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SUMMARY AND CONCLUSIONS

1. The goal of this study was to investigate the motor organiza-
tion of monkey nucleus interpositus (NI) and neighboring regions
of the lateral nucleus (NL) by correlating discharge of single neu-
rons with active movements. Neurons were surveyed during free-
form movements as well as during operation of six devices that
required movement about specific forelimb joints. The paradigm
allowed us to test the hypothesis that discharge of individual cells
relates to movements about individual joints.

2. One hundred sixty-two isolated nuclear neurons from two
monkeys were studied. Eighty-three percent showed large in-
creases in discharge (an average of 3 times resting rate for forelimb
neurons) during movement of one body part, either forelimb,
hindlimb, mouth/face, or eyes.

3. Anterior interpositus contains neurons related to hindlimb
movement in anterior regions and neurons related to forelimb
movement in posterior regions. A mouth/face-related area exists
in the dorsal-posterior regions and is continuous with a mouth/
face area in the dorsal regions of NL. Posterior interpositus (NIP)
showed no clear separation between forelimb and hindlimb neu-
rons: forelimb neurons were encountered throughout the nucleus,
and hindlimb neurons were encountered in the medial-anterior
two thirds. A distinct eye movement area exists in lateral, poste-
rior, and ventral regions of NIP. This area borders regions of NL
that also contain eye movement-related neurons.

4. Forelimb interpositus neurons discharged strongly during
reach and grasp; discharge rates were recorded for 41 neurons
during a stereotyped reach and the average depth of modulation
was 149 imp/s. Nineteen neurons that modulated during device
tracking were also tested during reaching, and the depth of modula-
tion was much greater during reaching.

5. Fifty-nine forelimb neurons were tested with device track-
ing. Twenty-seven (46%) produced no audible modulation, re-
gardless of the joint being exercised. The remaining 32 neurons
modulated during movement on at least one device (mean depth
of modulation = 84 imp/s). Comparison of discharge during use
of different devices revealed no strong evidence for device-specific
discharge.

6. Discharge modulations during device tracking were phasic,
preceded movement, and, for a small number of cells, showed
consistent parametric relations to duration, amplitude, and veloc-
ity of movement.

7. Despite a clear somatotopy within NI and NL, there is no
finer mapping based on active movements about individual joints
within forelimb regions. Discharge modulation depends on move-
ments involving the whole limb. Progress in understanding the
function of intermediate cerebellum depends on determining the
variables required to elicit consistent and high modulation of
neural discharge. A reach and grasp produces such modulation:
further analysis of this complex motor task will be useful.

INTRODUCTION

The cerebellum provides a major site for interfacing sen-
sory information with the motor system ( Evarts and Thach

1969). Although this structure has been the object of nu-
merous anatomic and physiological studies, we still do not
understand its mode of information processing, i.e., how
information carried by sensory inputs is used to generate
motor outputs. To gain a better understanding of this prob-
lem, we have undertaken a series of studies using similar
experimental paradigms to allow a direct comparison of
cerebellar input and output.

The focus of our analysis is the intermediate region of the
cerebellum, which is known to be important for the control
of limb movements (Harvey et al. 1977, 1979; Strick 1983;
Thach 1968, 1970a,b, 1978). The intermediate cerebellum
includes paravermal cerebellar cortex and its output nu-
cleus, nucleus interpositus (NI). NI consists of two parts,
nucleus interpositus anterior (NIA) and posterior (NIP).
Both divisions of NI target the same extracerebellar nuclei,
the magnocellular red nucleus (RNm) and the thalamic
nucleus, ventralis lateralis posterior (VLp, Jones 1989).
Both RNm and VLp provide intermediate cerebellum ac-
cess to spinal mechanisms: RNm directly via the rubro-
spinal tract and VLp indirectly via precentral cortex and
the corticospinal tract.

In previous work (Gibson et al. 1985a,b), we have char-
acterized the properties of single units in RNm by recording
discharge while monkeys made free-form movements and
while they operated devices that required movements about
specific forelimb joints. The experimental design allowed a
general movement survey as well as a detailed quantitative
analysis of forelimb neurons. In this study, we report the
results of interpositus recordings using a similar paradigm,
and in the immediately following report we utilize the same
paradigm to characterize movement relations of mossy
fibers within intermediate cerebellar cortex. As a whole, the
results allow direct comparisons between three successive
stages of neural processing involving intermediate cere-
bellum.

Within the forelimb region of RNm, movement represen-
tation is highly biased to favor movements involving hand
use: single units show a preference for movements of a
twisting device involving both fingers and wrist, whereas
few units fire strongly during use of tracking devices requir-
ing movement about isolated proximal joints (Gibson et al.
1985a,b).

Previous recording studies of NI suggest a very different
movement organization than that found in RNm. Single
neurons have been reported to discharge in relation to
movements about specific upper limb joints (Harvey et al.
1979; Thach et al. 1982). These results on NI might be
reconciled with the RNm results if the distal emphasis
within RNm is the product of selective input from NI cells
that are concerned with distal movement.

The device testing in NI yielded only a small number of
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cells that had consistent relations between discharge and
movement (as was the case for RNm); the properties of
these cells were similar to RNm cells, and, therefore RNm
properties are probably not the result of highly selective NI
mput.

Perhaps more importantly, many forelimb interpositus
cells failed to discharge during device tracking. The cells
that did modulate during tracking showed little specificity
for particular devices and modulated over twice as strongly
during a reach and grasp. Movement organization within
interpositus is not based on a simple representation of indi-
vidual forelimb joints: it may be based on coordinated
movements involving several joints.

A preliminary account of this work has been reported
(Van Kan et al. 1986).

METHODS
Behavioral training

Two male monkeys (Macaca mulatta) were trained to operate
six manipulanda (Fig. 1) in a visually cued tracking paradigm.
The manipulanda were designed to isolate movements behav-
iorally without the necessity of constraining the forelimb during
task performance. Three devices, the shoulder, elbow, and wrist,
elicited movements primarily about single joints, and the pivot
points of these devices corresponded to the pivot points of the
appropriate joints of the monkey’s arm. The finger device re-
quired simultaneous movement of the metacarpophalangeal
joints. The remaining two devices, the twister and supination-
pronation devices, required coordinated movement across several
forelimb joints. The twister, which was particularly effective for
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FIG. 1.

Manipulanda used in the visual cued tracking task. Relatively
pure rotations about the shoulder, elbow, wrist, and metacarpophalangeal
joints were obtained by operation of the shoulder (A4), elbow (B), wrist
(D). and finger (F') device. Supination and pronation of the forearm were
studied during operation of the supinator/pronator device (C). The twis-
ter ( E) required the monkey to make a coordinated hand movement in-
volving a combined action about wrist and finger joints.

eliciting RNm discharge, required the combined use of the fingers
and wrist, much like the operation of a motorcycle throttle.

All devices had a small amount of friction, and the finger device
had a weak elastic restoring force in the extension direction. The
shoulder, elbow, and wrist devices were equipped with freely rotat-
ing handles so that grip changes were not necessary for their opera-
tion, thereby ensuring relatively uncontaminated simple move-
ments about individual joints. The shoulder and elbow devices
included a counter weight to minimize the forces required to
maintain a stable limb position. The wrist and finger devices in-
cluded a support surface for the forearm to reduce undesired in-
volvement of shoulder and elbow joints (and wrist joint in case of
the finger device).

The tracking display consisted of an oscilloscope screen on
which two horizontal lines defined a target zone. A third horizon-
tal line, the position feedback trace, was controlled by the output
of a potentiometer mounted on the rotation axis of each of the
manipulanda. To initiate a trial, the animal was required to keep
the position feedback trace in the target zone for a random interval
between | and 2 s. Then the target jumped to a new location (| of
3 fixed positions), and the animal was reinforced for moving the
device so as to position the feedback trace in the target zone at the
new location. Although reinforcement was not contingent on
rapid reaction times, the monkeys learned to respond rapidly after
each target change. The target display remained stationary for 5 s,
during which the animal received a water reward.

When we desired to test with a different device, the control of
the cursor was switched to the new device, and the device was
positioned within reach of the monkey. The monkeys quickly
learned to quit operating a device as soon as it lost control of the
cursor and would rapidly try other devices until the one control-
ling the cursor was found. The preferred tracking device was de-
fined as the device that resulted in the largest modulation in firing
rate of the unit under study.

Surgical preparation

After training, a stainless steel recording chamber and head
holder were implanted under surgical anesthesia (intravenous
pentobarbital sodium) and aseptic conditions. A craniotomy was
centered above the right cerebellar hemisphere (Horsely-Clarke P
6.0, L 5.0), and the recording chamber was mounted above the
opening at a 15° angle from the vertical stereotaxic position in the
coronal plane. Wound margins and the recording chamber were
treated daily with a providone-iodine solution, which effectively
prevented infection.

Free-form testing

During the recording sessions, monkeys were seated in a pri-
mate chair. A head holder, neck collar, and a belt around the waist
restricted movement of the head and trunk but allowed relatively
unconstrained movements of the forelimbs, hindlimbs, mouth,
and eyes. Neurons were routinely tested for relations between dis-
charge and movement of specific body parts by visual observation
and videotaping. Movements of the forelimbs and eyes to particu-
lar positions in space were elicited by holding raisins in different
positions, and mouth movements could be studied during inges-
tion of the raisins or during licking of the water tube. Hindlimb
movements were elicited by lightly touching the toes or hairs of
the foot.

Data recording

Data recording relied on both computer collection and video
recording. The computer collection allowed accurate collection of
movement/discharge relations during device operation, and the
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video recording allowed records to be made of discharge during
movements not tested by devices. Slow-motion review aided judge-
ments of movement/discharge relations, and for some cases the
video records were used for off-line data analysis utilizing comput-
erized digitizing (see below).

Cerebellar nuclear neurons were recorded with tungsten micro-
electrodes (impedance 0.5-1.0 MQ at 1 kHz) during daily record-
ing sessions lasting ~2 h. We modified a Narashige microdrive to
minimize deflection of the microelectrode by installing a stainless
steel guide tube that extended to the surface of the dura. When the
dura became too thick to be easily penetrated by the microelec-
trode, a 19-gauge hypodermic needle was fitted inside this guide
tube and was inserted through the superficial 2-3 mm of cerebral
cortex. The microelectrode was then lowered through the hypo-
dermic needle. This system considerably improved the accuracy
of stereotaxic placement of microelectrodes. Reproducibility of
stereotaxic coordinates was achieved by cross-referencing micro-
electrodes with an optical zeroing device (Gibson et al. 1985a).

Action potentials were amplified with a half-amplitude band-
width of 300-10,000 Hz. For computer records, potentials were
discriminated and collected as interspike intervals with 0.1-ms
accuracy, and analog position records were sampled at 250 Hz.
During videotaping, action potentials were recorded on an audio
channel of a ¥-in. video tape recorder.

Data analysis

Data collected during device use were analyzed by grouping
similar movement trials for each unit. Each trial was computer
analyzed by marking the time of movement onset on the position
trace with a trackball-controlled cursor. Movement onsets were
then used as synchronization points for the generation of averaged
records and trial rasters. Histograms of average discharge were
constructed with a binwidth of 12 ms. The depth of modulation
(DOM), defined as the difference between average discharge rate
during movement and the average resting rate during a stationary
period before target change, was calculated from discharge records
of successive trials.

For comparison with the free-form discharge rates, a somewhat
different method of calculating device DOM was used. Rates dur-
ing free-form movement were obtained from a rate meter that
recorded the highest discharge that occurred over 100-ms intervals
of time. DOM was calculated from this rate by subtracting the
highest discharge that was measured while the monkey was mo-
tionless. Similar rate meter measurements were also made before
and during device movement, and these measurements were used
to calculate device DOM for comparison with reach and grasp
movement DOM (Fig. 10).

Depth of modulation estimates for flexion and extension move-
ments were used to calculate a directional index by dividing the
depth of modulation in the nonpreferred direction by that in the
preferred direction and subtracting the resultant value from 1. A
value of 1 indicates a purely unidirectional modulation, a value of
0 indicates equal modulations in both directions, and a value
above | indicates an increase in discharge in one direction of move-
ment and a decrease in the opposite direction. Cells with indexes
>(.5 were considered directionally selective.

Relations between discharge during limb holding phases and
joint angle and between detailed parameters of movement and
corresponding discharge were evaluated by regression analysis us-
ing the Pearson product moment correlation (r). For each cell, the
joint angle dependency of unitary discharge was evaluated by plot-
ting for each trial the tonic firing rate as a function of joint angle.
Tonic firing rate was defined as the mean frequency measured
over a 400-ms interval during which the monkey held the limb
steady at one of three target positions.

Relations between parameters of individual tracking move-

ments and corresponding modulations were derived from esti-
mates of movement and modulation onset and offset times mea-
sured from records of angular position and integrated spikes for
each trial. The integrated spike plot is a cumulative count of the
number of action potentials versus time. An interactive display
program was used to determine onset and offset times of modula-
tions by aligning cursors to the corresponding inflection points in
the integrated spike records. Analogously, movement onset and
offset times were estimated from inflection points in the corre-
sponding position records. The measurements were used to calcu-
late mean lead or lag times for individual trials of a given unit, and
¢ statistics were used to determine whether modulation onset dif-
fered from movement onset. Movement and discharge onset and
offset times also allowed us to correlate movement duration with
the duration of discharge modulation.

Measurements of position and integrated spikes at movement
and modulation onset and offset times were used to calculate
correlations between movement amplitude and modulation am-
plitude and between movement velocity and discharge rate. Modu-
lation amplitude was calculated by subtracting the cumulative
sum of spikes at modulation offset from that at onset. Movement
velocity was derived from measurements of the slope of the angu-
lar position record between movement onset and offset times.
Movement-related discharge rate was derived from estimates of
the slope of the integrated spike record between modulation onset
and offset times.

Relations between discharge and reaching movements were an-
alyzed from the movement sequences, and raw action potentials
stored on videotape. During video playback, action potentials
were discriminated and their time of occurrence was collected on
an IBM compatible computer by a CED 1401 interface (Cam-
bridge Electronics Design). Reach onset, defined as the first in-
stance where the limb could be seen to change position, was man-
ually marked and collected on an event channel to provide an
approximate synchronization point for generating peristimulus
time histograms.

Verification of recording sites

Although final confirmation of recording sites relied on histolog-
ical reconstruction, during recording the cerebellar nuclei could be
identified as groups of negative-positive potentials separated from
the cerebellar cortex by an interval of white matter. Because each
electrode was adjusted to a standard length, the depths at which
units were encountered proved to be a useful guide for identifying
nuclear neurons. The durations of unitary potentials were ~ 1 ms,
and amplitudes were on the order of 1 mV, thereby suggesting that
the potentials represented cellular rather than fiber recordings (see
Harvey et al. 1979; Van Kan et al. 1993).

Near the end of the recording period, small electrolytic lesions
(—10 pA for 10 s) were made at selected sites through the record-
ing electrodes (see Fig. 2), and larger lesions (+50 uA for 30 s)
were placed at the corner positions of a rectangular volume that
included all recording tracks. The large lesions were placed after
recording, before perfusion. A total of 10 small lesions were made
in monkey MAX during the last fourth of the recording tracks,
whereas monkey OSC had 5 small lesions placed during the last
fifth of the recording tracks. Most of the lesions were made at the
end of specific tracks, and no obvious functional compromise re-
sulted from the lesions.

Before perfusion, the monkeys were administered a lethal dose
of pentobarbital sodium and perfused with physiological saline
followed by 10% formalin. After post-fixing in 30% sucrose-10%
formalin, brains were frozen and sectioned at 40 um. All sections
through the cerebellum were mounted and stained with cresyl
violet or cresyl violet-luxol fast blue. Sections were enlarged and
traced and, with the aid of stereotaxic coordinates, electrode paths,
and lesions, recording sites were reconstructed.
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FIG. 2. Histological verification of recording sites. 4: photomicrograph of a transverse section through the cerebellar
nuclei of monkey OSC illustrating gliosis from 3 microelectrode penetrations. A marking lesion is visible at the bottom of the
middle penetration. B: reconstruction showing the sites of 3 nuclear cells recorded along a single penetration. One cell,
related to movement of the ipsilateral hindlimb, was recorded at the border between nucleus interpositus anterior (NIA ) and
lateral nucleus (NL) (arrow 2). Two cells related to eye movements were recorded in nucleus interpositus posterior ( NIP)
between arrows 3 and 4. An electrolytic lesion (arrow 4) marked a transition from cerebellar nuclear to cerebellar cortical eye
movement-related activity. Arrow | points to the recording site of a fiber in white matter underlying cerebellar cortex that

was related to movement of the ipsilateral hindlimb.

RESULTS
Spatial distribution of neural properties

Single-unit recordings in the cerebellar interpositus and
nearby lateral nucleus were made while monkeys per-
formed a variety of movements, including movements lim-
ited to specific joints and free-form movements such as
reaching for and grasping raisins. Recording sites were then
used to generate a map of movement relations in the nuclei.
We determined movement relations for 134 neurons; 96
were located in NI and 38 in neighboring regions of lateral
nucleus (NL ). During free-form testing, we were unable to
detect clear differences between the movement-related dis-
charge of neurons in different divisions of the deep nuclei.
For example, forelimb neurons appeared to fire in similar
ways, whether they were localized to NIA, NIP, or dor-
sal NL.

Generally, it was casy to associate discharge with move-
ment of a particular body part because audible modulation
only occurred during use of that body part. The exceptions
are described under the heading BILATERAL AND MIXED
MOVEMENT RELATIONS. During free-form movement, dis-
charge peaked between 200 and 400 imp/s (measured over
100-ms intervals), which usually exceeded resting rate sev-

eral times. Although resting rates could be quite high, only
one neuron (located in NL) showed a decrease in discharge
as its primary modulation.

Figure 2 illustrates recordings along one of the electrode
penetrations marked with an electrolytic lesion. At arrow 1,
a unit related to hindlimb movement was recorded in the
white matter. We identified this unit as a fiber by its loca-
tion and wave shape (Van Kan et al. 1993): the action
potential was triphasic, brief in duration, and relatively
small in amplitude (0.3 mV). At arrow 2, the electrode
entered NL and a neuron related to hindlimb movement
was recorded. Between arrows 3 and 4, two isolated neu-
rons related to eye movements were recorded from a back-
ground of eye movement units. At arrow 4, a transition
from the relative silence of white matter to the high activity
characteristic of cerebellar cortex occurred, and we made a
lesion at this point. The high activity was related to eye
movements, and examination of neighboring sections
showed that the electrode had entered the granular layer of
the underlying cerebellar cortex. To avoid confusion, le-
sions were made on selected, well-separated tracks. Recon-
struction of unmarked electrode tracks relied on relative
stereotaxic coordinates to the marked tracks as well as to
larger lesions marking the borders of the recording volume.
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The reconstructed locations of all neurons from two
monkeys are plotted in the series of frontal sections shown
in Fig. 3. This figure illustrates only the locations of isolated
neurons; however, in most cases the background activity
indicated that many units in the region modulated during
the same movements. Outlines were drawn from transverse
sections of one monkey, and locations from both monkeys
were plotted on the most closely matching outline.

The tracks were driven at a 15° angle from lateral to
medial, as is indicated by the lines in the second and third
sections of Fig. 3. Tracks were continued until we had tra-
versed all nuclear regions, so that extending the 15°
through the plotted cells provides an estimate of nuclear
areas sampled. The ventral-lateral regions of NL were not
well sampled.

EYE MOVEMENT RELATIONS. Eye movement neurons
formed a distinct region within ventral and lateral NIP and
the neighboring NL. By observation and slow-motion video
review, a variety of eye movement discharge types could be
discerned qualitatively. Nine neurons discharged in high-
frequency bursts (250-700 imp/s) related to saccades: both
directional and nondirectional neurons were observed. Five
neurons fired preferentially when the monkeys visually
pursued a raisin moving slowly in front of them. Some of
the neurons appeared to fire in combination with limb
movements. For example, one unit reliably increased dis-
charge when the raisin came within arm reach. One neuron
whose firing was related to saccades fired during blinking,
and two units fired to blinking alone. One unit had a tonic
firing pattern related to eye position and showed an in-
crease in discharge rate as the eyes moved slowly in an up-
ward direction.

LIMB MOVEMENT RELATIONS. Limb movement neurons
were recorded in all divisions of the deep nuclei studied.
The locations of neurons related to limb movement show a
rough somatotopic order within NIA and NL: hindlimb
neurons were found in the most anterior sections and fore-
limb neurons were found in posterior regions with some
intermixing of hindlimb and forelimb neurons at the transi-
tion between the regions. In the region of overlap, hindlimb
NIA neurons lie medial to forelimb (except for 1 case in the
6th section). The distribution of limb-related neurons was
not as clearly demarcated in NIP: hindlimb neurons tended
to be located in the medial and anterior regions of NIP, but
forelimb neurons were located throughout the nucleus.

MOUTH/FACE RELATIONS. Neurons related to movements
of the mouth, tongue, jaw, and/or face were observed dur-
ing chewing or drinking. Because these movements could
not be dissociated easily, we have chosen to label them as
mouth/face neurons.

As with limb movement neurons, mouth/face neurons
were encountered in all nuclear divisions and no differ-
ences were noted in discharge properties from different di-
visions. Most of the mouth/face neurons were located in
caudal and dorsal regions of NIA and adjoining NL. Only
two mouth/face neurons were localized to NIP, and they
lay in its most caudal sections.

BILATERAL AND MIXED MOVEMENT RELATIONS. Most limb
movement neurons modulated only during use of the limb
ipsilateral to the recording site. One NL and six NI neurons

NA— 1

\
A
NIP ¥ O Forelimb
Ie) 10 mHindlimb
v . .
SXO) Q a Eye
00 \O"N\)
(o
« Mouth/face
0o
8 EQ | visual
AR
\A
g 7\@ X x Unrelated
1 mm

FIG. 3. Recording sites of 134 movement-related neurons from 2 mon-
keys plotted on equally spaced transverse sections through the cerebellar
nuclei from P6.4 (section 1) to P11.2 (section 13). Forelimb neurons (n =
82) are indicated by open circles, hindlimb neurons (1 = 19) by solid
squares, eye neurons (n = 16) by solid triangles, and mouth/face neurons
(n = 17) by solid circles. Of the 82 forelimb neurons, 29 were located in
nucleus interpositus anterior (NIA), 37 in nucleus interpositus posterior
(NIP), and 16 in lateral nucleus (NL). Locations of neurons with mixed
movement relations are indicated by arrows. Neurons that modulated to
movement of both forelimb and hindlimb are located in section 5, those
that modulated to forelimb and eye movement in sections 7,9, 10, and 11,
and those that modulated to forelimb and face movement in sections 8 and
9. Locations of 6 neurons responsive to visual stimuli are indicated by Vs,
and locations of 28 well isolated neurons that could not be associated with
any property are indicated by Xs. Lines through sections 2 and 3: 15° angle
of the miroelectrode penetrations.

also modulated during use of the corresponding contralat-
eral limb, although modulation during ipsilateral limb use
was stronger.

Occasionally neurons fired during movements of non-
corresponding body parts. Three forelimb NIA neurons
modulated during movement of the ipsilateral hindlimb,
and four forelimb neurons (1 NIA and 3 NL) modulated
during mouth/face movements. Five neurons related to
eye movements also fired during forelimb use. Neurons
showing modulation during movement of more than one
body part tended to occur at the border zones between body
part representations, and their locations have been marked
with arrows in Fig. 3 (see legend for properties).

VISUAL RESPONSES. During our efforts to determine move-
ment relations, it became clear that some neurons re-
sponded to visual movement alone. Visual neurons were
not localized to any particular region of the deep nuclei.
Their locations are indicated by Vs in Fig. 3. A total of six
neurons, three in NI and three in NL, responded well to
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TABLE 1. Number of interpositus neurons studied on each device
Shoulder Elbow Sup/Pro Wrist Twister Finger
32 (54) 40 (68) 10 (17) 22 (37) 48 (81) 35(59)

Numbers in parentheses are percentages. Percentages are based on a
total of 59 neurons that were tested on one or more devices. Forty-seven
neurons were tested on multiple devices and are included in more than one
column. Sup/Pro, supination/pronation.

movement of the experimenter’s arm or pieces of paper
moved in particular parts of the visual field. A careful re-
view of close-up video recordings of eye movements demon-
strated that the discharge could not be attributed to eye
movements. By presenting stimuli while the monkeys at-
tended the tracking display, we were able to make estimates
of receptive field size. The fields were large, on the order of
20-50° of arc, and were confined to the ipsilateral hemi-
field. Two of the visual neurons, one in NIP and one in NL,
seemed to modulate discharge also during arm use. Move-
ment of the monkeys arm within the visual field appeared
to be a particularly effective stimulus for these cells. None
of the visual cells responded to a flash stimulus.

It is surprising that visual responsiveness can be seen at
this relatively late stage of motor processing, but a similar
observation has been made by MacKay (1988b). Visual
responses in the deep nuclei probably reflect visual input to
cerebellar cortex arriving via mossy fibers from the pontine
nuclei (Brodal 1978; Glickstein et al. 1985), and visually
responsive neurons in the deep nuclei may provide the basis
for visual responses seen in monkey motor cortex (Wannier
et al. 1989).

UNRELATED NEURONS. If we were unable to determine
clear movement or sensory relations for a well-isolated neu-
ron during testing, we recorded the neuron as being unre-
lated. The actual number categorized as being unrelated is
certainly an underestimate, because less effort was devoted
to isolating neurons that failed to show clear relations. The
relative number between regions, however, is approxi-
mately proportional to the frequency of encountering unre-
lated neurons.

Of the 28 unrelated neurons, 1 was located within NIA, 8
in NIP, and 19 in NL. The locations of these neurons is
shown by Xs in Fig. 3. The relatively high number in ven-
tral NL 1s striking because fewer tracks traversed this re-
gion. Thirteen well-isolated neurons were studied in ventral
NL, and all were classified as being unrelated. Because very
few related neurons were localized to ventral NL but many
were localized to dorsal NL, dorsal and ventral NL proba-
bly serve different functions.

In summary, there is a parallel organization of move-
ment relations in NI and NL. Cells firing during hindlimb
movements are located in the rostral portion of NIA, NIP,
and NL. Forelimb cells are located in the intermediate and
caudal regions of NIA, throughout NIP, and dorsal and
caudal in NL. A mouth/face region is located in the caudal
region of NIA and in the adjoining dorsal regions of NL.
Finally, a distinct eye movement area is located in ventral
and caudal NIP and ventral NL.

Discharge related to device tracking

In addition to free-form testing, we routinely tested cells
for modulation during tracking on six devices (see Table
1). Fifty-nine of the 66 forelimb interpositus neurons were
tested during tracking. All neurons that fired during device
use also fired during reach and grasp. Typically, the modula-
tion during the reach and grasp was considerably stronger
than during device use, and only a small number of neurons
provided device data suitable for parametric analysis.

In agreement with our qualitative observations, quantita-
tive analysis of NIA and NIP forelimb neurons revealed no
differences between these nuclear divisions. Table 2 shows
various measurements for cells located in NIA and NIP;
none of the differences between means approach statistical
significance (P > 0.05). In the figures and tables, we have
identified the neurons as being from NIA or NIP with an A
or P after the unit identification number to allow the reader
to compare between divisions. In no case did we find differ-
ences that justified a separate data analysis, and the data
from NIA and NIP have been pooled for the presentation of
frequency distributions.

Thirty-two (54%) of the forelimb neurons showed modu-
lations of discharge of ~50 imp/sec or greater during
tracking on at least one of the devices, and the following
descriptions are based on this population.

DEVICE SPECIFICITY. During device testing, we first made a
qualitative judgement of a neuron’s movement relation
and began testing with the device that seemed most likely to
elicit a high modulation. In this fashion, we sought to maxi-
mize the likelihood of observing strong device modula-
tions, because isolated neurons were sometimes lost as test-
ing progressed. The devices producing the strongest modula-
tions for 32 neurons were the elbow (12), twister (10),
shoulder (6), finger (3), and supinator/pronator (1).

We were able to test 23 forelimb neurons on two or more
devices. Although the preferred device was by definition the
device that produced the strongest discharge modulation,
many neurons modulated with nearly equal strength for
more than one device. Figure 4 shows examples of the stron-
gest modulations from multiple device testing for four neu-
rons. Some of the neurons (A4, B, and D) showed strong
modulations on a number of, but not all, devices. For exam-
ple, the neuron illustrated in Fig. 44 showed strong and
approximately equal modulations during elbow extension
and supination but a weak modulation during shoulder ex-
tension. Clear but weaker modulations were seen with

“TABLE 2. Parametrics of forelimb NIA and NIP neurons

NIA NIP
DOM device, imp/s 88 +39(17) 80 +25(15)
DOM reach, imp/s 162 +81(11) 182 +55(9)
Directional index 0.7+ 0.4(17) 09+ 0.5(15)
Lead time, ms 81 =99 (17) 135 £73(19)

Values are means + SD. Numbers in parentheses indicate number of
neurons. Neurons included in the discharge modulation during reach and
grasp are a subset of those that modulated during device use. Values for
NIA neurons are not significantly different from those for NIP neurons (P
> 0.05). NIA, nucleus interpositus anterior; NIP, nucleus interpositus pos-
terior; DOM, depth of modulation in discharge.
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finger and twister extension. Other neurons, such as that
illustrated in Fig. 4C, had modulations of approximately
equal strength for all devices tested.

Table 3 lists the modulation ratings for multiple device
testing for all 23 neurons. We have grouped the modula-
tions into categories by using ++ for the strongest modula-
tions, + for weaker but clear modulations, +/— for weak
and variable modulation, and 0 for no modulation. For the
most part, the judgments were made by reviewing averaged
data records of cell discharge and device movement, but
data files were not always collected when no modulation
could be heard. Averaging in these instances might have
revealed a slight modulation (Fig. 9 illustrates 2 neurons
that received 0 device ratings). An appreciation for the cate-
gorization may be gained by comparing the ratings with the
discharges for the cells illustrated in Fig. 4 (also see Figs. 6
and 8). For instance, the cell in Fig. 44 (OSC 23-1) was
given ++ for both elbow extension and supination, a + for
twister and finger extension, and a +/— for shoulder exten-
si0n.

The ratings in parentheses in Table 3 are the strongest
modulations, and the cells have been ordered from the
strongest modulations on the most proximal device
(shoulder) to the most distal device (finger). Notice, how-
ever, that there is little specificity for individual devices.

Cells rated ++ for the shoulder device often were rated ++
or + for the finger device and vice versa. Because the proxi-
mal arm rested on a support during finger device use (see
Fig. 1), there was little or no common joint movement
between these devices. Nineteen neurons were tested on at
least one proximal (shoulder/elbow) device and one distal
(wrist/twister / finger ) device, and all received ++ or + rat-
ings for both.

PARAMETRIC RELATIONS BETWEEN DISCHARGE AND MOVE-
MENT. The depth of modulation was calculated for 32
cells from the averaged discharge on the preferred device
(Tables 1 and 3) during movement in the direction produc-
ing the largest modulation. The modulations were phasic;
no neuron exhibited tonic discharge related to device posi-
tion (contrast with the position-related discharge of mossy
fibers in the following paper). In some instances, the aver-
aged discharge records showed apparent differences in tonic
discharge before and after movement (i.e. Fig. 4B), but
examination of individual trials showed that the additional
discharge was due to position adjustments after movement.
A period of steady holding was required before the onset of
the next trial, which favored a low discharge rate before

movement. The distribution of modulations, shown in Fig.
5A4, was broad, with a peak of ~70 imp/s.
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TABLE 3. Device specificity of interpositus neurons

Sup/

Unit Shoulder Elbow Pro  Wrist Twister Finger
0SC4-1-A (++) ++ ++ + +
MAX 1-1-P (++) + 0 0
MAX 52-2-P (++) ++
OSC 4-2-A + (++) 0 + ++
0SC 23-1-P +/0 (++)  ++ + +
0SC 26-6-P (++) +
OSC 35-2-P ++ (++) ++ +
0SC 59-3-P 0 (++) +
MAX 12-6-A 0 (++) + 0 0
MAX 29-6-A (++) + +/0
MAX 51-4-A + (++) + +/0 0
MAX 36-2-A ++ ++ (++) + ++ ++
MAX 13-5-A + (++)
0SC 4-3-A +/0 (++) +
0SC 4-4-A + + (++) +
0SC 5-5-P +/0 + ++ (++)

OSC 28-1-P + (++) 0
MAX 31-5-A +/0 (++)

MAX 43-4-A ++ (+4)

MAX 55-1-P ++ ++ (++) +
0SC 36-1-P ++ + + (++)
MAX 28-7-A + 0 +/0 (+)
MAX 60-1-A 0 (++)

The 23 neurons included are a subset of 32 that showed modulation in
discharge during use of at least one of the devices. Sup/Pro, supination/
pronation; ++, strong modulation; +, clear modulation; +/0, weak or no
modulation; 0, no modulation. Parentheses indicate device associated with
strongest modulation. The A and P following the cell identification num-
ber indicate recording sites in nucleus interpositus anterior (NIA) and nu-
cleus interpositus posterior (NIP), respectively.

The directionality of modulations during preferred de-
vice use varied from cell to cell: Fig. 6 illustrates discharge
of three units during movement of different directions on
their preferred device. The unit illustrated in Fig. 6, 4 and
B, modulated about equally during extension or flexion
and was classified as bidirectional. The unit shown in Fig. 6,
C and D, increased discharge in one direction and de-
creased in the other and was classified as reciprocal,
whereas the unit in Fig. 6, E and F, increased in one direc-
tion with no change in the other and was classified as unidi-
rectional. Directional indexes (see METHODS) were calcu-
lated for all 32 neurons that modulated during device use
and are plotted in Fig. 5B. Notice that most (72%) of the
cells were directional, being either in the unidirectional or
reciprocal categories.

Average onset times of movement and discharge modula-
tion were calculated from individual trials for each of the
neurons. Most cells began discharge before movement on-
set, as illustrated for the three cells in Fig. 6. A histogram of
the mean lead or lag times for all cells is shown in Fig. 5C.
Only 1 cell had a discharge modulation that significantly
followed movement onset; the average lead time for all 32
cells was 107 = 91 (SD) ms.

A more detailed quantitative analysis of relations be-
tween parameters of individual tracking movements and
corresponding neural discharge was performed on a subset
of 11 neurons that were selected from the larger population
of device-related neurons. The neurons were selected on the
basis of showing the most consistent modulations on a trial-
by-trial review. Preferred devices were the twister (7), su-

pinator/pronator (2), elbow (1), and finger devices (1).
The cells had modulations >49 imp/s and led movement
onset by an average of 121 + 62 ms. Figure 7 illustrates
scatter plots and regression analysis of modulation versus
movement duration (4 and B), modulation versus move-
ment amplitude (number of spikes) (C and D), and firing
rate versus movement velocity (E and F) for two of the
well-related neurons.

Duration of discharge modulation was highly correlated
with movement duration for all 11 neurons, and all correla-
tions were statistically significant (P < 0.05). The linear
correlation coeflicient averaged r = 0.78 + 0.11. The slopes
of the relations for most neurons were close to 1, with an
average of 1.02 + 0.28. Regression lines fitted to the data
had offsets that averaged 71 + 67 ms, indicating that the
duration of modulation was greater than the duration of the
movement.

The amplitude of the discharge was calculated by taking
the increment in the number of spikes associated with
movement. The integrated spike trace showed a change in
slope during the discharge so that inflection points could be
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FIG. 5. Distribution of average depth of modulation, directional speci-
ficity, and average lead or lag time for 32 interpositus neurons that modu-
lated discharge during tracking. All measurements were made from modu-
lations on the preferred device. 4: average depth of modulation was calcu-
lated for the direction that was associated with the largest modulation in
discharge (preferred direction). Shaded areas: measurements from neu-
rons analyzed for relations between parameters of individual tracking
movements and corresponding neural modulation. B: cells with indexes
>0.5 were considered direction specific, whether unidirectional or recipro-
cal. C: measurements of the difference between movement and modula-
tion onset times were averaged for 3-14 movements in the preferred direc-
tion. Neurons with statistically significant (P < 0.05) lead and lag times are
shaded.
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marked to define the period of modulation. The correlation
between modulation amplitude and movement amplitude
averaged 0.72 + 0.11. Regression lines fitted to the data had
an average slope of 0.89 = 0.36 imp/deg of rotation at de-
vice pivot point and an average offset of 16 + 7 impulses.

Discharge rate of seven neurons correlated well with
movement velocity; correlations for the remaining four
were not statistically significant (P > 0.05). The significant
velocity correlations averaged 0.57 = 0.13. The offset of the
regression lines averaged 97 + 57 imp/s compared with an
average background discharge unrelated to movement of
64 + 44 imp/s. The slope of the significant velocity rela-
tions averaged 0.29 = 0.16 (imp/s)/(deg/s).

Although a few units had significant velocity correla-
tions, it is possible that other phasic components such as
force or change in force (dF/dt) were responsible for the
correlation. Additional testing with various loading condi-
tions would be required to tease apart such variables, but
the generally poor parametric relations suggest such studies
would not be particularly conclusive or relevant.

Discharge related to perturbations

Eight neurons were evaluated for sensory responsiveness
by perturbing the device position during the limb holding
phase of the tracking task. Mechanical disturbances were

induced by a tap on the shoulder (n = 4), elbow (n = 3), or
finger (n = 1) device. Seven of the eight neurons failed to
respond to the perturbations, although all modulated
strongly during free-form movements and five (including
the 1 that did respond to perturbations) discharged during
active tracking movements on the perturbed device.

The responsive neuron (MAX 51-4) fired briskly to per-
turbations of the elbow device. The peak response was
~250 imp/s for perturbations in the extension direction
and 200 imp/s for flexion, and response latency averaged
37 = 14 ms (n = 8). The latency is in the middle of the
range of those reported by Strick (1983) for interpositus
responses to perturbations. The average discharge during
active movement was ~200 imp/s for both flexion and
extension and commenced 154 + 47 ms before movement
onset (Fig. 6, 4 and B).

Discharge of forelimb neurons in NL

Sixteen forelimb neurons were recorded in NL with 13
located at the border of caudal NIA and dorsal NL (Fig. 3).
Neural modulations during reach and grasp were stronger
than during device use (121 +40vs. 93 + 57 imp/s;n=9),
but the difference was not as large as that seen for NI neu-
rons. Seven of nine NL neurons showed a modulation dur-
ing operation of at least one device. The two unmodulated
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FIG. 7. Scatter plots showing correlations between parameters of indi-

vidual tracking movements and corresponding modulations in discharge
for a nucleus interpositus posterior (NIP) neuron (4, C, and E) and a
nucleus interpositus anterior (NIA) neuron (B, D, and F). 4 and B: dura-
tion of the modulation as a function of movement duration. C and D:
modulation amplitude as a function of movement amplitude. E and F:
discharge rate as a function of movement velocity. Arrows: spontaneous
rate. Slopes of the regression lines from A-Fare 1.25 (1 point, 348-758, is
off scale). 0.75, 0.69, 0.72, 0.27, and 0.59.

neurons discharged during reach and grasp with modula-
tions of 150 and 70 imp/s. Four NL neurons were tested on
at least one proximal and one distal device, and three
showed specificity. One of four neurons tested responded to
perturbations.

In summary, it seems that the NL neurons are similar to
NI neurons in that they discharge more strongly during
reach and grasp than during device use, and some forelimb
NL neurons do not discharge at all during device use. The
NL population, however, did show a tendency for stronger
device discharge and greater specificity. Whether this is due
to a sampling error or represents a true difference between
NI and NL remains to be tested by a study of a larger num-
ber of NL neurons.

Discharge during free-form movement

Essentially all forelimb neurons fired more strongly dur-
ing free-form movements than during device use. The con-

trast between free-form and device use became apparent as
the animal switched between devices during testing: vigor-
ous firing occurred as a monkey released one device, reposi-
tioned the arm and hand, and gripped the new device. As
the monkey commenced the tracking task, modulations de-
creased dramatically or ceased. Occasionally, the monkeys
would readjust the grip or hand position, and it was com-
mon for bursting to accompany these readjustments.

For 41 of the 66 forelimb interpositus neurons, discharge
rate (based on 100-ms sample intervals) was measured dur-
ing a more or less stereotyped reach and grasp movement.
The movement began with the monkey holding a device
handle near the waist; then the monkey extended the arm
and hand to grasp a raisin held in front at shoulder height.
The monkey then retrieved the raisin to the mouth, placed
it in the mouth, and returned to the device handle. Dis-
charge during the movement increased more than threefold
from a mean rate of 64 = 44 imp/s before movement to
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FIG. 8. Discharge of 2 nucleus interpositus anterior (NIA) neurons (A4
and B) that exhibited strong modulation during operation of the indicated
devices compared with even stronger discharge during free-form reaching.
Reach-related modulations are aligned on reach onset as determined from
videotaped movements. Discharge records during device operation are
averages for the direction of movement that elicited the largest modula-
tion.
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215 = 71 imp/s during the movement (DOM = 149 + 68
imp/s).

Figure 8 shows the discharge of 2 of the 32 device-related
neurons that fired well during device use but fired more
strongly when the monkeys reached for, grasped, and re-
trieved a raisin. The remaining forelimb neurons (27, or
46% of the forelimb population tested) had either no or
very weak modulations during device use. Two of the neu-
rons that were classified as not having device discharge are
shown in Fig. 9. Despite the lack of discharge modulation
during device use, there is a prominent increase in dis-
charge during a reach and grasp. The lack of modulation
during device use was not due to averaging over un-
synchronized trials, because inspection of individual trials
indicated a uniformly low discharge modulation during de-
vice use.

The population of neurons that modulated during device
use modulated more strongly during reaching than the pop-
ulation of neurons that failed to modulate during device use

MAX 31-4-A
200
imp/s
0
B MAX 57-1-P
200 nN=5 Reach
imp/s
0
I n=5 Sh-ext n=4 El-fix
n=6 Wr-fix
\ n=3 Tw-flx n=>5 Fi-fix
' 0 i ' 0 :

Time (s)

FIG. 9. Discharge of a nucleus interpositus anterior (NIA) (4) and a
nucleus interpositus posterior (NIP) neuron ( B) that revealed weak or no
modulation during operation of the indicated devices is compared with
strong reach-related discharge. Reach-related discharge is aligned on reach
onset as determined from videotaped movements. Discharge records dur-
ing device operation are averages for the direction of movement that elic-
ited the largest modulation.
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FIG. 10. Depth of modulation of interpositus neurons during reaching
vs. that during operation of the preferred device in the preferred direction.
Each data point represents an average value obtained for a single nucleus
interpositus anterior (NIA) (e) or nucleus interpositus posterior (NIP)
(o) neuron. Reach-related modulations for 21 neurons that did not modu-
late discharge during device use are plotted to the left of the x-axis.

(171 =70 vs. 128 £ 61 imp/s). The difference between the
populations is statistically significant (P < 0.05) and sug-
gests that neurons modulating during device use were gener-
ally more excitable. The average modulation during reach
and grasp was more than two times greater than during
device use (171 vs. 84 imp/s).

The sizes of modulations for forelimb neurons during
reach and grasp are plotted in Fig. 10. For neurons that
modulated during device use, modulation during reach and
grasp is plotted against the strongest modulation seen on
any device. For this comparison, modulation during device
use was measured with a rate meter that recorded the high-
est discharge rate over 100-ms intervals. Neurons that failed
to modulate during device use are plotted as a single row to
the left of the x-axis. Only one forelimb neuron showed a
stronger modulation during device use than during reach
and grasp, and the modulation was low for both move-
ments.

Although high discharge modulation during reach and
grasp was a common property for NI and dorsal NL neu-
rons, the patterns of discharge during the reach and grasp
varied between cells. Figures 8 and 9 illustrate that modula-
tions during reach and grasp showed a variety of shapes.
Using slow-motion video review of the movements, dis-
charge of the neurons appeared to be correlated with phases
of the movement involving hand or finger use. However,
device testing did not reveal any preference for greater mod-
ulations during use of the finger device as opposed to other
devices.

DISCUSSION

Our results demonstrate a movement-related organiza-
tion within interpositus based on discrete but relatively
large divisions of the body. Most neurons discharge prefer-
entially during movement of the forelimb, hindlimb,
mouth/face, or eyes. Cells with similar movement relations
tend to group together to form subregions within the nuclei.

More intensive study of forelimb neurons using devices
that limit movement to specific joints produced surprising
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results: many forelimb neurons failed to modulate during
isolated movement about any forelimb joint, and the cells
that did modulate showed little specificity for particular
joints. Yet, essentially all units fired strongly during reach-
ing out and retrieving a raisin. Reaching for and grasping an
object appears to be qualitatively different from making
movements during a tracking task.

The following discussion argues that in many ways our
findings are similar to those of previous studies. We then
discuss several possibilities for the dramatic differences in
firing rate during reach and grasp versus tracking move-
ments.

Movement organization within interpositus

Current views of cerebellar somatotopy incorporate mul-
tiple representations of the body, one vermal, one interme-
diate, and one lateral (Asanuma et al. 1983; Thach et al.
1992). In certain aspects, our data agree with this schema:
within interpositus, we found one eye movement area, one
mouth/face area, and, although both forelimb and hind-
limb-related cells are found in NIA and NIP, the forelimb
and hindlimb representations might be functionally contin-
uous across interpositus divisions. However, the same func-
tional argument that would make limb representations con-
tinuous across divisions of NI would also require making
regions of NL continuous with NI.

EYE MOVEMENT REPRESENTATION. Eye movement-related
neurons are found in a discrete region in the ventral and
lateral parts of NIP. On its lateral border, the region appears
to be continuous with an eye movement area in ventral NL.
Despite the relatively large size of the region, there has been
only brief mention of eye movement neurons within inter-
positus (Hepp et al. 1982; MacKay 1988b). In contrast, eye
movement neurons in NL have been well characterized
(Chubb and Fuchs 1982; Gardner and Fuchs 1975; Hepp et
al. 1982).

The presence of an eye movement area is further sup-
ported by anatomic evidence: ventral-lateral NIP projects
heavily to the superior colliculus (and possibly oculomotor
nucleus) in monkey (Gonzalo-Ruiz et al. 1988; May et al.
1990) as well as other species (Hirai et al. 1982; Kawamura
et al. 1982; Martin et al. 1974; May and Hall 1986; Roldan
and Reinoso-Suarez 1981; Uchida et al. 1983). The ana-
tomic location of NI and NL cells projecting to the superior
colliculus coincides well to the regions that we identified as
containing eye movement neurons.

In complement to their tectal projection, ventral-lateral
NIP and ventral NL have little projection to the magnocel-
lular red nucleus (Kennedy et al. 1986; Stanton 1980),
which contains head and limb but no eye movement-re-
lated neurons (Gibson et al. 1985a). Ventral regions of NL
do connect to regions of the thalamus related to the frontal
eye fields (Stanton 1980; Stanton et al. 1988) as well as to
caudal ventral anterior nucleus (VA ), where Anderson and
Turner (1991) have identified eye movement neurons that
receive cerebellar input.

It is likely that eye movement neurons in NIP/NL are
functionally distinct from those of the medial nucleus, be-
cause the NIP/NL projection onto the superior colliculus
includes the entire visual field representation whereas the

medial nucleus projection is limited to foveal areas (May et
al. 1990). Although our description of the area is qualita-
tive, the observations do demonstrate a substantial, largely
unrecognized, eye movement area within NIP that merits
detailed study.

MOUTH/FACE AND LIMB REPRESENTATIONS. One other
study, that of Thach et al. (1982), has generated a compre-
hensive map of movement-related neural discharge in in-
terpositus based on single-unit recordings. A comparison of
the maps shows that both place mouth/face neurons in
more caudal areas of interpositus and hindlimb neurons in
more rostral areas. Thach et al. (1982) and Schieber and
Thach (1985), however, found forelimb neurons through-
out interpositus, whereas we found no forelimb neurons in
the rostral areas of NIA or NL. Our distribution of forelimb
recording sites agrees with the distribution shown by Har-
vey et al. (1979).

Our data confirm the observation of Thach et al. (1982)
that body representation within interpositus is paralleled by
representation in the adjoining areas of NL. It is difficult to
distinguish between NI and neighboring dorsal NL on the
basis of movement relations, which suggests functional con-
tinuity across these areas. Using quantitative analysis of
neural discharge during wrist movements and finger pre-
hension, Wetts et al. (1985) report similar discharge proper-
ties in NI and neighboring NL. Some anatomic support for
a functional continuity comes from studies of cerebellar
projections to RNm, because wheat germ agglutinin-horse-
radish peroxidase (WGA-HRP) injections into RNm retro-
gradely label cells in dorsal NL as well as NI [ Kennedy et al.
(1986) in monkey; Robinson et al. (1987) in cat].

In contrast to the dorsal regions of NL, we were unable to
determine clear movement relations for neurons in ventral
regions of NL [the neurons studied by Wetts et al. (1985)
were also confined to the dorsal half of NL]. Ventral NL
neurons may be more dependent on such variables as re-
sponse set [as demonstrated for dentate neurons by Strick
(1983)]. In any case, it is clear that NL is not functionally
homogeneous.

As is the case for NIA and dorsal NL, no obvious differ-
ences in recordings could be discerned between forelimb
units located in NIA and NIP, and one could argue that the
nuclear divisions contain only one somatotopy. The border
between hindlimb and forelimb slants so that in more cau-
dal sections hindlimb is confined to the medial borders of
NIA and NIP. Support for a slanted border zone between
limb representations comes from studies of interpositus pro-
jections to hindlimb and forelimb regions of RNm in the
cat (Robinson et al. 1987).

However, from recording locations one could also argue
that there are independent limb representations in NIA and
NIP. There is a hint of a gap between hindlimb representa-
tion in NIA and NIP, and the forelimb neurons are not
clearly separated from hindlimb neurons in NIP. This limb
mapping fits well with the data of Allen et al. (1977) from
recordings of nuclear responses to stimulation of motor
cortex in anesthetized monkeys; they show a reasonably
clear separation of hindlimb and forelimb in NIA (with
hindlimb more anterior) but a mixed representation of
hindlimb and forelimb in NIP.

Two major anatomic considerations, discussed in the fol-
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lowing paragraphs, strengthen the argument that NIA and
NIP contain functionally separate representations of the
body: first, there is a mirror image representation of the
body in intermediate cerebellar cortex that is preserved in
its nuclear projection; second, different divisions of the infe-
rior olive with distinct properties project to NIA and NIP
and their associated cortical areas. The anatomic data are
from both monkey and cat, but, to date, there is little evi-
dence that the organization of intermediate cerebellum
differs between these species.

A double representation of the body, one in anterior lobe
and one in posterior lobe, seems to exist in intermediate
cerebellar cortex for both cat and monkey (Hampson et al.
1952; Snider 1950; Snider and Stowell 1944). The double
cortical representation is preserved in the cortical projec-
tion to the deep nuclei, although the mapping is complex
and follows the zonal organization described by Voogd
(Groenewegen and Voogd 1977; Groenewegen et al. 1979;
Voogd 1969; Voogd and Bigaré 1980). Anterograde tracers
injected into forelimb cerebellar cortex label adjacent areas
in interpositus, caudal NIA and rostral NIP (Bishop et al.
1979; Trott and Armstrong 1987a,b), whereas injections
into hindlimb cortex label separated regions, one rostral in
NIA and one caudal in NIP (Bishop et al. 1979).

Consideration of olivary input to intermediate cerebel-
lum adds support for a dual limb representation and sug-
gests a possible explanation for an unclear hindlimb/fore-
limb separation in NIP. NIA and NIP and their associated
cortical zones receive input from different divisions of the
inferior olive in both monkey and cat (Groenewegen et al.
1979; Kalil 1979). Rostral dorsal accessory olive (rDAO),
which contains a representation of the entire body surface
(Berkley and Hand 1978; Boesten and Voogd 1975; Gell-
man et al. 1983), projects in a topographic pattern to NIA
(Gibson et al. 1987). The resulting somatotopy in the cat
NIA is similar to the motor representation that we found in
the monkey.

NIP receives input from the rostral medial accessory
olive (rMAQ). The somatotopic organization within cat
rMAO is less clear than that of IDAO, emphasizes the fore-
limb, and contains little or no facial representation (Gell-
man et al. 1983, 1985), resembling the motor representa-
tion that we found in NIP. In addition to the differences in
mapping, rMAOQ cells have larger and more complex fields
than rDAO cells and often include more than one limb.
Complex properties might account for the relatively high
number of unrelated cells noted in NIP as well as for the
lack of a clear forelimb/hindlimb somatotopy.

In summary, from discharge/ movement relations alone
we cannot make a case for more than one motor representa-
tion within NIA, NIP, and NL. However, a conclusion of
functional continuity across nuclear divisions is qualified
by two major considerations. First, we were unable to spec-
ify movement relations beyond forelimb, hindlimb,
mouth/face, and eyes. There are certainly many functional
characteristics for which our testing was not sensitive; this
qualification is further strengthened by anatomic evidence
supporting different functions for NIA and NIP. Second,
our testing in NL was largely limited to dorsal areas neigh-
boring NIA; other areas of NL may contain additional mo-
tor representatlons.

Movement relations of forelimb neurons

This section of the discussion deals with the more de-
tailed information gained from device and free-form testing
of neurons that fired during forelimb movement. Two ma-
Jor issues are addressed; one is the comparison of interposi-
tus discharge characteristics to those of its target nuclei, the
RNm and thalamus; the other is the nature of movement
representation within interpositus.

Cellular properties of interpositus projection targets

Interpositus selectively targets the RNm (Flumerfelt et
al. 1973) and regions of the ventral lateral thalamus ( Asan-
uma et al. 1983) referred to as VLp (Jones 1989). Several
chronic recording studies in monkeys have investigated dis-
charge properties of RNm and VLp thalamic neurons dur-
ing movement. The following discussion compares and
contrasts the findings of those studies with the present re-
sults.

INTERPOSITUS VERSUS RNm DISCHARGE. The multiple-de-
vice testing paradigm used for interpositus testing was
adapted from an earlier study of RNm by Gibson et al.
(1985a,b), and, therefore, the results from the two studies
are directly comparable.

The qualitative description of RNm neurons during
reaching and grasping is very similar to what we found for
NI neurons. RNm cells discharge at high rates during free-
form (usually reaching and grasping) movements, and dis-
charge usually could be associated with movement of spe-
cific limbs (Gibson et al. 1985a). Observation aided by
video taping indicated that most RNm cells, like NI cells,
are active during phases of reaching that involve hand use
or, in the case of the hindlimb, toe use (Gibson et al.
1985a). Kennedy (1987) and Houk et al. (1988) have also
reported that RNm discharge is well-related to hand use.

Additional similarities, as well as some differences, be-
come apparent when relations to device use are considered.
Our best-related NI cells ( 11 neurons) increased firing rates
before movement and were directionally selective, and the
preferred device for seven of the cells was the twister, char-
acteristics shared by RNm neurons (Gibson et al. 1985b).

Despite less complete testing on multiple devices, RNm
neurons showed stronger specificity for particular devices
(especially the twister device ) than did NI neurons. NI neu-
rons, like RNm neurons, had high correlations between
modulation duration and movement duration as well as
between the number of spikes and movement amplitude.
Discharge rate of 7 of 11 NI neurons was significantly corre-
lated also with movement velocity; however, the highest
velocity correlations were lower than the highest seen for
RNm neurons.

Several possibilities exist why RNm neurons might show
stronger parametric relations to movement than NI neu-
rons. One possibility is that motor cortical input to RNm
could play an important modulatory role in the generation
of RNm motor signals (Humphrey and Reitz 1976). How-
ever, both anatomic and physiological evidence indicate
that the dominant RNm input originates in NI and that
cortical input is relatively weak (Humphrey and Reitz
1976; Humphrey et al. 1984; Kennedy et al. 1986). Also,
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RNm neurons fire at high rates in the absence of cortical
input (Houk et al. 1988). Another possibility is that RNm
activity reflects the combined action of many NI neurons.
It has been estimated that ~50 NI neurons converge on
each RNm neuron (Toyama et al. 1970). A large degree of
both convergence and divergence is supported anatomi-
cally because axons from NI neurons branch extensively
within RNm (Shinoda et al. 1988), and RNm neurons
have large dendritic fields (Wilson et al. 1987). Individual
NI units might be active during only a subset of conditions
that elicit discharge from a given RNm neuron.

INTERPOSITUS VERSUS THALAMIC DISCHARGE. Four studies
have investigated the properties of thalamic neurons in
awake monkeys (Anderson and Turner 1991; Horne and
Porter 1980; MacPherson et al. 1980; Strick 1976b), and all
have reported strong neural discharge during active move-
ments. Methodological variations and anatomic consider-
ations do not allow as strong comparisons with interpositus
as is the case with RNm. The anterior portions of VL re-
ceive input from the globus pallidus rather than the cerebel-
lar nuclei, and one cannot be sure that the studies of the
thalamus were dealing exclusively with cerebellar receiving
areas. However, all studies included recordings from cere-
bellar receiving areas, and Anderson and Turner (1991)
identified the sources of input to the thalamic cells.

There seems to be an overall movement somatotopy
within thalamus that agrees well with its projection to cor-
tex as well as with its input from cerebellum (Asanuma et
al. 1983; MacPherson et al. 1980; Strick 1976a). Head is
located medially, forelimb intermediately, and hindlimb lat-
erally. Despite a general agreement with this scheme there is
little evidence for a finer somatotopy within a limb region.
MacPherson et al. (1980) used an isolated wrist movement
and found related cells throughout the forelimb region of
thalamus. Anderson and Turner (1991) report units with
relations to individual joints, but the somatotopy is com-
plex and suggests the possibility of multiple maps.

Horne and Porter (1980) also have reported thalamic
discharge associated with movements about specific joints
—the behavioral task employed included reaching out,
grasping a knob, and pulling. Discharge was associated with
specific joints by relating its timing to the timing of compo-
nents of the complex movement. Their results indicate that
all forelimb joints are represented with a bias to the distal
joints (no joint somatotopy is shown ). However, Harvey et
al. (1979) used a similar, perhaps identical, task in their
study of interpositus and reached the conclusion that most
NI units were related to proximal joints. A comparison of
records shown in Fig. 2 of Harvey et al. to Fig. 3 of Horne
and Porter (1980) indicates that units with similar dis-
charge patterns are attributed to shoulder movements in
the first case and finger movements in the second. Our re-
sults suggest that the complex reaching task may be more
important for eliciting discharge than involvement of spe-
cific joints.

The reports on VL thalamus include some striking differ-
ences as compared with NI. Horne and Porter (1980), for
example, find that 52% of VL cells modulated to move-
ments of either limb. We saw a few cells with bilateral modu-

lations in NI but certainly not enough to explain the per-
centage in thalamus. MacPherson et al. (1980) report that
80% of thalamic cells fired as strongly after presentation of
the visual target whether or not a wrist movement ensued.
We saw evidence for visual responsiveness in a few cells, but
modulation of most NI cells was always associated with
active movement, and no cell discharge in our paradigm
was time-locked to the visual target movement [although
MacKay (1988a) has reported a few nuclear responses
timed to target onset]. Strick (1976a) synchronized the dis-
charge modulation of thalamic cells with either the target or
arm movement and found a tight coupling to arm, but not
target, movement.

Considering the rather weak supporting evidence for vi-
sual responses in thalamus, it seems possible that the re-
sponses of MacPherson et al. (1980) to the cue may have
reflected some preparatory adjustment, such as tightening
grip on the manipulandum, made before wrist movement.
Of course, it is also possible that the differences are due to
other sources of thalamic input, such as the basal ganglia.

NATURE OF MOVEMENT REPRESENTATION. Our multiple de-
vice testing produced little evidence that NI discharge is
related to movement about individual joints. Rather, dis-
charge often occurred during use of more than one device
and was not as strong as discharge during reaching and
grasping.

An obvious hypothesis that might explain a lack of joint
specificity is that neural discharge may be related to activa-
tion of particular muscles. Because many forelimb muscles
have actions across multiple joints, movement about differ-
ent individual joints could still involve a common muscle
and, therefore, neural activation. For instance, extensor di-
gitorum works across elbow, wrist, and finger joints and
might be active during use of several devices. Similarly, sev-
eral upper arm muscles, such as biceps and triceps, have
actions across both shoulder and elbow joints.

The hypothesis that NI discharge relates to particular
muscles, however, could only explain lack of specificity in
certain cases. Some cells fired equally well to movements of
the shoulder as to movements of the fingers with the fore-
arm supported, yet no muscles act across all of these joints
(although hand use is required by all devices). The immedi-
ately following paper (Van Kan et al. 1993), which used the
same paradigm and included the same monkeys, demon-
strates a much higher degree of joint specificity for mossy
fiber afferents to cerebellar cortex. It is very likely that the
mossy fiber input reflects afference from limb muscles, if
so, the multiple device paradigm effectively separates the
actions of specific muscles.

Perhaps more troubling to the hypothesis that NI dis-
charge relates to activation of particular muscles is the fact
that about half of the cells failed to fire at all during any
device use, and the cells that did fire during device use fired
much more strongly during a reach and grasp. If NI dis-
charge relates to specific forelimb muscles, many cells
should have discharged as strongly or more strongly during
device use as during reach and grasp (as was the case for
mossy fibers reported in the following paper). Again, a ca-
veat must be made for the hand musculature: activation of
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hand musculature is certainly more complicated and inclu-
sive during a reach and retrieval than during constant grip
on a device handle (although forces generated by grip dur-
ing device movement may be substantial ).

The study by Thach et al. (1982) is the only other study
of interpositus movement relations that used a multiple-de-
vice approach. Although they do indicate that individual
interpositus neurons can be associated with movements of
specific joints, it is difficult to tell if the degree of specificity
is stronger than that which we found. Discharge records for
six NL neurons are illustrated during operation of various
devices (see their Fig. 3). As in our data, a given neuron’s
discharge is specifically associated with movements of ei-
ther the forelimb, hindlimb, or face. Within the forelimb
cells, however, the records indicate that some cells fired to
movement of more than one forelimb joint, and one
showed modulation during both wrist and shoulder move-
ment. The modulations appear lower than the modulations
that we commonly observed during reach and grasp but
may be similar to our device testing. Overall, it appears that
the Thach et al. (1982) data are consistent with ours.

Our observation that interpositus neurons fire at sub-
stantially higher rates during reach and grasp has been
made by several other investigators, although the interpre-
tations differ. Harvey et al. (1979) reported that interposi-
tus neurons increased discharge markedly when monkeys
reached for a manipulandum or a food reward, but not
when they actually used the manipulandum. For the one
cell shown, discharge rate was 5 times higher during reach
and grasp than during manipulandum use. Similarly,
MacKay (1988a) shows interpositus rates of ~150-200
imp/s when monkeys reach out to press a button, but dur-
ing an elbow flexion and extension task (MacKay 1988b),
interpositus discharge was relatively weak, ~40-70 imp/s
for the illustrated neurons. Also, MacKay reports that
~40% of interpositus neurons were active during reach and
button press compared with 17% during device use.

Both Harvey et al. (1979) and MacKay (1988a) attrib-
uted discharge during reaching to involvement of proximal
muscles. Harvey and colleagues made the judgement on the
basis of visual observation with and without manual re-
straint of specific joints, whereas MacKay made the judge-
ment because the time course of proximal muscle activa-
tion was similar to the time course of interpositus activa-
tion. Our testing singled out neither distal nor proximal
movements and suggests that the nature of the task is more
important for eliciting discharge than is the involvement of
specific joints. The observation that reaching, whether to
grasp a device handle, push a button, or grasp a raisin, is
accompanied by high interpositus discharge rates is com-
mon to all three experiments. Weak or no discharge modu-
lation during device use is also common to all three experi-
ments.

Although many studies have recorded from interpositus
neurons during device use, only a few examples of interpos-
itus discharge have been illustrated. The examples display
uniformly low discharge modulation, lower than modula-
tions that we observed during reach and retrieval (149-176
imp/s) but within the range of modulations during device
tracking. Thach (1978), testing with wrist movements

under various loads, found increases in discharge of ~50
imp/s under the highest loading conditions. Modulations
accompanying unloaded movements were either nonexis-
tent or very small. Schieber and Thach (1985) illustrate
three interpositus neurons during wrist tracking of slowly
moving targets. Modulation for wrist movement was ~40
imp/s compared with 75 imp/s for prehension (1 cell).
Loaded wrist movements for two other interposed cells pro-
duced modulations of only 30 and 12 imp/s. Finally, For-
tier et al. (1989) show discharge records of two interpositus
cells during ‘‘a whole-arm reaching movement” with modu-
lations of ~60 imp/s, and a population (n = 65) modula-
tion of ~30 imp/s.

The relatively low modulations reported by Fortier et al.
(1989) seem to contradict our findings of high modulations
during reach and grasp, but their reaching task is more di-
rectly comparable to our device testing because no grasp
component is present. In the Fortier et al. (1989) task,
monkeys were trained to move a pointer in a two-dimen-
sional plane. The movement involved the shoulder and el-
bow, but there was no hand component other than the con-
stant grip. It is an interesting possibility that the addition of
the grasp is responsible for the much higher discharge dur-
ing reach and grasp. Some support for hand involvement
being a crucial factor comes from the finding that a prehen-
sion task produces relatively high modulation (Wetts et al.
1985) in NI and NL neurons.

As a whole, the experimental data indicate that NI dis-
charge is strongly attenuated when monkeys are required to
perform a task by moving a device as opposed to making a
whole limb movement with a grasping component. Why
might this be?

Much of our thinking has focused on the differences in
the movements required by the tasks, but it may be that the
tasks are fundamentally different. In one case, the monkey
moves a device to effect a remote position change of a cur-
sor; in the other case, the animal is using sensory informa-
tion to guide his limb to a point in space. Device operation
is clearly a less “natural” movement that requires extensive
training. It may be that direct association of sensory infor-
mation with the moving limb is critical for engaging cere-
bellar circuitry. We cannot separate this factor in our data,
but the tight parametric relations of some NI and RNm
(Gibson et al. 1985b) cells with movement suggests that a
remote tracking task can, at least in some cases, effectively
engage the circuitry of intermediate cerebellum.

Another possibility is that a free reach may simply re-
quire much more sensory guidance (visual, somesthetic,
etc.) than moving a device limited in its degrees of freedom.
However, the high firing rates with small limb adjustments,
which often seemed to occur without attention from the
monkeys, would seem to require no more guidance than
device movements.

If sensory guidance is critical for engaging NI neurons,
one might expect to find NI neurons with sensory re-
sponses. However, Chapman et al. (1986 ) report that task-
related interpositus neurons modulated primarily to the
movement; only few neurons were related to the cue to
move, and in all cases these were selective for somesthetic
cues. Dentate modulations, in contrast, depended more
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strongly on the cue to move (most often visual) than on the
movement.

Our observations lead us to conclude that a whole-arm
movement is necessary for interpositus discharge. The cere-
bellum has classically been viewed as a structure for coordi-
nating movement across joints (Flourens 1824), and re-
cently Goodkin and Thach (1990) have presented data that
single-joint movements are relatively unaffected by cerebel-
lar damage, whereas coordinated movements are severely
impaired. Essentially all NI neurons fire strongly during
reach and grasp, and most of the small number of cells that
showed consistent relations to device movement modu-
lated during use of the twister, which required a coordi-
nated movement of wrist and fingers. Together with our
observation that discharge seemed to correlate with hand
use during reaching, the results suggest that coordinated
forelimb movements with a hand component are necessary
to effectively engage NI neurons. A recent study (Van Kan
et al. 1990) reports that hand use is critical for the high NI
discharge rates accompanying reaching and grasping.

Anatomic data from cats and monkeys also suggest that
NI might exert control over the entire limb, but with a spe-
cial emphasis on digit movements. Spinal projections of the
RNm terminate on interneurons at all spinal levels
(Kuypers et al. 1962), but terminations occur selectively
on motoneuron pools serving musculature of the hand
(Holstege et al. 1988; McCurdy et al. 1987; Ralston et al.
1988; Robinson et al. 1987).

Movement organization within forelimb interpositus is
not based on a simple joint (or muscle) representation. It
seems likely that it is based on coordinated movements that
include the hand. In the following paper, using the same
experimental approach, we demonstrate that mossy fiber
input to intermediate cerebellum represents movements of
the forelimb in a very different fashion.
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