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Summary. This study is a part of a project investigating 
neuronal activity in the basal ganglia and frontal cortex 
and describes externally and internally induced prepa- 
ratory activity in the supplementary motor  area (SMA), 
which forms a closed neuronal loop with the striatum. 
Monkeys made self-initiated arm reaching movements 
toward a constant target in the absence of phasic external 
stimuli. In separate blocks of trials, animals performed in a 
delayed go no-go task in which an instruction cue pre- 
pared for subsequent movement  or no-movement  to a 
trigger stimulus. A total of 328 neurons were tested in the 
delay task. Of these, 91 responded transiently to the 
instruction light with a median latency of 262 ms. Three 
quarters of these responses were restricted to the instruc- 
tion preparing for arm movement,  as opposed to with- 
holding it, and thus may be involved in movement  
preparat ion processes. Sustained activation during the 
instruction-trigger interval was found for 67 neurons and 
occurred nearly exclusively in movement  trials. Activation 
usually increased gradually after the cue and ended ab- 
ruptly upon movement  onset and thus could be related to 
the setting and maintenance of processes underlying the 
preparat ion of movement.  Time-locked responses to the 
trigger stimulus were found in 38 neurons and were usually 
restricted to movement  trials (median latency 80 ms). 
Activity time-locked to movement  execution occurred in 
67 neurons, beginning up to 252 ms before movement  
onset. A total of 266 neurons were tested with self-initiated 
arm movements. Of these, 43 showed premovement  activ- 
ity beginning 610-3030 ms before movement  onset (me- 
dian 1430 ms). The activity increased slowly and reached 
its peak at 370 ms before movement  onset. It ended before 
movement  onset or continued until the arm began to move 
or reached the target. This activity appears to reflect 
neuronal processes related to the internal generation of 
movements.  Two thirds of activations preceding self- 
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initiated movements occurred in neurons not activated 
before externally instructed movements, suggesting a sel- 
ectivity for the internal generation process. Activity related 
to the execution of self-initiated movements occurred in 67 
neurons: it began during and up to 420 ms before move- 
ment onset and was usually not associated with pre- 
movement  activity. Most of these neurons were also 
activated with stimulus-triggered movements, suggesting a 
lack of selectivity for the execution of self-initiated move- 
ments. In comparison with the striatum, more SMA 
neurons showed preparatory activity preceding externally 
instructed movements (transient 27% vs 16%, sustained 
20% vs 12%) and self-initiated movements (16% vs 11%). 
Whereas transient responses showed similar latencies and 
durations in the two structures, sustained preparatory 
activity preceding externally instructed or self-initiated 
movements began and reached its peak earlier in SMA 
compared to striatal neurons. However, due to the long 
durations, sustained activation largely overlapped in the 
two structures, and thus essentially occurred simulta- 
neously. Instruction-induced or internally generated pre- 
paratory activity may originate outside of the SMA and 
striatum or may derive from activity reverberating in 
cortico-basal ganglia loops, possibly in conjunction with 
other, closely associated cortical and subcortical struc- 
tures. These data would favor a conjoint role for SMA and 
striatum in the internal generation of individual behav- 
ioral acts and the preparation of behavioral reactions. 
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Introduction 

Several lines of  evidence suggest that the supplementary 
motor  area (SMA) at the medial surface of area 6 is 
involved in the internal generation of voluntary move- 
ments (Eccles 1982; Goldberg 1985). Patients with 
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extensive S M A  lesions suffer f rom a p r e d o m i n a n t  lack of 
in ternal ly  ini t ia ted,  in ten t iona l  behav io ra l  act ions,  includ-  
ing l imb movemen t s  and speech, whereas  behav io ra l  
reac t ions  to external  st imuli  are less impa i r ed  (Ta la i r ach  
et al. 1973; Lap l ane  et al. 1977; G o l d b e r g  et al. 1981). Well-  
con t ro l l ed  b i la te ra l  lesions o f  S M A  in monkeys  lead to 
impa i rmen t s  in se l f -generated movement s  requir ing  an  
in terna l  r epresen ta t ion  o f  the target  (Tha le r  and  Passing- 
ham 1989), whereas  uni la te ra l  S M A  remova l  does not  
result  in s imilar  deficits ( B r i n k m a n  1984). E lec t rophys i -  
ological  studies invest igat ing the in ten t iona l  aspect  have 
revealed a negat ive  vol tage  shift over  the S M A  and o ther  
f ronta l  and  par ie ta l  cor t ica l  areas  which preceded  by  
a b o u t  1 s the onset  of spon taneous ly  in i t ia ted  a rm move-  
ments  (readiness  potent ia l ,  K o r n h u b e r  and  Deecke  1965). 
I l lus t ra t ive  examples  of the role of the S M A  in the in ternal  
r ep resen ta t ion  of movement s  are  the increased b l o o d  flow 
occurr ing  dur ing  the menta l  rehearsa l  of complex  se- 
quences of finger movement s  (Ro land  et al. 1980) and the 
neurona l  act ivi ty  specifically preceding  pa r t i cu la r  se- 
quences of a rm movement s  (Mush iake  et al. 1990). 

The different areas  of f rontal  cor tex are in t imate ly  
l inked with the basa l  gangl ia  th rough  closed neurona l  
loops  (Alexander  et al. 1986). In  one of these loops,  the 
S M A  projects  to s t r ia tum,  pa r t i cu la r ly  la tera l  p u t a m e n  
and do r so la t e ra l  cauda te  (Kfinzle 1978; Selemon and  
G o l d m a n - R a k i c  1985), which in turn  connects,  via g lobus  
pal l idus  and  ven t roan t e r io r  tha lamus ,  back  to the cor tex 
at  the level of S M A  and  m o t o r  cortex (Percheron  et al. 
1984; Schell and  Strick 1984; N a m b u  et al. 1988). Thus,  
this l oop  l inks two  m a j o r  centers  involved in the in ternal  
genera t ion  of vo lun ta ry  movement ,  the S M A  and  the basa l  
ganglia.  A ma jo r  pa r t i c ipa t ion  of the basal  gangl ia  in the 
genera t ion  of movemen t s  is suggested by the deficits 
occurr ing  after des t ruc t ions  of n ig ros t r i a ta l  d o p a m i n e  
neurons  in p a r k i n s o n i a n  pat ients  and  exper imenta l ly  le- 
s ioned animals ,  and  after lesions of the g lobus  pal l idus  in 
pat ients  suffering from Wilson ' s  disease. 

The  two preceding  studies in this series deal t  with the 
act ivi ty  of s t r ia ta l  neurons  dur ing  the p r e p a r a t i o n  and  
execut ion of self- init iated and  s t imulus-guided  a rm move-  
ments  ( R o m o  et al. 1992; Schultz and  R o m o  1992). In  
o rder  to further e lucidate  the role of cor t i co-basa l  gangl ia  
loops  in the in ternal  genera t ion  of movements ,  the present  
s tudy invest igated the act ivi ty  of S M A  neurons  in the same 
behav io ra l  contexts  using the same monkeys  and com- 
pa red  this with that  ob ta ined  in the s t r ia tum. Animals  
per formed in a de layed go no-go task  in which an instruc-  
t ion signal p repa red  the an imal  to per form or  refrain from 
an a rm movemen t  reac t ion  to a subsequent  t r igger s t imu- 
lus. Act ivi ty  of the same neurons  was examined  dur ing  self- 
in i t ia ted  a rm movement s  tha t  an imals  per formed  in the 
absence of any  phasic  ex terna l  stimuli.  Whereas  self-paced 
movement s  in previous  studies of S M A  neurons  were 
cons ide rab ly  assoc ia ted  with externa l  s t imuli  ( O k a n o  and  
Tanj i  1987; K u r a t a  and Wise  1988), we were pa r t i cu la r ly  
interested to emp loy  a m i n i m u m  n u m b e r  of t empora l  
cons t ra in ts  wi thou t  any  reference to external  signals and  
to avo id  au toma t i ca l ly  paced  task performance.  Some of 
these da ta  have been presented  before in p re l iminary  form 
( R o m o  and Schultz 1987; Schultz  et al. 1989). 

Materials and methods 

The study was performed on the same three Macaca fascicularis 
monkeys used in the preceding reports, in which all experimental 
procedures are described in detail (Romo et al. 1992; Schultz and 
Romo 1992). Activity of single neurons in the left SMA was recorded 
with movable microelectrodes during contralateral performance of a 
delayed go no-go task and during self-initiated arm movements. 

In the delayed go no-go task, an instruction light was illuminated 
above one of two small food boxes positioned in a mediolateral 
arrangement in front of the animal and at eye level. Covers in front of 
each box prevented viewing of opening doors and interiors. In go 
trials, the lateral box opened audibly 2 3 s or 4-7 s after illumination 
of the lateral light, and the animal immediately reached from the 
resting key to the box and collected a small morsel of apple, cookie or 
raisin. In no-go trials, which alternated randomly with go trials, the 
medial food box opened after illumination of the medial instruction 
light, but animals remained motionless until 3 s after box opening 
and received no reward. The noises of door opening were so similar 
for the two boxes that animals could not use them as cues. This was 
verified by occasionally opening a door without the preceding 
instruction light. The instruction light was either extinguished after 
1 s (short instruction), or after 5 10 s in no-go trials and upon key 
release in go trials (continuous instruction). Thus, the instruction 
served as preparatory signal for the subsequent behavioral reaction, 
whereas the trigger stimulus determined the time of reaction without 
providing information about the expected behavioral reaction. Self- 
initiated arm movements were performed in separate blocks of trials 
in which the instruction lights were extinguished and food boxes 
were not operated. The animal released the resting key and reached 
in the permanently open lateral food box behind a cover at a self- 
chosen moment and in the complete absence of phasically changing 
external cues. There was no special signal indicating the transition 
between tasks and animals realized the task to be run from the result 
of the first trials. Animals regularly reached toward the lateral food 
box when the delay task had not been employed for a few tens of 
seconds. 

Electromyographic (EMG) activity was monitored during all 
neuronal recordings from at least two muscles of the arm, dorsum, 
trunk and leg, ipsi- and contralateral to the moving arm. Principal 
muscles for the reaching movement were the extensor digitorum 
communis and biceps and, to a varying extent, the anterior and 
lateral deltoid. Some dorsum muscles were bilaterally active during, 
but rarely before, the movement (Schultz and Romo 1992). Particu- 
lar care was taken to ensure muscular relaxation before movement- 
related activity. In addition, the animal's behavior was continuously 
monitored by two video cameras mounted above and in front of the 
animal in order to detect movements not involving the recorded 
muscles. Neuronal activity in the delay and self-initiated movement 
tasks was studied only in the absence of untimely muscle activity and 
premature movements during the preparatory phases preceding 
movement-related muscle activity. 

Horizontal and vertical components of eye movements were 
recorded during neuronal recordings with electrooculographic 
(EOG) electrodes implanted in the orbits. In the delay task, the eyes 
made a saccade to the instruction signal, fixated the light for an initial 
period of about 1 s and subsequently moved to other targets (Schultz 
and Romo 1992). The trigger stimulus elicited a saccadic eye 
movement toward the food boxes, both in go and no-go trials (Romo 
et al. 1992). Ocular reactions were absent when the eyes incidentally 
fixated the instruction and trigger stimuli when they appeared. In the 
self-initiated movement task, saccades toward the food box occurred 
at 200-800 ms before movement onset. The eyes fixated the food box 
until the animal's hand left the box 500-600 ms after movement 
onset. Because food boxes were located at eye level, saccades were 
more prominent in the horizontal than the vertical plane. On- 
sets and offsets of saccadic eye movements were determined off- 
line by single-trial analysis using a movable cursor on a computer 
screen. 
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After the experiment, animals were deeply anesthetized with 
pentobarbital and brains were fixed by transcardiac perfusion with 
formaldehyde. The x-y movable electrode-holding microstage was 
mounted, and four steel cannulas were introduced vertically into the 
brain in order to delimit the recording area. The brain was cut into 
50-/~m-thick coronal sections which were stained with cresyl violet. 
Positions of neurons were graphically reconstructed by projecting 
brain sections on paper. Outlines of the cortex were drawn and 
electrode tracks and small electrolytic lesions made during the last 
recording sessions were marked. 

Timing, magnitude and statistical significance of all behavior- 
related increases of neuronal activity were assessed with the sliding 
window procedure using the Wilcoxon test. Magnitude of activation 
was calculated by counting neuronal impulses between onset and 
offset of activations and expressed as the percentage above back- 
ground activity during the control period. Parameters for determin- 
ing activation after instruction onset were: a 1 or 2 s control period 
before instruction, step size 25 ms, time window 250 ms, except for 
sharp responses (latencies < 250 ms with durations < 350 ms), where 
step size was 8 ms and the time window was 48 ms. Offsets of 
activation referenced to box opening, key release, enter box and leave 
box, respectively, were measured with the same control period, step 
size 20 ms, and time window 200 ms moving backwards. Activity 
preceding self-initiated movements was evaluated with a 400 ms 
control period before the presumed activation, as judged from visual 
inspection, step size 20 ms and a time window of 200 ms. Relations to 
execution of movements were assessed with step size 8 ms and a time 
window of 80 ms. The latency, duration and statistical significance of 
responses to box opening were assessed from the inflections of the 
cumulative frequency distribution referenced to box opening against 
a line representing control activity, followed by a Wilcoxon test over 
the duration of the activation against a 250 500 ms control period 
before box opening. Peak latency was taken to be 250 ms after onset 
of the 500 ms interval showing the highest activity in the peri-event 
time histogram of neuronal impulses. Only data from neurons 
evaluated quantitatively with at least 10 trials in a given situation are 
reported. The median (50th percentile) was determined as single 
numerical value for distributions of data. Differences in distributions 
were assessed with the two-tailed Mann-Whitney U-test. 

Results 

Recordings  were ob ta ined  from 454 S M A  neurons,  of 
which 328 were recorded  dur ing  per formance  of the delay 
task and 266 dur ing  self- init iated movements ;  140 neurons  
were s tudied dur ing  bo th  tasks. The invest igated area  did  
not  conta in  the giant  p y r a m i d a l  cells of layer  V typical  for 
a rea  4 (Wise and  Tanj i  1981; M a c p h e r s o n  et al. 1982) and 
was loca ted  in the media l  wall  of the frontal  cor tex up to 3 
m m  la tera l  to the midl ine and extended from abou t  1.5 m m  
pos te r io r  to 5.5 m m  an te r io r  to the pos te r io r  bo rde r  of the 
a rcua te  sulcus (Fig. 1). I t  therefore compr i sed  large par ts  of 
the media l  ag ranu l a r  a rea  6 (the ros t ra l  pa r t  of a rea  6ae 
and  most  of  a rea  6a]~ of Vogt  and  Vogt  1919). This region 
is general ly  referred to as SMA,  on the basis of ana tomica l  
connec t ions  ( M u a k k a s s a  and  Strick 1979; G o d s c h a l k  et al. 
1984), e lec t rophys io logica l  recordings  (Tanji  and  K u r a t a  
1982) and mic ros t imu la t ion  (Mitz  and  Wise 1987; Huer t a  
and  K a a s  1990). However ,  recent  invest igat ions  emphas ize  
the differences between subdivis ions  6ac~ and  6a/~, sugges- 
t ing a funct ional  d i cho tomy  within S M A  or, a l ternat ively,  
a res t r ic t ion of  S M A  prope r  to area  6ac~ (Lupp ino  et al. 
1990). Neurons  were sampled  f rom bo th  subdivis ions  in 
a pp rox ima te ly  equal  p ropor t ions .  They are considered 
together  because of s imilar  act ivi ty  in the pa rad igms  
used. 

Occas iona l  in t racor t ica l  mic ros t imu la t ion  in a rea  6 
with the fine t ipped  electrodes used for single neuron  
recordings  failed to consis tent ly  evoke movements  with 
currents  up to 100 ~tA, in agreement  with ear l ier  studies 
(Smith 1979; Wise  and  Tanj i  1981; Mi tz  and Wise 1987). 
Movemen t s  of the lower extremit ies  were evoked  with 
much lower  currents  from the pos te r io r ly  ad jo in ing  m o t o r  
cortex. 
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Fig. 1. Reconstruction of recording positions of SMA neurons 
according to different types of premovement activity. Positions in all 
three monkeys are projected on brain sections from one animal, 
using the posterior border of the arcuate sulcus as common reference. 
The recording area is indicated by the hatched pattern on the cortical 
surface (left). Numbers at coronal sections correspond to the coronal 

planes of 1 mm anteroposterior distance indicated on the surface 
view. Scale (2 ram) applies to coronal sections only. Neurons activa- 
ted before self-initiated movements (bars) are indicated separately 
from neurons showing sustained activity during the instruction- 
trigger interval (dots) 



We did not specifically search for neuronal activity in 
relation to eye movements.  Such activity has been found in 
the corresponding region of the medial agranular frontal 
cortex (Schlag and Schlag-Rey 1987; Schall 1991). How- 
ever, we have related neuronal activity off-line to the onset 
and offset of saccadic eye movements  that were sys- 
tematically sampled during neuronal recordings and 
found that none of the observed activity was related to 
ocular saccades. 

I n s t r u c t i o n - i n d u c e d  p r e p a r a t o r y  a c t i v i t y  

Of the 328 neurons tested in the delay task, 205 were 
studied with > 10 trials in each of the go and no-go 
situations. Only data from go trials will be described for 
the remaining 123 neurons recorded during < 10 no-go 
trials. 

T r a n s i e n t  re sponses .  Responses following the instruction 
signal and terminating before the trigger stimulus were 
found for 91 neurons (28%). Responses occurred in 72 
neurons on!y in go trials, in 8 neurons in both go and no- 
go trials, and in 11 neurons only in no-go trials. Responses 
were independent of short or continuous instructions. 
Responses to the offset of the short instruction were not 
observed. Quantitative evaluation revealed median la- 
tencies, durations and magnitudes of 262 ms, 400 ms and 
218% in go trials (n = 80), and of 237 ms, 275 ms and 256% 
in no-go trials (n=  19), respectively. The differences be- 
tween go and no-go trials were insignificant (P>0.01).  
These values are similar to those of striatal neurons in the 
same animals (Schultz and Romo 1992), and show no 
significant difference (P >0.03). 

S u s t a i n e d  ac t i va t ions .  Activity following instruction onset 
and lasting beyond the trigger stimulus were found in 67 
neurons (20%). Responses were restricted to go trials in 65 
neurons, and only 2 neurons were activated in no-go trials. 
None of the neurons were activated in both go and no-go 
trials. A typical example is shown in Fig. 2, which also 
illustrates how activity continued when the trigger signal 
was delayed. Activity began with a median latency of 
450 ms after instruction onset. Peak activity was reached 
in most neurons during later periods of the instruction- 
trigger interval, at a median of 1700 ms after instruction 
onset. Magnitude of peak activity amounted to an increase 
of 269% above background. Sustained activation was 
independent of the use of short or continuous instruction 
lights ]-38 of 207 (18%) and 36 of 171 neurons (21%), 
respectively, were activated]. Onset latencies, peak lat- 
encies and peak magnitudes differed insignificantly be- 
tween the two varieties of task (P > 0.04). Most activations 
in go trials terminated sharply after the trigger stimulus 
and before movement  onset (34 neurons) (Fig. 3A). In 
other neurons they lasted beyond movement  onset (Fig. 
3B, C), ending before the animal's hand entered the food 
box (9 neurons), between entering and leaving the box (3 
neurons), or after leaving the box (9 neurons). (Ten 
neurons with additional trigger responses were excluded 
from this analysis.) Onset and peak latencies were signific- 
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antly shorter in SMA neurons than in striatum (caudate 
and putamen pooled; 450 vs 1137 ms, 1700 vs 2337 ms), 
and the magnitude lower (269% vs 415%) (all P<0.01).  
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Fig. 2. Sustained activation during the instruction period in go 
trials (Go), lack of sustained activity in no-go trials (Nogo). An 
additional transient response to instruction onset is more prominent 
in go than in no-go trials. Peri-event time histograms in top and 
bottom are composed of neuronal impulses shown as dots below. 
Rectified electromyographic activity from extensor digitorum com- 
munis muscle (edc em.q) exceeding a preset level was converted into 
digital pulses and is shown as separate raster below neuronal dots. 
EMGs were recorded in the same trials as neuronal impulses. Each 
raster dot denotes a neuronal impulse or EMG pulse, and distances 
to instruction onset correspond to real-time intervals. The trigger 
stimuli are indicated by small vertical bars in rasters. Each line of 
dots shows one trial. Go and nogo trials alternated randomly during 
the experiment and were separated off-line (top and bottom, respec- 
tively). The sequence of trials is rearranged according to the length 
of instruction-trigger intervals. Continuous instruction. Vertical 
calibration is 20 impulses/bin for histograms (bin width 40 ms) 
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neurons (11%) increased in response to this stimulus, as 
judged from visual inspection of the temporal relationship 
to the trigger stimulus and the lack of a relationship to 
onset of E M G  activity and movement  in individual trials 
(Fig. 4). Four of these neurons also responded to the 
trigger stimulus in no-go trials, in which arm movement  
and E M G  activity were absent (Fig. 4B). Only two neu- 
rons responded exclusively in no-go trials. Trigger re- 
sponses in go trials occurred at median latencies of 80 ms. 
Latencies did not differ significantly from those of striatal 
neurons (P > 0.1). 

Activity in 67 neurons (20%) began after move- 
ment onset or showed better temporal relations to move- 
ment onset than to the trigger stimulus. These movement-  
related neurons were not activated in no-go trials. 
Movement-related activity began at a median time of 84 
ms before movement  onset (range - 2 5 2  ms to +556 ms 
relative to movement  onset) and lasted for 272 ms. 

C 

A 
instruction 

!::.-'..', -.....,...':~....:. 
"~'~':.'::;" "" ... ,,..,. 

: : i -  
-~..?:!...~.....'.... v . 

i"il:';". ",.": "? ""'" 
m ~, movement  

enter box 

A ~ t  
instruction 

l eav t  box 

J -3 J i s 

Fig. 3A-C. Relationships of offset of sustained activations to trigger 
stimulus and movement onset for three neurons. Histograms and 
raster displays are aligned to trigger stimulus (A), entering the food 
box (B), and leaving the food box (C). Horizontalarrows below 
rasters indicate the period of movement, its onset (key release) being 
marked by small vertical lines in rasters. Leaving the box in B is 
indicated by small vertical lines in rasters to the right of the reference 
line. Horizontal bars below histograms mark durations of neuronal 
activation determined with the sliding window procedure. Onset 
and offset times in relation to the respective reference events 
were: A -4030 and + 110 ms; B -2650 and +230 ms; C -970 and 
+410 ms 

Activi ty  following the trigger stimulus 

Door  opening in go trials triggered the arm movement  
with reaction times of 250-330 ms. The activity of 36 

Self-initiated movements 

Premovement activity. Statistical evaluation with the time 
window method revealed significant increases in activity of 
43 from 266 neurons (16%) which began more than 500 ms 
before onset of self-initiated arm movements and thus well 
before earliest task-related muscle activity (Fig. 5). None 
of these activations showed reliable trial-by-trial relation- 
ships to onset or offset of saccadic eye movements. Onset 
of activation was statistically detected between 610 and 
3030 ms before key release, with a median of 1430 ms. 
Activity usually increased slowly and reached its peak at a 
median of 370 ms before movement  onset. Peak magni- 
tude amounted to 487% increase over background. Ac- 
tivations terminated before movement  onset in 16 neurons 
(Fig. 5B). For the remaining neurons, activity fell offrather 
sharply at or after movement  onset (Fig. 5A, C, D), ending 
before the animal's hand entered the food box (5 neurons), 
between entering and leaving the box (19), or after leaving 
the box (3). Median offset time of activations in all 43 
neurons was 230 ms after movement  onset. 

A total of 140 neurons was studied during both self- 
initiated and instructed movements. Of  these, 7 neurons 
showed statistically significant sustained premovement 
activity in both tasks, 12 neurons only with self-initiated 
movements  (Fig. 6), and 16 neurons only in go trials of the 
delay task. When considering all activated neurons, activ- 
ity preceding self-initiated movements (n=43)  showed 
later peaks (P < 0.002) but insignificantly later offsets and 
higher peak activity (P>0.01),  than before instructed 
movements (n=65)  (all values in relation to movement  
onset). The population histograms of Fig. 7 show the 
overall profiles of activity preceding movements in both 
tasks. 

Premovement  activity preceding self-initiated move- 
ments began earlier, reached its peak earlier and showed 
later offset times in SMA than in the striatum (Schultz and 
Romo 1992), although none of these differences was 
statistically significant (1430 vs 1160 ms before movement,  
370 vs 270 ms before movement,  and 230 vs 120 ms after 
movement  onset; all P > 0.02). 
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Fig. 4A, B. Activating responses in two SMA 
neurons to the trigger stimulus for the arm 
reaching movement (/eft). Right: Absent (A) and 
moderate (B) response in no-go trials without 
arm movement. Movement  onset (key release) is 
indicated by small vertical lines in rasters. The 
sequence of go trials is rearranged according to 
the stimulus movement interval (reaction time), 
whereas in no-go trials the original sequence is 
preserved downward 
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Fig. 5A-D. Premovement activity in four SMA neu- 
rons during performance of self-initiated movements. 
A Short lead activation terminating after box entry. 
B Long lead activation terminating before movement 
onset. Note that  the statistical procedure detects only 
the common part of considerably varying activity (bar 
below histogram). C Long lead activation terminating 
upon movement onset (key release). D Long lead 
activation culminating after movement onset and ter- 
mitiating after box entry. Histograms and rasters are 
referenced to movement onset (key release)�9 Small verti- 
cal lines in rasters indicate entering of the food box. 
Horizontal bars below histograms indicate durations of 
statistically significant activations determined with the 
sliding window procedure. The following values were 
obtained for onset and offset times, respectively: 
A - 1010 ms and + 260 ms; B - 1970 ms and - 620 ms; 
C - 2 3 7 0  ms and 0 ms; D - 1 6 4 0  ms and +385 ms 
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Fig. 6. Sustained premovement activity restricted to self-initiated 
movements. In the delay task (right), only a transient response to 
instruction onset occurred that terminated several seconds before 

movement onset�9 The two tasks were performed in separate blocks of 
trials while recording from the same SMA neuron, bic emg, Elec- 
tromyographic activity from biceps muscle 
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Fig. 7A-C. Population histograms of average instruction 
responses and premovement activity. A Average of transient 
responses to instruction onset in go trials. Instruction re- 
sponses in individual neurons were defined as transient when 
they terminated before the subsequent trigger stimulus. 
B Sustained activations in go trials of the delay task. The 
time base is split because of variable intervals between 
instruction and trigger stimuli. C Premovement activity with 
self-initiated movements. Histograms from each neuron with 
statistically significant increases normalized for trial number 
were added and the resulting sum was divided by the number 
of neurons and calculated as impulses per second (vertical 
scale) A 1314 trials in 80 neurons responding in go trials; 
B 928 trials in 55 neurons activated in go trials without 
trigger responses; C 598 trials in 43 neurons 

Movement-relatedactivity. N e u r o n a l  ac t iva t ions  begin- 
ning < 5 0 0  ms before m o v e m e n t  onset  or  dur ing  the 
movemen t  were cons idered  to be movement - re la ted .  
These were found  in 67 neurons  (25%)�9 They occur r red  in 
con junc t ion  with p r e m o v e m e n t  act ivi ty  (6 neurons),  began 
immedia te ly  before movemen t  onset  toge ther  with onset  of  
E M G  act ivi ty  (26 neurons) ,  or  appea red  dur ing  different 
per iods  and  in var ious  forms dur ing  the movemen t  (35 
neurons).  Ac t iva t ion  of all movemen t - r e l a t ed  neurons  
began  at  a med ian  of  76 ms after movemen t  onset  (range 
- 4 2 0  ms to + 684 ms relat ive to movemen t  onset)  and  
las ted for 368 ms. 

A to ta l  of 35 neurons  showing movemen t - r e l a t ed  
act ivi ty  with self- init iated movemen t s  were also tested 

dur ing  s t imulus- t r iggered  movements .  Of  these, 27 showed 
movemen t - r e l a t ed  act ivi ty  in bo th  tasks (Fig. 8A), and  2 
r e sponded  to the t r igger  s t imulus (Fig. 8B). 

Discussion 

Externally induced preparatory activity 

A sizeable p r o p o r t i o n  of S M A  neurons  was ac t iva ted  
dur ing  the p r e p a r a t o r y  pe r iod  of several seconds between 
the external  ins t ruc t ion  signal and  the a rm movement .  The  
act ivi ty  was specific for a movemen t  being p repa red  and  
was absent  dur ing  no-go trials in which the animal  
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Fig. 8A, B. Comparison of movement-related activity between self- 
initiated and instructed movements. A A neuron activated during 
similar movement periods in both tasks. B A neuron with quite early 
activation during self-initiated movement lacks movement-related 

activity in the delay task but responds to the trigger. Data referenced 
to movement onset. Trials to the right are rank-ordered according to 
reaction time 

refrained from moving. Extensive recordings of muscle 
activity suggested that the preparatory activity was not 
due to premature contractions. Comparable preparatory 
activity during go trials of similar go no-go tasks was 
previously observed in the premotor cortex of dorsolateral 
area 6 (Wise et al. 1983; Romo and Schultz 1987). 

Earlier studies described similar preparatory activity 
in SMA neurons during performance of tasks differing in 
several respects from the present one. In monkeys per- 
forming push or pull arm movements, about half of task- 
related SMA neurons were directionally activated during 
the instruction period before the movement (Tanji et al. 
1980), thus suggesting an involvement of SMA neurons in 
the preparation of an upcoming movement. Similar direc- 
tionally specific instruction-related activity was observed 
in a task allowing the choice between two touch pads 
(Kurata and Wise 1988) and with wrist flexion-extension 
movements (Alexander and Crutcher 1990). In another 
task, a few SMA neurons showed instruction-related 
activity in anticipation of intervening stimuli not leading 
to movement reactions, although activity in most neurons 
continued until a movement-triggering stimulus occurred 
(Tanji and Kurata 1985). The combined evidence from 
these and our data suggests that activity in many SMA 
neurons occurs before an overt behavioral act and reflects 
an internal process, presumably related to the preparation 
of a forthcoming movement. 

Although these activations may reflect preparatory 
processes for movements, it cannot be ruled out that they 
were related to the expectation of the specific movement 

triggering signal. A recent study on premotor cortex 
suggested that similar activity may be related to the 
information contained in the upcoming signal, rather than 
reflecting movement preparation (Vaadia et al. 1988). 
Nevertheless, movement-preparatory and signal-expec- 
ting activity are in common related to upcoming be- 
havioral reactions to external signals. Other, less specific 
relationships can apparently be ruled out. The general 
expectation of external signals should be reflected in 
activity occurring in both go and no-go trials, and this was 
not found in the present study. General attentional mech- 
anisms would be expected to last until the delivery of 
reward and thus beyond the onset of movement when 
most activations terminated. Activity related to the expec- 
tation of reward, which may exist in neurons of the 
neighboring prefrontal cortex (Watanabe 1986), should 
equally last until the delivery of reward. Thus, the activa- 
tion appears to predominantly reflect the preparation of a 
behavioral response involving an overt movement. 

Internally 9enerated premovement activity 

Neurons of SMA showed premovement activity preceding 
the onset of self-initiated movements by 0.6 3.0 s. Accord- 
ing to our definition, premovement activity began earlier 
than 500 ms before movement onset and thus well in 
advance of the earliest electromyographic activity in all 
muscles of upper and lower extremities and trunk that 
were recorded simultaneously with neurons (Schultz and 
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Romo 1992). In an earlier study addressing the role of the 
SMA in the internal generation of movements, SMA 
neurons were activated 150-200 ms before a lever pulling 
movement (Brinkman and Porter 1979). Although activa- 
tions during this relatively short lead time might reflect 
muscle activity preceding movement onset, the inspection 
of individual figures reveals onset times of up to 800 ms 
before movement, this being in the lower range of the 
premovement times observed here. Similar premovement 
times of 300 1000 ms were found in SMA neurons in 
monkeys performing wrist extension movements at 3-6 s 
intervals without finite targets (Thaler et al. 1988). Neu- 
rons of SMA showed premovement onset times of 1-2 s in 
a task in which animals performed a self-paced movement 
when an expected external trigger signal failed to occur 
(Okano and Tanji 1987), and up to 3 s when animals 
rather rhythmically performed a self-paced movement 
about every 4 s (Kurata and Wise 1988). Thus, in spite of 
differences in the restrictions placed on internally timed 
movements, premovement lead times are comparable 
across different studies. Premovement activity in indi- 
vidual SMA neurons began earlier than readiness poten- 
tials from monkey SMA (Gemba and Sasaki 1984). Since 
recordings were done in comparable behavioral situations, 
the different time courses should be explained by the lower 
resolution of readiness potentials which may fail to detect 
the usually slow and variable onset of premovement 
activity. 

In the present study, animals performed self-initiated 
arm movements at a self-chosen moment and with a 
minimal interval of several seconds, whereas rhythmic and 
automatic task performance was discouraged. The move- 
ment occurred toward a well-defined, constant target and 
had the purpose of obtaining a reward. Although this was 
not a free intentional behavioral act, because of the 
constraining behavioral situation, the animal chose the 
moment of moving within a variable time interval. Al- 
though the movements were goal-directed, premovement 
activity terminated in about half of the activated neurons 
before the animal's hand reached the target. This suggests 
a relationship to the generation of the movement rather 
than to the obtaining of a reward. Interestingly, a recent 
study failed to find substantial activations preceding spon- 
taneous, unrewarded and undirected saccadic eye move- 
ments (Schall 1991) in a similar part of the SMA in which 
such premovement activity was found with reward- 
related or reward-searching eye movements (Schlag and 
Schlag-Rey 1987). This may suggest a general relationship 
to the goal directedness of the movement-generation 
process in the activity reported here. We did not test 
undirected or unreward spontaneous arm movements. 

Two thirds of neurons activated before self-initiated 
movements were unmodulated during instruction-induced 
movement preparation. This may reflect particular volun- 
tary components in SMA activity underlying the internal 
movement generation process. By contrast, activity related 
to the execution of both types of movement was seen in the 
same neurons, suggesting that neuronal processes opera- 
ting during ongoing movements were less dependent on 
the mode of movement generation. The larger separation 
of premovement compared to movement-related activity 

for the two types of movement is very similar to the 
situation observed in the striatum (Romo et al. 1992; 
Schultz and Romo 1992). A separation of premovement 
activity in SMA neurons according to the mode of move- 
ment generation was also found in a task using lesser 
degrees of liberty than the one employed here. Some 
neurons were only activated when animals prepared a self- 
paced movement when an expected external trigger signal 
did not occur, whereas they were not activated when the 
movement was triggered by a stimulus (Okano and Tanji 
1987). By contrast, SMA neurons activated indiscrimina- 
tely before internally and externally prepared movements 
were recorded in studies using a wrist extension movement 
without finite targets (Thaler et al. 1988) or an arm 
movement for contacting a touch pad in front of the 
animal (Kurata and Wise 1988). These differences do not 
appear to be derived from the considerable variations in 
the degree of freedom with which these movements were 
initiated. A further investigation of the factors determining 
the obvious specificity shown in some studies should shed 
more light on the question whether the SMA in fact 
contains separate neuronal populations related to differ- 
ent modes of preparation of movements and thus plays a 
particular role in 'the transformation of i n t e n t . . ,  into the 
specification of action' (Goldberg 1985). 

Preparatory activity in SMA as part of cortico-basal 
ganglia loop activity 

Premovement activity in SMA may originate from other 
frontal cortical areas with which the SMA has heavy, 
usually reciprocal connections, such as the prefrontal, 
premotor and anterior cingulate cortex (Jfirgens 1984). 
Several studies have shown that neurons in these struc- 
tures are activated before externally instructed movements 
(Fuster 1973; Niki and Watanabe 1976; Wise et al. 1983). 
By contrast, neurons activated before self-initiated move- 
ments were found in fewer areas. Premotor cortex neurons 
show activity preceding self-initiated movements (Okano 
and Tanji 1987; Romo and Schultz 1987; Kurata and Wise 
1988), and anterior cingulate neurons are activated before 
movements that occur after a self-timed interval following 
an external signal (Niki and Watanabe 1979). However, a 
recent study reported a marked absence of readiness 
potentials in anterior cingulate cortex-preceding self- 
initiated movements (Gemba and Sasaki 1984). Thus, it is 
unclear whether any of these cortical structures may 
constitute a single focus in which activity preceding self- 
initiated movements is generated and subsequently 
propagated to the SMA, or whether such activity might be 
generated within the SMA itself. 

The present data suggest that preparatory activity 
begins earlier in SMA than in striatum, as shown by the 
shorter onset and peak latencies. This may imply a sequen- 
tial development and processing of premovement activity 
from SMA to striatum and would agree with the general 
notion 0fsequentially occurring processes leading to the 
execution of movements in which each structure contri- 
butes unique and increasingly more specific activity to the 
neuronal processes underlying behavioral acts (e.g., Allen 
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and Tsukahara 1974; Schultz 1984; Goldberg 1985; 
Fischer 1987). However, the present data allow the con- 
struction of an alternative model for the development of 
the preparatory activity observed. The large temporal 
overlap of activity preceding externally and internally 
initiated movements suggest that this activity may not 
originate from a single group of neurons or a single 
structure. Rather, it may develop through interactions in 
neuronal loops linking several cortical and subcortical 
structures. Preparatory activity is found at several levels of 
cortico-basal ganglia loops, such as the frontal cortex, 
caudate and putamen (present study), globus pallidus 
(Neafsey et al. 1978; Nambu et al. 1990), and pars re- 
ticulata of substantia nigra (Hikosaka and Wurtz 1983; 
Schultz 1986). Dopamine neurons of substantia nigra are 
not components of cortico-basal ganglia loops. They do 
not show comparable premovement activity (Romo and 
Schultz 1990) and thus do not actively participate in the 
development of preparatory activity in loops. However, 
they are necessary for the generation of spontaneous 
movements, as suggested by the profound deficits seen in 
parkinsonism. This suggests that dopamine neurons exert 
an enabling effect on loop activity at the level of their 
target areas, such as the striatum and the frontal cortex 
(Schultz 1985). A cerebellar involvement in the internal 
generation of movements is suggested by the loss or 
reduction of readiness potentials in monkey motor and 
premotor cortex after cerebellectomy (Sasaki and Gemba 
1981). 

Instruction-induced premovement activity in SMA 
and striatum often began with a few impulses, slowly 
increased and culminated with movement onset. Activity 
preceding self-initiated movements showed this form to an 
even greater extent. The first few impulses leading to these 
activations may occur within one component of the loop 
or enter through one of the many inputs to cortex or basal 
ganglia. They would remain a small fluctuation of spon- 
taneous activity and die out without further consequences 
unless they are conducted to the next synaptically connec- 
ted component structure of the loop. A slowly and steadily 
increasing premovement activity could be built up 
through successive reverberations between cortex and 
striatum. Cortico-striato-pallido/nigro-thalamic-cortical 
loop time in macaque monkeys could be as short as 35 ms 
when conduction times in individual connections are 
summated [cortex-striatum < 1 0 m s  (Buchwald et al. 
1973), striatum-pallidum/nigra < 2 0 m s  (Yoshida and 
Precht 1971; Levine et al. 1974; Ohye et al. 1976; Kimura 
et al. 1990), pallidum/nigra-thalamus <2.5 ms (Harnois 
and Filion 1982; Nambu et al. 1988), thalamus-cortex 
< 4  ms (Nambu et al. 1988; for review see Schultz 1989)]. 
The inhibitory striato-pallidal and pallido-thalamic 
connection should not prevent loop transmission, since 
excitation in striatum results in activation in the thalamus 
by disinhibition (Deniau and Chevalier 1985), although 
the delay added by double inhibition might increase loop 
time to perhaps 50 ms. With activity in SMA and striatum 
beginning 1200-1400 ms before self-initiated movements, 
loop times of 35-50 ms would allow neuronal activity to 
reverberate about 16 25 times before onset of muscle 
activity and 25-40 times before onset of movement. Thus, 

cortico-basal ganglia loops may contain reverberating 
circuits suitable for the slow build-up of sustained neu- 
ronal activity preceding voluntary movements. 

Besides the closed loop with frontal cortex, the basal 
ganglia receive information from the parietal, occipital 
and temporal lobes that is not directly fed back to these 
cortical areas (Yeterian and Van Hoesen 1978; Van 
Hoesen et al. 1981; Selemon and Goldman-Rakic 1985). 
Thus, activity containing specific information from associ- 
ation and limbic cortex may enter the frontal cortex-basal 
ganglia loops at the level of striatum, circulate in these 
loops and evolve into sustained activation in several areas 
of frontal cortex serving the preparation and initiation of 
the behavioral reaction. While processing in cortico-basal 
ganglia loops is essentially parallel and simultaneous, it is 
directional by ultimately serving for the production of 
behavioral output. 

A strong argument for a functional link within SMA- 
basal ganglia loops is provided by the changes in cortical 
potentials recorded over the SMA in patients suffering 
from diseases of the basal ganglia. It has been repeatedly 
shown that various components of the readiness potential 
preceding spontaneous finger movements are altered in 
parkinsonian patients (Deecke and Kornhuber  1978; 
Shibasaki et al. 1978; Simpson and Khuraibet 1987), 
although the extent to which the potential is abnormal 
may be controversial and vary among different patient 
groups (Barrett et al. 1986; Dick et al. 1989). The cortical 
topography of EEG potentials preceding spontaneous 
finger movements is also altered in parkinsonism (Tarkka 
et al. 1990). Correspondingly, readiness potentials over the 
SMA are increased in patients suffering from tardive 
diskinesia, which is a disease possibly related to increased 
striatal dopaminergic transmission (Alder et al. 1989). 
Thus, the function of the SMA is compromised in diseases 
affecting predominantly the basal ganglia. 
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