposed on
comparatively modest premovement activity (Fig. 6B).

Comparison between self-initiated and stimulus-triggered
movements

A total of 53 neurons with premovement activity before
self-initiated movements were also studied with stimulus-
triggered movements (25 in caudate, 28 in putamen). Of
these, 11 neurons (21%) showed movement-related activ-
ity with stimulus-triggered movements (7 in caudate, 4 in
putamen), including 4 neurons with time-locked responses
to the trigger stimulus (Fig. 7). Six of the 11 neurons also
showed sustained or transient preparatory activity in the
delay task. Together with the results from the companion
report (Schultz and Romo 1992), these data allow us to
calculate the final number of neurons that showed exclus-
ively premovement activity preceding self-initiated move-
ments in the present tasks. Of the 53 neurons activated
more than 500 ms before self-initiated movements that
were tested in the delayed go no-go task, 18 neurons
showed sustained and an additional 4 transient activations
during the delay. Together with an additional 5 neurons
showing movement-related activity with stimulus-
triggered movements, this results in a total of 27 of the 53
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neurons showing some activations in both tasks. Thus, 26
of the 53 neurons (49%) activated more than 500 ms before
self-initiated movements lacked any activations in a stimu-
lus-guided task (10 neurons in caudate, 16 in putamen).

A total of 39 neurons with movement-related activity
during self-initiated arm movements were also tested with
stimulus-triggered movements (23 in caudate, 16 in pu-
tamen). Of these, 22 neurons showed movement-related
activity with stimulus-triggered movements (13 in caudate,
9 in putamen; Fig. 8), of which 5 neurons had time-locked
responses to the trigger stimulus and 8 neurons also
showed sustained or transient preparatory activity in the
delay task. An additional 7 of the 39 neurons were
activated separately during the preparatory period of the
delay task or responded transiently to the instruction light.
With a total of 29 neurons being activated in both tasks,
only 10 of the 39 necurons (26%) with movement-related
activity during self-initiated movements lacked any activa-
tions in a stimulus-guided task (7 neurons in caudate, 3 in
putamen).

Discussion

The present study resulted in three principal findings: (1)
Neurons with time-locked responses to trigger stimuli, as

Self-initiated Stimulus-triggered
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Fig. 7. Conjoint task-related activity in a putamen neuron with
different types of movement. The neuron shows premovement
activity preceding self-initiated movements (left). With stimulus-
triggered movements, the same neuron displays movement-related
activity and separate instruction-induced preparatory activity pre-
ceding the movement (right). Trials on the left and right were
collected in separate blocks. Impulses on the lefi are referenced to the

Trigger stimulus

time of movement onset (key release) and on the right to onset of the
trigger stimulus. Vertical bars in the raster to the left and right of the
trigger stimulus indicate onsets of the instruction and arm move-
ment, respectively. Trials with stimulus-triggered movements are
ordered according to instruction-trigger intervals. bic emg, biceps
electromyographic activity
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well as a limited number of other striatal neurons, in-
creased their activity before the earliest muscle activity.
These neurons may participate in the generation of move-
ments in response to external stimuli. (2) Only one fifth of
striatal neurons with premovement activity preceding self-
initiated movements showed movement-related activity
with stimulus-triggered movements. This strengthens the
suggestion that striatal activity related to the internal
generation of movements is largely segregated on the level
of individual neurons from that participating in stimulus-
triggered movements. (3) Slightly more than one half of
striatal neurons which exhibited movement-related activ-
ity during self-initiated movements also showed move-
ment-related activity with stimulus-triggered movements.
Thus, striatal activity related to the execution of self-
initiated movements was less specific for that particular
mode of movement generation than premovement
activity.

Some responses of striatal neurons to the trigger
stimulus were stimulus locked, were independent of the
visual and auditory modality, and occurred before earliest
movement-related muscle activity. The responses in most
neurons were conditional on the movement being actually
performed and were absent in no-go trials. These results
are in general agreement with earlier findings on striatal
responses to movement-triggering stimuli (Aldridge et al.
1980; Rolls et al. 1983; Amalric et al. 1984; Hikosaka et al.
1989; Montgomery and Buchholz 1991). The finding of
time-locked responses to the trigger stimulus in both the
caudate and putamen extends previous similar results on
putamen neurons and corroborates the notion that these
neurons adhere to a separate category of striatal move-
ment-related neurons than those whose activity is more
closely related to the time of movement execution (Kimura
1990). In these respects, striatal responses to movement-
triggering stimuli differ from activity in the motor cortex
and in some neurons of the cerebellar dentate nucleus that
show a close temporal relationship to the following arm
movement but are not time-locked to the teleceptive
trigger stimulus (Evarts 1966; Lamarre et al. 1983,
Chapman et al. 1986). Thus, striatal neurons activated
before earliest muscle activity and in close temporal

A
trigger

neuron shows an activation during
both self-initiated (left) and stimulus-
triggered movements (right). Trials
shown to the left and right were
collected in separate blocks. Trials to
the right are ordered according to
reaction time

Movement

relation to the trigger stimulus may be involved in the
stimulus-induced initiation of movement by which the
reception of a movement-triggering signal is transferred
into the generation and initiation of an ensuing behavioral
reaction. Striatal neurons with this activity would be
functionally situated closer to the trigger signal and fur-
ther ‘upstream’ from the final contraction of individual
muscles, as compared to motor cortical or certain dentate
neurons. However, recent experiments showed that some
putamen neurons lost the initial stimulus-locked response
component when an instruction cue preceded the stimulus
(Kimura 1990), suggesting that these neurons may not be
unconditionally involved in movement initiation. Activity
in some neurons of the globus pallidus and pars reticulata
of the substantia nigra slightly precedes earliest muscle
activity (Georgopoulos et al. 1983; Schultz 1986; Nambu
et al. 1990; Mink and Thach 1991b), suggesting that activ-
ity related to the initiation of stimulus-triggered move-
ments arrives at the principal output stations of the stria-
tum and may leave the basal ganglia.

The observed responses may enter the striatum
through cortical inputs. Neurons responding specifically
to movement-triggering stimuli are found in several areas
of the frontal cortex, such as the premotor and supple-
mentary motor cortex (Tanji and Kurata 1982; Kurata
and Tanji 1985; Romo and Schultz 1987; 1992), dorsolat-
eral prefrontal cortex (Sakai 1974; K. ojima 1980; Boch and
Goldberg 1989), and orbitofrontal cortex (Thorpe et al.
1983). Prefrontal neurons responding in a visual reaction
time task are found in layer V, which is a major source of
corticostriatal projections (Sawaguchi et al. 1989). Some of
these responses have similar latencies to those observed
here (50-200 ms, Sakai 1974; 40-200 ms, Tanji and Kurata
1982; 50-100 ms, Sawaguchi 1987). Responses in the parie-
tal association cortex resemble the present trigger re-
sponses to a certain extent. For example, some neurons of
area 5 respond to deep somatosensory input only when an
arm movement follows (Chapman et al. 1984), and neu-
rons of area 7 show enhanced visual responses when the
stimulus becomes a target for saccadic eye movements
(Yin and Mountcastle 1977; Robinson et al. 1978). Al-
though behavioral relationships of posterior parietal neu-



rons differ in other respects from those in the striatum, the
cited responses may contribute to the activation of striatal
neurons. The widespread and interdigitating projections
of the frontal and parietal cortical areas to the caudate and
putamen (Selemon and Goldman-Rakic 1985) may give
rise to the responses presently observed in several parts
of the striatum. By contrast, the input from dopamine
neurons does not appear to drive the majority of observed
responses in the striatum, since dopamine neurons re-
spond to trigger stimuli independent of movement or no-
movement reactions (Schultz and Romo 1990).

Dopamine neurons of the substantia nigra show speci-
fic responses that provide a neurophysiological basis for
the involvement of dopamine systems in behavioral re-
activity (Schultz and Romo 1990). Although the nature of
the present striatal responses suggest a circumscript move-
ment-related function rather than a more basic motiva-
tional mechanism, the short response latencies of some
striatal neurons were comparable to those of dopamine
neurons (50-90 ms). Similar to most dopamine cells, a
quarter of striatal neurons were activated by trigger
stimuli in both go and no-go trials and lacked responses
outside the task. Striatal activations may participate in
driving dopamine neurons via an excitatory, substance
P-ergic projection from striatal striosomes to the pars
compacta of the substantia nigra (Davies and Dray 1976;
Walker et al. 1976; Mroz et al. 1977; Graybiel et al. 1981;
Gerfen 1984). The extent to which these striatal influences
could participate in inducing the specificity of responses in
dopamine neurons remains to be elucidated, in particular
as the functions of other inputs to the substantia nigra are
not yet well understood.

Activity closely related to the time of execution of
stimulus-triggered or self-initiated arm movements occur-
red in both the caudate and putamen and was not
restricted to the arm area of the posterolateral putamen in
which activity during movements is frequently found
(Crutcher and DeLong 1984a; Liles 1985; Kimura 1990).
Because of the design of the present task, it is unknown to
what extent this activity encodes particular movement
parameters. Activity during the execution of stimulus-
triggered movements is frequently found in frontal cortical
areas rostral to primary motor cortex, which project
heavily to the regions presently explored in the caudate
and putamen. A considerable fraction of neurons in the
premotor and supplementary motor cortex are activated
during movements or isometric contractions, such as
during the precision grip (Smith 1979), wrist movements
(Kubota and Hamada 1978; Tanji and Kurata 1982), key
pressing (Weinrich and Wise 1982; Kurata and Tanji 1985,
1986; Kurata 1989) , and arm reaching (Godschalk et al.
1981; Romo and Schultz 1987; 1992). Movement-related
activity in the prefrontal cortex occurs during the per-
formance of delayed response tasks (Niki 1974; Watanabe
1986), reaction time tasks (Sakai 1974; Kojima 1980; Ito
1982; Sawaguchi 1987; Sawaguchi et al. 1989), and wrist
tracking movements (Funahashi 1983). This may suggest
that some of this striatal activity is driven by frontal cortex
input related to more general aspects of task execution and
may not encode specific parameters of muscle activity or
movement.
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Relatively few of the striatal neurons exhibiting pre-
movement activity preceding self-initiated movements
also showed movement-related activity with stimulus-
triggered movements (21%). A subset of these neurons
responded to trigger stimuli. The companion report dem-
onstrates that only about one third of the neurons activa-
ted before self-initiated movements also showed sustained
or transient activity during the preparatory period pre-
ceding stimulus-guided movements (Schultz and Romo
1992). When these results are combined, and a certain
overlap of activations in the stimulus-guided task is taken
into account, about one half of striatal neurons with
premovement activity preceding self-initiated movements
did not show other modulations in any other task em-
ployed. This demonstrates a considerable specificity
of certain striatal neurons for the internal generation of
movements and suggests that largely different modes of
neuronal processing are operational during the generation
of the two types of movement. Striatal ncurons may be
selectively activated during the generation of movement
according to the type of movement, such that neurons
activated before self-initiated movements participate in
the internal movement generation process, whereas neu-
rons activated during the instruction-induced preparatory
period or responding to the trigger stimulus are involved
in neuronal processes through which the reception of a
stimulus is translated into the execution of a movement.
These considerations suggest that the striatum may not
play a preferential role in the generation of one particular
type of movement, as some pathophysiological findings
may suggest. Rather, the different modes of neuronal
processes during the generation of movements appear to
engage separate striatal circuits subserving the various
types of movements.

In contrast to this partial selectivity for premovement
activity, slightly more than one half of striatal neurons
activated during the execution of self-initiated movements
did also covary with stimulus-triggered movements. To-
gether with the preparatory activity preceding stimulus-
guided movements, only one quarter of neurons with
activity related to the execution of self-initiated move-
ments lacked any activation with stimulus-guided move-
ments. This suggests a lack of relationship of movement-
related activity to the particular movement generation
mode. A partial overlap of activity during the execution of
self-paced and stimulus-triggered movements was also
found in neurons of the globus pallidus (Mink and Thach
1991a), suggesting that this feature might be common to
different nuclei of the basal ganglia.

Acknowledgements. The helpful suggestions of Drs. C. Fromm and
J.R. Hollerman on the manuscript are gratefully acknowledged. We
thank F. Tinguely, P. Hiibscher, and A. Schwarz for technical
assistance. The study was supported by the Swiss NSF (grants 3.533-
0.83, 3.473-0.86, 893.295-0.85, and 31-28591.90) and the Italian
National Research Council.

References

Aldridge JW, Anderson RJ, Murphy JT (1980) The role of the basal
ganglia in controlling a movement initiated by a visually pre-
sented cue. Brain Res 192: 3-16



394

Amalric M, Condé H, Dormont JF, Farin D, Schmied A (1984)
Activity of caudate neurons in cat performing a reaction time
task. Neurosci Lett 49: 253-258

Apicella P, Scarnati E, Schultz W (1991) Tonically discharging
neurons of monkey striatum respond to preparatory and re-
warding stimuli. Exp Brain Res 84: 672-675

Boch RA, Goldberg ME (1989) Participation of prefrontal neurons
in the preparation of visually guided eye movements in the rhesus
monkey. J Neurophysiol 61: 10641084

Chapman CE, Spidalieri G, Lamarre Y (1984) Discharge properties
of area 5 neurons during arm movements triggered by sensory
stimuli in the monkey. Brain Res 309: 63-77

Chapman CE, Spidalieri G, Lamarre Y (1986) Activity of dentate
neurons during arm movements triggered by visual, auditory,
and somesthetic stimuli in the monkey. J Neurophysiol 55:
203-226

Crutcher MD, DeLong MR (1984a) Single cell studies of the primate
putamen. . Functional organization. Exp Brain Res 53: 233-243

Crutcher MD, DeLong MR (1984b) Single cell studies of the primate
putamen. II. Relations to direction of movement and pattern of
muscular activity. Exp Brain Res 53: 244-258

Davies J, Dray A (1976) Substance P in the substantia nigra. Brain
Res 107: 623-627

Evarts EV (1966) Pyramidal tract activity associated with a condi-
tioned hand movement in the monkey. J Neurophysiol 29:
1011-1027

Funahashi S (1983) Responses of monkey prefrontal neurons during
a visual tracking task reinforced by substantia innominata self-
stimulation. Brain Res 276: 267-276

Georgopoulos AP, DeLong MR, Crutcher MD (1983) Relations
between parameters of step-tracking movements and single cell
discharge in the globus pallidus and subthalamic nucleus of the
behaving monkey. J Neurosci 3: 15861598

Gerfen CR (1984) The neostriatal mosaic: compartmentalization of
corticostriatal input and striatonigral output systems. Nature
311: 461-464

Godschalk M, Lemon RN, Nijs HGT, Kuypers HGIM (1981)
Behaviour of neurones in monkey peri-arcuate and precentral
cortex before and during visually guided arm and hand move-
ments. Exp Brain Res 44: 113-116

Graybiel AM, Ragsdale CW, Yoneoka ES, Elde RP (1981) An
immunohistological study of enkephalins and other neuropepti-
des in the striatum of the cat with evidence that the opiate
peptides are arranged to form mosaic patterns in register with the
striosomal compartments visible by acetylcholinesterase staining.
Neuroscience 6: 377-397

Hikosaka O, Sakamoto M, Usui S (1989) Functional properties of
monkey caudate neurons. II. Visual and auditory responses.
J Neurophysiol 61: 799-813

Ito SI (1982) Prefrontal unit activity of macaque monkeys during
auditory and visual reaction time tasks. Brain Res 247: 39-47

Kimura M (1990) Behaviorally contingent property of movement-
related activity of the primate putamen. J Neurophysiol 63:
1277-1296

Kimura M, Rajkowski J, Evarts E (1984) Tonically discharging
putamen neurons exhibit set-dependent responses. Proc Natl
Acad Sci USA 81: 4998-5001

Kojima S (1980) Prefrontal unit activity in the monkey: relation to
visual stimuli and movements. Exp Neurol 69: 110-123

Kubota K, Hamada I (1978) Visual tracking and neuron activity in
the post-arcuate area in monkeys. J Physiol (Paris) 74: 297-312

Kurata K (1989) Distributions of neurons with set- and movement-
related activity before hand and foot movements in the premotor
cortex of rhesus monkeys. Exp Brain Res 77: 245-256

Kurata K, Tanji J (1985) Contrasting neuronal activity in supple-
mentary and precentral motor cortex of monkeys. II. Responses
to movement triggering vs. nontriggering sensory signals.
J Neurophysiol 53: 142-152

Kurata K, Tanji J (1986) Premotor cortex neurons in macaques:
activity before distal and proximal forelimb movements. J Neuro-
sci 6: 403411

Lamarre Y, Busby L, Spidalieri G (1983) Fast ballistic arm move-
ments triggered by visual, auditory and somesthetic stimuli in the
monkey. I. Activity of precentral cortical neurons. J Neuro-
physiol 50: 1343-1358

Liles SL (1985) Activity of neurons in putamen during active and
passive movements of the wrist. ] Neurophysiol 53: 217-236

Ljungberg T, Apicella P, Schultz W (1992) Responses of monkey
dopamine neurons during learning of behavioral reactions.
J Neurophysiol 67: 145-163

Mink JW, Thach WT (1991a) Basal ganglia motor control. L
Nonexclusive relation of pallidal discharge to five movement
modes. J Neurophysiol 65: 273-300

Mink JW, Thach WT (1991b) Basal ganglia motor control. II. Late
pallidal timing relative to movement onset and inconsistent
pallidal coding of movement parameters. J Neurophysiol 65:
301-329

Montgomery EB Jr, Buchholz SR (1991) The striatum and motor
cortex in motor initiation and execution. Brain Res 549: 222229

Mroz EA, Brownstein MJ, Leeman SE (1977) Evidence for substance
P in the striato-nigral tract. Brain Res 125: 305-311

Nambu A, Yoshida S, Jinnai K (1990) Discharge patterns of pallidal
neurons with input from various cortical areas during movement
in the monkey. Brain Res 519: 183-191

Niki H (1974) Prefrontal unit activity during delayed alternation in
the monkey. I. Relation to direction of response. Brain Res
68: 185-196

Robinson DL, Goldberg ME, Stanton GB (1978) Parietal associ-
ation cortex in the primate: sensory mechanisms and behavioral
modulations. J Neurophysiol 41: 910-932

Rolls ET, Thorpe SJ, Maddison SP (1983) Responses of striatal
neurons in the behaving monkey. 1. Head of the caudate nucleus.
Behav Brain Res 7: 179-210

Romo R, Schultz W (1987) Neuronal activity preceding self-initiated
or externally timed arm movements in area 6 of monkey cortex.
Exp Brain Res 67: 656—662

Romo R, Schultz W (1992) Role of primate basal ganglia and frontal
cortex in the internal generation of movements. 1II. Neuronal
activity in the supplementary motor area. Exp Brain Res
91:396-407

Sakai M (1974) Prefrontal unit activity during visually guided lever
pressing reaction in the monkey. Brain Res 81; 297-309

Sawaguchi T (1987) Properties of neuronal activity related to a
visual reaction time task in the monkey prefrontal cortex.
J Neurophysiol 58: 1080-1099

Sawaguchi T, Matsumura M, Kubota K (1989) Depth distribution of
neuronal activity related to a visual reaction time task in the
monkey prefrontal cortex. J Neurophysiol 61: 435-446

Schultz W (1986) Activity of pars reticulata neurons of monkey
substantia nigra in relation to motor, sensory and complex
events. J Neurophysiol 55: 660-677

Schultz W (1989) Neurophysiology of basal ganglia. In: Calne DB
(ed) Handbook of experimental pharmacology, vol 88, Springer,
Berlin, Heidelberg New York, pp 1-45

Schultz W, Romo R (1990) Dopamine neurons of the monkey
midbrain: contingencies of responses to stimuli eliciting immedi-
ate behavioral reactions. J Neurophysiol 63: 607-624

Schultz and Romo (1992) Role of primate basal ganglia and frontal
cortex in the internal generation of movements. I. Preparatory
activity in the anterior striatum. Exp Brain Res 91:363-384

Selemon LD, Goldman-Rakic PS (1985) Longitudinal topography
and interdigitation of corticostriatal projections in the rhesus
monkey. J Neurosci 5: 776-794

Smith A (1979) The activity of supplementary motor area neurons
during a maintained precision grip. Brain Res 172: 315-327

Tanji J, Kurata K (1982) Comparison of movement-related activity
in two motor cortical areas of primates. J Neurophysiol 48:
633-653

Thorpe SJ, Rolls ET, Maddison S (1983) The orbitofrontal cortex:
neuronal activity in the behaving monkey. Exp Brain Res 49:
93-115

Walker RJ, Kemp JA, Yajima H, Kitagawa K, Woodruff GN (1976)



The action of substance P on mesencephalic reticular and sub-
stantia nigral neurones of the rat. Experientia 32: 214-215
Watanabe M (1986) Prefrontal unit activity during delayed condi-
tional go/no-go discrimination in the monkey. II. Relation to go
and no-go responses. Brain Res 382: 15-27
Weinrich M, Wise S (1982) The premotor cortex of the monkey.
J Neurosci 2: 1329-1345

395

West MO, Carelli RM, Pomerantz M, Cohen SM, Gardner JP,
Chapin JK, Woodward DJ (1990} A region in the dorsolateral
striatum of the rat exhibiting single-unit correlations with specific
locomotor limb movements. J Neurophysiol 64: 1233-1246

Yin TCT, Mountcastle VB (1977) Visual input to the visuo-
motor mechanisms of the monkey’s parietal lobe. Science 197:
1381-1383



