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Abstract. Single cell activity was recorded from the pri- 
mate putamen, caudate nucleus, and globus pallidus dur- 
ing a precued reaching movement task. Two monkeys 
were trained to touch one of several target knobs mount- 
ed in front of them after an LED was lighted on the 
correct target. A precue was presented prior to this target 
"go cue" by a randomly varied delay interval, giving the 
animals partial or complete advance information about 
the target for the movement task. The purpose of this 
design was to examine neuronal activity in the major 
structures of the basal ganglia during the preparation 
phase of limb movements when varying amounts of ad- 
vance information were provided to the animals. The re- 
action times were shortest with complete precues, inter- 
mediate with partial precues, and longest with precues 
containing no information, demonstrating that the ani- 
mals used precue information to prepare partly or com- 
pletely for the reaching movement before the target go 
cue was given. Changes in activity were seen in the basal 
ganglia during the preparatory period in 30% of neurons 
in putamen, 31% in caudate nucleus, and 27% in globus 
pallidus. Preparatory changes were stronger and more 
closely linked to the time of movement initiation in puta- 
men than in caudate nucleus. Although the amount of 
information contained in the precues had no significant 
effect on preparatory activity preceding the target go cue, 
a directional selectivity during this period was observed 
for a subset of neurons with preparatory changes (15% in 
putamen, 11% in caudate nucleus, 14% in globus pal- 
lidus) when the precue contained information about the 
upcoming direction of movement. A smaller subset of 
neurons showed selectivity for the preparation of move- 
ment amplitude. A larger number of preparatory changes 
showed selectivity for the direction or amplitude of 
movement following the target go cue than in the delay 
period before the cue. The intensity of preparatory 
changes in activity in many cases depended on the length 
of the delay interval preceding the target go cue. Even 
following the target go cue, the intensity of the preparato- 
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ry changes in activity continued to be significantly influ- 
enced by the length of the preceding delay interval for 
11% of changes in putamen, 8% in caudate nucleus, and 
18% in globus pallidus. This finding suggests that 
preparatory activity in the basal ganglia takes part in a 
process termed motor readiness. Behaviorally, this pro- 
cess was seen as a shortening of reaction time regardless 
of precue information for trials in which the delay inter- 
val was long and the animals showed an increased readi- 
ness to move. Preparatory activity in putamen following 
the target go cue was most intense in trials with a short 
delay interval, in which motor readiness had not 
achieved its maximum level prior to the go cue. The re- 
sults of this study indicate that the basal ganglia are in- 
volved in multiple aspects of preparatory processing for 
limb movement. Preparatory processing is therefore un- 
likely to be divided anatomically along the functional 
lines examined in this study. In the basal ganglia, 
preparatory processing reflects both preparation for 
target selection and control of timing the onset of move- 
ment (motor readiness). These characteristics can be inte- 
grated in a functional scheme in which the basal ganglia 
are predominantly responsible for the automated execu- 
tion of well-trained behavior. 
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Introduction 

In learned motor tasks, the basal ganglia participate in 
processing events during preparation for movement 
(Soltysik 1975; Neafsey et al. 1978; Alexander 1987; 
Schultz and Romo 1988; Alexander and Crutcher 
1990a,b). The activity of single neurons in the striatum is 
modulated prior to the onset of movement, both in 
movements triggered by sensory "go cues" (Alexander 
and Crutcher 1990a) and in self-initiated movements 
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(Schultz and  R o m o  1988). Such p r e p a r a t o r y  act ivi ty  can 
be selective for the d i rec t ion  of  impend ing  m o v e m e n t  
(Alexander  and  Cru tche r  1990a, b) when the an imal  
knows  the ta rge t  in advance.  S imi lar  p r e p a r a t o r y  ac t iv i ty  
was recent ly  descr ibed  in g lobus  pa l l idus  (Brotchie  et al. 
1991). In  a s tudy  in which  the d i rec t ion  of impend ing  
m o v e m e n t  and  the l oca t i on  of  the expected  go cue were 
dissocia ted,  however ,  A l e x a n d e r  and  Cru tcher  (1990b) 
found  that ,  in the  pu tamen ,  m o r e  neu rons  were selective 
for the loca t ion  of  the expected go cue than  for the direc-  
t ion of  impend ing  movement .  This  indica tes  tha t  even in 
the m o t o r  c i rcui t ry  of  s t r ia tum,  neu rona l  ac t iv i ty  is cod-  
ing specific modes  of s e n s o r y - m o t o r  i n t e g r a t i o n  ra the r  
than  s imple m o v e m e n t  p a r a m e t e r s  l ike d i rec t ion  and  am-  
pl i tude.  

The  present  s tudy  was des igned to identify c o m p o -  
nents  of  p r e p a r a t i o n  for m o v e m e n t  tha t  m a y  be reflected 
in the act ivi ty  of  single neurons  in the s t r i a tum or  pal-  
l idum. P r e p a r a t i o n  for the d i rec t ion  of m o v e m e n t  was 
d i ssoc ia ted  f rom p r e p a r a t i o n  for the  amp l i t ude  of move -  
men t  using a behav io ra l  t a sk  in which a sensory  cue (pre- 
cue) p rov ided  pa r t i a l  or  comple te  advance  in fo rma t ion  
a b o u t  the requ i rements  of  a m o v e m e n t  before  the  an imal  
was a l lowed to move.  In  h u m a n  studies,  such precue  
tasks  have  been ins t rumenta l  in u n d e r s t a n d i n g  how mo-  
tor  p r o g r a m s  are  cons t ruc ted  before  the execut ion  of  
m o v e m e n t  begins  ( G o o d m a n  and  Kelso 1980; Rosen-  
b a u m  1980; R o s e n b a u m  et al. 1988). A second  aspect  of  
the present  behav io ra l  t a sk  concerns  the predic t ive  con-  
t rol  of  the t iming of m o v e m e n t  ini t ia t ion.  Behav io ra l  
s tudies in h u m a n s  have shown tha t  subjects  assemble  an  
in te rna l  r ep resen ta t ion  of  the t iming of a behav io ra l  t a sk  
( K i m m  and  Su t ton  1973; Spi jkers  and  Wal te r  1985). 
W h e n  a m o v e m e n t  go cue has  var iab le  t iming,  subjects  
show an  enhanced  readiness  to move  at  the  t ime at  which 
the go cue is mos t  l ikely to occur,  as ind ica ted  by  a shor t -  
ening in r eac t ion  time. In the present  s tudy,  the de lay  
in terval  be tween the precue  and  the m o v e m e n t  go cue 
was var ied  r a n d o m l y  wi thin  an  in terval  of 1.0 to 1.5 s. 
This  a l lowed for an  increase  of  m o t o r  readiness  for t r ials  
wi th  long  de lay  times, since the l i ke l ihood  of  the go cue 
occur r ing  increased  as the de lay  pe r iod  p rogressed  be- 
y o n d  1.0 s. N e u r o n a l  ac t iv i ty  in the basa l  gangl ia  was 
ana lyzed  for changes  cor re la t ing  with  the  increase  of  mo-  
tor  readiness  for long de lay  t imes. 

We found  tha t  a subs tan t ia l  p r o p o r t i o n  of  neurons  
t h r o u g h o u t  the s t r i a tum and  pa l l i dum exhibi t  changes  in 
ac t iv i ty  assoc ia ted  with  p r e p a r a t i o n  for l imb movement .  
In  each s tructure,  p r e p a r a t o r y  ac t iv i ty  was re la ted  to 
mul t ip le  aspects  of the behav io ra l  task.  A re la t ionsh ip  
was found  be tween the p r e p a r a t i o n  for m o v e m e n t  direc-  
t ion or  m o v e m e n t  amp l i t ude  for some neurons  wi th  
p r e p a r a t o r y  changes  in each s tructure.  In  add i t ion ,  a sub- 
set of neu rons  wi th  p r e p a r a t o r y  changes  was s ignif icant ly 
m o d u l a t e d  by  the length  of the de lay  per iod.  Ac t i va t i on  
of  these neurons  closely para l le led  the deve lopmen t  of 
m o t o r  readiness ,  suggest ing a func t iona l  i nvo lvemen t  of  
p r e p a r a t o r y  ac t iv i ty  in the basa l  gangl ia  wi th  this  pure ly  
t e m p o r a l  aspect  of  t a sk  control .  Together ,  these f indings 
indica te  tha t  m a n y  aspects  of  m o t o r  p r e p a r a t i o n  are  p ro -  
cessed in para l le l  in large areas  of  the  basa l  ganglia .  

Materials and methods 

Two female monkeys (Macacafascicularis) were trained to perform 
the behavioral task. After training, a stainless steel recording cham- 
ber was implanted with sterile surgical techniques at a position 
centered over the basal ganglia on the left side. After recovery, 
single neurons were recorded from the putamen, caudate nucleus 
and globus pallidus in daily recording sessions. At the end of the 
experiments, the animals were sacrificed, and the brains were pro- 
cessed for histological verification of recording sites. The experi- 
mental protocol adhered to the NIH Guide for the Care and Use of 
Laboratory Animals, revised 1985. 

Behavioral task 

For training and recording sessions, each monkey was transferred 
from its cage to a primate chair and brought to a sound attenuated 
room with low background illumination. A panel with left and right 
arrays of contact-sensitive metal knobs was placed in front of the 
monkey (Fig. 1). Each knob had a light emitting diode (LED) in its 
center. These knobs served as targets for reaching movements with 
the left and right forelimb. 

Each trial consisted of a sequence of behaviors that the monkey 
had to execute successfully to obtain a liquid reward (Fig. 2). A trial 
was started with a 200 ms tone signal and illumination of the left- 
most LED. The monkey had 1.5 s to touch and hold the illuminated 
knob with the left hand. This sequence was then repeated for the 
rightmost LED, so that afterwards the monkey was holding a knob 
on each side. These knobs served as starting positions for the final 
reaching movement, which followed the precue phase. In the precue 
phase, a visual cue was presented to the monkey with one, two, or 
four LEDs flashed at 20 Hz for 2 s, indicating potential target 
locations for the final reaching movement. The monkey was not 
allowed to release the knobs during this phase. Each of the target 
LEDs flashed during the precue phase was equally likely to become 
the target location for the final reaching movement. This movement 
was triggered by a target go cue consisting of a 200 ms tone signal 
and illumination of the target LED. A delay period with a random 
duration of 1.0-1.5 s was inserted between the end of the precue and 
the target go cue. After the target go cue, the monkey had to touch 
the target knob within 800 ms. The monkey was rewarded with 0.5 
ml of juice after holding the target knob for 0.5-1.0 s. 

Three sets of trials were presented. In each set, all trials had the 
temporal structure described above. The first set of trials was de- 
signed to compare neuronal activity for trials with different 
amounts of precued information about the target location for 
movements with the right arm. The information was complete when 
only one LED was flashed as a precue (40% of all trials), as this 
signified the exact target location. In one half of these trials with one 
LED flashed as precue, the subsequent go cue consisted of a 200 ms 
tone signal alone. In these trials, the monkey had to remember the 
location of the target during precue presentation and had to execute 
a reaching movement to the correct target within 1 s after the 
auditory go cue. Partial information was given when two LEDs 
were flashed as a precue (40% of all trials). In one half of these trials 
the partial precues provided information about the amplitude 
(small vs large), and in the other half about the direction (up vs 
down) of the required movement. The precue contained no informa- 
tion about the target when all four LEDs on the right side were 
flashed (20% of all trials). 

The second set of trials was designed to dissociate the direction 
of movement and the location of the target. The starting position 
for the precued movement was placed on the left side of the column 
of targets in 50% of the trials and on the right side in 50%. Only one 
precue condition was used in this trial set. It consisted of two LEDs 
that gave information about the direction of movement. 

The third set of trials was designed to study neuronal activity for 
movements with the arm ipsilateral as compared with contralateral 
to the side of recording. The left column of targets (Fig. 1) was used 
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Fig. 1. Geometry of the target knob array. The knobs have a diame- 
ter of 2.5 cm with a red LED mounted in the center. The two 
vertical columns of four knobs were mounted in front of the mon- 
key and served as targets for precued reaching movements with the 
left and right arm. Knobs in the central row served as starting 
positions with a left and right position for each arm. The distances 
(in centimeters) between knobs and the angles for the reaching 
movements (in degrees) are indicated 

to indicate that  a movement  with the left arm (ipsilateral to the side 
of recording) was required. One half of the trials required ipsilateral 
movements. Precues presented in this set of trials provided complete 
or partial advance information about  the target of movement. 

Only one set of trials was used each day. Trials with different 
precue conditions or requiring different movements were presented 
in a random sequence that  contained all trial types used during that  
day. The same sequence was repeated after every completion of the 
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whole set. When the monkey failed one trial, the same type of trial 
was repeated with a 70% probability. This procedure ensured that 
at each recording site the number  of each trial type presented was 
closely matched. Monkeys worked for 150 to 400 successful trials 
each day. Supplementary water was provided in the animals'  cages 
when necessary. 

Behavioral data 

Stimulus presentation and data acquisition were controlled by a C 
language-based computer program running on a Compupro 68 K 
microcomputer. The timing of all stimuli, target-knob releases, and 
touches was recorded with an accuracy of 1 ms. The animals'  behav- 
ior was also monitored on closed-circuit TV. Data  from both mon- 
keys obtained during recordings of neuronal activity were com- 
bined and used for a quantitative analysis of precued reaction and 
movement times. Reaction time was defined as the period between 
the onset of the target go cue and the animal's release of the starting 
position knob. Movement time was defined as the period between 
the release of the starting position knob and the first contact of the 
target knob. Nonparametr ic  statistics (Mann-Whitney U-test for 
two sample tests and Kruskal-Wallis test for multiple sample tests) 
were used to analyze the effects of precue condition and target 
location on reaction and movement times. 

Muscle activity, head and eye movements 

Surface E M G  recordings were obtained from the second monkey 
during a two week period near the end of recording from single 
neurons. Surface recordings are less sensitive to individual motor  
units and very low levels of muscle activity than implanted wire 
electrodes, however, they have the advantage of integrating activity 
from a widespread region of the muscle. Silvercup electrodes (Grass 
Instruments, type ESSH) with a diameter of 10 mm were used. The 
amplified signal was band pass filtered between 100 and 1000 Hz, 
integrated with a time constant of 20 ms, and digitized at 100 Hz. 
Electrode placements included the dorsal and ventral surfaces of the 
lower right and left forearm, the upper arm (over the biceps and 
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Fig. 2. Sequence of sensory cues and motor  events common to all 
trials. The array of target knobs is shown for each phase in which 
a new visual cue was given (A,B,C,D). Filled circles denote target 
knobs with a lighted LED. Two knob positions shown as stars in 
the precue phase (C) indicate a preeue in which the information for 
an upward right arm movement was given. An auditory go cue 
(musical note symbol) was presented at the same time as the visual 
cue at the three times at which a movement  was required (A,B,D). 

)< 
TRIAL 
ENDS 

The initial position phases (IP) at the beginning of the trial served 
to produce a constant starting position for the final reaching move- 
ment to the target. Fixed timing is marked by solid lines. Dotted lines 
indicate timing periods that  were randomized by the computer or 
determined by the movement of the monkey. Reaction time was 
measured from the target go cue (D) until the initial position knob 
was released 
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triceps), the back of the shoulder (over the deltoid), the upper back 
(over the trapezius), and the dorsal surface of the upper and lower 
right leg. Off line, the EMG data were plotted aligned with the onset 
of movement. 

Head movements were monitored throughout all recording ses- 
sions. For this purpose, an accelerometer was mounted on the back 
of the head implant at a 45 ~ angle to the horizontal plane. This 
device provided information only about the timing of head move- 
ments and not about head position. Accelerometer readings were 
digitized at 50 Hz and stored on disk. Acceleration traces were 
aligned to stimulus presentations and limb movement and analyzed 
for the occurrence of head movement throughout the task. 

Lateral and vertical eye movements (EOG) were recorded with 
external silver cup electrodes in both monkeys for a subset of ses- 
sions in which neuronal data were acquired. The electrodes were 
placed centrally above and lateral to each eye. The implanted 
recording chamber was used as a common ground. The signal was 
band pass filtered between 0.01 and 30 Hz and digitized at 100 Hz. 
EOG traces were inspected off line to evaluate the timing of sac- 
cadic eye movements with respect to stimulus presentations and 
arm movements. 

Neuronal recording 

The animals were fully proficient in the task after a 6 month train- 
ing period. At this time, a recording chamber was implanted and 
neuronal recording was started. Recordings of single neurons were 
obtained from the left putamen, caudate nucleus and the external 
and internal segments of the globus pallidus. The center of the 
implanted recording chamber was placed at stereotaxic coordinates 
17.0 mm anterior-posterior and 8.5 mm lateral. All locations within 
a radius of 7 mm from the center of the chamber were accessible for 
recording, covering 90% of the volume of the striatum and pal- 
lidum. Approximately 40 electrode tracks were made in each mon- 
key, one per recording session. The locations of tracks for recording 
sessions with different sets of trials were distributed evenly across 
the sampled area. A Kopf microdrive was used to control the ad- 
vance of the electrode during recording. The microdrive was firmly 
attached to the recording chamber with a custom made adapter 
(Aldridge et al. 1988). With this method, it was unnecessary to fix 
the animal's head to obtain stable neuronal recordings. Allowing 
free head movement eliminates the problem of unnatural postural 
movements due to the artificial support of a head fixation device. 
Movements made under head fixation conditions are difficult to 
detect because they are isometric. In addition, the strain forces put 
significant stress on the skull fixation points. In this study, we al- 
lowed the animals to sit comfortably while making natural move- 
ments. 

Multielectrodes containing six 13 gm HM-L coated tungsten 
microwires (Jaeger et al. 1990) were used for all recordings. The 
recording tips of these electrodes were arranged in a column with a 
spacing of 400-1000 gm between the first and the last tip. Four 
electrode tips were selected for recording simultaneously at each 
time. During each recording session, the multielectrode was 
advanced until the activity pattern typical of the striatum or 
pallidum was encountered. Thereafter, activity from single neurons 
was recorded at a spacing of 1 mm between recording sites. After 
advancing the electrode, we waited several minutes before 
beginning data collection to ensure that slight tissue movements did 
not alter spike waveforms. Sites at which no spike activity was 
visible on the oscilloscope were abandoned after a few trials. This 
regimented procedure for selecting recording sites was designed to 
sample a large volume of the basal ganglia and to reduce the bias 
that might arise by selecting sites based on neuronal responsiveness 
during the task. Recordings from up to 120 trials were obtained for 
sites with clear spike activity. The recording chamber was carefully 
cleaned with a betadine solution before and after electrode 
penetration. 

The signal from each electrode tip was coupled with an FET 
(field effect transistor) voltage follower mounted on the microdrive, 

band pass filtered between 300 and 10,000 Hz, and amplified by a 
factor of 10,000. Each of the four electrode tips selected for 
recording was serviced by a dedicated microcomputer. After each 
trial, spike data were transmitted to the computer that controlled 
the task. The recording period for each trial included a 1 s interval 
before the monkey was given the first cue and a 1.5 s interval 
following presentation of the reward. A negative voltage threshold 
was set close to the noise level for the signal of each electrode tip. 
For all spikes that crossed this threshold, we recorded the amplitude 
of the initial negative peak, the subsequent positive peak, and the 
peak to peak time. Spike discrimination based on these waveform 
characteristics was performed off-line. Up to three separate neurons 
could be discriminated from the signal of a single electrode tip, 
based on clustering of peak amplitudes and peak to peak times. 
With this technique we avoided combining data from different neu- 
rons with similar negative peak amplitudes. The off-line discrimina- 
tion method allowed judgments t o b e  made concerning the separa- 
tion of neurons based on the entire period of recording and without 
the time constraints of a recording session in progress, On average 
we recorded four single neurons simultaneously from four electrode 
tips. The use of multisite electrodes and off-fine waveform discrimi- 
nation greatly increased the data which could be obtained during a 
single behavioral trial. Simultaneous recording of multiple single 
neurons allowed comparisons to be made between the activity of 
different neurons recorded during the same set of behavioral trials. 

For each discriminated neuron, interspike-interval histograms 
were constructed and the mean and modal interval durations were 
determined. A baseline spike rate was calculated from the spike 
trains collected in the 1 s interval before the onset of behavioral 
trials. During this period, the monkeys were usually sitting quietly 
and were ready to react to the onset of the next trial. 

Analysis of changes in neuronal activity related to the 
task 

For each neuron, the spike trains recorded during different trials 
were aligned to stimulus presentations, knob releases, and touches 
to construct perievent time (PET) histograms. Significant changes in 
spike rate were determined by a computer algorithm that used the 
Mann-Whitney U-test to analyze PET histograms. For each bin in 
the PET histogram, except 16 bins at the beginning and 16 bins at 
the end of each histogram, the activity in the preceding 16 bins was 
compared to the activity in the following 16 bins. This analysis was 
started at bin 17 (left side of the histogram) and progressed by 
sliding the two adjacent 16 bin windows to the right, one bin at a 
time. Whenever the bin counts for two subsequent blocks of 16 bins 
were significantly different (P < 0.002), we concluded that the spike 
rate of the neuron had changed. A low value (P < 0.002) for the 
confidence limit was chosen since multiple tests were performed. 
After a significant change in activity was found, the sliding window 
was further advanced until a local minimum in the associated P 
value was determined. The bin between the two blocks of 16 bins in 
the histogram at this local minimum in P value was taken as the 
onset time of the change in activity. With this technique, the esti- 
mate for the onset of the change in activity is accurate to approxi- 
mately a single binwidth (5, 10 or 20 ms) in the histogram. The 
duration of this increase or decrease in activity was determined by 
looking for a subsequent significant change in activity of opposite 
direction (P < 0.01). A larger confidence limit could be used for the 
offset of a change in activity than for the onset because fewer tests 
were performed to find the offset and because the sign of the change 
was known. Changes in activity with short durations (<  150 ms) 
were determined from histograms with a binwidth of 5 ms, whereas 
longer lasting changes were determined from histograms with 10 or 
20 ms binwidths. Longer binwidths ensured that our test was max- 
imally sensitive to long-term changes, because changes in activity 
consistently lasted about 16 binwidths. Comparison of the changes 
in activity selected by the computer algorithm and by visual inspec- 
tion of the same PET histograms demonstrated excellent correspon- 



dence. By using the computer algorithm, we avoided investigator 
bias in the selection of changes in activity. 

PET histograms aligned to the onset of precued reaching move- 
ments (measured by the monkey's release of the starting position 
knob) and histograms aligned to the target go cue were analyzed for 
changes in activity that started before and lasted beyond the onset 
of the target go cue. Such changes were defined as "preparatory", 
because their timing suggests that they are functionally related to 
preparatory processing for the reaching movement. A number of 
trial by trial analyses of spike rates at different times in the task were 
carried out for neurons with such preparatory changes in activity to 
determine their relationship to specific variables in the task. Non- 
parametric statistics were used throughout to compare spike rates 
for different conditions. 

Histology  

After neuronal recording was completed, small electrolytic lesions 
were made in a grid of six tracks. For this purpose, multielectrodes 
with stainless steel wires were used. Lesions were placed at three 
positions in each track by passing 100 pA of direct current through 
one electrode tip for 30 s. This resulted in a physical lesion and 
deposition of iron at the lesion site. One day later, the animal was 
sacrificed with a barbiturate overdose and perfused transcardially 
with saline followed by 10% formalin with 10% sucrose. This solu- 
tion also contained potassium ferrocyanide, which forms a blue 
reaction product with the iron deposited at the lesion sites. The 
brain was postfixed in 10% formalin with 30% sucrose. Frontal 
sections at 40 pm intervals through the basal ganglia were cut on a 
freezing microtome. Selected sections were stained with cresyl violet 
or the Weil method. Anatomical reconstruction was based on the 
locations of the lesions in relation to anatomical landmarks. Recent 
electrode tracks were also visible and guided reconstruction. 

The anatomical locations of neuronal recordings were deter- 
mined from the reconstructed positions of the electrode tracks. 
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Stereotaxic coordinates were assigned to each neuron. These coor- 
dinates were used to plot the distribution of neurons with particular 
changes in activity during the behavioral task. The plots of neu- 
ronal distributions from both monkeys were superimposed on 
stereotaxically aligned outlines of frontal basal ganglia sections 
with commercially available software (Sygraph from Systat, Inc., 
and DesignCad from American Small Business Computers Inc). A 
set of seven representative frontal basal ganglia sections was derived 
from a stereotaxic atlas of the Macacafascicularis brain (Szabo and 
Cowan 1984). 

Results 

Behavioral data 

Two distinct reaction time effects were observed, one 
specifically related to the information given by the pre- 
cue, and the second related to the length of the delay 
preceding the target go cue. When the precue provided 
complete information about target location (both direc- 
tion and amplitude), the reaction time was significantly 
shorter (P < 0.00l) than when the precue provided par- 
tial information about direction or amplitude (Fig. 3A). 
Moreover, the reaction time in trials with partial infor- 
mation given by the precue was significantly shorter than 
the reaction time in trials with no precue information 
(P < 0.01). The reaction times for partial precues specify- 
ing movement direction (up or down) or specifying move- 
ment amplitude (far or near) were not significantly differ- 
ent from each other (P > 0.05). The reaction time was 
also strongly influenced by the length of the delay period 
that separated the precue from the target go cue. The 
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Fig. 3 A-D. Reaction and movement 
times of the reaching movement for pre- 
cued targets. Data from both monkeys 
are combined. Trials with reaction times 
shorter than 200 ms and trials where the 
previous trial was a failure are excluded. 
Error bars indicate standard error of the 
mean. A, B Reaction and movement 
times as a function of the type of infor- 
mation given by the precue. D indicates 
that the precue contained information 
about direction and A indicates that the 
precue contained information about am- 
plitude; the dash indicates no target in- 
formation. The dotted line shows data for 
all trials in which the delay period be- 
tween precue and target go cue was long 
(_> 1.4 s), while the dashed line shows 
data for trials with short delay periods 
(_< 1.l s). The solid line shows data for 
all trials (delay between 1.0 s and 1.5 s). 
C, D Reaction and movement times as a 
function of target location. F indicates a 
movement to a far target (large move- 
ment amplitude); N indicates a near 
target, D and U stand for downward and 
upward target location, respectively. 
Data are taken from those trials in which 
the precue gave complete information 
about movement amplitude and direction 
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shorter the delay period, the longer the reaction time. 
This result was highly significant for all types of precues 
(Fig. 3A). 

In addition to within-trial effects, the reaction time 
was modulated by the sequence of trial presentation. The 
first monkey showed a significant decrease in reaction 
time (P--0.001) for trials with a short delay when the 
previous trial also had a short delay. For the second 
monkey this effect reached significance only when the 
previous two trials also had a short delay. In a small 
number  of trials with long delay lengths and complete 
precues, the animals executed movements  prior to the 
target go cue (premature movements). The monkeys re- 
ceived no reward for these trials, and they were excluded 
from further analysis. 

In contrast  to reaction times, movement  times were 
largely independent of the amount  of information given 
by the precue (Fig. 3B). A small, but significant, increase 
in movement  time (P = 0.038) occurred in trials with pre- 
cues containing no information as compared to trials 
with precues containing complete information. Move- 
ment times were unaffected by the duration of the delay 
period preceding the target go cue. As expected, large 
amplitude movements  had longer movement  times than 
did small amplitude movements  (Fig. 3D). Movement  
times for upward targets were significantly longer than 
movement  times for downward targets. The reaction time 
was not related to movement  amplitude (Fig. 3C). 

E M G ,  head movement, and EOG 

Muscle activity associated with reaching movements  
consisted of a phasic activation that started between 200 
and 120 ms before the monkey  released the starting posi- 
tion knob (Fig. 4). Different groups of muscles showed 
different patterns of monophasic  or biphasic bursts of 
activity, but the time of onset of activity was similar for 
all muscle groups, with a slightly earlier onset of activity 
in shoulder muscles than in elbow and wrist muscles. We 
found no evidence for a regular pat tern of forelimb mus- 
cle activation preceding the target go cue. Low-level, ir- 
regularly timed muscle activity was detected in occasion- 
al trials (Fig. 4), however, even when the precue provided 
complete information about  the location of the target 
(Fig. 4 DA), no consistent pat tern of muscle activity was 
detected in the precue or delay periods preceding the go 
cue. Neither the left a rm nor the leg muscles produced 
detectable activity when the monkey  was performing a 
reaching movement  with the right arm. Accelerometer 
data and videotape records showed that the monkeys 
frequently made head movements  during the precue 
phase and at the beginning of the subsequent delay peri- 
od. Across different trials, however, these movements  
were not systematically synchronized with the presenta- 
tion of the precue or the target go cue. During a period 
from approximately 200 ms before the target go cue until 
the onset of the reaching movement  the monkeys fixated 
on the knob array and made no further head movements.  
For far upward and far downward reaching movements,  
the monkeys executed a movement  of the head syn- 
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to reach for the target (t=0; Movement Onset arrow). Two seconds 
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before movement. Note that in occasional trials there were transient 
increases in EMG activity in the precue or delay period; however, 
these were much smaller than the later movement-related changes 
and they were not synchronized to any task event 
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chronous with the reaching movement. The onset of the 
head movement coincided with the release of the starting 
position knob. The head movement brought the center of 
gaze in line with the target position. 

The EOG recordings showed that the monkeys exe- 
cuted multiple saccades during the precue interval and 
the delay time before the target go cue. The exact timing 
of the saccades with respect to the presentation of senso- 
ry cues differed from trial to trial, however, in most trials, 
the monkeys fixated the target array before the target go 
cue. A further saccade before the reaching movement was 
rarely executed in trials in which the information given 
by the precue had been complete. In trials with incom- 
plete precues, a saccade was often executed approximate- 
ly 150 ms before the monkey started the reaching move- 
ment. 

Activity of single neurons 

Spiking pattern of single neurons. The number of neurons 
recorded was 427 for putamen, 199 for caudate nucleus, 
142 for the external segment of globus pallidus (GPe), 
and 74 for the internal segment of globus pallidus (GPi). 
The baseline spike rate of striatal neurons was typically 
low, with a mean of 5.6 spikes/s in putamen and 4.4 
spikes/s in caudate nucleus. The mode of the distribution 
of baseline spike rates was below 1 spike/s for both puta- 
men and caudate nucleus. The spiking pattern of most 
striatal neurons was irregular and bursting, but 10% of 
neurons in putamen and 12% in caudate nucleus had a 
regular pattern of spiking. The distinction between regu- 
lar spiking and bursting neurons was not absolute, how- 
ever, since the distributions of the mean spike rate and 
the coefficient of variation in interspike intervals (CV: 
standard deviation divided by the mean) were overlap- 
ping. Neurons with a CV smaller than 1.1 and a mean 

Table 1. Proportions of neurons with preparatory increases or de- 
creases ending before or after the E M G  onset of the associated limb 
movement 

Structure Increases (%) Decreases (%) n 

Late Early Late Early 
offset offset offset offset 

Putamen 15 3 8 4 427 
Caudate 11 4 12 4 199 
Pallidum 12 3 5 3 216 

spike rate greater than 5 spikes/s were defined as regular- 
ly spiking neurons. The baseline rate for most GPe and 
GPi neurons was high, with sample means of 38 spikes/s 
and 48 spikes/s, respectively. 

Changes in neuronal activity in relation to behavior. Visual 
inspection of PET histograms revealed that a majority of 
neurons in the basal ganglia showed at least one change 
in spike rate at a consistent time during the behavioral 
task. Only 30% of neurons in striatum and 27% of neu- 
rons in globus pallidus showed no such changes in activ- 
ity. 

Changes in neural activity in striatum during preparation 
for movement. From the total sample of 427 neurons 
recorded in putamen, 30% showed some change in activ- 
ity starting after the precue had ended and lasting at least 
until the occurrence of the target go cue. Changes with 
this general timing were termed preparatory. An increase 
of activity starting before the target go cue and lasting 
beyond the onset of muscle activity (EMG) associated 
with the reaching movement was expressed by 15% of 
neurons in putamen (Table 1, Fig. 5). The onset of these 
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changes occurred throughout  the delay period preceding 
the target go cue (Fig. 6). In some neurons the preparato- 
ry activity ended abruptly with the initiation of move- 
ment (Fig. 5B), while in others it lasted throughout  the 
ensuing reaching movement (Fig. 5A). The distribution of 
offset times (Fig. 6) shows a clear mode at the time of 
movement initiation. A subgroup of preparatory increas- 
es showed an early offset, i.e., they ended before the onset 
of the E M G  activity associated with target reaching. In 
putamen, 36 neurons (8%) showed such preparatory 
changes. The mean increase of spike rate during the en- 
tire sample of preparatory increases of activity in puta- 
men was 7.2 spikes/s. 

In the caudate nucleus, 31% of the total sample of 199 
neurons showed preparatory changes. Preparatory in- 
creases of activity lasting beyond E M G  onset were ex- 
pressed by 11% (n=22) of neurons and 4% (n=7) 
showed increases ending before E M G  onset (Fig. 7). In 
contrast with the putamen, no caudate neurons with a 
sharp offset of activity at the initiation of movement were 
found. In addition, the mean increase in spike rate during 
preparatory increases of activity in caudate nucleus was 
only 3.5 spikes/s, which is significantly smaller than the 
mean increase found in putamen (Mann-Whitney U-test, 
P < 0.01). 

Although the baseline spike rate of striatal neurons 
was typically low, significant decreases in spike rate dur- 
ing the preparatory period were found in some neurons 
(Table 1). With one exception, these neurons belonged to 
the class of irregularly bursting neurons (Fig. 8). In many 
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Fig. 7. Preparatory activity in caudate nucleus. This neuron has an 
increase in activity with an early onset time following soon after 
precue offset. Conventions as in Fig. 5 

cases, detection of decreased spiking was possible due to 
an overall increase in the level of activity during the task 
compared with the baseline period. The mean decrease in 
spike rate in putamen for preparatory decreases was 4.3 
spikes/s, and in the caudate nucleus it was 3.0 spikes/s. 
Decreases in activity were therefore weaker than increas- 
es. Like increases, decreases were more strongly ex- 
pressed in putamen than in caudate nucleus. 

The effect of different precue information on the spike 
rate in the delay period following the precue was deter- 
mined across trials in neurons with preparatory changes. 
To enable comparisons of precue conditions across units, 
we normalized the data to compensate for differences in 
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Fig. 8. Decrease in activity related to movement preparation. This 
neuron in caudate nucleus showed a significant decrease in activity 
starting before the target go cue and lasting until the completion of 
movement. Similar changes were observed in putamen. Conven- 
tions as in Fig. 5 

basal discharge rates. The normalization factor comput-  
ed for each neuronal  unit was its average rate in the delay 
period of trials with no information in the precue. Then, 
for every trial, the discharge rate in the delay period was 
divided by the normalizat ion factor for that unit. Values 
greater than one indicate a relative increase in rate com- 
pared to the average trials with no information. Values of 
less than one indicate a decrease; one indicates no 
change. The four different precue conditions were: (1) 
specific information (exact location of target precued), (2) 
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direction information alone, (3) amplitude information 
alone, and (4) no information. We found that there was 
no significant difference (Kruskal-Wallis one-way analy- 
sis of ranked data) in the discharge rate with the different 
precue information conditions. The rate distributions in 
the different precue conditions overlapped extensively, 
with differences only in their outlying values (Fig. 9). The 
variability of firing rates in the striatum was much higher 
than in the pallidum. 

Preparatory activity during the delay period (from 
precue offset to go cue) was examined for directional se- 
lectivity for trials in which the precue specified upward or 
downward movement  direction. A significant directional 
selectivity, i.e., a significant change in activity associated 
with a particular movement  direction (Mann-Whitney 
U-test, P < 0.05) was seen in 13 of 89 neurons analyzed 
in putamen (15%) and in 5 of 46 neurons in caudate 
nucleus (11%). 

In analogy to directional selectivity, we analyzed 
prepara tory  activity during the delay period for the pres- 
ence of amplitude selectivity. This analysis was per- 
formed for the set of trials in which the precue specified 
an upcoming movement  of large or small amplitude. 
Neurons with a significant amplitude selectivity were less 
common  than neurons with directional selectivity. Am- 
plitude selectivity was found in 5 of 89 neurons in puta- 
men (6%) and 4 of 46 neurons in caudate nucleus (9%). 

To assess the effect of the target go cue on directional 
and amplitude selectivity of prepara tory  activity, the 
spike rates during the reaction time period following the 
target go cue were analyzed separately. Twenty-one of 89 
neurons in putamen (24%) and 3 of 46 neurons in cau- 
date nucleus (7%) showed significant directional 
specificity. Amplitude selectivity was present in nine neu- 
rons in putamen (10%) and seven neurons in caudate 
nucleus (15%). In putamen, the propor t ion of neurons 
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Fig. 11 A,B. Preparatory activity 
in the globus pallidus. A A neu- 
ron from the external segment 
showed a preparatory increase of 
activity. B A neuron in the inter- 
nal segment showed a very similar 
increase. Conventions as in Fig. 5 

with directional or amplitude selectivity was therefore 
greater after the target go cue than before. The popula- 
tion of neurons with directional or amplitude selectivity 
during the delay time period was only partly overlapping 
with the population with such selectivity during the reac- 
tion time period. For instance, only four neurons in puta- 
men and one neuron in caudate nucleus showed direc- 
tional selectivity during both periods. 

Preparatory changes in activity were compared be- 
tween trials with long delays and trials with short delays 
before the target go cue. Preparatory changes started be- 
tween the end of the precue and the onset of the target go 
cue. A larger number of neurons showed increases in 
activity before the target go cue (preparatory activity) in 
trials with a long delay length than in trials with a short 
delay length (Fig. 10). 

The effect of delay length on neural activity following 
the target go cue was investigated in a trial by trial anal- 
ysis. For each neuron, the spike rate in trials with short 

delays (1000-1200 ms) was compared to the spike rate in 
trials with long delays (1300-1500 ms) using a Mann- 
Whitney test. A significant difference in spike rate during 
the reaction time or the movement time (P < 0.05) was 
seen for 11% of neurons in putamen and 8% of neurons 
in caudate nucleus. In putamen, a significantly increased 
spike rate (P < 0.01) was observed during the movement 
time for trials with short delays, when spike data from all 
neurons with preparatory increases in activity (n=63) 
were combined. 

Preparatory changes in pallidal neurons. The proport ion 
of neurons with preparatory changes in globus pallidus 
(Table 1) and the timing of these changes (Fig. 12) was 
similar to striatum. Representative examples are shown 
in Fig. 11. A trial by trial analysis for effects of precue 
information, directional selectivity, and delay length was 
performed as in striatum. The results were similar in that 
the amount  of information in the precue had no effect on 
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spike rates, but some neurons showed directional selec- 
tivity during the delay period preceding the target go cue 
(4 out of 28 neurons analyzed, 14%). In the small sample 
of 28 pallidal neurons with preparatory activity there was 
no evidence for amplitude selectivity. The length of the 
delay period had a significant influence on the discharge 
rate during the reaction or movement time for 18% of 
pallidal neurons with preparatory changes in activity. 

Anatomical distribution of neurons with preparatory 
changes. Neurons with preparatory changes in activity 
(Fig. 13B) were found throughout the sampled area of 
putamen, caudate nucleus and the external segment of 
globus pallidus (Fig. 13A). In the internal segment of 
globus pallidus, we observed few neurons with prepara- 
tory changes in the ventral portion. Due to the small 
sample size in this area, however, this finding must be 
viewed as preliminary. In all structures, the position in 
anterior-posterior, lateral and depth coordinates of neu- 
rons with preparatory changes with directional selectivi- 
ty was not significantly different from neurons with 
preparatory changes showing an effect of delay time on 
discharge rate. 

Discuss ion 

A substantial proportion of striatal and pallidal neurons 
exhibited changes in activity associated with the prepara- 

tion for movement. Almost all of these changes started 
after the precue had ended. This late onset time precludes 
the possibility that these responses acted as a storage for 
the information presented by the precue as the precue 
disappeared. Our findings indicate that as the time of the 
go cue approached, increasing numbers of preparatory 
neurons were activated and most of this activity extended 
beyond the time of movement initiation. A similar pro- 
portion of neurons with prolonged preparatory activity 
has been reported by Schultz and Romo (1988). The tim- 
ing of preparatory activity reported by Alexander and 
Crutcher (1990a) is also compatible with the present find- 
ings, when their different scheme of classifying changes is 
taken into consideration. In each of these studies, similar 
proportions of single cells were found that show a contin- 
uous increase in spike discharge beginning during the 
preparatory phase and extending into the movement pe- 
riod. 

Our analysis of motor behavior with the precue task 
indicates that animals use precue information to improve 
motor performance. The results further suggest that mul- 
tiple preparatory processes occur prior to movement. 
The finding that reaction times are affected independent- 
ly by precue information and by delay length suggests 
that processing related to precue information is separate 
from processing related to motor readiness. The reduc- 
tion in reaction time that results from the presentation of 
a precue indicates that the monkeys have partially or 
completely prepared the direction and amplitude of 
movement before presentation of the target go cue, as 
studies with human subjects have shown (Rosenbaum 
1980; Rosenbaum et al. 1988). In addition, predictive eye- 
hand coordination (Abrams et al. 1990) and enhanced 
spatial attention (Niemi and Keskinen 1980) may con- 
tribute to this decrease in reaction time with complete 
precues. The shortening of reaction time with increasing 
length of the delay before the target go cue is best under- 
stood as an increased readiness to move at the time when 
the target go cue is most likely to appear (Spijkers and 
Walter 1985). Studies with human subjects have demon- 
strated the formation of an internal representation of the 
distribution of delay lengths with reaction time tasks in- 
cluding a warning cue before the go cue (Niemi and 
Naatanen 1981). The findings in the present study suggest 
that the monkeys may also form an internal representa- 
tion of the distribution of delay lengths to optimize mo- 
tor readiness. The execution of premature movements in 
some trials with long delay length supports this conclu- 
sion of an increasing motor readiness with long delay 
times. The reduction in reaction time for successive trials 
with short delay lengths suggests that the animals adjust- 
ed the timing of their motor readiness for the precued 
reaching movement based upon recent experience. This 
dependence on recent experience implies that the internal 
representation of the length of delays may be updated 
with every trial. 

Preparatory activity in some neurons was selective for 
the direction of the upcoming movement, indicating that 
the preparation of movement direction may be one func- 
tion in which the basal ganglia are involved. Since the 
animals could prepare for movement direction only in 
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Fig. 13 A The anatomical distribution of all record- 
ed neurons. Neurons from both  monkeys and all 
three sets of trials are combined. The size of the 
open circles is proportional to the number  of neu- 
rons obtained at a single recording location. A 
slight mismatch between structure boundaries and 
plotted neurons is due to the superimposition of 
data from two brains on selected averaged struc- 
ture boundaries. B The anatomical distribution of 
preparatory increases (triangles) and decreases (Y) 
in activity. Neurons from both monkeys and all 
three sets of trials are combined. The size of each 
symbol is proportional to the number  of neurons 
with a change in activity found at the same record- 
ing location 

trials with precues containing direction information, the 
reduction in reaction time with such precues may be due, 
in part, to preparatory processing in the basal ganglia. 
Although the directional activity of individual neurons 
was quite variable even for trials containing the same 
precue information, the combined activity of a popula- 
tion of such neurons is likely to account for an accurate 
processing of directional information given by the pre- 
cues. 

The proportion of neurons in the putamen (15%) with 
selectivity was considerably smaller than the proportion 
reported in a study by Alexander and Crutcher (1990a). 
Since our animals could prepare movement direction on- 
ly in a subset of trials, one reason for this difference may 
be that our animals were not as focused on preparing 
movement direction as were the animals in that study. In 
addition, precues used in the present study were directly 
cuing the location of potential targets for movement, 
whereas previous studies employed indirect cues on a 
separate display for indicating the direction of the re- 
quired movement (Alexander and Crutcher 1990a). This 
may have a large impact on preparatory activity in the 
basal ganglia, since directional selectivity in the putamen 
at least is more frequently selective for the direction the 

go cue indicates than for the direction of the required 
movement (Alexander and Crutcher 1990b). A difference 
in the involvement of the basal ganglia in the processing 
of indirectly and directly cued tasks is also in accordance 
with the finding that patients with Parkinson's disease 
are impaired in using precues to speed up motor perfor- 
mance with an indirectly cued task (Sheridan et al. 1987), 
but not with a directly cued task (Stelmach et al. 1986). 

The use of partial precues in our study allowed for a 
separation of preparatory activity selective for movement 
amplitude as opposed to movement direction. Preparato- 
ry activity was selective for movement amplitude in a 
small number of neurons. The smaller number of neurons 
selective for movement amplitude parallels the behav- 
ioral observation that reaction times are faster in trials 
with direction precues than in trials with amplitude pre- 
cues. In human subjects, partial preparation for move- 
ment amplitude is also less efficient than partial prepara- 
tion for movement direction (Rosenbaum 1980). The in- 
crease in the number of neurons showing directional se- 
lectivity or amplitude selectivity following the presenta- 
tion of the target go cue suggests that the information 
present in the precues is not used to prepare the move- 
ment fully prior to the target go cue. 
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Preparatory activity in the basal ganglia was clearly 
present when information about  movement amplitude or 
direction was not provided by the precue. Even though 
preparatory activity following directional precues was 
significantly influenced by directional information in 
some neurons, the overall strength of preparatory activi- 
ty was similar following any type of precue. In fact, there 
was no significant difference in spike rates dependent 
upon the amount  of precue information given. This result 
indicates that preparatory activity in the basal ganglia is 
involved in other functions besides preparation for move- 
ment direction and amplitude. One component  of move- 
ment preparation observed behaviorally was the reduc- 
tion of reaction time with long delays between precue 
and target go cue. The effect of the delay length preceding 
the target go cue on preparatory activity in the basal 
ganglia found in the present study suggests that the basal 
ganglia are involved in this reduction of reaction time 
(increased motor  readiness) with long delay times. As 
motor  readiness increased behaviorally, more and more 
neurons in the basal ganglia were activated. Some neu- 
rons were activated earlier (more than 25 ms in some 
cases) with respect to the target go cue in trials with long 
delays than in trials with short delays (see Fig. 10). This 
difference in time is in the same range as the reduction in 
reaction time of 25-50 ms following long delay times seen 
behaviorally. Although the onset time of activation was 
variable from trial to trial for individual neurons, the 
combined activity of a population of such neurons may 
well be coding the degree of motor  readiness precisely. In 
addition to the effect of delay length on onset time, the 
strength of activity following the target go cue was also 
influenced by the delay length. Specifically, some neurons 
showed a greater activation following the target go cue in 
trials with a short delay than in trials with a long delay. 
The faster reaction time seen in trials with long delay may 
therefore be partially due to activity in the basal ganglia 
that takes place before the go cue in trials with long 
delay, but after' the go cue in trials with short delay. The 
overall proport ion of neurons in the basal ganglia show- 
ing these delay time effects is fairly small, indicating that 
the basal ganglia are not specialized to process motor  
readiness exclusively, but seem instead to process multi- 
ple aspects of motor  preparation in parallel. 

Although preparatory activity has been studied in 
some depth in the primate putamen (Alexander 1987; 
Alexander and Crutcher 1990a, b), relatively little is 
known about the caudate nucleus and globus pallidus. 
We found that all three structures show similar propor-  
tions of preparatory activity. In each structure, the popu- 
lation of neurons with preparatory activity had a widely 
spread anatomical distribution. The association with the 
preparation for movement is therefore not restricted to 
one small subarea of striatum or pallidum. The charac- 
teristics of preparatory changes we examined in more 
detail, namely directional selectivity and delay time ef- 
fects, were also not segregated anatomically. On the other 
hand, preparatory activity in the putamen is more closely 
related to the onset of movement than in the caudate 
nucleus. This difference leads us to expect that some char- 

acteristics of preparatory activity may be restricted to 
smaller areas in the basal ganglia. 

The present study confirms earlier work (Hikosaka et 
al. 1989; Alexander and Crutcher 1990b; Brotchie et al. 
1991) indicating that preparatory activity in the basal 
ganglia is related to multiple aspects of motor  prepara- 
tion. Relevant aspects range from low-level motor  pro- 
cesses such as load-dependent changes in activity to pro- 
cesses at a high level of sensory-motor integration such as 
relating the position of a sensory cue in an indirectly cued 
motor  task to the direction of the movement (Alexander 
and Crutcher 1990b). In a recent study, the sequence in 
which different trials were presented was shown to influ- 
ence preparatory activity (Brotchie et al. 1991). The 
present study indicates that the temporal control of the 
readiness to move is reflected in basal ganglia activity as 
well. One possible explanation for this multitude of ef- 
fects is that many levels of motor  control are processed in 
parallel in all motor  structures (Alexander and Crutcher 
1990b). Alternatively we might not yet have discovered 
the appropriate dimensions along which motor  control is 
modularized within the brain. One function that may 
unify the various aspects of neural activity found in the 
basal ganglia is the hypothesis that they are primarily 
responsible for the control of automated sequences of 
movements (Marsden 1982). Certainly, the predictive 
control of movement direction and the timing of move- 
ment are integrative components of automated behavior. 
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