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SUMMARY AND CONCLUSIONS 

I. Monkeys learned to maintain hand 
position against a range of background 
forces. Short-latency responses to passive 
wrist extension or flexion were recorded 
from units in areas 4, 3, 1, and 2. Response 
amplitude was studied as a function of back- 
ground force direction (extension or flexion). 

2. For 40% of the precentral and post- 
central responses, response amplitude de- 
pended on constant force direction. For 
these dependent responses, amplitude with 
background force in one direction averaged 
2.8 times amplitude with background force 
in the opposite direction. 

3. Units for which background activity 
varied with constant force direction were 
designated task related. Dependent re- 
sponses from area 4 task-related units were 
usually larger when background activity was 
greater and when background force direc- 
tion matched the direction of the passive 
movement. 

4. Dependent responses from area 4 task- 
related units occurred significantly later 
than nondependent responses from the same 
units. 

5. Since most area 4 task-related activity 
was explicable as a result of peripheral 
input via the same oligosynaptic path 
mediating area 4 responses to passive move- 
ments (32), the present findings imply that 
area 4-task-related activity may result in 
large part from centrally mediated change 
in the access of short-latency peripheral 
input to area 4 units. 

6. The dependence of responses from 
non-task-related area 4 units and from non- 
task-related and task-related postcentral 
units showed no dominant correlation with 
background activity or with background 

force direction. Their dependence appeared 
to require no explanation other than a 
change in peripheral input with change in 
background force direction. 

INTRODUCTION 

During motor performance, task-related 
neuronal activity is found in primary soma- 
tosensory cortex, particularly area 2, as 
well as in primary motor cortex, area 4 (20, 
32). In area 4 and apparently also in area 
2, task-related activity correlates with the 
short-latency response to a perturbation 
(3, 6, 9, 32). Thus, three-quarters of the 
units excited by an imposed wrist extension 
are more active during position mainte- 
nance against extension force and more 
active immediately before and during an 
active flexion movement (32). In terms of 
the muscle groups involved, the group 
stretched by the perturbation that excites 
the unit is usually the same group active 
during isometric opposition to the force 
direction associated with greater unit activ- 
ity and also the same group active during 
the active movement associated with in- 
creased unit activity. Unit behavior in these 
three situations, perturbation, position main- 
tenance, and active movement, is thus com- 
parable to the probable concurrent behavior 
of muscle stretch receptors (I, 2, 12, 16, 
25-29). This similarity, combined with evi- 
dence that muscle stretch receptors project 
to both areas 4 and 2 and with evidence 
that muscle stretch alone supplies in- 
formation to area 4 comparable to that 
supplied by all elements of a perturbation 
(see Ref. 32 for review), supports the hy- 
pothesis that short-latency peripheral input, 
due in large part to muscle stretch, exercises 
important control over area 4 and area 2 
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during ongoing undisturbed performance 
as well as during a perturbation ( 14, 18, 
19). If short-latency peripheral input is in 
fact important in -the production of task- 
related cortical activity, then motor control 
may involve adjustment of the access of 
such input to cortical neurons. That this 
is the case is suggested by studies (4-6) 
indicating that whether an area 4 neuron 
gives a short-latency response to a perturba- 
tion often depends on whether the task 
under way requires or forbids a com- 
pensatory movement. The present study 
explored the question of such change in 
access by investigating the amplitude of 
precentral and postcentral unit responses to 
a perturbation as a function of the task 
under way at the time. 

METHODS 

Experimental procedures fully described else- 
where (32) are summarized, whereas the choice 
of a force pulse of fixed amplitude and dura- 
tion as the perturbation is discussed in detail. 

Each of four monkeys (Macaca mulatta) 
was seated in a primate chair, right arm re- 
strained so that the elbow angle was fixed 
at 90” and right palm strapped to a torque 
motor handle that moved in the plane of wrist 
flexion and extension. The monkey was re- 
warded for maintaining the handle in a middle 
zone, with its wrist neither flexed nor ex- 
tended. The motor applied extension or flexion 
constant background force to the handle, re- 
quiring continuous exertion by wrist flexors or 
extensors, respectively, if the handle was to 
remain in the reward zone. It cycled through 
five levels of background force: zero, strong 
extension, strong flexion, weak extension, and 
weak flexion. One-half second before reward de- 
livery, a 50-ms force pulse of fixed absolute 
amplitude was added to the background force. 
Eight extension and eight flexion force pulses 
in pseudorandom order occurred at each back- 
ground force level. Following training, each 
monkey was prepared under Nembutal anesthesia 
for chronic single-unit recording from the arm 
region of motor and somatosensory cortex on 
the left side (4, 31). For each well-isolated unit 
that appeared to respond to extension and/or 
flexion force pulses, unit activity and handle 
position were recorded on tape for one or more 
experimental cycles (a cycle consisted of the 
five background force levels with 16 force 
pulses at each level). The interlocking of ex- 
tension and flexion background force levels 
(noted above) served as a check against change 

in unit behavior over time. An off-line PDP- 12 
computer analyzed and displayed single-unit 
activity and handle position as peripulse rasters 
and histograms. During the final week of re- 
cording prior to killing the animal by an 
overdose of Nembutal, small lesions were 
made by current passage through the micro- 
electrode to aid histological analysis. Thionine- 
stained, 50-pm sections were examined and the 
cortical areas identified according to the criteria 
of Powell and Mountcastle (21). This procedure 
and the criteria utilized have been fully de- 
scribed (32). 

Ideally, the perturbation would have pro- 
duced the same stimulation of peripheral re- 
ceptors at all background force levels. Changes 
in cortical unit responses could then have been 
ascribed to central mechanisms. Such an ideal 
perturbation was not obtainable. Two basic 
choices were available: a force pulse of fixed 
amplitude and fixed duration with degree of dis- 
placement determined by the interaction be- 
tween the pulse and the monkey, or a fixed dis- 
placement produced by a servo-controlled motor 
exerting a force of magnitude varying with op- 
position encountered. For several reasons the 
first option was selected. First, preliminary 
observations made it clear that obtaining a 
standard displacement would often require more 
force when the perturbation was in the same 
direction as the background force than when 
it was in the opposite direction. Thus, with a 
standard displacement, activation of muscle 
stretch receptors- probably the single most 
important source of input in the present con- 
text- would have been greater when the direc- 
tions matched (1, 2, 12, 16, 25-29). Since it was 
anticipated that matching of the directions might 
produce, on a central basis, a larger response 
to a standard perturbation from task-related 
units, it seemed probable that use of a fixed 
displacement would complicate interpretation of 
the results, for it could be said that the larger 
response was simply due to the greater activa- 
tion of muscle stretch receptors. In contrast, 
obtaining the same result with a perturbation 
of fixed force and duration would be more 
convincing evidence for central regulation, for 
the larger unit response would occur in re- 
sponse to a perturbation of fixed force, fixed 
duration, and equal or lesser displacement. 
(This was frequently the case for area 4 task- 
related units. See Fig. 4, flexion force pulse 
response.) Second, the effects of displacement 
on joint receptors are very dependent on muscle 
tone (10, 11). Thus a fixed displacement would 
have done little to stabilize joint receptor activa- 
tion. Third, the responses of the most important 
cutaneous receptors, those located in the hand 
and directly affected by handle and strap pres- 
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sure (15), should have been more closely de- 
pendent on the force of the perturbation than 
on the degree of displacement. 

RESULTS 

The data comprise recordings from 416 
units from areas 4, 3, 1, and 2, which were 
excited by flexion and/or extension force 
pulses within 60 ms. Limitation to units that 
responded by 60 ms meant that for analyzed 
units the initial response was due to pe- 
ripheral events occurring during the 50-ms 
force pulse, not to events occurring dur- 
ing handle rebound, which started within 
several milliseconds of force pulse ter- 
mination. Eighty-eight other units showing 
only inhibitory responses within 60 ms were 
not included in this study since, in these 
cases, response amplitude was not readily 
quantifiable. Units were judged to be task 
related if their background activity (that is, 
their activity during position maintenance) 
was clearly dependent on background force 
direction (32). 

Classijcation of responses 

Of these 416 units, 163 gave an excitatory 
force pulse response to either the exten- 
sion or flexion force pulse, while 253 gave 
two excitatory responses, one to each force 
pulse. Thus the data comprise a total of 
669 excitatory force pulse responses. Each 
response was classified according to whether 
or not its amplitude was dependent on 
the direction of background force on which 
it was superimposed. Amplitude was meas- 
ured as the spike frequency in the 100 ms 
after pulse onset minus frequency in the 
100 ms immediately preceding pulse onset 
(thus the effect of task-related change in 
background activity was eliminated). The 
fixed lOO-ms response analysis period was 
chosen to avoid the subjective decision of 
exactly when a unit’s response ended. In a 
few cases, when responses were early, 
brief, and very well defined, a SO-ms period 
was used. It was recognized that both 
the animal’s initial muscular response to the 
pulse and handle rebound could have af- 
fected unit activity within 100 ms. How- 
ever, the inaccuracy introduced into meas- 
urement of force pulse response amplitude 
by these factors was judged to be minor 
for the vast majority of units, and was 

tolerated in order to obtain a completely 
objective measure of response amplitude. 
For 257 responses from 209 units, ampli- 
tude was clearly dependent on background 
force direction. For these responses, ampli- 
tude with background force in one direc- 
tion averaged 2.8 times amplitude with back- 
ground force in the other direction. De- 
pendent responses comprised about 40% 
of all responses in each of the four cortical 
areas. Figure 1 shows dependent responses 
to the extension force pulse from three 
different units . 

These 257 dependent responses were sep- 
arated according to whether they came from 
area 4 or postcentral units, and were 
classified as shown in Table 1. Areas 3, 1, 
and 2 are considered together since their 
results were not noticeably different. First, 
the dependent responses were put in two 
groups: responses from task-related units 
and responses from non-task-related units. 
Each group was then divided into those 
responses that were larger when back- 
ground force direction matched force pulse 
direction (force-matched responses) and 
those that were larger when the directions 
were opposite (force-unmatched responses). 
Figure 1 shows three dependent force pulse 
responses from three units. All three are 
extension force pulse responses. The first 
two are larger with extension background 
force; they are force-matched responses. 
The third is larger with flexion background 
force; it is a force-unmatched response. 
This classification was done for the entire 
population of dependent responses and also 
for the population of dependent responses 
that were each the only force pulse re- 
sponse or the significantly larger (350% 
greater, see Ref. 32) force pulse response 
produced by a unit. For example, the ex- 
tension force pulse response of the unit in 
Fig. 2 and the flexion force pulse response 
of the unit in Fig. 3 were in this category. 
The Fig. 2 unit responded only to the ex- 
tension force pulse, while the Fig. 3 unit 
responded to both extension and flexion 
force pulses, but gave a significantly larger 
response to the flexion force pulse. The 
results of classification of this subclass are 
presented in parentheses in Table 1, next 
to the numbers resulting from classifica- 
tion of all the dependent responses. Finally, 
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UNIT B31.08 

0.5 set 

FIG. 1. Extension force pulse responses of three units at all five background force levels. Each raster displays 
individual responses, while corresponding histogram shows average of individual responses in spikes per 
second. Force pulse onset is indicated by vertical line in middle of raster, and its duration is shown by bar above 
histogram. Full sweep time, 500 ms; bin width, 5 ms. Trace above histogram is averaged handle position. Down- 
ward deflection indicates wrist extension; upward indicates wrist flexion. Background force levels from left to right 
are: strong extension, weak extension, zero, weak flexion, and strong flexion. For these units, force pulse 
response intensity was clearly dependent on background force direction. For area 4 unit in B31.08 and area 3 unit 
in BZ3.03 force pulse response was greater when background force was in same direction as force pulse. These 
responses were force matched. For area 3 unit in A31.08 force pulse response was greater when background force 
was opposite in direction to force pulse. This response was force unmatched. 

dependent responses from task-related units larger when background activity was less 
were divided into those that were larger (activity-unmatched responses). The task- 
when background activity was greater (activ- related units in Figs. 2 and 3 display 
ity-matched responses) and those that were activity-matched responses. (Note that, as 

TABLE 1. Classification of area 4 and postcentral dependent force pulse responses 

Responses 
Force 

Matched 
Force 

Unmatched 
Activity 
Matched 

Activity 
Unmatched 

Area 4 141 Task related 35 (23”) 27 (8) 41* 21 
Not task related 42 (17) 37 (22) 

Postcentral 116 Task related 16 (12) 18 (9) 15 19 
Not task related 36 (11) 46 (7) 

Postcentral consists of areas 3, 1, and 2. Task related indicates that responses were produced by task-related 
units, units with background activity varying with background force direction. Force-matched responses were 
larger when background force direction matched direction of force pulse. Activity-matched responses were 
responses from task-related units that were larger when background activity was greater. A number in parentheses 
comprises a subset of immediately preceding number. A response qualified for this subset if it was only or 
significantly larger response of a unit; that is, if unit was excited only by force .pulse producing that response 
and not by opposite force pulse or was excited significantly more by force pulse producing that response 
(32). * Significant (P < 0.01) majority of population. Thus 23 is significantly larger than 8, and 41 is 
significantly larger than 21. 
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FIG. 2. A: responses of area 4 task-related unit to extension and flexion force pulses at all five background 
force levels. Each raster displays individual responses, while corresponding histogram shows average of individual 
responses in spikes per second. Force pulse onset is indicated by vertical line in middle of raster, and its duration 
is shown by bar above histogram. Full sweep time, 500 ms; bin width, 5 ms. Trace above histogram is averaged 
handle position. Downward deflection indicates wrist extension; upward indicates wrist flexion. Background 
force levels from left to right are: strong extension, weak extension, zero, weak flexion, and strong flexion. Unit 
was excited by extension force pulse and inhibited by flexion force pulse. Both background activity and 
extension force pulse response were greater in presence of extension background force. B: activity of same 
unit with active corrective movement. In this display, vertical line in center of raster indicates entry into reward 
zone (as noted in Ref. 32, immediate rebound after the force pulse was not considered corrective movement). Full 
sweep time, 2 s; bin width, 20 ms. Strong extension background force was present. Unit activity increased 
before and during corrective flexion and decreased before and during corrective extension. 

described above, the subtraction of pre- 
pulse spike frequency in calculating re- 
sponse amplitude kept task-related back- 
ground activity from distorting the meas- 
urement of response amplitude.) 

Characteristics of response dependence 

A slight majority (55%) of area 4 re- 
sponses were force matched while a slight 
majority (55%) of postcentral responses 
were force unmatched, but this difference 
is of questionable significance. As noted 
above, displacement by the force pulse 
tended to be less in the force-matched sit- 
uation. It averaged 80% of the displace- 
ment occurring in the force-unmatched 
situation, and displayed considerable inter- 
and intraindividual variability. This varia- 

tion appeared to exert at most a slight 
effect on the proportion of responses that 
were force matched. It was estimated 
that change in force-matched displacement 
from its minimum of 60% of force-un- 
matched displacement to its maximum of 
95% of force-unmatched displacement in- 
creased by 10 the percentage of responses 
that were force matched. 

Except for the data from area 4 task-re- 
lated units, the results summarized in Table 
1 show no striking correlations. The ampli- 
tude dependence of non-task-related area 4 
responses or of task-related or non-task- 
related postcentral responses does not ap- 
pear consistently related to matched or un- 
matched background force direction or to 
matched or unmatched background activity. 
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FIG. 3. Responses of an area 4 task-related unit to extension and flexion force pulses at all five background 
force levels. Each raster displays individual responses, while corresponding histogram shows average of individual 
responses in spikes per second. Force pulse onset is indicated by vertical line in middle of raster, and its duration 
is shown by bar above histogram. Full sweep time, 500 ms; bin width, 5 ms. Trace above histogram is averaged 
handle position. Downward deflection indicates wrist extension; upward indicates wrist flexion. Background force 
levels from left to right are: strong extension, weak extension, zero, weak flexion, and strong flexion. Unit was 
excited by both force pulses but was more excited by flexion force pulse (32). Background activity and both force 
pulse responses were greater in presence of flexion background force. 

In contrast, the dependent responses from 
area 4 task-related units displayed several 
strong correlations. First :, two-thirds of 
these responses, a significant (P < 0.01) 
majority, were larger when background 
activity was greater. They were activity 
matched. The units in Figs. 2 and 3 are 
illustrative. The unit in Fig. 2 was more 
active with extension background force and 
gave a larger extension force pulse response 
in the presence of extension background 
force. This response was the beginning of a 
prolonged (at least 250 ms) period of in- 
creased activity. The important point in the 
present context is that the initial response, 
that occurring within 50 or 60 ms, was it- 
self much larger in the presence of extension 
background force. (As shown in Fig. 2B, this 
unit was also related to active corrective 
movement. As expected (32) in area 4 or in 
area 2, for a unit excited by the extension 
force pulse and more active with extension 
background force, it increased its activity 
with corrective flexion and decreased it with 
corrective extension.) The unit in Fig. 3 was 
more active with flexion background force 
and gave larger extension and flexion force 
pulse responses in the presence of flexion 
background force. Second, of those re- 
sponses that were each the only or the 
significantly larger response produced by a 
unit, a significant (P < 0.01) majority, 23 

(74%) of 31, were larger when background 
force direction matched force pulse direc- 
tion. Thus the unit in Fig. 2 responded 
only to the extension force pulse, and this 
response was larger in the presence of ex- 
tension background force. The unit in Fig. 3, 
while responding to both force pulses, gave 
a much larger response to the flexion force 
pulse, and this response was larger in the 
presence of flexion background force. Thus, 
for task-related area 4 units, dependent 
responses were usually larger when back- 
ground activity was greater, and dependent 
major responses were usually greater when 
the direction of the force pulse matched 
background force direction. The unit in 
Fig. 3 illustrates another feature of de- 
pendent responses from area 4 task-related 
units. Thirteen task-related area 4 units 
gave dependent responses to both force 
pulses. For 10 of those 13 units, both 
responses were greater with the same back- 
ground force direction. 

Dependent responses from task-related 
area 4 units were significant in another way: 
they were relatively late. Figure 4 compares 
the latencies of these 62 dependent re- 
sponses to the latencies of the 71 nonde- 
pendent responses obtained from area 4 
task-related units. The dependent response 
distribution is significantly later (P < 0.01) 
(22). Dependent response latency averaged 
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37 ms, while nondependent response latency 
averaged 28 ms. This striking latency dif- 
ference was not present between dependent 
and nondependent responses from post- 
central task-related units. 

DICUSSSION 

The results demonstrate that for many 
units in areas 4, 3, 1, and 2, the amplitude of 
response to a perturbation of fixed force and 
fixed duration imposed during position 
maintenance is dependent on the direction 
of the background force being opposed. The 
results also indicate that dependent re- 
sponses from area 4 task-related units dis- 
play certain distinctive features. This finding 
is the more interesting, for it supports the 
view that central gating of peripheral access 
to area 4 units is a significant mechanism 
in motor control. 

by the resulting movement, respectively. 
Activation of muscle stretch receptors 

gating. 

should have increased with background 
muscle activity and with displacement (1,2, 
12, 16, 25-29). Since displacement was 
usually greater when muscle activity was 
less (see above), the nature of the de- 
pendence of muscle stretch receptor acti- 
vation on background force direction cannot 
be readily inferred. In sum, dependence 
of peripheral receptor activation on back- 
ground force direction was probably signifi- 
cant and presumably accounted for much of 
the amplitude dependence of cortical unit 
responses. Central gating of peripheral input 
may have played a role also. However, the 
population of dependent responses from 
non-task-related units displayed no dis- 
tinctive features or special correlation with 
background force that might suggest central 

Response dependence of non-task- 
related units 

The response dependence of 
Response dependence of task-related units 

postcentral 
task-related units displayed no special fea- 

Precentral and postcentral responses to 
the force pulses were presumably a result 
of the muscle stretch, joint rotation, and 
skin deformation produced by the force 
pulses. With a force pulse of fixed ampli- 
tude, activation of receptors sensitive to 
joint rotation would have depended on the 
background muscle activity (10, 11) and on 
the degree of displacement. Receptor acti- 
vation due to deformation of the skin should 
have varied inversely or directly with dis- 
placement, depending on whether a receptor 
was affected by the pressure of the handle or 
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NON-DEPENDENT 

tures. It did not differ from that of non- 
task-related units. There is no reason to 
presume that it resulted from any other than 
changes in peripheral receptor activation. 
In contrast, for area 4 task-related units, 
dependent responses were usually larger 
when background activity was greater, and 
a dependent response to the most exciting 
force pulse was usually larger when force 
pulse direction matched background force 
direction. Thus, the unit in Fig. 2 was active 

I 

DEPENDENT 

ONSET LATENCY (msec) 

FIG. 4. Onset latencies of force pulse excitatory responses from area 4 units related to position maintenance. 
For responses in upper histogram, amplitude was not dependent on background force direction. For responses in 
lower histogram, amplitude was dependent on background force direction. Dependent responses are significantly 
later (P < 0.01) than nondependent responses (22). 
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with extension background force, was excited 
by the extension force pulse, and was most 
excited by it in the presence of extension 
background force. It is possible that this 
kind of dependence was due to change in 
activation of peripheral receptors. How- 
ever, such response dependence was not 
evident in the general population of pre- 
central and postcentral units. To explain 
its presence in this limited population as a 
result of peripheral change would require 
that these units received their input from a 
specific subset of peripheral receptors. For 
example, if units were responding to input 
from muscle spindles, cy-y coactivation 
might well account for the fact that re- 
sponses to the most exciting force pulse 
were usually force matched. However, an- 
other aspect of the data indicates that this 
possibility is probably an insufficient ex- 
planation for the special response depend- 
ence of these area 4 task-related units. When 
both force pulse responses from a unit were 
dependent on background force, both were 
usually larger with the same background 
force. Peripheral input would be unlikely to 
change with background force in the same 
way for both force pulses. This similar 
dependence is more easily explained on a 
central basis. It appears that the response 
dependence of area 4 task-related units of- 
ten resulted from change in the access to 
these units of peripheral input and that ac- 
cess to most varied with their task-related 
activity. The substantial minority of de- 
pendent responses from these units that did 
not show the dominant correlations may 
have been affected by change in peripheral 
input or by differing central gating. 

Peripheral access and motor control 
As discussed in the INTRODUCTION, for 

most area 4 task-related units, the correla- 
tion between task-related activity and short- 
latency responses to a perturbation suggests 
that the afferent pathway producing the 
latter is also important in producing the 
former, and that much of the crucial input 
is supplied by muscle stretch receptors (32). 
These conclusions are in accord with the 

REFERENCES 

1. BURKE, D., HAGBARTH, K.-E., ANDLOFSTEDT, L. 2. BURKE, D., HAGBARTH, K.-E., ANDLOFSTEDT, L. 
Muscle spindle responses in man to changes in load 
during accurate position maintenance. J. Physiol. 

Muscle spindle activity in man during lengthening 

London 276: 159-165, 1978. 
and shortening contractions. J. Physiol. London 
277: 131-142, 1978. 

hypothesis of a transcortical loop func- 
tioning during undisturbed performance as 
well as in response to a perturbation (14, 18, 
20, 32). The present data add to the credi- 
bility and clarity of this position. Not only 
does short-latency somatosensory input 
correlate with task-related activity in area 4, 
but the access of that input to area 4 is 
similarly correlated. Thus it is possible to 
propose that when an area 4 unit, such as 
those in Figs. 2 and 3, is more active with a 
given task, it is more active because it has 
been made more accessible to somato- 
sensory input from the relevant limb. For 
example, the background activity of the unit 
in Fig. 3 was greater with flexion back- 
ground force. The fact that force pulse re- 
sponses were also greater with flexion back- 
ground force supports the hypothesis that 
the greater background activity was due to 
greater peripheral access to the unit, that 
activity produced by somatosensory input 
served as motor output. 

The mechanism controlling access re- 
mains to be identified. The longer latency 
of the dependent responses from area 4 task- 
related units, shown in Fig. 4, suggests that 
the dependent responses may be produced 
by a pathway different from that responsible 
for the nondependent responses. Whether 
the path mediating the dependent responses 
traverses the cerebellum or is influenced by 
it (17) and whether it traverses the post- 
central gyrus (though similar, apparently 
centrally mediated, dependence was not 
evident postcentrally) require investigation. 

ACKNOWLEDGMENTS 

I thank Dr. Edward V. Evarts, Mr. Alvin C. 
Ziminsky, Mr. Samuel G. Sudler, and Mr. William T. 
Burriss for invaluable advice and assistance, and 
Drs. Steven P. Wise and Michael E. Goldberg for 
reviewing the manuscript. 

Address requests for reprints to J. R. Wolpaw at his 
present address: Division of Laboratories and Re- 
search, NY State Dept of Health, Empire State 
Plaza, Albany, NY 12201. 

Received 20 July 1979; accepted in final form 4 
August 1980. 



AMPLITUDE OF CORTICAL RESPONSE 1147 

7. 

8. 

9. 

10 

11 

12 

13 

14. 

15. 

16. 

17. 

3. CONRAD, B., MATSUNAMI, K., MEYER-L• HMANN, 
J., WIESENDANGER, M., AND BROOKS, V. B. 
Cortical load compensation during voluntary el- 
bow movements. Brain Res. 71: 507-514, 1974. 

4. EVARTS, E. V. Methods for recording activity of 
individual neurons in moving animals. In: Methods 
in Medical Research, edited by R. F. Rushmer. 
Chicago: Year Book, 1966, vol. II, p. 241-250. 

5. EVARTS, E. V. Motor cortex reflexes associated 
with learned movement. Science 179: 501-503, 
1973. 

6. EVARTS, E. V. AND FROMM, C. The PTN as 
summing point in a closed-loop control system in 
the monkey. In: Progress in Clinical Neuro- 
physiology. Vol. 4. Cerebral Motor Control in 
Man: Long Loop Mechanisms, edited by J. E. 
Desmedt. Basel: Karger, 1978, p. 56-69. 
EVARTS, E. V. AND TANJI, J. Gating of motor 
cortex reflexes by prior instruction. Brain Res. 
71: 479-494, 1974. 
EVARTS, E. V. AND TANJI, J. Reflex and intended 
responses in motor cortex pyramidal tract neurons 
of monkey. J. Neurophysiol. 39: 1069- 1080, 1976. 
FETZ, E. E., CHENEY, P. D., AND GERMAN, D. C. 
Corticomotoneuronal connections of precentral 
cells detected by post-spike average of EMG 
activity in behaving monkeys. Brain Res. 114: 
505-510, 1976. 
GRIGG, P. Response of joint afferent neurons in 
cat medial articular nerve to active and passive 
movements of the knee. Brain Res. 118: 482-485, 
1976. 
GRIGG, P. AND GREENSPAN, B. J. The response 
of primate joint afferent neurons to mechanical 
stimulation of the knee joint. J. Neurophysiol. 
40: l-8, 1977. 
HULLIGER, M. AND VALLBO, A. B. The response 
of muscle spindle afferents during voluntary 
tracking movements in man. Load dependent 
servo assistance? Brain Res. 166: 401-404, 1979. 
JONES, E. G., COULTER, J. D., AND HENDRY, 
S. H. C. Intracortical connectivity of architec- 
tonic fields in the somatic sensory, motor and 
parietal cortex of monkeys. J. Comp. Neurol. 
181: 291-348, 1978. 
KOEZE, T. H., PHILLIPS, C. G., AND SHERIDAN, 
J. D. Thresholds of cortical activation of muscle 
spindles and motoneurons of the baboon’s hand. 
J. Physiol. London 195: 419-449, 1968. 
LEMON, R. N. AND PORTER, R. Afferent input 
to movement-related precentral neurons in con- 
scious monkeys. Proc. R. Sot. London Ser. B 194: 
313-339, 1976. 
MATTHEWS, P. B. C. Mammalian Muscle Re- 
ceptors and Their Central Actions. Baltimore: 
Williams & Wilkins, 1972, p. 522-525, 566-574. 
MACKAY, W. A. AND MURPHY, J. T. Cerebellar 
modulation of reflex gain. Prog. Neurobiol. 13: 
361-417, 1979. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27 

28. 

29. 

30. 

31. 

32. 

MURPHY, J. T., KWAN, H. C., MACKAY, W. A., 
AND WONG, Y. C. Spatial organization of pre- 
central cortex in awake primates. III. Input-out- 
put coupling. J. Neurophysiol. 41: 1132- 1139, 
1978. 
PHILLIPS, C. G. Motor apparatus of the baboon’s 
hand. Proc. R. Sot. London Ser. B 173: 141-174, 
1969. 
PHILLIPS, C. G. AND PORTER, R. Corticospinal 
Neurons. London: Academic, p. 267-292, 1977. 
POWELL, T. P. S. AND MOUNTCASTLE, V. B. The 
cytoarchitecture of the postcentral gyrus of the 
monkey Macaca mulatta. Bull. Johns Hopkins 
Hosp. 105: 108-133, 1959. 
SIEGEL, S. Nonparametric Statistics for the 
Behavioral Sciences. New York: McGraw, 1956, 
p. 127- 136. 
STRICK, P. L. AND KIM, C. C. Input to primate 
motor cortex from posterior parietal cortex (area 
5). I. Demonstration by retrograde transport. Brain 
Res. 157: 325-330, 1978. 
TATTON, W. G., FORNER, S. D., GERSTEIN, G. L., 
CHAMBERS, W. W., AND LIU, C. M. The effect 
of postcentral cortical lesions on motor responses 
to sudden upper limb displacements in monkeys. 
Brain Res. 96: 108-113, 1975. 
VALLBO, A. B. Slowly adapting muscle receptors 
in man. Acta Physiol. Stand. 78: 315-333, 1970. 
VALLBO, A. B. Muscle spindle response at the 
onset of isometric voluntary contractions in man. 
Time differences between fusimotor and skeleto- 
motor effects. J. Physiol. London 218: 405-431, 
1971. 
VALLBO, A. B. Muscle spindle afferent discharge 
from resting and contracting muscles in normal 
human subjects. In: New Developments in Electro- 
myography and Clinical Neurophysiology, edited 
by J. E. Desmedt, Basel: Karger, 1973, vol. 3, 
p. 251-262. 
VALLBO, A. B. Afferent discharge from human 
muscle spindles in non-contracting muscles. Steady 
state impulse frequency as a function of joint 
angle. Acta Physiol. Stand. 90: 303-318, 1974. 
VALLBO, A. B., HAGBARTH, K.-E., TOREBJORK, 
H. E., AND WALLIN, B. C. Somatosensory, 
proprioceptive, and sympathetic activity in human 
peripheral nerves. Physiol. Rev. 59: 919-957, 
1979. 

VOGT, B. A. AND PANDYA, D. N. Corticocortical 
connections of somatic sensory cortex (areas 3, 1 
and 2) in the rhesus monkey. J. Comp. Neurol. 
177: 179- 192, 1978. 

WOLPAW, J. R. Gyral impressions in the skull 
as a guide to cortical topography in chronic 
transdural unit recording. Brain Res. 160: 505- 
508, 1979. 
WOLPAW, J. R. Correlation between task-related 
activity and responses to perturbation in primate 
sensorimotor cortex. J. Neurophysiol. 44: 1122- 
1138, 1980. 


