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Single unit activity was examined in the premotor cortex of 
three awake, behaving macaque monkeys. Premotor cortex (PM) 
neurons were found to be active in association with a movement 
involving specifically the distal forelimb. Other PM neurons 
were active in relation to more proximal forelimb movements. 
The spatial distribution of neurons related to distal movements 
differed from that of neurons related to proximal forelimb move- 
ments, the former being focused at a postarcuate region near 
the genu of the arcuate sulcus and the latter being shifted more 
posteromedially. The distal movement was triggered by one of 
the three sensory signals: visual, auditory, and vibrotactile. Of 
190 PM neurons related to the distal forelimb movements, 123 
(65%) showed similar premovement activity changes irrespec- 
tive of the modality of the triggering signal. However, a number 
of neurons (35%) responded preferentially to one or two of the 
three signals. The modality-specific activity before movements 
distinguishes PM from the caudally adjacent primary motor 
cortex. 

Numerous concepts have developed concerning the functional 
organization of a motor field in the frontal agranular cortex 
rostra1 to the precentral (or primary) motor cortex and lateral 
to the supplementary motor cortex (for review, see Humphrey, 
1979; Wiesendanger, 198 1; Wise, 1985). We will refer to this 
area as the premotor cortex (PM), following a proposal recently 
made by Weinrich and Wise (1982; see also Sessle and Wie- 
sendanger, 1982; Wise, 1985). It should be noted that this area, 
or parts of it, has also been referred to as area 6 (Brodmann, 
1909), area 6ap. (Humphrey, 1979; Vogt and Vogt, 19 19), pos- 
tarcuate area (Godschalk et al., 1981; Rizzolatti et al., 1981a, 
b), or areas FB and FC (Bonin and Bailey, 1947; Kubota and 
Hamada, 1978). 

There are at least two different views regarding the functional 
role of the PM. On one hand, on the basis of anatomical studies 
of descending fiber connections (Kuypers and Brinkman, 1970; 
Kuypers and Lawrence, 1967) and clinical observations (Freund 
and Hummelsheim, 1984), the PM has been considered to con- 
trol exclusively or mainly the proximal limb or axial muscu- 
lature. The results from electrical stimulation studies, in which 
no distal limb movements could be evoked from this area 
(Woolsey et al., 1952), have been taken to support this view. 
On the other hand, the PM has been viewed as an area con- 
trolling skilled movements of the whole body (Fulton, 1934; see 
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also Wiesendanger, 198 1) or as having a specific role in sensory 
guidance of movements (Godschalk et al., 198 1; Halsband and 
Passingham, 1982; Rizzolatti et al., 198 1 b; see also Moll and 
Kuypers, 1977). This view is supported by anatomical studies 
demonstrating corticocortical afferents to PM from visual, au- 
ditory, and somatosensory association cortex (Chavis and Pan- 
dya, 1976; Pandya and Kuypers, 1969; Petrides and Pandya, 
1984), as well as topographically organized efferent connections 
to the motor cortex (Muakkassa and Strick, 1979; see also God- 
schalk et al., 1984; Matsumura and Kubota, 1979). 

One issue central to testing the validity of these two theories 
is the presence or absence of neuronal activity related exclusively 
to distal limb movements. Recent single unit studies in trained 
monkeys suggest a participation of PM neurons in distal as well 
as proximal forelimb movements. Kubota and Hamada (1978) 
reported PM neuronal activity in relation to a handle manip- 
ulation movement performed mainly with wrist extension and 
flexion. However, since the forearm was only loosely restrained, 
there is the possibility that the neuronal activity was actually 
related to proximal forelimb movements, such as postural fix- 
ation movements involving shoulder or axial musculature, rath- 
er than wrist movements. In a recent review article, Brinkman 
and Porter (1983) reported preliminary observations on PM 
neurons that seemed to be related to distal forelimb movements. 
However, when the animal is freely moving with its forelimbs 
unrestrained, as in their experimental design, any distal forelimb 
movements should inevitably be accompanied by supporting 
activity in proximal limb and axial muscles. Thus, an unequiv- 
ocal demonstration of PM neuronal activity as exclusively re- 
lated to distal forelimb movements is still lacking. In an attempt 
to resolve this question, the present series of experiments was 
specifically designed to compare the neuronal activity associated 
with a distal and a proximal forelimb movement. 

The second aim of the present study was to compare the PM 
neuronal activity in response to signals of three different mo- 
dalities serving as a trigger to start the,movement. The impor- 
tance of visual inputs to the PM in initiating or guiding move- 
ments has been indicated by lesion studies (Haaxma and Kuypers, 
1975; Halsband and Passingham, 1982; Moll and Kuypers, 1977) 
and single unit recording studies (Godschalk et al., 1981; Ku- 
bota and Hamada, 1978; Rizzolatti et al., 198 1 b; Weimich and 
Wise, 1982), as well as anatomical evidence that the PM receives 
afferents from sensory association areas (Chavis and Pandya, 
1976; Godschalk et al., 1984; Pandya and Kuypers, 1969; Pe- 
trides and Pandya, 1984). The present study examined the rel- 
ative potency of three sensory inputs-one visual, one auditory, 
and one somatosensory-in activating PM neurons prior to 
movement initiation. 

Materials and Methods 

Behavioral paradigm 
Three male Japanese monkeys (A4ucucufuscutu) were used in the present 
experiments. They were cared for in the manner prescribed in Guiding 
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Figure 1. Surface reconstruction of intracortical microstimulation re- 
sults and the location ofthe cytoarchitectonic boundary in the left hemi- 
sphere. Positive sites for evoking movements at stimulus intensity of 
less than 50 I.LA are indicated bv letters: D, digits: W. wrist: F. forearm: 
S, shoulder;. C, chest; B, back; Ws, waist; L: lips; N, Neck.’ Negative 
sites are indicated by short horizontal bars. The cytoarchitectonic 
boundary was determined by counting giant layer V pyramidal cells and 
is indicated by an interrupted line. The arrows indicate sites where 
quantitative studies were done as described in the text. The abbrevia- 
tions for sulci are CEN, central sulcus; ARC, arcuate sulcus; PRI, prin- 
cipal sulcus. 

Principles in the Care and Use ofAnimals of the American Physiological 
Society. Each monkey was seated in a primate chair and trained to 
perform separately executed distal or proximal forelimb movements. 
Both upper extremities were rigidly fixated on L-shaped plastic casts 
with the elbow flexed at 90”. The right forelimb cast was attached to a 
shaft and a pivot so that only inner and outer rotation at the shoulder 
joint could be performed. Movements of the left shoulder joint were 
prevented by another cast. A key was attached to the distal end of the 
cast to be pressed by flexion of fingers and wrist. The monkeys were 
required to move the cast by rotating the shoulder joint to come into 
one of two correct holding zones of 4”, which were separated lo” outward 
and 30” inward from the line perpendicular to the frontal plane. The 
acquisition of the correct zone was indicated by a green light-emitting 
diode (LED) placed on a panel 20 cm in front of the animal. After a 
variable holding period of 2.5-4.0 set, the animal was required to press 
the key in response to either a visual, auditory, or somatosensory trigger 
signal. The modality of the trigger stimulus was selected in a pseudo- 
random schedule. The visual signal was a red light placed next to the 
panel. The auditory signal was a pure tone of 1 kHz at an intensity of 
18 dB above the background noise level. The somatosensory signal was 
a 40 Hz vibrotactile stimuli with an amplitude of 150 pm, generated 
by a DC motor and delivered to a probe placed on the dorsal surface 
of the forearm at a point 2 cm proximal to the wrist joint. The monkey 
had to keep holding the cast in the correct zone during the key press 
and for 2.5-4.0 set afterward in order to receive a reward of fruit juice, 
which prompted the animal to shift the cast to the other holding zone. 
All of these sequences of the motor task were controlled by a laboratory 
microcomputer. 

Data recording and processing 
After 4 months of training, a stainless steel recording chamber (32 x 
45 mm) was attached to the skull under aseptic conditions. The monkeys 
were anesthetized by ketamine hydrochloride and sodium pentobar- 
bital. Conventional chronic single unit recording methods were em- 
ployed (Evarts, 1968). Glass-insulated platinum iridium microelec- 
trodes (with 1 S-2.5 mQ resistance) were driven by an electronic stepping 
microdrive (MO-95 1, Narishige) for extracellular recording. The same 
electrode was also used for intracortical microstimulation. A train of 
12 cathodal pulses of 0.2 msec duration at 333 Hz was applied at an 
intensity of less than 50 PA through a constant-current stimulator. 

On-line analysis of the neuronal discharge activity was made by using 
a laboratory computer. The discharge activity over 16 trials was aligned 
with either the signal or the movement onset and displayed as perievent 
raster displays. The time of closing of the key switch was defined as the 
movement onset for the key-press movement. For the shoulder-rotating 
movements, the first movement of the cast detected with a position 
transducer after the holding period was defined as the movement onset. 
Perievent time histograms were also constructed with bin widths ranging 
from 2 to 100 msec (usually 20 msec). The neuronal activity was judged 
to be significantly related to a movement if the number of discharges 
during at least two consecutive bins among 32 bins preceding the move- 
ment onset deviated by more than 3 SD of the mean value calculated 
during a control period of 1280-640 msec preceding the movement. 

Muscle activity was monitored from extensor and flexor muscles of 
fingers, wrist, and elbow and also from the deltoid and infraspinatus 
muscles with chronically implanted Teflon-coated silver wire electrodes. 
Muscle activity from supraspinatus, trapezius, pectoralis, serratus, para- 
vertebral, and hip muscles in addition to these muscles was also mon- 
itored with surface electrodes. The EMG was full-wave rectified, con- 
verted from voltage to frequency, and analyzed in the same manner as 
the discharges of single neurons. AC-coupled recording of the electroo- 
culogram (EOG) was also obtained with surface electrodes to monitor 
saccadic eye movements. In one monkey, a stimulating electrode was 
permanently implanted in the ipsilateral medullary pyramid at level 
P-2, L- 1 of the Horsley-Clarke coordinate for identification of pyramidal 
tract neurons (PTNs). Their antidromic responses and latencies were 
confirmed by the spike collision method. 

Histological studies 
The monkeys were deeply anesthetized with an overdose of pentobar- 
bital and perfused through the heart with saline followed by 10% for- 
malin. The brain was removed from the skull after marking the location 
of the recording chamber and noting cortical landmarks, photographed, 
sectioned parasagittally at 50 pm on a freezing microtome, and stained 
with thionin. Reconstruction of electrode tracks was attempted with the 
aid of electrolytic microlesions as reference points. 

Results 

Cortical field determination of recording sites 
Recording sites were determined to be in either the PM or 
precentral motor cortex (MI) according to recently proposed 
criteria (Weinrich and Wise, 1982; see also Sessle and Wiesen- 
danger, 1982). 

Cytoarchitectonic analysis 
Since no distinct boundary between PM and MI can be drawn 
on the basis ofany cytoarchitectural characteristics, a boundary 
to divide the frontal agranular cortex into two grossly dissimilar 
areas was drawn on the basis of a density analysis of giant 
pyramidal cells in layer V. The number of giant pyramidal cells 
having a diameter exceeding 29 pm (this arbitrary value was 
chosen to make the data comparable with those of Weinrich 
and Wise) was counted in consecutive 50 pm sagittal sections. 
The points in the anteroposterior axis where the density of the 
giant pyramidal cells (per millimeter in consecutive 100 pm 
thickness of cortex) changed distinctly was plotted on a cortical 
surface map, and a smoothed line approximately connecting 
these points was used as a tentative boundary. The boundary 
is depicted as an interrupted line in a map shown in Figure 1. 
The mean number of the giant cells in 10 cortical slabs (100 pm 
in mediolateral extent and 2 mm in rostrocaudal extent) im- 
mediately rostra1 to and caudal to the border was 5.80 f 1.55 
and 15.30 f 4.45, respectively, when measured from 7.0 to 8.0 
mm lateral to the midline (p -C 0.001; t test, two-tailed). When 
measured from 12.0 to 13.0 mm lateral to the midline, the values 
were 4.70 f 1.89 and 7.50 f 2.46, respectively (p -C 0.05). 

Microstimulation eflects 
In a portion of the cortex rostra1 to the histologically determined 
border, no effects from microstimulation were observed at any 
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points of microelectrode entry (horizontal small bars in Fig. 1) 
with stimulus currents of less than 50 CLA. In contrast, muscle 
contractions as well as limb movements were often observed 
caudal to the boundary (see Fig. 1). These findings agree with 
those of Weinrich and Wise (1982) and Sessle and Wiesendanger 
(1982) indicating that the anterior border of microexcitable cor- 
tex with small currents corresponds approximately with the cy- 
toarchitectonic border. Basically similar results were obtained 
in the other two monkeys, and we therefore used the histolog- 
ically determined border as the boundary between PM and MI. 

Muscle activity 
Since it was essential in this experiment to train the animal to 
perform isolated distal and proximal forelimb movements, ex- 
tensive EMG recordings were made to examine whether selec- 
tive activation of proximal and distal muscle activity was indeed 
obtained. In one monkey (the second of those used in the present 
experiments), we failed to obtain the proximal forelimb move- 
ments of shoulder rotation without concomitant activity in wrist 
and finger flexor muscles. Therefore, the neuronal data obtained 
from that monkey were excluded from the subsequent analysis 
except for the purpose of comparing neuronal responses to dif- 
ferent modalities of sensory signals triggering the key-press 
movement (see below). In the other two monkeys, the temporal 
separation of proximal and distal EMG activity was complete 
as far as we could determine. Finger and wrist flexor muscles 
were phasically active prior to and during the key-press move- 
ment, but their activity was unaltered in association with inward 
or outward rotation movements. An example of such an EMG 
recorded in flexor digitorum profundus is displayed in the left 
column of Figure 2. In contrast, muscles such as the deltoid, 
supra- and infraspinatus, serratus, and pectoralis exhibited ac- 
tivity changes only in association with the shoulder rotation 
movements (right column of Fig. 2). Biceps and triceps muscles 
showed less activity change in association with the rotation 
movements and were inactive with the key-press movement. 
Paravertebral muscles were sometimes active during rotation 
movements, but the activity was variable and much weaker than 
those in forelimb muscles. These axial muscles showed no 
changes in activity in relation to the distal movements. 

Saccadic eye movements in the vertical and horizontal di- 
rections were observed during the performance of the task, but 
they were randomly distributed in time and not regularly time- 
locked with the occurrence of any sensory signals or limb move- 
ments. 
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Figure 2. EMG activity in the three 
forelimb muscles: FDP, flexor digi- 
torum profundus; BICEPS, biceps 
brachii; INF. SP, infraspinatus. EMGs 
are full-wave rectified. diaitized. and 
displayed as dot rasters. Each line of 
the raster denotes individual trials. 
Results obtained in 16 trials are 
summed in histograms below each 
raster. Activities in three types of 
movements are indicated: (1) key- 
press movement by fingers and hand 
(KEY), (2) inward (IN), and (3) out- 
ward (0 UT) rotation movements 
around the shoulder joint. Arrow- 
heads indicate the onset of each 

200 msec movement. 

Neuronal activity related to the key-press and 
shoulder rotation movement 
Some 142 neurons recorded in the PM of the two monkeys 
exhibited activity changes exclusively prior to the initiation of 
the key-press movement and showed no activity modulation 
prior to the shoulder rotation movements. They will be referred 
to as “distal neurons.” Of these 142 neurons, 48 exhibited ac- 
tivity changes apparently time-locked to onset of the key-press 
movement. Fifteen neurons showed responses time-locked to 
the signals that trigger the movements. In the remaining 79 
neurons, the assignment of the activity changes to either type 
was not possible. Figure 3.4 shows an example of movement- 
locked activity in a distal PM neuron, so classified because the 
onset of activity increase of this neuron was time-locked to the 
movement onset (M in the right column of Fig. 3A) rather than 
to the signal onset (S). The amount of activity increase was 
similar regardless of the modality of the trigger signal. In order 
to test whether the neuron responds to the sensory signals even 
when they do not serve as a movement trigger, “extra” signals 
were delivered about 1 set after the monkey’s key-press move- 
ment, to which the animal did not respond. The neuron did not 
show any activity increase in response to these extra signals (not 
shown). Additionally, in the rare instances when the monkey 
emitted key-press movements “spontaneously,” i.e., not in re- 
sponse to any sensory signal, the neuron was active, as shown 
in the fourth row of Figure 3A (NON). On the other hand, and 
most importantly, the neuron was not active in relation to the 
inward or outward shoulder rotation movements (SHIFT). Fig- 
ure 3A thus indicates an example of PM neuronal activity ex- 
clusively related to the key-press movement, regardless of 
whether the movement was triggered by sensory signals and 
regardless of which sensory signal triggered the movement. In 
contrast to the 142 distal neurons, 125 neurons in PM were 
found to change their activity only prior to the inward and/or 
outward rotation movement and will be called “proximal” neu- 
rons. Ten neurons showed mixed properties in that they were 
modulated before the proximal and distal movements in the 
present task. Fifteen neurons in PM were identified as pyramidal 
tract neurons (PTNs). These neurons were classified as distal 
(8) proximal (6), and mixed (1). 

In the part of the cortex defined as MI on the basis of cy- 
toarchitectonics and microstimulation effects, 37, 71, and 10 
neurons were classified as distal, proximal, and mixed neurons. 
The number of task related neurons in MI obtained was small 
because the MI hand or finger area was not as extensively sur- 
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Figure 3. Discharge of two types of neurons in the premotor cortex: 
distal neuron (A) and proximal neuron (B). Neuronal discharges are 
indicated as dots and are aligned on the onset of signals (s) or move- 
ments (M, OUT, ZN, or KEY). In A, the modality of signals triggering 
the key-press movement is indicated to the right of raster displays: VZS, 
visual; AUD, auditory; TAC, vibrotactile. In the fourth row (NON), the 
discharge at the onset of the key-press movements not triggered by any 
signal is displayed. In the fifth row, the discharge at the onset of the 
shoulder rotation movements observed at outward (OUT) and inward 
(IN) shift of the forearm cast is displayed. In B, an example of a neuron 
active only prior to the outward rotation movement is displayed. Tick 
mark on the ordinate of each histogram, 100 imp/set. 

veyed as that of PM. Since the primary focus of the present 
study was on PM neurons, MI was not penetrated throughout 
its entire extent. The following data are presented for complete- 
ness but should be interpreted with caution, in view of the 
limited exploration of MI. Quantitative analyses were made of 
PM and MI neurons on (1) the amount of background activity, 
(2) magnitude of movement related activity, (3) the latencies of 
responses to sensory signals triggering the key-press movement, 
and (4) the duration of the neuronal activity prior to the onset 
of the key-press movement. The mean background discharge 
was 8.0 ~fr. 4.8 imp/set in PM and 15.6 f 6.7 imp/set in MI 
neurons. The magnitude of the movement-related activity (the 
discharge frequency during 320 msec prior to the movement 
onset minus the background discharge frequency) was 40.3 + 
17.5 and 63.7 f 19.2 imp/set in PM and MI neurons, respec- 
tively. This difference was significant at the p < 0.001 level 
(Mann-Whitney U test). When this analysis was limited to the 
movement-locked type of PM neurons, the magnitude was 
40.6 f 10.9 imp/set, still smaller than that of MI neurons (p < 
0.01). In PM and MI proximal neurons, the values were 29.4 
f 11.0 and 41.2 + 18.1 imp/set (not significantly different by 
Mann-Whitney U test). The timing of neuronal activity in re- 
lation to the triggering stimuli and movement onset is described 
in detail later. 

Distribution of distal and proximal neurons and 
their activity 
During an initial attempt to display the distribution of neurons 
in the premotor cortex, it became apparent that number of task- 
related neurons as well as the magnitude of their activity changes 
depend on the site of recording. Therefore, there was a need to 
display the regional distribution of both the number of neurons 
recorded and the magnitude of their activity changes. This was 
achieved by summing the magnitude of premovement activity 
changes (absolute value of the discharge frequency expressed as 
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Figure 4. Surface maps of the frontal cortex indicating the distribution 
of neuronal activity related to the distal (A) and proximal (B) forelimb 
movements recorded in monkey 1. Premovement discharge activity 
(expressed as imp/set) of neurons recorded at each site was summed 
and displayed using symbols indicated at bottom right. Short horizontal 
bars indicate the sites where neither distal nor proximal neurons were 
recorded. F represents the sites where neurons related to face or mouth 
movements were recorded. Abbreviations, see Figure 1. The interrupted 
line indicates the cytoarchitectonic border determined as explained in 
the text and in Figure 1. 

imp/set during 320 msec prior to the movement onset minus 
the background discharge frequency) of all task-related neurons 
obtained at each recording site. For the purpose of display, 
recording sites were reconstructed in such a way that the cortex 
was divided into blocks perpendicular to the cortical surface, 
each 1 x 1 mm. The magnitudes of the activity changes of 
neurons belonging to each block were summed and displayed 
on the cortical surface. The distributions of the summed mag- 
nitudes of activity changes thus obtained from monkeys 1 and 
3 are displayed in Figures 4 and 5. The magnitudes for distal 
neurons are displayed in Figures 4A and 5A, and those for prox- 
imal neurons in Figures 4B and 5B, using the symbols indicated 
at the bottom right. The activity of neurons related to both 
distal and proximal movements is not plotted on these maps. 

PM distal neurons were found mainly in a restricted portion 
of PM near the genu of the arcuate sulcus. A smaller number 
of distal neurons with a lower magnitude of activity was also 
found more medially. Further rostrally, in the area medial to 
the superior limb of the arcuate sulcus, only a small number of 
distal neurons was found in monkey 1 (Fig. 4A) and none was 
in monkey 3 (Fig. 5A). Immediately lateral to the sites where 
distal neurons were recorded in the postarcuate region of PM, 
neurons were found to be related to licking, chewing, jaw open- 
ing, or jaw closing and were therefore categorized as orofacial 
neurons (F in the figures). PM proximal neurons were located 
more diffusely than distal PM neurons. They were distributed 
in the postarcuate area posteromedial to the focus of PM distal 
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Figure 5. Surface maps of the frontal cortex indicating the distribution 
of neuronal activity related to the distal (A) and proximal (B) forelimb 
movements recorded in monkey 3. Format for the display is the same 
as in Figure 4. 

neurons and also at a region around the precentral sulcus. At 
all penetration sites in PM, neuronal activity was SUNeyed 
throughout its entire depth. This was not true in MI. Some MI 
penetrations (close to the central sulcus) were terminated before 
recording all task-related neurons. Owing to this limited sam- 
pling, the number of task-related MI neurons (especially distal 
neurons) was small. Thus, Figures 4 and 5 display the distri- 
bution and magnitude of MI activity of neurons related in an 
incomplete sample. Distal neurons in MI were located in an 
area close to the central sulcus. MI proximal neurons were dis- 
tributed more rostrally than distal neurons, and their distribu- 
tion sites were continuous with those of PM proximal neurons. 
In monkey 1, both distal and proximal neurons were also re- 
corded in the supplementary motor area (see Tanji and Kurata, 
1979) and they are thus excluded from Figure 4. Neuronal 
activity was not explored intensively in the supplementary mo- 
tor area in monkeys 2 and 3. 

Response properties of PM neurons to different modalities of 
movement-triggering signals 
One hundred ninety neurons related to the key-press movement 
(including distal neurons and mixed type neurons) were record- 
ed from the three monkeys long enough to study quantitatively. 
Four types of activity change in relation to the key press were 
observed. The first type was time-locked to the onset of the 
movement rather than to the onset of the movement-triggering 
signals (exemplified in Fig. 6A). The second type was time- 
locked more to the signal onset (Fig. 6B). The third type was 
biphasic, the first phase being time-locked to signal onset and 
the second phase time-locked to movement onset (Fig. 6C). In 
order to categorize the activity changes to these three types, the 
following analysis was made: The time of occurrence of the first 
change of activity (the onset of premovement activity increase 

- 200 
msec 

Figure 6. Discharge of PM neurons exhibiting three types of activity 
in relation to the key-press movement. Arrows labeled with S indicate 
the onset of trigger signals (visual, auditory, and vibrotactile signals in 
A, B, and C, respectively). Arrows labeled with M indicate movement 
onset. In neuron A, the activity is time-locked to movement onset, but 
in neuron B the activity is time-locked to signal onset. In neuron C the 
activity is biphasic, exhibiting both signal- and movement-locked ac- 
tivity. 

or decrease) was measured for individual trials. In neurons fail- 
ing to exhibit abrupt activity changes, the measurement was not 
possible simply by observing the premovement discharge pat- 
tern. For these neurons the determination of the onset of the 
activity changes in each trial was made by utilizing the Kol- 
mogorov-Smimov test. We used the method described by Mano 
and Yamamoto (1979) to make this determination and took the 
0.05 level to be statistically significant. The interval between 
the appearance of the movement-triggering sensory signal and 
the onset of the activity changes was defined as the neuronal 
response time. The interval between the onset of the activity 
changes and the movement onset was defined as the lead time. 
A coefficient of variation (CV = SD/mean x 100) was calcu- 
lated for the response time and lead time for each unit. If the 
CV for the response time was less than 20%, then the unit was 
classed as signal-locked. If the CV for the lead time was less 
than 20%, then the unit was classed as movement-locked. If 
both CVs exceeded 20%, then the activity was categorized as 
“indeterminate.” No PM neuron with monophasic activity 
changes (e.g., Figs. 6A and B) was categorized as both move- 
ment- and signal-locked. Some neurons showing biphasic ac- 
tivity changes were categorized as both signal-locked and move- 
ment-locked. The relative frequencies of these four types of 
activity changes are displayed in Table 1. The bottom row of 
Table 1 indicates that the movement-locked activity was more 
frequent in PM than the signal-locked activity. Further, the 
somatosensory signals gave rise to the signal-locked activity 
more often than either the visual or auditory signal. 

Subsequent analysis compared quantitatively the magnitudes 
of premovement activity triggered by each of the sensory signals. 
For this purpose, the number of discharges during the 320 msec 
period preceding movement onset was counted in individual 
trials. The data obtained from 16 consecutive trials responding 
to the signal of one modality (e.g., visual) were compared with 
the data obtained in 16 consecutive trials with another signal 
(e.g., auditory). In 123 neurons (65%) the magnitudes were 
similar regardless of the modality of the trigger signals. How- 

Table 1. Activity patterns of PM neurons to different modalities of 
movement-triggering signals” 

Movement- Signal- 
locked locked Biphasic 

Indeter- 
minate 

Visual 66 8 8 88 
Auditory 55 15 8 71 
Somatic 38 21 22 59 

Total 159 44 38 218 

0 The total number of responses in each row is different because some cells possessed 
selective responses to sensory signals of one or two modalities. 
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Figure 7. Discharge of two PM neurons active selectively prior to the 
key-press movement triggered by the visual, but not by the auditory or 
vibrotactile signal. The discharge activity is time-locked better to the 
visual signal in neuron A, but to the movement onset in neuron B. Tick 
marks on ordinates of histograms in this figure and Figure 8 denote 40 
imp/set. 

ever, in the remaining 67 neurons (35%), the magnitudes were 
significantly different (p < 0.001; t test, two-tailed) depending 
on the modality of the signals (Table 2). Examples of such se- 
lective responses are shown in Figures 7 and 8. Twenty-eight 
neurons (15%) more actively followed the visual signal than 
either the auditory or tactile signals. Of these 28 neurons having 
a selective or preferential relation to the visual signal, three 
exhibited signal-locked activity (Fig. 7A) and five exhibited 
movement-locked activity (Fig. 7B). . 

A number of other neurons showed a preference for either 
the tactile or auditory signals. The neuron shown in Figure 8, 
for instance, was active when the movement was triggered by 
tactile, but not by visual or auditory, signals. Eleven neurons 
exhibited preferential activity for the somatosensory signals 
(“Somatic” in Table 2). Of these, four neurons showed signal- 
locked activity (Fig. 8), three neurons had biphasic activity, and 
two others showed movement-locked activity. Selective activity 
to the auditory signal was less frequent (five neurons). In two 
of these, activity was signal-locked. In another 23 PM neurons 
the magnitudes were greater in response to the two out of the 
three signals. The combinations of the two signals with which 
these PM neurons were preferentially active are indicated in 
Table 2. The selective or preferential premovement neuronal 
activity was obtained despite the observations in EMG record- 
ings (confirmed by quantitative analyses) that the magnitude of 
muscle activity in association with the key-press movement was 
virtually identical irrespective of the modality of the trigger 
signals. No MI neuron exhibited preferential premovement ac- 
tivity to any particular signal or activity time-locked with either 
visual or auditory signal. 

Table 2. Responsiveness of PM neurons to three different movement- 
triggering signals 

Nondifferential 
Differential 

Visual (V) 
Auditory (A) 
Somatic (S) 
V and A 
A and S 
S and V 

123 (65%) 
67 (35%) 
28 

5 
11 
17 
4 
2 

Slgnal 
onset 

“IS jl 

40..... 

Figure 8. Activity of a PM neuron exhibiting selective response to the 
vibrotactile trigger signal. Short vertical bars in each line indicate onset 
of the key-press movement. The neuronal response was time-locked to 
the onset of the somatosensory signal rather than to the onset of the 
movement. This neuron did not respond to the vibrotactile stimulus if 
it did not serve as a movement trigger, nor did it respond to such natural 
somatosensory stimuli as stroking hairs, brushing, or tapping on limbs. 

Response times (the intervals between the signal onset and 
the onset of neuronal responses) of PM neurons to three different 
signals were 118 f 65, 105 f 61, and 69 + 37 msec following 
the visual, auditory, and tactile signals, respectively. The re- 
sponse times of PM neurons to the visual and auditory signals 
were shorter than those of MI neurons (p < 0.001; see Table 
3), but there was no statistically significant difference in the 
response time to the tactile signal in PM and MI neurons. The 
mean somatosensory response time was, however, 8 msec short- 
er in MI than in PM. Since sensory signal-locked response to 
the visual and auditory signal was observed only in PM and not 
in MI neurons, and the signal-locked response to the tactile 
signal was more frequent in MI than in PM, the data obtained 
from neurons possessing signal-locked responses were treated 
separately in the subsequent analysis and in Table 3. (The bi- 
phasic type of response is included in the signal-locked re- 
sponse.) Even if the signal-locked responses were excluded from 
the analysis (“Others” in Table 3), the difference in the response 
times of PM and MI neurons was still significant (p < 0.005). 
The lead times (the intervals between the onset of the neuronal 
response and the movement onset) were similarly analyzed. 
Here again, the data obtained from signal-locked responses were 
treated separately (Table 3). 

Responsiveness of PM neurons to sensory stimuli other than 
the signals triggering a movement was tested on 48 PM neurons 
selected on the basis of apparent response to the movement- 
triggering signals. None of them responded to a flash of light. 
The neuronal response to the LED was observed only when it 
served as the movement trigger, and no response was evoked 
even in the PM neurons showing selective activity to the visual 
signal if the same LED was turned on when the monkey was 
not attending to the task or if it was turned on shortly after the 
monkey received a reward. Four PM neurons (out of 24 neurons 
tested) responded to such auditory stimuli as experimenter’s 
whistling, clapping hands, or tapping on a table. These four cells 
also responded to the 1 kHz tone, even when it was irrelevant 
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Table 3. Neuronal response times and premovement lead times of PM and MI in relation to three 
different triggering signals0 

Response times Lead times 
Visual Auditory Somatic Visual Auditory Somatic 

PM 
Total 118 ? 65 105 + 61 69 + 37 142 +- 66 151 k 71 160 + 83 

Signal-locked 81 ? 16 72 + 14 48 + 14 191 k 53 193 ri 62 182 k 49 

Others 122 * 40 111 ? 34 78 + 29 137 + 49 142 + 50 150 f 57 

MI 
Total 161 2 71 142 t 59 61 ? 34 87 k 34 89 k 30 103 ? 47 

Signal-locked - - 41 f 11 - - 125 -I 41 
Others 161 -t 71 142 + 59 70 t 28 87 f 34 89 + 30 93 f 28 

u Values are means i SD (in msec). 

to the task performance. Eight neurons (out of 19 tested) re- 
sponded to somatosensory natural stimuli, such as tapping or 
brushing the forelimb, and also responded to the 40 Hz vibro- 
tactile signal even when irrelevant to the task performance. 
Although the somatosensory response properties were studied 
intensively in only five of these neurons, it was noted that these 
receptive fields were generally broad, including a considerable 
part of contralateral forelimb or part of trunk and forelimb; in 
the other neurons, they included a part of the hindlimb as well 
as forelimb. Bilateral somatosensory receptive fields were de- 
tected in two neurons. The response magnitude was variable 
and often attenuated when a natural stimulus was repeated. 

Eight distal neurons were tested for their relation to sponta- 
neously performed movements by temporarily interrupting the 
task performance. All of them were active when the animal 
pressed the key “spontaneously,” not triggered by any sensory 
signals. Four of the eight neurons belonged to the indeterminant 
category. 

Although PM neurons with preferential responses to a par- 
ticular signal were often recorded in succession during penetra- 
tion of the cortex, no trends for preferential distribution of mo- 
dality-specific sensory responses were detectable anywhere in 
PM, and the density of such selective neurons seems to be pro- 
portional to the density of distal neurons in general. No attempt 
was made to determine the laminar distribution of particular 
response types. 

Discussion 

Premotor cortex as defined in the present study 
Since no general agreement has yet been established as to the 
subdivision of the frontal agranular cortex, we chose to define 
a motor field, the premotor cortex, on the basis of the cytoar- 
chitectonics and electrophysiological findings (utilizing intra- 
cortical microstimulation, ICMS) according to the proposal made 
by Weinrich and Wise (1982). However, since the transition of 
the density of larger pyramidal cells in layer V is gradual and 
effects of ICMS can vary greatly with differences in stimulus 
intensity, the definition used in the present study must be viewed 
as tentative. With more intense stimulus currents than utilized 
in the present study (50 PA), it is entirely possible that limb 
movements could be evoked from broader cortical areas. 

Topography 
The presence of neurons specifically related to distal limb move- 
ments suggests that PM is not solely specialized for proximal 
and/or axial motor control. On the basis of the present study, 
we conclude that PM, as defined here, plays a significant role 
in the neural control of distal as well as proximal limb move- 

ments (see introduction). It should be mentioned that this def- 
inition and use of the term PM do not imply that the whole PM 
area is functionally uniform. In fact, evidence has been accu- 
mulating that the PM has separate subregions having different 
functional roles (for review, see Humphrey, 1979; see also God- 
schalk et al., 1984; Muakkassa and Strick, 1979; Wise, 1985), 
and one or more subregions may indeed be specialized for prox- 
imal motor control. Combining the present data for both distal 
and proximal neurons, the cortical distribution of forelimb task- 
related PM neurons corresponds well with that of recent reports 
(Godschalk et al., 198 1; Weir&h et al., 1984), in which mon- 
keys performed a motor task involving both proximal and distal 
limb movements. The activity of PM distal neurons was focused 
in the postarcuate area close to the genu of the arcuate sulcus. 
The activity of proximal neurons was distributed slightly pos- 
teromedially to the focus of distal neurons in postarcuate region, 
though there was considerable overlap in these two populations 
of neurons. These data are comparable with those by Brinkman 
and Porter (1983) and suggest a topographically organized sub- 
division of PM. Since in the present experiment the key-press 
movement was triggered by sensory signals and the rotation 
movement was self-paced, there is a possibility that the differ- 
ence of distribution may be due to different localization of PM 
neurons related to signal-triggered versus self-paced move- 
ments. However, the distal neurons were also active in relation 
to self-paced key-press movement (though the number of neu- 
rons tested for the self-paced movement was not large); there- 
fore, it is more likely that PM neurons related to distal and 
proximal forelimb movements are distributed differently. The 
possibility of somatotopic organization of the PM was proposed 
by Muakkassa and Strick (1979), who demonstrated that the 
corticocortical projection from PM to MI is topographically 
organized. A recent report by Godschalk et al. (1984) extended 
the knowledge of the PM corticocortical projection by both 
tracer-injection and electrophysiological methods. They re- 
ported that the postarcuate projection to MI is arranged in a 
parallel fashion: The lateral part of the postarcuate area projects 
to the lateral part of MI, and the posteromedial part of the 
postarcuate area projects to posteromedial part of MI. These 
reports are in accord with the present findings on movement- 
related neuronal activity, and together they suggest a somato- 
topic organization: In the lateralmost part of the postarcuate 
area lie neurons related to face or mouth movements; in the 
area around the genu of the arcuate sulcus lie neurons related 
to distal forelimb neurons; and more posteromedially lie prox- 
imal forelimb neurons. In the area medial to the upper limb of 
the arcuate sulcus, only a small number of proximal neurons 
was obtained in this study and only negligible activity was 
found in association with the distal forelimb movement. This 
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negative finding is consistent with the view proposed by Hum- 
phrey (1979), that this part of the agranular frontal cortex dor- 
somedial to the arcuate sulcus, in conjunction with other frontal 
cortical areas, may exert tonic position or postural effects and 
produce coordinated orienting movements of numerous body 
parts, rather than generating direct reaching movements. It should 
be pointed out, however, that in the present study the neuronal 
activity was observed in relation to simple movements; thus, 
there remains the possibility that in association with more com- 
plex movements or with complex sequences of movements, the 
topography may appear differently organized. 

Modality specificity of movement related units 
Twenty-eight PM neurons (15%) were active preferentially prior 
to visually triggered key-press movement in this experiment. 
This finding is consistent with the idea that PM has a role in 
visually guided movement. However, a large number of PM 
neurons (65%) were active prior to the movement triggered by 
all of three different signals, and furthermore, 20 neurons were 
active preferentially with somatosensory and/or auditory sig- 
nals. These findings indicate that the visual signal does not seem 
to be the sole source of sensory input to activate PM neurons 
in association with a simple triggered movement. Responsive- 
ness of PM neurons to the auditory signal was observed recently 
(Weinrich and Wise, 1982), when an auditory cue was used as 
an instruction for an impending movement. Somatosensory re- 
sponses of PM neurons were reported in anesthetized and cur- 
arized monkeys (Rizzolatti et al., 198 la). The present findings 
indicate that auditory and somatosensory inputs are no less 
potent than visual stimuli in activating PM neurons when these 
stimuli are used as a movement trigger. This view is consistent 
with anatomical studies that indicate an input to PM from sen- 
sory association areas (Chavis and Pandya, 1976; Godschalk et 
al., 1984; Pandya and Kuypers, 1969; Petrides and Pandya, 
1984). The signal-induced PM activity may influence MI neu- 
rons by corticocortical connections and may, in part, give rise 
to MI movement-related activity. The response and lead times 
of PM and MI neurons (Table 3) are consistent with this pos- 
sibility, though in no way proving the causal relation between 
the two areas. Weinrich et al. (1984) also found that PM neu- 
ronal activity preceded that of MI in relation to arm movements. 
However, since there was little attempt in the previous studies 
to identify the axonal destination of movement-related PM neu- 
rons, there was no way of knowing if movement-related neurons 
send direct outputs to MI or descending outputs to brain stem 
and/or spinal cord. The present data show that at least some of 
the movement-related cells are corticofugal and have axons in 
the pyramidal tract. 

Comparison of PM, MI, and SMA 
The PM neurons showed activity before either distal or proximal 
forelimb movements as well as the MI neurons. However, PM 
neurons had different properties from MI. These properties in- 
cluded (1) less movement-related activity modulation in PM 
neurons than that in MI neurons; (2) the presence of selective 
or preferential responses to sensory signals of different modal- 
ities triggering an identical movement in PM, but not in MI; 
(3) shorter response times to visual and auditory signals in PM 
compared to MI neurons; (4) the presence of activity time- 
locked to visual or auditory signals in PM but not in MI (see 
also Lamarre et al., 1983). The third and fourth findings are in 
accord with those reported by Kubota and Hamada (1978). They 
reported responses of PM neurons to a visual movement-trig- 
gering signal with latency of as short as 60 msec that were 
coupled in time to the visual signal. The latencies of movement- 
coupled responses were 80-150 msec. They also reported that 
very few (lo-15%) PM neurons displayed a discharge pattern 
that correlated significantly with the parameters of wrist move- 

ments (velocity and acceleration), in contrast to PTNs in MI. 
It is of interest that a number of SMA neurons exhibit activity 

properties in common with those in PM. In addition to the four 
properties mentioned above, it was reported (Brinkman and 
Porter, 1983; Wise and Tanji, 198 1) that somatosensory re- 
sponses in SMA are harder to obtain and smaller in magnitude 
than in MI. Also, Tanji and Kurata (1982) reported that few, if 
any, of the SMA neurons showing responses to visual or auditory 
movement-triggering signals were passively activated by the 
same sensory signal when it was irrelevant to the task. This 
behavior is comparable to the PM neurons described in this 
report. Together, these findings suggest that PM and SMA may 
play a similar role in sensorally triggered movement. Further, 
some neurons in both PM and SMA are modulated in relation 
to self-initiated movements, suggesting a similarity in their role 
for these movements as well. In contrast to this view, it has 
been proposed that PM plays an important role in sensorially 
guided movement and that SMA may be more important in 
self-initiated movement (Evarts and Wise, 1984; Goldberg, in 
press; Rizolatti et al., 1983; Roland et al., 1983; Wise and Mau- 
ritz, 1985). In order to resolve this question, it would be very 
interesting to analyze the neuronal activity of PM and SMA in 
a behavioral paradigm specifically designed to compare activity 
in association with sensorially guided, as opposed to self-initi- 
ated, movement. 
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