0270-6474/83/0310-2007$02.00/0
Copyright © Society for Neuroscience
Printed in U.S.A.

The Journal of Neuroscience
Vol. 3, No. 10, pp. 2007-2020

October 1983

THE INFLUENCE OF MOTOR PREPARATION ON THE RESPONSE

OF CEREBELLAR NEURONS TO LIMB DISPLACEMENTS!

PETER L. STRICK

Research Service, Veterans Administration Medical Center, and Departments of Neurosurgery and Physiology, State University

of New York-Upstate Medical Center, Syracuse, New York 13210

Received January 22, 1982; Revised April 29, 1983; Accepted April 29, 1983

Abstract

This study examined the influence of “motor set” on the response of neurons in the deep cerebellar
nuclei to peripheral afferent inputs. Two monkeys were trained to perform arm movements which
were triggered by imposed displacements of their forelimb. Imposed displacements were generated
by a torque motor which was coupled to a handle held by the monkey. The direction of the triggered
movements depended on a prior instruction presented to the animal before the onset of the imposed
displacement.

Single neuron recordings were made from 105 interpositus and 191 dentate neurons whose activity
was related to the performance of the task. Forty-three of the interpositus and 46 of the dentate
neurons displayed a change in activity within 70 msec of the onset of the imposed displacement.
None of these neurons displayed a neural response following the onset of the instruction.

The short latency response of most interpositus neurons was related to the parameters of the
afferent input generated by the imposed displacements. For more than 60% of the interpositus
neurons this response was strongly influenced by the direction of the imposed displacement. None
of these responses were markedly altered by the prior instructions.

In contrast, the short latency response of 67% of the dentate neurons, although triggered by the
imposed displacement, was markedly altered by the “motor set” of the animal. For most of the
dentate neurons whose activity was influenced by the animal’s “motor set,” the neural response was
contingent on two factors: (1) the prior instruction given to the animal and (2) the direction of the
imposed displacement. In a second set of dentate neurons (13% of those influenced by motor
preparation) the characteristics of the short latency response were determined solely by the nature
of the prior instruction. For these neurons the imposed displacement served as a trigger for possible
changes in the activity. Thus, dentate neuron activity can behave like a motor command signal
which is triggered at short latency by a peripheral event but depends on the intent of the animal.

A major goal of motor systems physiology is to better
understand how peripheral afferent inputs and central
command signals interact to initiate and control motor
behavior. In some situations afferent input is utilized
largely as a feedback signal to regulate movement. In
these instances motor output is, in part, a replica of the
afferent input. For example, movements regulated on
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this basis show “local sign;” i.e., the direction of the
afferent input specifies the direction of the resultant
motor response. In other situations, afferent input func-
tions to “trigger” volitional responses. In these cases the
resultant movements are determined largely by the prior
motor preparation or “set” of the animal (cf. Creed et
al.,, 1932; Hammond, 1956, 1960; Evarts et al., 1971;
Crago et al., 1976; Evarts and Granit, 1976; Marsden et
al., 1977, 1978; Evarts and Vaughn, 1978; Houk, 1978).
At present we know little about the neural basis of either
triggered volitional responses or motor preparation.

The interaction between afferent input and central
commands occurs at many levels in the central nervous
system. Evarts and Tanji (1976) examined the interac-
tions which occur between these signals in the motor
cortex. In their study, primates were trained to perform
arm movements triggered by imposed displacements of
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the forelimb. The direction of the triggered movement
depended on a prior instruction presented to the animal
before the imposed displacement. The imposed displace-
ments evoked two types of short latency responses from
pyramidal tract neurons (PTNs) in the motor cortex.
The first response, which occurred at latencies as short
as 20 msec, was dependent on the direction of the im-
posed displacement. Because this response was not influ-
enced by the prior instruction and depended on the
pattern of afferent input generated by the imposed dis-
placement, it was termed a “reflex PTN discharge.” In
contrast, the second response, which occurred at longer
latencies (40 to 50 msec), was not dependent on the
parameters of the afferent input which triggered it.
Rather, this response depended on the nature of the
movement, which the animal performed and was termed
an “intended PTN discharge.”

Based on the differences between the two responses,
Evarts and Tanji (1976) argued that separate central
pathways provide the main input for each response. Since
the “reflex” discharge was tightly coupled to afferent
input, it appeared to be comparable to the responses
others have evoked from motor cortex neurons by stim-
ulating cutaneous, muscle, and joint afferents (e.g., Ro-
sen and Asanuma, 1972; Lemon and Porter, 1976; Wong
et al., 1978; Fetz et al., 1980; Strick and Preston, 1982).
Less is known about the origin of the “intended” PTN
discharge, which was viewed as a manifestation of a
central program (Evarts and Tanji, 1976). Evidence from
a number of physiological studies suggests that the cer-
ebello-thalamocortical pathway might provide an input
for this response (e.g., Meyer-Lohmann et al., 1975;
Strick, 19764, b; Vilis et al., 1976; Thach, 1978).

In the experiments reported here, the interaction be-
tween afferent input and central motor programs was
examined in two of the deep cerebellar nuclei. Single
neurons were recorded in dentate and interpositus while
monkeys performed the same task as that employed in
the motor cortex experiments of Evarts and Tanji,
(1976). Both dentate and interpositus neurons responded
at relatively short latencies following imposed displace-
ments of the animal’s limb. The short latency response
of most interpositus neurons was related to parameters
of the afferent input generated by the imposed displace-
ments. In contrast, the short latency response of most
dentate neurons, although triggered by the imposed dis-
placement, was influenced and, in some cases, deter-
mined by the motor “set” of the animal. Thus, the
response properties of dentate neurons are consistent
with their providing an input for “intended” responses
in the motor cortex.

Preliminary reports of some of these results have been
presented elsewhere (Strick, 1976¢c, 1978).

Materials and Methods

Behavioral procedures. Two rhesus monkeys (Macaca
mulatta) were trained on the instruction paradigm first
employed by Evarts and Tanji (1974). Aspects of this
task are illustrated in Figure 1. Each monkey was seated
in a primate chair. The animals were trained to grasp
the handle of a manipulandum and push or pull it (using
elbow and shoulder extension or flexion) according to
task instructions. The output of a precision potentiom-
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eter which was coupled to the rotating shaft of the
manipulandum signaled the position of the animal’s
limb.

In order to initiate each trial the animal positioned the
handle in a central “hold” zone which was electronically
determined. The central hold zone corresponded to a 1.0-
cm excursion of the handle. A small white lamp was
illuminated when the handle was correctly positioned.
After a period of holding which varied unpredictably
between 2 and 5 sec, a small red or green lamp was turned
on. The red lamp signaled the animal to prepare to push
and the green lamp to prepare to pull. Push and pull
instructions were varied according to a predetermined
pseudo-random order so that the monkey could not an-
ticipate the instruction. The monkey was to remain in
the hold zone and perform the movement indicated by
the instruction only when it felt the handle move.

A brushless DC torque motor was coupled to the axis
of the manipulandum. The torque motor could impose
load changes which moved the handle of the manipulan-
dum toward or away from the monkey. These displace-
ments of the handle were the signal for the monkey to
perform the movements specified by the prior instruction
lamps. If, after the onset of the imposed displacement,
the monkey moved the handle through the correct “re-
ward” zone, then the animal was given a fruit juice
reward. Thus, the instruction lamps told the animal
where to move, whereas the imposed displacements told
the animal when to move. Each reward zone was bounded
by a mechanical stop and was separated from the central
hold zone by 7.5 cm. Additional descriptions of the torque
motor and training procedures have been presented pre-
viously by Tanji and Evarts (1976).

Recording procedures. When an animal became profi-
cient in the task, it was prepared for chronic single-unit
recording using techniques previously described (Evarts,
1968). Briefly, the animal was anesthetized and steel
bolts were attached to the skull for restraining the head
in the primate chair. A hole was cut in the skull over the
dentate and interpositus nuclei. The dura was left intact.
A cylinder, 20 mm in diameter, was attached to the skull
to permit chronic single-unit recording. Initially, pene-
trations with glass-insulated platinum-iridium micro-
electrodes (Wolbarsht et al., 1960) were made at 1-mm
separations in order to locate the two deep cerebellar
nuclei. Later penetrations were made at 0.5-mm inter-
vals.

During the recording sessions the animal was allowed
to perform the task while the electrode was advanced in
the search for task-related neuron activity. When a unit
was isolated, its firing pattern was qualitatively analyzed
on-line by generating a stimulus-triggered dot raster
display on a storage oscilloscope. The activity of every
isolated unit was observed for 5 to 10 trials during the
performance of the four possible combinations of prior
instruction and imposed displacement. If the raster dis-
play indicated that the unit had any consistent relation
to the task, then unit activity, potentiometer output, and
an analogue code indicating the timing and type of var-
ious task-related events were recorded on a seven-chan-
nel tape recorder. At least 25 trials of each condition
were recorded when possible.

Electromyographic (EMG) recordings were made from
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Figure 1. Instruction paradigm. The monkey grasped the handle of a manipulan-
dum which was coupled by a 6-inch rod to a torque motor. The position of the
handle was signaled by a potentiometer coupled to the shaft of the torque motor.
The output of the potentiometer was fed to a series of comparators which electron-
ically defined three zones: a central “hold” zone, a “push” reward zone, and a “pull”
reward zone. Three lamps were positioned in front of the animal. The white lamp
was illuminated when the animal held the handle in the hold zone. When the animal
had held in the hold zone for the correct period of time one of the two instruction
lamps was illuminated. The red lamp instructed the animal to prepare to push and
the green lamp to prepare to pull. Displacements of the handle imposed by the
torque motor were the signal for the animal to perform the movement indicated by
the prior instruction. See “Materials and Methods” for further details of the task.

muscles of the arm, shoulder, and back during the per-
formance of the task via pairs of teflon-coated wires
inserted into individual muscles. For the purposes of
analysis, the EMG activity was rectified and fed to
a Philbrick-Teledyne voltage-to-frequency converter
whose output had a peak frequency of 1000 Hz. This
procedure resulted in a frequency-coded representation
of muscular activity which could be recorded and ana-
lyzed in the same manner as the cerebellar unit data.
Near the conclusion of the experiments, electrolytic
lesions were made at selected points in the cerebellar
nuclei by passing 10 to 12 pA current for 15 to 20 sec
through the recording electrode. Animals were later sac-
rificed with Nembutal, and their brains were perfused
with formol/saline. The brains were embedded in cello-

idin, cut in the frontal plane at 50 um, and then stained
with thionin.

Analytical procedures. A PDP-12 computer was used
to analyze and display single neuron and EMG activity.
The program (developed by W. Vaughn, W. Sherriff, and
E. Evarts), together with a description of display, statis-
tical, and analytical procedures, is available from the
DECUS Library of the Digital Equipment Corporation.
The results of analysis were displayed in the form of
rasters and histograms aligned on a number of task
events: the onset of the “push” or “pull” instruction and
the onset of the two different directions of imposed
displacement. Modulations in activity in relation to any
of these events were determined with average reciprocal
interval (instantaneous frequency) plots of at least 25
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trials. The onset of modulation was determined by a
Poisson statistical routine described previously (Tanji
and Evarts, 1976). The occurrence of a “neural response”
was defined as either an increase or a decrease in spike
frequency relative to the period prior to the onset of a
task event (p < 0.001). When a response was detected,
the latency of the response was taken as the time when
the p < 0.01 level was crossed.

Results

Movement patterns associated with performance of the
task

Figure 2 shows averages of handle position recorded
during performance of the task. The four possible com-
binations of instructions and imposed displacements are
illustrated. Although the imposed displacements moved
the handle in the same direction in Figure 2, A and C,
the animal pushed in Figure 2A and pulled in Figure 2C
because of the differing prior instructions for the two
sets of trials (see also Fig. 2, B and D). Thus, the
direction of the imposed displacement did not specify the
direction of the movement it triggered.

Even when prior instructions differed, the trajectories
of handle position, following imposed displacements in a
particular direction, overlapped for the first 90 msec.
This observation is illustrated in Figure 3 where averages
of handle position for trials triggered by the same direc-
tion of imposed displacement have been overlapped.
Tonic EMG activity in arm and shoulder muscles prior
to a displacement and the first 70 msec of EMG activity
evoked by a displacement were unaffected by changes in
the prior instruction (see also Tanji and Evarts, 1976;
Evarts and Tanji, 1976). These observations suggest that
imposed displacements in one direction initially evoke
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(i.e., for the first 70 msec) the same somatosensory
afferent input, even when prior instructions differ. The
present study focused on cerebellar responses occurring
in the 70-msec period following the onset of an imposed
displacement. This interval will be termed the “analysis
period.” The influence of the different motor “sets” (cre-
ated by the two prior instructions) on the response of
cerebellar neurons evoked in the analysis period is pre-
sented below.

Interpositus and dentate neuron activity

Recordings were made from 105 interpositus and 191
dentate neurons whose activity changed during the per-
formance of the task. Forty-three of the interpositus and
46 of the dentate neurons displayed a neural response
within the analysis period; i.e., within 70 msec. of the
onset of an imposed displacement, these neurons showed
an increase or decrease in activity relative to the 500-
msec period prior to the displacement (p < 0.001). Each
of the 43 interpositus and 46 dentate neurons with a
response in the analysis period also was examined for
the presence of a neural response following the presen-
tation of the “push” or “pull” instruction. Statistical
analysis, as well as visual inspection of rasters and his-
tograms, showed that the onset of an instruction did not
evoke a neural response from any of these neurons. In
other words, after the onset of an instruction, none of
these neurons displayed an increase or a decrease in
activity relative to the 1-sec period prior to the instruc-
tion (p < 0.001).

Histograms showing the onset times (i.e., when the p
< 0.01 level was crossed) of neural responses triggered
by the imposed displacements are presented in Figure 4.
Each neuron was examined during each of the four
possible combinations of instructions and imposed dis-
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Figure 2. The averages of handle position for the four possible combinations of
instruction and imposed displacement. Upward deflections of the trace indicate handle
movements away from the monkey (the push direction) and downward deflections
indicate movements toward the monkey (the pull direction). The instructions were the
same for the trials illustrated in A and B (prepare to push) and for those in C and D
(prepare to pull). The imposed displacements were the same for those trials illustrated
in A and C (handle moved away from the monkey) and for those in B and D (handle

moved toward the monkey).
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Figure 3. Superimposed averages of handle position. Top,
For half the trials the monkey was given the prior instruction
to prepare to push and in the other half to prepare to pull. The
imposed displacement in both sets of trials moved the handle
away from the monkey. Bottom, Same prior instructions as in
the top set of trials. The imposed displacement for these trials
moved the handle toward the monkey. In both the top and the
bottom, the position traces following the same direction of
imposed displacement overlap for approximately 90 msec (the
period between the dashed lines) even though the prior instruc-
tions differed. '

placements. Since some neurons did not respond to all
four combinations, the total number of responses plotted
in the histograms is less than 4 times the total number
of recorded neurons. A comparison of the histograms
shows that the responses evoked from interpositus neu-
rons tended to occur earlier than those evoked from
dentate neurons. The majority of responses of neurons
in both nuclei occurred within 50 msec of the imposed
displacement. The earliest neural responses occurred 18
msec after the onset of an imposed displacement for an
interpositus neuron and 27 msec after the onset of an
imposed displacement for a dentate neuron.
Interpositus neuron activity. Each interpositus neuron
that displayed a neural response in the analysis period
was examined to determine whether this response was
altered by prior instructions. The average peak frequency
of the neural response evoked by each of the four com-
binations of imposed displacement and prior instruction
during the analysis period was measured from average
reciprocal interval (instantaneous frequency) plots. The
neural response evoked by a particular direction of im-
posed displacement when the animal was prepared to
push was compared to the response evoked by the same
direction of imposed displacement when the animal was
prepared to pull. If the average peak frequencies of the
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Figure 4. Histograms of the times of change in neural dis-
charge in relation to the onset of the imposed displacement.
The ordinate is the time of onset for a neural response (either
increase or decrease, p < 0.01) in milliseconds after the onset
of the imposed displacement (see “Materials and Methods” for
statistical details). The abscissa is the number of changes for
dentate (top) or interpositus (bottom) neurons. The number of
changes is larger than the total number of neurons since each
neuron was observed in all four possible combinations of in-
struction and imposed displacement.
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responses evoked in the two situations differed by more
than 50%, then the neural responses were considered
“markedly altered” by prior instructions. Using this cri-
terion, none of the neural responses of interpositus neu-
rons were markedly altered by prior instructions during
the analysis period. The largest difference between the
average peak frequencies of an interpositus neuron was
16% and the response of most interpositus neurons (39
of 43) differed by less than 10%. Thus, the response of
most interpositus neurons in the analysis period showed
little or no influence of prior instruction.

Each interpositus neuron that displayed a neural re-
sponse in the analysis period also was examined to de-
termine whether this response was influenced by the
direction of the imposed displacement. If the average
peak frequencies of the neural responses evoked by im-
posed displacements in one direction differed from those
evoked by displacements in the opposite direction by
more than 80%, then the neural responses were consid-
ered “strongly influenced” by the direction of the im-
posed displacements. Using this criterion, more than
60% of the interpositus neurons (26 of 34) with neural
responses during the analysis period were strongly influ-
enced by the direction of the imposed displacements.
Thus, the pattern of kinesthetic input generated by the
imposed displacements determined the short latency re-
sponse of many interpositus neurons. Eight of the 26
neurons that were strongly influenced displayed neural
responses which were reciprocally related to the displace-
ments; i.e., increases in activity were evoked by imposed
displacements in one direction and decreases in activity
evoked by displacements in the opposite direction.

An example of an interpositus neuron whose responses
in the analysis period were reciprocally related to the
imposed displacements is illustrated in Figure 5. The
animal was instructed to prepare to push on the trials
illustrated in Figure 5, A and B, and was instructed to
prepare to pull on the trials in Figure 5, C and D. The
imposed displacement moved the handle away from the
animal in Figure 5, A and C, and toward the animal in
Figure 5, B and D. Independent of the prior instruction,
this neuron’s activity increased in the analysis period
when the imposed displacement moved the handle away
from the animal (Fig. 5, A and C) and decreased in the
analysis period when the imposed displacement moved
the handle toward the monkey (Fig. 5, B and D). Note
that the scales for the individual histograms, in this and
other figures, have been varied in order to maximize the
illustration of changes in activity. Inspection of this
unit’s response after the 70-msec analysis period also
revealed neuron activity related to the direction of handle
movement. For example, in the trials illustrated in Figure
5C, there were three phases of neuron activity which
correlated with three phases of handle movement. Neu-
ron activity (I) increased when the handle was moved
away from the animal by the imposed displacement, (2)
decreased when the monkey, according to the prior in-
struction, moved the handle toward himself, and (3)
increased when the monkey moved the handle away from
himself and toward the central hold zone in order to
initiate a new trial. Thus, the response of this neuron
signaled the change in handle position, irrespective of
whether the handle movement was imposed or actively
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performed. The changes in activity of other interpositus
neurons after the analysis period were not examined in
detail; however, in most cases such changes were more
complicated than those illustrated in Figure 5.

Dentate neuron activity. Using the same criteria as
employed with interpositus neurons, each dentate neuron
that displayed a neural response in the analysis period
was examined to determine whether this response was
altered by prior instructions. The analysis indicated that
neural responses for more than two-thirds of the dentate
neurons (31 of 46) were markedly influenced by prior
instructions. When an animal was prepared to move in
different directions, the same direction of imposed dis-
placement could evoke neural responses with substan-
tially different average peak frequencies in the analysis
period. For example, the largest difference between the
neural responses evoked following the same direction of
imposed displacements but opposite instructions, was a
change in average peak frequency from 0 to 176 spikes/
sec. The average discharge rate of this neuron when the
animal was just holding the handle was 48 spikes/sec.
For more than 80% (25 of 31) of the dentate neurons
which were markedly influenced by prior instructions
the average peak frequencies of neural responses differed
in the analysis period by more than 75%. Thus, in
contrast to interpositus neurons, the neural response of
most dentate neurons to kinesthetic input was contin-
gent on the animal’s prior motor preparation or “set.”

Two types of dentate neurons were observed. For one
type (4 of 46 neurons), the nature of the prior instruction
was the only factor which determined the neuron’s re-
sponse in the analysis period (e.g., Fig. 6). The imposed
displacements served only to trigger the short latency
responses of these neurons. For the second type of den-
tate neuron (27 of 46 neurons), both the nature of the
prior instruction and the direction of the imposed dis-
placement determined the neuron’s response in the anal-
ysis period (e.g., Figs. 7 to 9).

An example of the response of the first type of dentate
neuron to the four possible combinations of instruction
and imposed displacement is illustrated in Figure 6. The
change in activity during the analysis period occurred
for this unit only when the animal was instructed to
prepare to pull. Either direction of imposed displacement
triggered a short latency decrease in activity if it followed
the pull instruction (Fig. 6, C and D). When the animal
was prepared to push, there was little or no change in
this neuron’s activity in the analysis period (Fig. 6, A
and B). This was true regardless of the direction of the
imposed displacement.

Examples of the second type of dentate neuron whose
response was dependent on both the direction of the
prior instruction and the direction of the imposed dis-
placement are illustrated in Figures 7 to 9. For almost
two-thirds (20 of 31) of these neurons a short latency
response was evoked only following one direction of
imposed displacement (Figs. 7 and 8). However, the
response was dependent on the direction of the prior
instruction. For example, the decrease in activity ob-
served during the analysis period for the unit illustrated
in Figure 7 occurred only when the animal was instructed
to prepare to push and the imposed displacement moved
the handle toward the monkey (see Fig. 74). There was
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Figure 5. Responses of an interpositus neuron to imposed displacements: Lack of modification by motor preparation. Neural
response averages (Al, B1, C1, and D1), rasters of individual trials (42, B2, C2, and D2), and averages of handle position (A3,
B3, C3, and D3) are shown for recordings from the same interpositus neuron recorded under the four possible combinations of
instruction and imposed displacement. In A and B, the animal was instructed to prepare to push and in C and D, to prepare to
pull. In A and C, the imposed displacement moved the handle away from the monkey and in B and C, the handle was moved
toward the monkey. Each line in the rasters represents an individual trial and each dot represents a single unit discharge. The
maximum of the scale in DI (256) differs from that of the other averages (5712). Note that this neuron’s activity increased when
the handle was moved away from the monkey and decreased when the handle was moved toward the monkey. This change in
neural activity was independent of the nature of the prior instruction.

little or no change in the neuron’s activity in the analysis  did not influence this neuron’s activity during the anal-
period when the same imposed displacement was pre- ysis period (not illustrated).

ceded by the “pull” prior instruction. Imposed displace- A similar pattern of neuron activity was observed for
ments which moved the handle away from the monkey the neuron illustrated in Figure 8. This neuron, like that
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illustrated in Figure 7, had a short latency response only
with one combination of instruction and imposed dis-
placement. In this case there was a short latency increase
in activity only when the animal was instructed to pre-
pare to push and the imposed displacement moved the
handle away from the monkey (Fig. 84). Since the direc-
tion of the imposed displacement was the same in Figure
8, A and B, the lack of a response during the analysis
period in Figure 8B can be due only to the different prior
instructions.

Figure 9 illustrates the responses of a dentate neuron
with a complicated pattern of activity in the analysis
period. The only condition in which there was a short
latency increase in activity was when the animal was
instructed to prepare to push and the imposed displace-
ment moved the handle away from the monkey (Fig. 94).
Short latency decreases in activity were evoked in the
remaining three conditions. The most dramatic decrease
occurred when the animal was instructed to prepare to
pull and the imposed displacements moved the handle
toward the monkey (Fig. 9D). Thus, the largest changes
in activity for this neuron in the analysis period occurred
when the imposed displacements moved the handle in
the same direction as the animal was instructed to move
(Fig. 94 (increase) and Fig. 9D (decrease)). Although the
precise factors which determined this neuron’s pattern
of response are unclear, its response does illustrate that
complicated interactions between imposed displacements
and prior instructions can occur.

Discussion

The primary goal of this study was to examine an
interaction between peripheral afferent input and central
command signals at the level of cerebellar output. This
was accomplished by analyzing how the motor prepara-
tion or “set” of an animal to move in a particular direc-
tion influenced the response evoked in cerebellar output
neurons by somatosensory afferent inputs. It was possi-
ble to evoke short latency responses from both dentate
and interpositus neurons with a kinesthetic input, i.e., a
torque motor-imposed displacement of the animal’s limb.
The major new observation of the present study is that
motor preparation markedly influenced the response of
many dentate neurons to kinesthetic inputs and had
little or no influence on the response of most interpositus
neurons.

The influence of motor preparation was seen in more
than two-thirds of those dentate neurons that displayed
a neural response to kinesthetic inputs. For most of the
neurons whose activity was influenced by motor prepa-
ration, their neural response was contingent on two
factors: (1) the prior instruction given to the animal and
(2) the direction of the imposed limb displacement. Thus,
the response of these neurons reflected the result of a
complex interaction between motor preparation and af-
ferent input.

both A and B, the imposed displacement moved the handle
toward the monkey. Imposed displacements away from the
monkey (not illustrated) failed to evoke a short latency re-
sponse. The maximum of the scale in BI (128) differs from
that in Al (256).
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In an additional set of dentate neurons (13% of those
influenced by motor preparation), the characteristics of
their short latency response were determined solely by
the nature of the prior instruction. For these neurons,
the imposed displacement served as a trigger for possible
changes in activity and appeared to have little influence
on determining the pattern of response. This second
group of neurons is especially interesting because their
response patterns are consistent with those of a motor
command signal. Namely, although triggered by afferent
input, their activity: (1) is independent of the parameters
of this input, (2) is related to the motor task, and (3)
precedes the motor task. These neurons could be impor-
tant components of the neural circuitry which generates
motor responses that are not tightly coupled, in a reflex-
ive manner, to the afferent inputs which triggered them.

Unlike dentate responses, the short latency response
of interpositus neurons to kinesthetic inputs was largely
unaffected by differing motor sets. Instead, for more than
60% of the interpositus neurons that responded at short
latency to kinesthetic inputs, the response was strongly
influenced by the direction of the imposed limb displace-
ment. These observations suggest that the short latency
responses of many interpositus neurons to kinesthetic
inputs may provide a reliable signal of the activity in
peripheral afferents related to limb movement. Previous
studies of the deep cerebellar nuclei during movement
have observed similar differences between dentate and
interpositus neuron activity (e.g., Thach, 1970, 1975,
1978).

The striking differences in the response patterns of
dentate and interpositus neurons suggest that each may
differentially contribute to motor output and, in partic-
ular, to the activity of motor cortex neurons during the
task. The timing and activity patterns of dentate neurons
in the present experiment are consistent with their con-
tributing to the control and/or generation of those com-
ponents of task-related muscle activity which, although
triggered by a limb displacement, are dependent on the
motor preparation of the animal (e.g., the “M3” and
“voluntary” responses described by Tatton et al., 1975;
see also Evarts and Granit, 1976; Marsden et al., 1978).
This suggestion is consistent with the reports that : (1)
experimental cooling of cerebellar nuclei in trained mon-
keys delays “predictive” muscle responses which are trig-
gered by limb displacements (Vilis and Hore, 1977, 80),
and (2) short latency “voluntary or triggered responses”
evoked by limb displacements are reduced or absent in
the muscles of humans showing symptoms of cerebellar
damage (Marsden et al., 1977, MacKay and Murphy,
1979). Although there is considerably less supporting
evidence, similar arguments can be made for a contri-
bution of interpositus neurons to the control and/or
generation of muscle activity which appears to be more
reflexive in nature (e.g., the “M2” response of Tatton et
al., 1975). However, any further discussion of this topic

preparation and the direction of the imposed displacement. In
both A and B, the imposed displacement moved the handle
away from the monkey. Imposed displacements toward the
monkey (not illustrated) failed to evoke a short latency re-
sponse.
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Figure 9. Responses of a dentate neuron to imposed displacements: Evoked responses depend on a complex interaction between
the direction of the imposed displacement and motor preparation. The conventions in this figure are identical to those in Figure
5. The maximum of the scale in A1 (512) differs from that of the other averages (256). Note that a short latency increase in this
neuron’s activity occurred only when the handle was moved away from the monkey and the animal was prepared to push. The
largest decrease in activity occurred when the handle was moved toward the monkey and the animal was prepared to pull.
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is complicated by the present uncertainties concerning
the relative contributions of “long-loop” and spinal
mechanisms to the generation of muscle responses trig-
gered by limb displacements (see, for example, Ghez and
Shinoda, 1978, and Miller and Brooks, 1981, for refer-
ences). Therefore, the remainder of this discussion will
focus on the potential contribution of cerebellar activity
to the generation of motor cortex responses.

As noted in the introduction, Evarts and Tanji (1976)
have recorded the activity of neurons in the motor cortex
of animals trained to perform the same task as that
employed in this experiment. They observed that im-
posed displacements could evoke two types of responses
from pyramidal tract neurons (PTNs). The earliest re-
sponse, termed a “reflex PTN discharge,” occurred at
latencies as short as 20 msec. This response depended
on the direction of the imposed displacement and was
not influenced by the prior motor preparation of the
animal. A longer latency response, termed an “intended
PTN discharge,” depended on the direction of the move-
ment which the animal performed following an imposed
displacement and, thus, depended on the nature of the
prior instruction. Unlike the “reflex” response, the “in-
tended discharge” was not influenced by the direction of
the imposed displacement.

There are obvious similarities between the “reflex”
response in motor cortex and the response of interpositus
neurons, and between the “intended” response in the
motor cortex and the response of dentate neurons. For
example, the short latency response of interpositus neu-
rons and the PTN “reflex” response both were dependent
on the direction of the imposed displacement and not
influenced by the motor set of the animal. On the other
hand, the response of dentate neurons and the PTN
“intended” response both were influenced by the animal’s
motor set. Thus, “reflex” and “intended” responses which
are represented separately in the dentate and interposi-
tus appear to be combined at the level of the motor
cortex.

Given the projections of the deep cerebellar nuclei to
thalamic regions which project to the motor cortex (e.g.,
Kievit and Kuypers, 1972; Percheron, 1977; Stanton,
1980; Kalil, 1981), it seems reasonable to suggest that
outputs from dentate and interpositus could participate
in the generation of the two phases of motor cortex
response. The timing of cerebellar and motor cortex
responses supports this suggestion. The onset of the
earliest response evoked from interpositus neurons by
imposed displacements (18 msec) preceded the earliest
“reflex” response of PTNs (20 msec), and the onset of
the earliest response evoked from dentate neurons (27
msec) preceded the earliest “intended” response (44
msec). However, there are many reasons to interpret
these small differences in timing with caution. For ex-
ample, the cortical and cerebellar recordings were done
in different animals, and there was considerable overlap
in the timing of cerebellar and motor cortex responses.

The results of cerebellar cooling in primates and cats,
however, further support the suggestion that cerebellar
responses to limb displacements (especially those of den-
tate) could contribute to the generation of motor cortex
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responses (primate studies: Meyer-Lohmann et al, 1975;
Vilis et al., 1976; cat study: Murphy et al., 1975). In the
primate experiments, monkeys were trained to perform
self-paced movements of a handle between two target
zones using flexion and extension of the elbow. Imposed
displacements (brief rectangular force pulses) were ap-
plied to the handle near the beginning of randomly
selected movements (see Conrad et al., 1974, 1975, for
details). The imposed displacements evoked two types of
responses from motor cortex neurons termed “early” and
“late” responses. “Early” responses were positively cor-
related with the duration, intensity, and, for two-thirds
of the neurons, direction of the imposed displacement.
“Late” responses correlated with later, variable “correc-
tive movements” which the monkey performed to com-
pensate for the imposed displacements. Thus, “early”
and “late” responses were comparable to the PTN “re-
flex” and “intended” responses of Evarts and Tanji
(1976).

Reversible cooling of the deep cerebellar nuclei during
performance of the task differentially affected the two
cortical responses. Dentate cooling (Meyer-Lohmann et
al., 1975) markedly reduced and/or delayed only the
“late” response evoked from motor cortex neurons by
limb displacement. Smaller effects were observed on the
“early” response only following interpositus cooling
(Vilis et al., 1976). Interpositus cooling also affected the
“late” response. However, cooling through the probe
implanted in interpositus also affected dentate neurons
(Vilis et al., 1976), and the authors could not rule out the
possibility that the modification of the “late” response
arose entirely from dentate cooling as in their earlier
experiment (Meyer-Lohmann et al., 1975). Thus, the
major effect of cerebellar cooling was on the “late” re-
sponses and this effect probably arose from cooling the
dentate nucleus.

If cerebellar output contributes to the generation of
“late” or “Iintended” responses in the motor cortex, then
this influence is likely to be mediated via cerebello-
thalamocortical pathways traversing the ventrolateral
nucleus of the thalamus (VL). Recordings in awake mon-
keys show that VL neurons, while well related to active
limb movements, were largely uninfluenced by gentle
passive manipulation of the animal’s limb (Joffroy and
Lamarre, 1974; Strick, 1976b; Macpherson et al., 1980).
Responses to passive manipulation would be expected if
these neurons were to contribute to the “reflex” response
in the motor cortex. The activity of some VL neurons,
however, was modified between 30 and 50 msec after the
imposition of small load perturbations applied to the
handle which the animal was holding (Strick, 1976b).
These responses appeared to relate more to the animal’s
corrective movements which followed the perturbation
than to the perturbation itself. Responses of this type
are what would be expected if these neurons were to
contribute to PTN “intended” responses. Furthermore,
the latency of the VL responses suggests that, although
they were too late to contribute to “reflex” responses in
the motor cortex, they were early enough to contribute
to “intended” responses. Thus, the results of recordings
from thalamic neurons are consistent with VL. mediating
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the influence of the dentate nucleus on PTN “intended”
responses, but provide little evidence for a VL contribu-
tion to PTN “reflex” responses.

Although the preceding discussion has focused on the
issue of dentate and interpositus contributions to motor
cortex responses, clearly other potential routes exist for
generating PTN “reflex” and “intended” responses. A
complete discussion of the alternative pathways is be-
yond the scope of this paper; thorough reviews of these
issues have recently been presented by Asanuma (1981)
and Evarts (1981).

The results of the present study give little insight into
the mechanisms that might be utilized during motor
preparation to control the short latency response of
dentate neurons to kinesthetic inputs. One potential
mechanism would be to change the tonic excitability of
dentate neurons in relation to the preparation to move
in a particular direction. Tonic changes in neural activity
prior to movement have been observed in various cortical
and deep cerebellar structures (e.g., Kornhuber and
Deecke, 1965; Kubota and Niki, 1971; Fuster, 1973; Ku-
tas and Donchin, 1974; Tanji and Evarts, 1976; Thach,
1978; Tanji et al., 1980). However, changes in tonic
activity can be ruled out because no neural responses
specifically related to the instruction were observed in
the present study. It seems more likely that neurons
relaying phasic inputs to the dentate nucleus were mod-
ified during the instruction period, although other pos-
sibilities certainly exist.

Whatever the mechanisms responsible for the modifi-
cations in dentate responses, part of the process of de-
veloping a motor set to move in a particular direction
involves “preprogramming” the response of dentate neu-
rons to kinesthetic inputs. The results of this process is
that dentate neuron activity behaves like a motor com-
mand signal which is triggered at short latency by a
peripheral event. The special characteristic of this signal
is that it is dependent on the intent of the animal and
not on the qualities of the triggering event. Since the
intent of an animal constantly varies, dentate neurons
may provide an output which can rapidly adapt motor
responses to meet these changing internal conditions.
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