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Movement-Related Inputs to Intermediate Cerebellum of the Monkey

PETER L. E. vaN KAN, ALAN R. GIBSON, AND JAMES C. HOUK
Department of Physiology, Northwestern University Medical School, Chicago, Illinois 60611;
and Division of Neurobiology, Barrow Neurological Institute, Phoenix, Arizona 85013

SUMMARY AND CONCLUSIONS

I. The primary goal of this study was to characterize the infor-
mation about single-joint forelimb movements supplied to inter-
mediate cerebellar cortex by mossy fibers. Discharge of mossy
fibers and Golgi cells was studied while monkeys operated six
devices that required movements about specific joints. Additional
control experiments in anesthetized cats and monkeys established
criteria for identification of mossy fibers and Golgi cells.

2. The control experiments demonstrate that mossy fibers can
be distinguished from Purkinje and Golgi cells by the waveshapes
of their action potentials. Asynaptic activation from the inferior
cerebellar peduncle, in combination with histological localization
of recording sites in granular layer or subcortical white matter,
verified that mossy fibers produce a variety of waveshapes that are
characterized by brief initial phases and relatively small ampli-
tudes. The same waveshapes were observed for the mossy fiber
recordings from awake monkeys, and many identified mossy
fibers had sensory properties similar to those found in the awake
animals. From these combined criteria, we conclude that the re-
cordings in the awake animals were from mossy fibers. Golgi cells,
recorded exclusively in the granular layer of cerebellar cortex,
were characterized by action potentials of longer duration and
larger amplitude as compared with mossy fibers, and none were
asynaptically activated from the inferior cerebellar peduncle.

3. Units were isolated while the monkeys made free-form and
tracking movements. We studied movement-related discharge of
80 mossy fibers and 12 Golgi cells. Mossy fibers showed high mod-
ulations during use of at least one of the six manipulanda and had
clear preferences for movement about a specific joint, although
they often showed consistent but weaker firing during movement
about a neighboring joint. Separation of movements by more than
one joint produced a large reduction in discharge: shoulder units
never fired well to movements of the finger, and finger units never
fired well to movement of the shoulder.

4. The tracking task required maintenance of fixed limb posi-
tions (a static phase) as well as movements between these posi-
tions (a dynamic phase ). Of 80 mossy fibers, 18% had purely tonic
discharge patterns, 63% were phasic-tonic, and 20% were purely
phasic. Discharge patterns were reciprocal (45%), bidirectional
(42%), or unidirectional (13%).

5. Eighty percent of the mossy fibers exhibited tonic discharge
that was significantly (P < 0.01) correlated with joint angle (r =
0.65 +0.19, mean = SD), and about one third had phasic compo-
nents that were significantly correlated with movement velocity.
Eleven mossy fibers were tested for correlations between the dura-
tion of the phasic discharge component and movement duration,
and all revealed significant positive correlations. The onset time of
mossy fiber discharge was distributed approximately equally
about the onset time of movement. Thus discharge of about one
fourth of 80 units significantly (P < 0.05) led movement onset
and one third significantly lagged.

6. Twenty-nine movement-related mossy fibers were tested for
sensory responsiveness by manipulation of joints and/or by me-
chanical disturbances of device position during static phases of the
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tracking task. In most (69% ) cases, passive responses were of the
same polarity as the modulations in discharge during comparable
active movements; in 17% of the cases, they were of opposite polar-
ity. Four units (14%) failed to respond to passive movement.

7. Recordings from 12 Golgi cells revealed properties strikingly
different from mossy fibers. All showed phasic discharge without
tonic components, and most cells showed bidirectional discharge
patterns during both active and passive movements. Four of six
cells showed modulations in discharge of equal magnitude during
use of proximal and distal devices. These properties are consistent
with extensive convergence of mossy fibers on individual Golgi
cells.

8. Itisclear from our results that mossy fibers provide interme-
diate cerebellum with position, velocity, and direction informa-
tion about movement of individual forelimb joints. Several char-
acteristics of the signals indicate that they may contain informa-
tion derived from efference as well as afference.

9. A comparison of input information supplied by mossy fibers
with output signals in the nucleus interpositus suggests that the
intermediate cerebellum incorporates position and velocity infor-
mation from individual joints, together with other inputs, into
phasic signals relating to coordinated movements of the entire
limb.

INTRODUCTION

This paper describes movement-related properties of
mossy fiber inputs to the intermediate cerebellum in the
awake monkey using the same behavioral techniques as
used in the preceding report on interpositus neurons ( Van
Kan et al. 1993). The combined results of these studies
represent a first step in attempting to understand the input-
output transformations occurring in intermediate cere-
bellum.

Mossy fibers are known to arise from multiple sources,
and it is generally assumed that fibers from different
sources provide the cerebellum with different information
(for reviews, see Bloedel and Courville 1981; Ito 1984;
Llinas and Simpson 1981; Oscarsson 1973). Even if one
focuses just on movement-related mossy fibers, consider-
able variety might be anticipated. Muscle, joint, and skin
receptors could transmit different kinds of movement-re-
lated activity. Some of the spinocerebellar pathways are re-
ported to carry specific information from a small number
of muscles in a single limb, whereas others transmit highly
convergent information from several limbs.

Mossy fibers also differ in the extent of their convergence
from peripheral and central sources. For example, the cu-
neocerebellar tract and dorsal spinocerebellar tract (DSCT)
are considered to transmit signals dominated by peripheral
input, whereas the rostral spinocerebellar tract (RSCT) and

0022-3077/93 $2.00 Copyright © 1993 The American Physiological Society

210z ‘8T Arenuer uo Blo AbojoisAyd-ul woly papeojumoq



http://jn.physiology.org/

MOVEMENT RELATIONS OF MOSSY FIBERS AND GOLGI CELLS 75

ventral spinocerebellar tract (VSCT) and the reticulocere-
bellar and pontocerebellar pathways receive appreciable in-
put from central sources. The RSCT and VSCT are be-
lieved to transmit mainly efference copy signals ( Arshavsky
etal. 1986). [ An efference copy signal is defined as an alter-
ation in activity that is produced within the CNS and is
closely correlated with a motor command from a motor
center to an effector (see McCloskey 1981)].

The manner in which limb movement is encoded in the
discharge of cerebellar afferents must depend on the fusi-
motor drive to the muscle spindles, the pattern of conver-
gence of receptors, and the integration of ascending and
descending signals along the pathways from receptors to
cerebellar cortex. Fusimotor drive and possible integrative
action at synaptic relays are clearly dependent on the experi-
mental preparation and the animal’s behavioral state.
Therefore, the information received by the cerebellum may
differ under active as compared with passive conditions.
Only a few previous studies on discharge of mossy fibers to
active or passive limb movements in awake, behaving ani-
mals have been reported (Bauswein et al. 1984; Cleland and
Hoffer 1986; Horn et al. 1989; Matsunami 1987). The
main goal of this study was to characterize movement rela-
tions of forelimb mossy fibers in the awake, behaving
monkey.

The results allow us to compare mossy fiber input proper-
ties with the output properties of interpositus neurons de-
scribed in the previous paper (Van Kan et al. 1993). We
considered that this comparison would be particularly valu-
able if we used the same experimental protocols and the
same animals. Therefore, single mossy fiber afferents and
Golgi cells were studied while the animals operated the
same tracking devices as were used in the study of interposi-
tus neurons. The devices were designed to study discharge
to movement about individual forelimb joints. In addition,
we studied sensory responsiveness for many units.

Our results show that mossy fibers fire vigorously during
free-form reaching and device use, display a relatively high
degree of joint-specificity, are highly sensitive to joint posi-
tion, and respond well to natural stimulation. These proper-
ties contrast strongly with those of interpositus neurons:
interpositus neurons fire more strongly during reaching
than during tracking, show relatively little joint specificity,
and have no discharge related to joint position. On the basis
of these results, we discuss information processing steps
that are likely to occur within the intermediate cerebellum.

The mossy fibers and Golgi cells studied in this paper
were recorded directly from the cerebellar cortex. Although
this site was convenient for obtaining a representative sam-
ple of the relevant movement-related signals that enter the
intermediate cerebellum, control experiments were needed
to establish identification criteria. These controls were con-
ducted in anesthetized cats and monkeys. Preliminary ac-
counts of this work were reported in several abstracts (Van
Kan et al. 1986, 1987a,b).

METHODS
The methods and results in this report are divided into two

parts. The first part reports on control experiments in anesthetized
animals that establish criteria for identifying mossy fibers and

Golgi cells; the second part reports on movement-related dis-
charge of mossy fibers and Golgi cells in behaving monkeys.

Part I: control experiments in anesthetized animals

Eleven cats and two monkeys ( Macaca arctoides) were anesthe-
tized with pentobarbital sodium (intravenous, to effect) and given
supplementary doses as required. A craniotomy over the occipital
lobe exposed the cerebral cortex overlying the cerebellum. In the
cats, the occipital lobe was elevated and access to lobules IV-VI of
intermediate cerebellar cortex was obtained through an opening in
the tentorium. In the monkeys, microelectrode penetrations tra-
versed the occipital lobe on their way into intermediate cerebellar
cortex. Single units were recorded using methods similar to those
used in the awake monkey experiments. However, only a few
widely spaced electrode tracks were run in each animal, and mark-
ing lesions were placed at several recording sites along each track.
These procedures facilitated histological reconstruction of elec-
trode tracks and resulted in a highly reliable identification of the
layer of intermediate cortex from which each unitary potential
was recorded. This identification was used retrospectively to verify
the accuracy of our identification of layer on the basis of physiolog-
ical landmarks.

In the cats, a second craniotomy was made over the posterior
lobe of the cerebellum to permit access to the inferior cerebellar
peduncle; in the monkeys, the peduncle was accessed through the
craniotomy overlying the occipital lobe. After the peduncle had
been localized by recording with a single microelectrode, an array
of three low-impedance (200 kQ) stainless steel electrodes (tip
spacing 0.3 mm) was inserted into the peduncle. The electrodes
were arranged in parasagittal planes and pointed anteriorly at an
angle of 45°. The array was used for both electrical stimulation
and back-averaging unitary potentials.

For back-averaging, one of the electrodes in the peduncle was
used for monophasic recording, and the amplified signal was de-
layed, sampled at 250 kHz, and averaged in response to a trigger
derived from a unitary event in the granular layer. We judged the
linkage between the peduncle and the unit to be asynaptic if we
were able to show a short-duration peduncular potential that pre-
ceded the unitary event at a latency consistent with direct conduc-
tion from the peduncle. (Synaptic activation would have resulted
in too much variability for the emergence of this averaged event.)
At the conclusion of the experiment, the tip sites were marked by
passing current, and their locations in the inferior cerebellar pe-
duncle were confirmed histologically.

Somatosensory responsiveness of granular layer units was tested
by touching and tapping the body surface, squeezing the appro-
priate body parts, and manipulation of joints and muscles as de-
scribed for the awake animals in METHODS, Part I1.

Part II: movement-related discharge of mossy fibers
and Golgi cells in awake monkeys

Experiments were carried out on three male monkeys (Macaca
mulatta). Two monkeys were also used in the study of nucleus
interpositus reported in the preceding paper (Van Kan et al.
1993). The methods that were similar in both studies are de-
scribed only briefly; sensory testing on a third monkey and some
aspects of data analysis not included in the previous paper are
presented in more detail.

The animals were trained to perform a visually cued tracking
task that required operation of six forelimb manipulanda [see
METHODS and Fig. | of preceding paper (Van Kan et al. 1993)].
Operation of three devices isolated movements about individual
joints, the shoulder, elbow, and wrist. The finger device required
simultaneous movement of the metacarpophalangeal joints. Two
additional devices isolated supination/pronation of the forearm
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and multijoint hand twisting that required the combined use of
wrist and fingers.

After training, a recording chamber and head holder were im-
planted, and extracellular recordings of unitary discharge were
made with tungsten microelectrodes. After a unit had been iso-
lated and tested for reach-related discharge, we collected computer
records of 15-100 trials while the animal operated the preferred
device, which was defined as the device that elicited the largest
modulation in discharge. In many cases, we subsequently
switched to secondary tracking devices to collect additional trial
data. Onset times of discriminated action potentials were collected
as interspike intervals with 0.1-ms accuracy. Raw spikes were am-
plified with a half-amplitude bandwidth of 300-10,000 Hz and
were recorded on analog magnetic tape. Manipulandum position
was sampled at 250 Hz.

Toward the end of the recording period, small electrolytic le-
sions (—10 uA for 10 s) were made at selected sites along 10-15
penetrations. After recording was complete, larger lesions (+50
uA for 30 s) were made at corner positions of a rectangular volume
of tissue that included all other penetrations. After formalin fixa-
tion, tissue was stained with either a cresyl violet Nissl stain or a
luxol fast blue fiber stain counterstained with cresyl violet. Sec-
tions were enlarged and traced, and with the aid of stereotaxic
coordinates, electrode paths, lesions, and recording sites were re-
constructed.

SENSORY TESTING. One of the three monkeys ( BO) was trained
to relax and not to make active limb movements while the experi-
menter manipulated the animal’s limb. This allowed for testing
responses to somatosensory stimuli. Unitary receptive fields were
determined by moving each joint of the limb through its normal
range of motion while noting the general responsiveness of the
unit. As each joint was manipulated, all other joints were immobi-
lized manually. Receptive fields of units that appeared to be acti-
vated by rotation-induced stretch of muscles were then investi-
gated in more detail with near-threshold natural stimulation, in-
cluding gentle taps and light pressure to the appropriate muscle
bellies. This made it possible to identify the general region of the
receptive field and, in some cases, the specific muscle or muscle
groups involved. Although these tests aided in distinguishing units
with muscle receptor input from those receiving input from joint
receptors, conclusive evidence for input from joint receptors was
not obtained.

In addition to manual exploration of the limb by the experi-
menter, mechanical disturbances of device position were intro-
duced with a servo-driven torque motor that was mounted on the
rotation axis of the shoulder and elbow device. A torque trans-
ducer between the motor output shaft and the device arm pro-
vided force feedback to the servo-amplifier as well as a force rec-
ord. The servomechanism enabled us to introduce pulse changes
in mechanical load that generated sudden displacements of device
position and that thus produced unexpected changes in angular
position of the shoulder and elbow joints. Transient mechanical
disturbances of the wrist and finger joints were introduced by a tap
on the device by the experimenter.

DATA ANALYSIS. Averaged discharge was calculated from data
files that contained a number of similar movements. For each
trial, an interactive display program was used to align a cursor to
movement onset. An averaging program then sorted the processed
trials according to category, generated peristimulus time histo-
grams aligned to movement onset, calculated the corresponding
averages of analog records, and plotted discharge during individ-
ual trials in the form of raster displays. The binwidth of the histo-
grams of average discharge rate was 12 ms.

The joint angle dependency of the unitary discharge was esti-
mated by plotting tonic firing rate as a function of angular position
of the preferred device. The mean tonic firing rate and angular

position were calculated over 400-ms intervals during which the
monkey was required to hold the limb steady. Data pairs for the
three limb holding positions of the tracking task were collected
during 15-100 individual trials, plotted on scatter diagrams, and
evaluated by calculation of the Pearson product moment correla-
tion (7).

Records of movement velocity were derived from the angular
position records by a two-step procedure involving a numerical
differentiation and a symmetrical smoothing. This process did not
introduce phase shifts between the records. For a given sample of
angular position, the differentiation algorithm determined the
slope of the position record from samples immediately preceding
and following the sample, and this procedure was repeated for all
samples of the record. The resulting record was smoothed by an
algorithm that calculated a weighted average on the basis of 10
samples preceding and following each sample.

Relations between discharge and movement velocity were as-
sessed by calculating the mean firing rate and mean movement
velocity over 100-ms intervals, centered around five angular posi-
tions that were equally spaced along the movement trajectory.
Data pairs for both flexion and extension movements were plotted
on scatter diagrams, and the correlation in a given direction was
evaluated by linear regression analysis.

Onset and offset times and the duration of the movement and
the movement-related discharge were determined from records of
angular position and integrated spikes (a cumulative count of the
number of action potentials vs. time) by using an interactive dis-
play program to align cursors to the appropriate inflection points
in the records. Measurements of the duration of movement and
movement-related discharge from single trials were plotted on
scatter diagrams and evaluated by calculation of the Pearson prod-
uct moment correlation (r).

The mean lead or lag time of a unit was determined by averag-
ing single-trial measurements of the difference between the onset
times of movement and movement-related discharge. ¢ Statistics
were used to determine whether the lead or lag time of a given unit
differed from zero. The mean latency to the onset of perturbations
during limb holding was determined by averaging single-trial mea-
surements of the difference between the onset times of the pertur-
bation and perturbation-related discharge.

RESULTS

In Part I of the RESULTS, we describe control experiments
in anesthetized animals that were performed to verify the
criteria for identification of mossy fibers and Golgi cells. In
Part 11, we describe movement-related properties of mossy
fibers and Golgi cells recorded in awake monkeys.

Part I: control experiments in anesthetized animals

Initial recordings in trained monkeys suggested that
mossy fibers might be identified on the basis of the wave-
shapes of their extracellular potentials, particularly if this
information were to be combined with layering informa-
tion. Waveshape criteria are well-established for the turtle
cerebellum (Walsh et al. 1974), and there is evidence that
similar criteria might apply to mammals (Bourbonnais et
al. 1986; Taylor et al. 1987). Our strategy in these control
experiments was to first establish reliable criteria for recog-
nizing the different cerebellar cortical layers and then to
demonstrate that certain waveshapes within the granular
layer are reliably associated with mossy fiber activity.
IDENTIFICATION OF GRANULAR LAYER. The characteristic
electrical activity of the Purkinje cell layer provided an an-
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chor point for the identification of other layers of cerebellar
cortex. Waveshapes and firing patterns of simple and com-
plex spikes have been studied extensively and are com-
monly accepted as reliable identification criteria for Pur-
kinje cells ( Eccles et al. 1966a,b; Granit and Phillips 1956;
Mano 1986; Thach 1967; Walsh et al. 1974). As the elec-
trode moves away from a Purkinje layer, it must enter ei-
ther a granular or molecular layer. The most useful criteria
for differentiating granular and molecular layers result
from the differing profiles of unitary electrical events.

The granular layer was distinguished by an agitated back-
ground of low-amplitude electrical activity and by a unique
variety of isolated unitary potentials. Figure 1, C/-C7
shows a sampling of the unitary potentials encountered as
an electrode wasadvanced through two granular layers sepa-
rated by a layer of white matter, and Figs. 1, D/ and D2,
show additional examples of confirmed granular layer po-
tentials. In attempting to make sense of this great diversity
of waveshapes, we have found it useful to first divide the
potentials into fast and slow categories. The fast potentials
are the most numerous. They share the following character-
istics: /) durations <0.5 ms, 2) modest amplitudes <0.5
mV (e.g., Fig. 1 (2), and 3) short (usually <50 pm) tuning

distances (1.e., the extent of microelectrode movement over
which unitary recording can be maintained). The slow po-
tentials have /) durations >1 ms, 2) amplitudes that may
attain a few millivolts (e.g., Fig. 1 C7), and 3) tuning dis-
tances of =100 um. The distributions of duration and am-
plitude of fast and slow potentials were largely nonoverlap-
ping. Duration (from the foot of the action potential to the
time of return to baseline) averaged 0.3 = 0.1 (SD) ms for
fast units and 1.4 + 0.7 ms for slow units. Amplitude ( peak
to peak) averaged 0.25 + 0.10 mV for fast units and 0.63 =
(.38 mV for slow units.

The fast potentials discharged at rates that were fre-
quently as high as 200 imp/s, and their interspike intervals
were irregular and of short duration. Fast potentials had a
variety of waveshapes. The most characteristic was a fast
biphasic potential followed by a slower negative afterwave
(NAW) (Fig. 1, C4, C5, and D1). These waveshapes have
been attributed to pre- and postsynaptic events at mossy
fiber glomeruli (Bourbonnaiset al. 1986; Taylor et al. 1987;
Walsh et al. 1972, 1974). The all-or-none biphasic spike,
which can occur with or without a subsequent NAW, is
thought to represent the invasion of a glomerulus by a pre-
synaptic action potential, and the NAW, which is of vari-
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}ﬂé/’/‘vﬂ— FIG. 1. Granular layer potentials in cat (A-C)

and monkey (D). The photomicrograph (4) is a
composite of adjacent sections through lobule Va
of intermediate cerebellar cortex. Two electro-
Iytic lesions were made in granular layer at the
recording sites of 2 slow positive-negative poten-
tials. The area marked by the broken lines is
shown enlarged in ( 8). Numbers along the recon-
struction of the penetration ( B): recording sites of
units whose waveshapes are shown in (C). The
fast waveshapes shown in C2, C4, C5, and C6 are
attributed to mossy fibers. The biphasic potentials
in (4 and C5 were followed by a negative after-
\ wave (--). The unit in C6 was identified as a
mossy fiber by asynaptic activation from the infe-
rior cerebellar peduncle, as illustrated by the rec-
ords on the right . Two traces at threshold stimula-
tion are shown superimposed. Note the all-or-
none activation of the unit (e ). Open circle: field
potential. The activity patterns of the mossy
fibers were briskly and tonically modulated by ro-
tation of joints and/or tapping or squeezing the
ipsilateral limb. Receptive fields are drawn on the
cat figurines. Gray and black shading on cat higur-
ines: excitatory and inhibitory subregions, respec-
tively, of receptive fields. The units shown in C3,
(5, and C7 were not driven by peripheral input.
The slow positive-negative waveshapesin C1, ('3,
and 7 are attributed to Golgi cells. D: examples
of a monkey fast positive-negative potential fol-
lowed by a negative afterwave, attributed to a
mossy fiber (D), and a slow negative-positive
potential attributed to a Golgi cell (D2). Calibra-
tion marks in C differ for different traces: C1, 300
uV. 1.3ms; C2, 175 wV, 0.6 ms; C3, 165 uV,0.6
ms; C4, 146 pV, 1.3 ms; C5, 160 uV, 0.6 ms; C6,
2 125 uV, 0.6 ms; C7, 280 uV, 0.6 ms.
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able amplitude, may reflect excitatory postsynaptic current
in granule cell dendrites. Good stability was required to
record the NAW. The most frequently observed granular
layer waveshape was a potential that was characterized
mainly by a rapid negative phase (Fig. 1, C2 and (%),
which in most cases was preceded and/or followed by
smaller positive phases (Fig. 2, 4, B, and D). Potentials
with these configurations are referred to as triphasic. A pre-
dominantly positive waveshape (Fig. 3 42) is another cate-
gory of fast potential that was occasionally recorded from
the granular layer. This waveshape was more often re-
corded in subcortical white matter and in the inferior cere-
bellar peduncle and was attributed to myelinated fiber re-
cordings (cf. Kiang 1965; Mountcastle et al. 1969; Thach
1967; Walsh et al. 1974).

The slow units were recorded exclusively from the granu-
lar layer and had either a negative-positive (Fig. | D2)ora
positive-negative waveshape (Fig. 1, CI, (3, and C7). Fre-
quently, the positive-negative potentials showed pro-
nounced initial segment-Soma dendritic (IS-SD) breaks
(Fig. 1, CI, C3, and C7). These units were encountered
infrequently and, unlike Purkinje cells, were never re-

q 3 1 ms

FIG. 2. Identification of mossy fibers by asynaptic
J activation afier electrical stimulation of the inferior
cerebellar peduncle (A4 and B) or by spike-triggered

Y A 5 L 7 3
averaging of activity recorded from the inferior cere-
bellar peduncle (2). A trace just below threshold ( 5
. . wA) superimposed with a trace just above threshold.
A2: 5 superimposed traces illustrating a fixed conduc-
50 pv 1|?5 tion latency characteristic of an asynaptic delay. Ver-
.25 ms

tical lines: variation in conduction latency was <(.2
ms when the stimulus intensity was increased from
threshold (47) to supramaximal amplitude (A42). B:
this unit was able to follow stimulation at frequency
of 300 Hz with variation in conduction latency =0.2
ms. Triangle: stimulus onset. Dot: unit. D: activity
recorded from the inferior cerebellar peduncle (D/-
D3, top traces) was averaged over a 4.5-ms interval
preceding the occurrence of successive action poten-
tials recorded from single mossy fibers (D/-D3, bot-
tom traces). Peduncular activity associated with the
conducted action potentials of each of the units gave
rise to potentials in the averaged records (D/-D3, ® )
that preceded the action potentials by ~0.65 ms. The
photomicrograph (C) is a composite of 2 adjacent
sections through lobule Va and IV of intermediate
cerebellar cortex. Five lesions, indicated by arrows.
verified the location of successively recorded Purkinje
cell layers ( Ist, 2nd, and 4th lesions from the top ) and
transitions from white matter to granular layer (3rd
and 5th lesions). The units whose records are shown
in A, B, and D were recorded successively in the gran-
ular layer between the Ist and 2nd lesions. Vertical
calibration mark in D differs for the different traces:
D1, 8 uV (top), 160 uV (bottom), n = 5000; D2, 15
wV (top), 80 uV (bottom), n= 1157, D3, 6 uV (1op),
60 uV (bottom), n = 4122,

corded in groups. Discharge rates were low and regular:
interspike intervals were never <10 ms and usually >20 ms.

Table 1 4 shows the frequency of occurrence of the differ-
ent subcategories of fast and slow units. The locations of
recording sites in the anesthetized cats and monkeys were
confirmed to lie in the granular layer on the basis of detailed
reconstructions of electrode tracks from histological sec-
tions. Table 1.4 also lists granular layer potentials of awake
monkeys for which we were relatively confident of our histo-
logical reconstructions.

Two types of unitary events broke the relative silence of
the molecular layer. Near the Purkinje cell layer, we en-
countered positive-negative potentials of intermediate am-
plitude that alternated between periods of repetitive firing
at relatively high rates and periods of silence. These poten-
tials may be produced by basket and stellate cells. Climbing
fiber potentials were encountered throughout the molecu-
lar layer. Their characteristic complex waveshapes and low
(<1 imp/s) and irregularly maintained discharge permit-
ted recording sites in the molecular layer to be identified
with confidence. When climbing fiber discharge was ab-
sent, the molecular layer could be confused with the white
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FIG. 3. Examples of action potential waveshapes recorded in awake
monkeys. A: examples of fast potentials attributed to mossy fibers. A/:
biphasic potential with a negative afterwave. A2: predominantly positive
potential. 43: biphasic potential without a negative afterwave (NAW).
A4: triphasic potential. B: example of a slow negative-positive potential
attributed to a Golgi cell. C: simple (CI) and complex (C2) spikes re-
corded from a Purkinje cell.

matter, which is also relatively silent. In these cases, judg-
ment of recording site had to be linked to the identification
of adjacent layers. In general, this use of information about
adjacent layers proved valuable for confirming a tentative
identification of the layer on the basis of electrical activity.

When these various criteria were used in combination,
we found that we could identify sequential recording sites
with a high level of confidence, as verified by histological
reconstructions of electrode tracks.

IDENTIFICATION OF GRANULAR LAYER POTENTIALS. Given
that a recording site was in the granular layer, we then
sought to identify the specific type of neuronal element re-
sponsible for the unitary potential. In the turtle cerebellum,
most granular layer potentials derive from mossy fiber af-
ferents (Walsh et al. 1974). By stimulating and recording
from electrodes placed in the inferior cerebellar peduncle,
we obtained strong evidence that mossy fiber afferents also
produce triphasic, biphasic, and predominantly positive
potentials in monkeys and cats. Because many mossy fibers
enter the cerebellum through the inferior peduncle, we
sought to demonstrate cases in which no synapse inter-
vened between the peduncle and our unitary recording site
in the granular layer.

Electrical stimulation through different pairs of an array
electrode was used to test for asynaptic activation of granu-
lar layer units (see METHODS, Part I). On the basis of the
assumption that synaptic linkages give rise to variability in
transmission, the criteria used were: /) variation in latency
of <0.2 ms when the stimulus was increased from threshold
to above maximal intensity and 2) an ability to follow high-
frequency stimulation ( 100-300 Hz) with variation in la-
tency <0.2 ms. Figure 2, 4 and B shows an example of a
triphasic unit that passed these tests, and Table 1 B summa-
rizes our data on 94 granular layer units. Nearly half of the
fast units were asynaptically activated, indicating that they

represented mossy fiber afferents, whereas none were syn-
aptically activated. In contrast, none of the slow units were
asynaptically activated, and two were synaptically acti-
vated, which is consistent with their identification as Golgi
cells.

These results were remarkably clear, considering that a
large fraction of units proved to be not testable. One techni-
cal problem is that electrical stimulation of the peduncle

TABLE 1. Granular layer potentials

A. Action Potential Waveshape

Anesthetized Anesthetized Awake

Unit  Waveshape Cat Monkey Monkey All Cases
Fast Biphasic with 18 9 15 42
NAW
Biphasic 6 9 2 17
Triphasic 21 22 33 76
Predominantly 7 5 8 20
positive
Subtotal 52 45 58 155
Slow Negative- 4 6 8 18
positive
Positive- 7 1 4 12
negative
Subtotal 11 7 12 30
Total 63 52 70 185
B. Electrical Activation
Unit Asynaptic Synaptic Untestable All cases
Fast 37 0 39 76
Slow 0 2 16 18
Total 37 2 55 94
C. Somatosensory Responsiveness
Unit Modality Cat  Monkey AllCases  Percentage
Fast Joint rotation 16 27 43 37
Light cutaneous 12 7 19 16
Squeeze 19 9 28 24
Unresponsive 16 10 26 22
Total 63 53 116 100
Slow  Squeeze 2 1 3 17
Unresponsive 9 6 15 83
Total 11 7 18 100

A: all units were localized in the granular layer of intermediate cerebellar
cortex as verified by histological reconstructions. Fast units from awake
monkeys localized in deep cerebellar white matter or with unverified re-
cording sites or waveshapes are not included (n = 22). NAW, negative
afterwave. B: all units were recorded in the granular layer of the interme-
diate cerebellar cortex of anesthetized animals as verified by histological
reconstructions. Thirty asynaptic units were recorded in cats and 7 in
monkeys. Waveshapes of asynaptic units were triphasic (18), biphasic with
a NAW (10), biphasic without a NAW (4), and predominantly positive (5).
The two synaptically activated slow units were recorded in cats and had
negative-positive waveshapes. C: all units were recorded in the granular
layer of intermediate cerebellar cortex of anesthetized animals as verified
by histological reconstruction. The 90 fast units that responded to somato-
sensory stimulation had receptive fields in the forelimb (68), hindlimb (4),
or face (13). The three responsive slow units had forelimb receptive fields.
The response to joint rotation was dependent on rotation-induced muscle
stretch. No evidence for input from joint receptors was obtained. Among
the 37 fast units that were asynaptically activated from the inferior pedun-
cle, 11 responded to rotation of joints, 6 to cutaneous stimuli, and 14 to

squeezing muscles; the remaining 6 were unresponsive to peripheral stimu-
lation.
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often evoked large granular layer field potentials that ob-
scured unitary responses. If the field potential was small at a
stimulus intensity sufficient to evoke a unitary response,
the unit could be distinguished superimposed on the field
potential, as is the case for the example in Fig. 1C6. How-
ever, if the field potential (or the stimulus artifact) was
large, it could obscure the unitary response, making it more
difficult to identify mossy fibers with higher conduction
velocities and higher thresholds of activation. As a conse-
quence, a successful test required that the peduncle elec-
trode be placed relatively close to those particular fibers
that innervated the recording site in the granular layer. A
second limitation is that many mossy fibers enter the cere-
bellum through the superior and middle cerebellar pedun-
cles, and therefore would have remained unidentified by
our procedures.

In some cases, spike-triggered backward averaging was
used to test for asynaptic linkage. The discriminated action
potentials of cerebellar cortical units were used to trigger
the averaging of delayed peduncular activity (see METHODS,
Part I'). A unit was considered to be asynaptic if a short-
duration peduncular potential preceded the unitary event
at a latency consistent with direct conduction from the pe-
duncle. Figure 2D shows three triphasic potentials that
passed this test. The averaging procedure was successful in
only nine cases, presumably because it depended on a favor-
able placement of the peduncular electrode. Four of the
nine fast units identified as mossy fibers by this method
were also shown to be asynaptic by peduncular stimulation.

SOMATOSENSORY RESPONSIVENESS OF GRANULAR LAYER
UNITS. Table 1C summarizes our data on 134 granular
layer units that were tested for somatosensory responses by
rotation-induced muscle stretch, gentle taps on the under-
lying muscle bellies, light pressure on the skin, bending
hairs, and squeezing the appropriate body part. Ninety
(78%) of the 116 fast units showed prominent tonic re-
sponses that were maintained for the duration of the stimu-
lus. Typically, these units also showed brisk phasic re-
sponses that accompanied joint rotation or occurred at the
onset and/or offset of a tap or squeeze. Receptive fields
were often small and had sharply defined borders. Forty-
three (37%) fast units showed relations between tonic dis-
charge and joint angle similar to those in the awake mon-
keys (see RESULTS, Part IT). In contrast, 15 (83%) of 18
slow units were not influenced by peripheral somatosen-
sory stimuli. Responsive slow units required higher inten-
sity stimuli than fast units, and their responses were slug-
gish and not tonically maintained.

Part II: movement-related discharge of mossy fibers
and Golgi cells in awake monkeys

A total of 80 mossy fibers and 12 Golgi cells from three
monkeys were studied during forelimb reaching move-
ments, during operation of a number of tracking devices,
and during passive movements and perturbations. Two of
the three monkeys were also used to study movement-re-
lated discharge of interpositus neurons, reported in the pre-
ceding paper (Van Kan et al. 1993).

ACTION POTENTIAL WAVESHAPES AND RECORDING SITES. A
total of 80 units were attributed to mossy fibers. Their wave-

shapes (Table 14) were of brief duration (<0.5 ms), fast
rise time (<0.1 ms), and relatively small amplitude (<0.5
mV). Most common were triphasic potentials (Fig. 344;
57%), biphasic potentials with (Fig. 341; 26%) or without
aNAW (Fig. 343; 3%), and predominantly positive poten-
tials (Fig. 342; 14%). As in our acute studies (see RESULTS,

P8.0

P12.0

FIG. 4. Recording sites in awake monkeys of mossy fibers and Golgi
cells. Recording sites of the 80 forelimb mossy fibers are located in inter-
mediate cerebellar cortex and are indicated with filled circles on a dorsal
view of the cerebellar surface (A4, monkey BO), or on evenly spaced trans-
verse sections through the cerebellum (B, monkeys MAX and OSC). Stars:
recording sites of the 12 Golgi cells. Triangles and diamonds: sites where
hindlimb- and face-related mossy fibers, respectively, were recorded. Hori-
zontal lines in the /eff margin of 4: approximate levels of the transverse
sections shown in B. FP, primary fissure; ML, midline; IV, V, and VI,
cerebellar cortical lobules.
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Part I), triphasic, biphasic, and glomerular potentials were
the most frequently encountered unitary events in the gran-
ular layer; predominantly positive potentials were recorded
mostly in subcortical white matter. Longer-duration poten-
tials that met the criteria for Golgi cells were encountered
more rarely. Of the 12 Golgi neurons studied, 8 had nega-
tive-positive waveshapes (Fig. 3 B) and 4 had positive-nega-
tive waveshapes. For comparison, Fig. 3, CI and C2, shows
waveforms of a simple and complex spike of a Purkinje cell,
respectively.

In one monkey (MAX), we focused on the cerebellar
nuclei [results reported in the preceding paper ( Van Kan et
al. 1993)] and obtained a few pilot recordings from mossy
fibers as the microelectrode passed through intermediate
cerebellar cortex and white matter. In a second monkey
(0SC), we frequently studied units in intermediate cortex
before proceeding to the cerebellar nuclei. Figure 4 B shows
the combined recording sites of 21 mossy fibers in the gran-
ular layer and white matter and one Golgi cell for monkeys
OSC and MAX. In a third animal (BO), we focused on
mossy fibers (59) and Golgi cells (11). The positions of the
recording tracks in this animal are indicated in Fig. 44 on a
dorsal view of the cerebellum; actual recording sites were
reconstructed from parasagittal sections. Recording sites
were either in the granular layer or in the white matter of
intermediate cerebellar cortex, and these units were classi-
fied as mossy fibers or Golgi cells using the criteria de-
scribed in RESULTS, Part I. Most white matter recordings
were made in the subcortical white matter of intermediate
cerebellar folia; nine mossy fibers were recorded deep in the
cerebellar white matter (Fig. 4 B) and may have terminated
in regions other than intermediate cerebellar cortex.

DISCHARGE OF MOSSY FIBERS DURING MOVEMENT. Eighty
forelimb mossy fibers were isolated while the monkeys
reached for raisins held at different locations in space and
were subsequently tested during tracking. Peak firing rates
of 10 units were compared during both reaching and track-

HOLD

FIG. 5. Discharge pattern of a triphasic po-
tential during operation of the shoulder device.
The 3 traces represent a continuous interval of
~ 13 seconds, during which the animal moved
between the 3 fixed limb positions of the track-
ing task. The maintained tonic rate during the
steady limb holding phase was correlated to
limb position, and the movement-related burst
of activity was correlated to velocity of flexion.
During extension, discharge was decreased. The
unit (MAX 37-1) was classified as a phasic-tonic
mossy fiber. The mean firing rate during move-
ment and limb holding phases is indicated be-
low the traces.

ing, and the rates for the two tasks were approximately
equal (182 + 66 imp/s during reaching as compared with
190 + 72 imp/s during tracking).

The tracking task required the monkeys to maintain a
cursor in a target zone that pseudorandomly shifted to one
of three angular positions on a CRT monitor. The corre-
sponding limb positions required 30-40° of joint flexion or
extension relative to a middle position. Static periods of
maintained limb holding separated dynamic periods of ac-
tive movement between positions. Figure 5 shows unitary
discharge during several successive tracking trials on the
shoulder device. Steady limb holding postures were asso-
ciated with maintained tonic discharge at rates that in-
creased with more flexed joint angles. Movement about the
shoulder joint elicited a brisk phasic modulation: flexion
resulted in an increase in firing and extension in a decrease.
All task-related units modulated in relation to the tracking
movements; none were specifically related to the tracking
display or to the delivery of reward.

Device specificity. Mossy fiber discharge showed a strong
device specificity. Devices that evoked the strongest dis-
charge were the shoulder (18), elbow (36), supinator/
pronator (2), wrist (10), twister (1), and finger (13) de-
vices. Figure 6 shows computer records from the same unit
as is illustrated in Fig. 5 during tracking on all six devices.
The strongest modulation in discharge occurred during
operation of the shoulder device (4 and B), and a more
modest modulation was observed during operation of the
elbow device (C and D). The unit was not related to move-
ments on the supination/pronation (E), wrist (F), twister
(G), and finger devices (H).

Table 2 summarizes the movement-related discharge of
31 units that were tested on two or more devices. Units are
arranged according to preferred device, from proximal
(shoulder, elbow, supinator/pronator) to distal (wrist,
twister, finger). Mossy fibers were related to movements
involving either proximal or distal joints: units whose pre-
ferred device was proximal revealed little or no modulation
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FIG. 6. Device specificity of mossy fibers. Discharge of the same unit
during operation of 6 devices. This unit discharged strongest during opera-
tion of the shoulder device (A4 and B) and discharged to a lesser degree on
the elbow device (C and D). The supination/pronation (E), wrist (F),
twister (G), and finger device (H) were virtually ineffective in producing
modulations in discharge. A-D: records of angular position (overplotted)
and mean firing rate during flexion (4 and C) and extension movements
(B and D). In this and the following figures, records of angular position
and spike frequency are from the trials displayed in the rasters, aligned on
movement onset. Successive rows in the rasters represent individual trials
illustrating repeatability of successive trials. For clarity, only every 3rd
spike is plotted. E-H: average frequency records and rasters in the pre-
ferred direction only. The modulation in discharge during shoulder flexion
followed movement onset by on average 104 + 74 (SD) ms. flx, flexion;
ext, extension; sup, supination; Sh, shoulder; El, elbow; Sp, supinator/
pronator; Tw, twister; Fi, finger.

during operation of distal devices and vice versa. Most
shoulder and elbow units modulated discharge on both de-
vices, although modulation to one of the devices was clearly
stronger. Finger units often modulated on the twister, and
some modulated on the wrist device.

Discharge patterns. Mossy fibers were characterized by a
great diversity of movement-related discharge patterns that
ranged from purely tonic (Fig. 7, 4 and B) to purely phasic
(Fig. 7, G and H ), with various combinations of tonic and
phasic discharge in between (Fig. 7, C-F). Although it
seems convenient to classify units as tonic (n = 14, 18% of
80 units), phasic-tonic (n = 50, 63%), or phasic (n = 16,
20%), it should be emphasized that the discharge pattern of
each unit was to some extent unique. The tonic discharge
component of tonic and phasic-tonic units was significantly
(P < 0.01) correlated to angular device position (see be-
low). Discharge patterns of most units were reciprocal (n =
30, 45% of 66 units) or bidirectional (n = 28, 42%); eight

vaN KAN, GIBSON, AND HOUK

(12%) units were unidirectional. A few units, included in
the bidirectional category, increased discharge for move-
ments in both directions but had different timing relations.

Figure 8 illustrates records collected from one unit dur-
ing the six dynamic and the three static phases of the track-
ing task. Both the animal’s behavior and the unit’s phasic
and tonic discharge were highly consistent from trial to
trial, as is evident from the overplotted records of angular
position and from the spike rasters for the individual trials.
Records are aligned on movement onset. Discharge modu-
lation to movements in opposite directions showed a strong
reciprocity: elbow flexion was associated with an increase
and a subsequent decrease in discharge, whereas the reverse
was true for extension.

Tonic discharge. The most prominent feature of mossy
fibers was tonic discharge dependent on joint angle. Sixty-
four (80%) of 80 mossy fibers had discharge related to the
angle of specific forelimb joints. Discharge was generally
maintained for as long as the joint was held at a given posi-
tion. When measurements of discharge taken immediately
after a movement were compared with measurements
taken ~4 s later (during the preperiod of the next trial),
only 2 of 12 units revealed significant (P < 0.01) differ-
ences, and the differences were small (Fig. 12, 4 and C).
Tonic discharge did not depend on the direction or velocity

TABLE 2. Movement specificity of mossy fibers

Unit Shoulder Elbow Sup/Pro  Wrist Twister Finger
0SC61-1 (+4) + +/0 0
OSC 80-1 (++) + +/0 +/0
0OSC 81-4 (++) + +/0
0SC 83-4 (++) + + +/0 +/0
0SC 92-1 (++) + + 0 +/0
MAX 32-1 (++) + 0 0 0
MAX 37-1 (++) + 0 0 0 0
BO 47-1 (++) 0
BO 47-2 (++) 0 0
OSC 71-1 + (++) 0 0
0SC 78-2 + (++)

OSC 83-5 + (++)

0SC 96-2 + (++) 0 0
OSC 96-5 + (++) 0

BO 6-3 0 (++) 0

BO 21-1 + (++)

BO 23-2 (++) 0 0
BO 26-3 +/0 (++) +/0 0

BO 44-7 +/0 (++)

BO 52-9 0 (++)

BO 57-10 + (++)

BO 36-2 +/0 (++)

BO 10-4 +/0 (++)

BO 23-1 0 0 0 ++) + +
BO 53-5 +/0 (++) 0

BO 27-2 0 + (+4)
BO 27-4 0 + (++)
BO 36-4 0 + + (++)
BO 41-1 0 0 0 + + (++)
BO 50-2 + (++)
BO 65-10 0 0 (++)

Modulation in discharge of 31 units during tracking on two or more
devices. Units are arranged according to preferred device from proximal
(top) to distal (bottom). Sup/Pro, supination/pronation; ++, strong modu-
lation; +, clear modulation; +/0, weak or no modulation; 0, no modula-
tion; no entry, not tested. Parentheses indicate device associated with stron-
gest modulation.
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FIG. 7. Discharge patterns and timing relations of 4 mossy fibers dur-
ing flexion (4, C, E, and G) and extension (B, D, F, and H) on the
indicated devices. Units OSC 87-1 (A4 and B) and BO 19-5 (C and D) were
classified as tonic, BO 23-1 (E and F) as phasic-tonic, and BO 65-11 (G
and H) as phasic. Mean lead or lag times: 4, —28 + 31; C, 80 + 192 ms; E,
88 + 20 ms; H, —19 + 36 ms. Every 2nd spike is plotted in rasters for OSC
87-1 (4 and B). For the other units, every 3rd spike is plotted.

of the movement that preceded or followed the holding po-
sition. Transitions between phasic and tonic components
were usually sharp and coincided with movement termina-
tion.

The correlation between the tonic discharge and joint
angle was estimated from scatter plots of rate versus angular
position of the preferred device (Fig. 9). Sixty-four (80%)
of 80 units showed significant (P < 0.01) correlations (r =
0.65 £ 0.19). The slopes of the regression lines averaged
0.67 = 0.55 imp-s~!-deg™!. Although rate/position rela-
tions for most units were well described by a linear regres-
sion, the data do not allow for a description of the precise
function of the relation because most units were tested at
only three positions. Rate/position relations for 8 of 10
units that were tested at five positions were well fitted by a
straight line (correlations for the other 2 were not signifi-
cant). A few units had clear nonlinear relations and modu-
lated over a restricted range of positions (Fig. 9D). More
units (42) increased discharge for more flexed than more
extended (21) joint angles (1 unit for more supinated limb
postures), but it is not clear whether this represents a real
difference or a sampling bias.

Phasic discharge. Movement-related phasic discharge
varied widely in time course, amplitude, and time of onset

relative to movement onset. Phasic discharge of most units
(n =62, 94%) consisted of a single increase or decrease in
discharge; four units had more complex discharge patterns
that included biphasic or triphasic modulations. The am-
plitude of the phasic component was, for most units, larger
than that of the tonic component, resulting in an overshoot
that gradually decreased to the tonic level appropriate for
the newly obtained limb position. The largest phasic compo-
nents of phasic-tonic units were ~3 times as large as the
tonic components. The phasic component of most units
resembled the bell-shaped profile of movement velocity
(Figs. 64, 7E, TH, and 12A4), but phasic components of
others (e.g., Fig. 12 E') may also have been related to acceler-
ation or the change in force.

Figure 10, A-D shows, for four units, scatter plots of dis-
charge rate versus movement velocity. Twenty-five (31%)
units showed significant (P < 0.01) rate/ velocity relations
on the shoulder (9), elbow (12), wrist (1), twister (1), and
finger devices (2). The correlation coefficient averaged r =
0.62 + 0.16, and the average slope of the regression lines
was 0.28 + 0.18 imp/s per deg/s. Correlations for flexion
and extension movements were of comparable strength.
More units ( 19) showed correlations for flexion than exten-
sion (6) but, again, it is not clear whether the flexion bias
represents a real difference or is due to uneven sampling.
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FIG. 8. Discharge of a phasic-tonic mossy fiber during elbow flexion
(A4, C, and F) and extension (B, D, and F). Flexion was associated with a
triphasic modulation in discharge that was reciprocally related to that dur-
ing extension. The discharge during flexion preceded movement onset by
92 + 29 ms. Every 3rd spike is plotted in the rasters.
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FIG. 9. Tonic discharge as a function of angular position of the preferred device for 15 mossy fibers. Relations for
different units are plotted in 4 panels to minimize overlap between data points. Tonic discharge rates and angular device
position were averaged over 400-ms intervals of steady limb holding. Each data point represents the average of 8-53 rate
measurements. Error bars: 1 SDM. More flexed limb positions are plotted on the right. Correlations for the illustrated
relations were statistically significant (P < 0.01), and the linear correlation coefficients ranged from 0.95 (4, MAX 37-1; B,

BO 53-4) 10 0.61 (C, BO 50-2).

The animal’s limb, moving at a certain velocity, is also
moving through a trajectory of an infinite number of posi-
tions. Given that units may carry both position and velocity
signals, an accurate measure of the velocity component
would require that the position component at a certain po-
sition be subtracted from the discharge rate as the limb
passes through that position at different velocities. Figure
10 E shows, for one unit, rate/velocity curves at different
positions. Data pairs of discharge rate and movement veloc-
ity were taken at five joint angles equally spaced between
the most extended and most flexed positions of the tracking
task (see METHODS, Part I1'). Data pairs (Fig. 10 E, crosses)
obtained at two joint angles between the middle and most
extended positions were pooled and subjected to regression
analysis. The same was done for data pairs (Fig. 10E, dia-
monds) at two joint angles between the middle and most
flexed positions of the tracking task. If the phasic and tonic
components were independent features of the neuronal dis-
charge pattern, the regression lines would be parallel to each
other and the offset between them would reflect the differ-
ence in tonic firing at the different joint angles. This was
found to be the case for 6 units tested; for the remaining 19,
the number of data pairs was insufficient to establish addi-
tivity of phasic and tonic components.

The duration of the movement-related phasic compo-
nent of all of 11 mossy fibers tested was significantly corre-
lated (P < 0.01) with movement duration. The correlation
coefficients averaged r = 0.80 = 0.09. The slopes of these
relations were for most units close to unity, with an average
value of 0.94 + 0.26 and an average offset of 6 + 93 ms,
indicating that on average, the duration of the phasic com-
ponent was approximately equal to the duration of the
movement.

Timing of discharge and movement. There was consider-
able variability in the onset time of discharge modulation
relative to the time of movement onset, both for successive
trials of individual units and between units. Mean lead or
lag times were calculated for each unit by averaging the
difference of movement and discharge onset times for a
number of similar movements on the preferred device in
the direction that elicited the largest discharge modulation.
Figure 11 shows that the distribution of the mean lead or lag
time of the 80 units was symmetrical around zero (—8 + 79
ms). Lead times for 21 (26% ) units were statistically signifi-
cant (P < 0.05) and averaged 80 + 47 ms. Lag times were
significant for 24 (30%) units and averaged —101 + 47 ms.

Significant cases are represented by the shaded areas of the
histogram.
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FIG. 10. Correlation between discharge and movement velocity. A-D:
phasic discharge of 4 mossy fibers as a function of movement velocity.
Each data point represents a pair of measurements obtained from an indi-
vidual trial. Regression lines were calculated for movements in the on-di-
rection only (positive movement velocities). Triangles (at 0 velocity):
rates of tonic discharge for 3 limb holding positions. Correlations for the
relations illustrated were statistically significant (P < 0.01), and the r val-
ues were 0.83 (A4), 0.90 (B), 0.74 (C), and 0.70 (D). E: rate-velocity
relations as a function of angular device position. The data illustrated were
obtained from a single mossy fiber during operation of the shoulder device,
and are a subset of those shown in 4. Measurements obtained at the 2
positions between the most flexed and middle positions (see text) were
pooled and are plotted as diamonds; measurements obtained between the
middle and most extended positions were pooled and are plotted as
crosses. Regression lines calculated for the 2 populations of data points are
nearly parallel and are offset by approximately half the difference in tonic
firing rates at the most flexed and most extended joint angles, indicating
that tonic and phasic discharge components are relatively independent.
Triangles on the y-axis: tonic firing rates at 3 limb holding positions. Lin-
ear correlation coefficients: 0.80 (diamonds) and 0.83 (crosses), both sta-
tistically significant (P < 0.01).

MOSSY FIBER DISCHARGE RELATED TO PASSIVE MOVEMENT.
Sensory responsiveness was evaluated for 29 of 80 move-
ment-related mossy fibers. Sixteen units were studied by
manually moving joints through their normal ranges of
motion, and 24 units were studied by perturbing device
position during limb holding phases of the tracking task
(see METHODS, Part I11).

Responses to manipulation of joints. All of 16 units tested
revealed modulations in phasic and tonic discharge that
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FIG. 11. Distribution of mean lead and lag times for 80 mossy fibers.

Measurements of the difference between movement and discharge onset
times were averaged for 3-14 movements on the preferred device in the
direction that was associated with the largest discharge. Units with statisti-
cally significant (P < 0.05) lead and lag times are shaded.

were related to movement and holding positions of the el-
bow (5), wrist (5), or metacarpophalangeal joints (6). For
a given unit, discharge modulation to active and passive
movements involved the same joint. Units that responded
to passive manipulation of joints usually responded to stim-
uli such as low pressure or gentle taps on the appropriate
muscle bellies, thereby suggesting that they received input
from muscle receptors. Receptive fields of some units were
contained within individual muscles, such as biceps or tri-
ceps; receptive fields of others appeared to consist of groups
of synergistic muscles.

The modulations in discharge of 12 (75%) of 16 units to
active and passive movement in a given direction were of
the same polarity, and they were of comparable amplitude.
In one case, we found that a unit related to elbow move-
ment responded to palpation of triceps, suggesting that the
increase in discharge during active and passive flexion of
the elbow was due to passive stretch of triceps muscle recep-
tors. However, in another case, a unit that increased dis-
charge during active and passive elbow flexion responded
to palpation of biceps. Four (25%) units showed modula-
tions in discharge that were of opposite polarity for compa-
rable active and passive movements.

Although we did not routinely search for mossy fibers
with cutaneous receptive fields, in two cases, cutaneous
units were encountered and then tested for movement rela-
tions. One unit had a receptive field that was restricted to
the dorsal surface of the thumb and responded phasically to
touch and gentle taps. Operation of the finger device elic-
ited phasic modulations that averaged ~50 imp/s for
movements in either direction; however, inspection of indi-
vidual trials revealed that bursts of discharge were produced
by device contact. The other unit responded phasically to
bending hairs of the ventral surface of the forearm and was
only occasionally modulated during tracking or reaching
movements.

Responses to perturbations. Twenty-four units were
tested by perturbations of the angular position of the
shoulder (5), elbow (10), wrist (3), and finger (6) devices.
Twenty (83%) of these responded to perturbations. Re-
sponse latency averaged 41 + 27 ms. Seventeen (85%) of
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FIG. 12. Sensory responsiveness of mossy fibers. 4-D: discharge of a
single mossy fiber during active elbow extension (4) and flexion (C) is
compared with discharge during perturbations in the extension (B) and
flexion (D) directions. Perturbation responses during passive movement
in a given direction were of the same polarity and were of similar ampli-
tude as the modulations in discharge during active movement. Perturba-
tions were produced by a torque motor mounted on the device arm, and
perturbation onset corresponds to time 0. Top records: device position,
overplotted for the trials included in the rasters. The changes in device
position subsequent to the perturbations are due to active movement.
Every 3rd spike is plotted in the rasters. E-H: discharge of a single mossy
fiber during active finger extension ( E) and flexion (G) is compared with
discharge during perturbations in the extension (F) and flexion ( H) direc-
tions. Perturbations were produced manually by the experimenter. For a
given direction of movement, the perturbation responses and the modula-
tions in discharge during active movements were of opposite polarity. The
modulation in discharge. Modulation in discharge was bidirectional for
operation of all 6 devices. In the rasters of this figure and Figs. 14 and 15,
every spike is plotted.

the 20 responsive units responded to comparable active and
passive movements with modulations in discharge that
were of the same polarity; 3 showed modulations of oppo-
site polarity.

Perturbation responses of 12 (60% ) of 20 units were recip-
rocal: perturbations in one direction evoked an increase in
discharge, and perturbations in the opposite direction
evoked a decrease. Five (25%) units increased firing to per-
turbations in either direction, and three (15%) increased
discharge to perturbations in only one direction with no
response in the other. Figure 12 compares, for two units,
discharge during active movements with perturbation re-
sponses. The unit illustrated in A-D discharged reciprocally
to active movements and to perturbations about the elbow.

VAN KAN, GIBSON, AND HOUK
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FIG. 13. Discharge of a Golgi cell during operation of 6 forelimb de-
vices. The direction of movement shown was associated with the largest
modulation in discharge. Modulation in discharge was bidirectional for
operation of all 6 devices. In the rasters of this figure and figs. 14 and 15,
every spike is plotted.

The modulations in discharge associated with perturba-
tions (B and D) and active movements (4 and C) in a given
direction were of the same polarity and were of comparable
magnitude. The unit illustrated in £-H showed a large in-
crease in discharge with active extension of the metacarpo-
phalangeal joints (E), but the perturbation response con-
sisted of a small decrease in discharge (F). Active flexion
(G) elicited little or no modulation, whereas perturbations
resulted in a modest increase in discharge (H ).

DISCHARGE OF GOLGI CELLS. We studied 12 Golgi cells re-
lated to forelimb movements. Their movement relations
were qualitatively different from those of mossy fibers in

TABLE 3. Movement specificity of Golgi cells

Unit Shoulder Elbow Sup/Pro  Wrist Twister Finger
BO 53-1 (++) + 0
BO 49-6 (++) + ++
MAX 13-5 ++ (++) 0 0
BO 24-1 + (++) ++
BO 22-1 ++ (++)
BO 46-1 ++ ++ + + + (++)
BO 47-4 0 + (++)
BO 63-17 + + (++)

Modulation in discharge of 8 cells during tracking on two or more de-
vices. Sup/Pro, supination/pronation; ++, strong modulation; +, clear
modulation; +/0, weak or no modulation; 0, no modulation; no entry, not
tested. Parentheses indicate device associated with strongest modulation.

2102 ‘8T Arenuer uo Blo ABojoisAyd-ul woly papeojumoq



http://jn.physiology.org/

MOVEMENT RELATIONS OF MOSSY FIBERS AND GOLGI CELLS 87

Flexion Extension
50] ':
w A —=——— B T
80 BO 22 J
1 |
85 | Finger
imp/s W” M\WM\J
ol luM i | Lol st Lt
il AR CEEE TR MR \HHHH
| HHIIII ERR RN T I YR A SO RN NN
I T AL LA TS b o)
I " ulvlllll II:IIII"IH\I-IIIII\"llII\‘\H;””I‘ \I!H\ }II\‘ " HI’\IH }‘1 ‘I | 1
LRI IR \I‘IllmlﬂlHIHH [N S A L R R ‘Illll“III‘IIIIIIH'll‘\l\'«l‘li""ﬁ\lllv‘lll‘lllululll ;V‘H‘H‘HH‘VHI\‘U‘IV\ 1’
f Aan T al r T T —

'
i
|
(R

" i " X
||\H|Im||n|v\\ Hl\\\‘uwu
d Rt R R | '

i
(R ARTITR ER
r T T ana! f T T 1

RRERENRRAY iy

i
RN TENEN! .mmumu Pt

0 1 0 1
Time (s)

FIG. 14. Bidirectional discharge patterns and timing relations of 3
Golgi cells during flexion (4, C, and E) and extension (B, D, and F)
movements on the indicated devices. Mean lead or lag times: 4, 81 + 36
ms; B,61 £43ms;C,51 £26ms; D, 78 + 20 ms; E, —21 22 ms; F, 5 +
37 ms.

several respects: they did not show a tonic discharge that
was dependent on joint angle, they lacked device specific-
ity, and their average maintained discharge in the absence
of movement was uniformly low (10 + 4 imp/s) and regu-
lar. Golgi cells often discharged equally well during opera-
tion of more than one device (Fig. 13). Table 3 compares
the movement-related discharge of eight cells during track-
ing on two or more devices. Cells are arranged according to
preferred device, from proximal at the top of the table to
distal at the bottom. Discharge of four of six cells tested on
at least one proximal (shoulder, elbow, supinator/prona-
tor) and one distal (wrist, twister, finger ) device was modu-
lated to both. Eight Golgi cells were bidirectional and four
unidirectional. Figure 14 shows discharge patterns of three
bidirectional units. Four cells had significant mean lead
times (72 + 15 ms) and none had significant mean lag
times.

All of five Golgi cells tested responded phasically to ma-
nipulation of joints and to mechanical disturbances of de-
vice position (Fig. 15). Unitary discharge involved the
same joints during active and passive movements, and in all
cases, responses to passive movement and perturbations in
a given movement direction were of the same polarity and
amplitude as the modulation in discharge during active
movement (i.e., responses to passive movement and per-
turbations were also bidirectional ). The prominent respon-

siveness to passive movement in awake animals contrasted
with its relative absence in anesthetized animals.

DISCUSSION

The results from two series of experiments are reported in
this paper. The first series establishes criteria for identifying
mossy fiber potentials; these criteria are then applied in a
second series of experiments to study movement-related
inputs to the intermediate cerebellar cortex of awake mon-
keys. Our findings indicate that mossy fibers transmit posi-
tion and velocity information about specific joints and sug-
gest that this information may derive from both sensory
and efference copy signals. Golgi cells transmit relatively
nonspecific movement-related information.

We begin with a brief discussion of the criteria for identi-
fying units, which is then followed by a consideration of the
possible origins of movement sensitivity in mossy fibers.
Then we contrast the input properties reported in this paper
with the output properties that were described in the pre-
vious paper (Van Kan et al. 1993). This comparison pro-
vides a basis for discussing information processing steps
that are likely to occur within the intermediate cerebellum.

Active movement Ferturbation
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FIG. 15. Sensory responsiveness of Golgi cells. 4-D and E-F: dis-
charge of 2 cells during active shoulder flexion (4 and E') and extension (C
and G) is compared with discharge to perturbations in the flexion (B and
F) and extension (D and /1) directions. Perturbation responses for move-
ments in a given direction were of the same polarity as the modulations
during active movement. Perturbation responses of the cell shown in A-D
were of similar amplitude as the modulations in discharge during active
movement, and perturbation responses were larger for the cell shown in
E-H.
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Criteria for identification of granular layer neurons

The control studies in anesthetized cats and monkeys
support the use of a two-step procedure for identifying
granular layer potentials. The first step, an identification of
the layer of the cerebellar cortex, utilizes a variety of criteria
in addition to the usual reliance on complex spikes pro-
duced by climbing fiber inputs to Purkinje cells. Three ad-
ditional criteria were found especially useful: /) a variety of
waveshapes other than complex spikes, 2) the degree of
background activity, and 3) constraints on the sequence of
successively recorded layers imposed by the uniformity of
the cerebellar cortex. Histological reconstruction of elec-
trode tracks and marking lesions confirmed the validity of
these criteria.

Once the granular layer is identified, the type of neuronal
element responsible for a given potential can be determined
by the waveshape of its unitary potential. Granular layer
elements that might give rise to unitary potentials include
granule cells, mossy fiber terminals, three categories of my-
elinated fibers (mossy and climbing fibers and Purkinje cell
axons), and Golgi cells. Although granule cells are the most
common anatomic elements of the granular layer, isolated
granule cell potentials could not be demonstrated in earlier
studies of the turtle cerebellum (Walsh et al. 1974). The
currents generated by the small (0.2 um) initial segments
may be too small to generate isolated unitary potentials that
can be recorded with tungsten microelectrodes. However, it
would not be surprising for mossy fiber terminals to be re-
corded reliably because they are both numerous and of sub-
stantial size (Krieger et al. 1985; Mugnaini et al. 1974).

Asynaptic activation from the peduncle identifies a unit
as either a mossy or climbing fiber, because Purkinje axons
from intermediate cerebellar cortex do not pass beyond the
cerebellar nuclei (Brodal 1981) [also, no asynaptic unit
showed a pause in discharge resembling a Purkinje cell’s
pause in simple spikes after a complex spike (Thach
1968)]. Differentiation between mossy and climbing fibers
is readily made on the basis of the unit’s discharge pattern,
because climbing fibers only fire at low rates (Thach 1968).
Asynaptic activation verified that cat and monkey mossy
fibers, like those of turtles (Walsh et al. 1974), produce four
distinct waveshapes of extracellular potential: 1) a triphasic
potential, 2) a biphasic potential, 3) a biphasic potential
followed by a NAW (also called a glomerular potential),
and 4) a predominantly positive potential. The observed
variety in waveshape has been attributed to recording from
different sites along the mossy fiber (Walsh et al. 1974),
and compatible descriptions of mossy fiber potentials have
been reported by others (Bourbonnais et al. 1986; Kase et
al. 1980; Lisberger and Fuchs 1978; Miles et al. 1580; Tay-
lor et al. 1987). Comparing sensory response properties of
units in anesthetized and awake animals provides addi-
tional support for the identification of mossy fibers in
awake animals, because many identified mossy fibers in the
anesthetized preparations showed tonic discharge depen-
dent on joint angle, as was found in the awake animals.

The identification of Golgi cells is based on multiple crite-
ria. The extracellular potentials that we attributed to Golgi
cells were encountered much less frequently than mossy
fibers and never occurred in groups, which is consistent

with their sparse distribution in the granular layer. They
were never activated asynaptically from the peduncle, and
their broad negative-positive or positive-negative wave-
shapes and greater tuning distances contrasted with the
brief potentials and short tuning distances of mossy fibers.
Moreover, their low and regular firing rates differed from
the higher and more irregular mossy fiber discharge. These
criteria are similar to those used by others (Edgley and Li-
dierth 1987; Marple-Horvat and Stein 1987; Miles et al.
1980; Schulman and Bloom 1981; Walsh et al. 1974), and
they do not rule out the possibility that some neurons may
have been intermediate Lugaro cells or other medium-to-
large neurons in the granular layer, although these are
much less common than Golgi cells (Fox 1959).

Movement-related mossy fibers

Four fifths of the movement-related units discharged
tonically at rates that were correlated with limb position,
and phasic components were superimposed on most of
these. The remaining units were entirely phasic. In this sec-
tion, we first consider evidence that phasic and tonic dis-
charge components may derive from a combination of sen-
sory and efference copy origins, and then we review the
pathways via which these signals may reach the cerebellar
cortex.

MOSSY FIBER PROPERTIES. Sensory responses were demon-
strated in 26 (90%) of 29 units tested. Responses to joint
rotation typically showed both phasic and tonic compo-
nents. Perturbations of device position during periods of
limb holding produced prominent phasic responses that in
some cases equaled the phasic discharge component during
active movement. Sensory responses could have their ori-
gins in muscle, joint, or skin receptors. However, among
the units that were consistently related to tracking move-
ments, none responded to low-threshold cutaneous stimula-
tion. Units with cutaneous input were not specifically
sought, and when occasionally encountered, they showed
more variable relations to the tracking movements. The
units tested for sensory responses also failed to respond to
pressure applied directly to joints and did not respond selec-
tively to extreme flexion or extension, arguing against input
from joint receptors (Clark et al. 1989). In contrast, many
units that were activated strongly and tonically by passive
joint rotation also showed responses to gentle pressure and
light taps on muscle bellies in the absence of joint move-
ment. These characteristics suggest that their main sensory
input derived from muscle receptors (Campbell et al.
1974).

The observed correlations between tonic discharge and
joint angle resemble those reported for mossy fibers during
passive wrist movement in awake monkeys (Bauswein et al.
1984) and decerebrate cats (Kolb et al. 1987b). The gener-
ally consistent relations between tonic discharge and abso-
lute limb position are likely to derive mainly from tonic
sensory inputs, although some may derive from tonic effer-
ence copy signals. Tonic efference copy signals might origi-
nate from central sensorimotor neurons (Cheney and Fetz
1980; Fetz et al. 1980; Soso and Fetz 1980), or they may be
obtained by mathematically integrating phasic efference
copy signals. If the latter is the case, it is probably only true
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for a small number of units, because most units fired in a
similar fashion to both active and passive movement,
which would not be expected if tonic discharge resulted
from integration of efference copy.

Some features of the discharge did appear to derive from
efference copy input, or they may reflect combinations of
efference copy and sensory signals. Although this is to be
expected from what is known about the various mossy fiber
pathways (reviewed later), the actual evidence for efference
copy in the present data is mainly indirect. The strongest
evidence is the finding that a few units fired at high rates
during active movement and failed to respond at all to pas-
sive movement or showed modulations in discharge of the
same polarity to active and passive movement in opposite
directions. Efference copy signals alone or in combination
with sensory signals are likely explanations for these proper-
ties. Given a sufficient strength of fusimotor coactivation,
muscle spindles could also discharge during active contrac-
tion and passive stretch of their muscle (Vallbo 1971), al-
though this too would be a form of efference copy.

A second line of evidence for efference copy is based on
the timing of the movement-related discharge. Although
the timing varied considerably, both between trials for indi-
vidual units and between units, about one fourth of units
showed significant lead times (Fig. 11 B). The distributions
of the onset times of interpositus (Fig. 5C in Van Kan et al.
1993) and magnocellular red nucleus discharge (Fig. 7 in
Gibson et al. 1985a) in the same task may be used to esti-
mate the relative timing of efference copy signals. Interposi-
tus sends a powerful input to both the rubrospinal and cor-
ticospinal pathways, and it is likely that both pathways pro-
vide efference copy inputs to pontine and reticular sources
of mossy fibers. The distributions of lead times of interposi-
tus and magnocellular red nucleus neurons are largely over-
lapping, and the peak of the distributions occurs ~100 ms
before the peak of the distribution of mossy fiber onset
times. This is clearly early enough for most interpositus and
red nucleus neurons to influence the onset time of most
mossy fibers. Interpretation of discharge modulations that
precede movement as reflecting central influences must be
done cautiously, however, because electromyographic
(EMG) activity of some muscles may lead movement onset
by as much as 200 ms (Fortier et al. 1989), and many
dorsal root ganglion units are activated before their target
muscles (Flament et al. 1992, but see Vallbo 1971). Also,
some units may receive input from synergistic muscles that
are not directly involved in movement of a particular joint
but may be activated well before movement onset. For ex-
ample, certain axial or distal muscles could be coactivated
with the flexor and extensor muscles involved in movement
about the elbow for the purpose of stabilizing the limb.

The mossy fibers that lagged movement probably repre-
sent sensory feedback, although some of the lag times are
considerably longer than the delays anticipated in sensory
pathways. The short lags could represent delayed spindle
receptor responses (and short leads could be explained by
Golgi tendon organ input) because muscle activation is es-
timated to precede movement by ~80 ms in the tracking
tasks used here (Gibson et al. 1985a).

The temporal features of the movement-related dis-
charge also suggest that some units receive efference copy.

Some phasic-tonic units showed biphasic or triphasic fluctu-
ations (e.g., Fig. 8), which are atypical of published recep-
tor responses and better resemble the discharge patterns of
central sensorimotor neurons (Fig. 124 in Kalaska et al.
1989; Figs. 3 and 6 in Soso and Fetz 1980; Fetz et al. 1989)
and muscles (Fig. 1C in Fortier et al. 1989). On the other
hand, efference signals recorded from magnocellular red
nucleus and interpositus neurons are either entirely phasic
(Gibson et al. 1985a,b; Van Kan et al. 1993) or are domi-
nated by phasic components (Cheney et al. 1988), and
many magnocellular red nucleus and interpositus neurons
that showed consistent discharge during device use showed
strong correlations between discharge rate and movement
velocity (Gibson et al. 1985b; Van Kan et al. 1993). These
signals could be the origin of the purely phasic discharge or
of the phasic components of phasic-tonic units and may
account for the velocity sensitivity found for about one
third of mossy fibers. If this is the case, the signals would
provide predictive information about intended move-
ments.

MOSSY FIBER PATHWAYS. The experimental evidence sug-
gests that movement-related mossy fibers carry both sen-
sory and efference copy signals. Several studies indicate that
different pathways may be specialized for supplying the cer-
ebellum with this information. The most direct pathway
providing sensory input from the forelimb is the cuneocere-
bellar tract, which originates from the external cuneate nu-
cleus (ECN) and terminates in forelimb areas of cerebellar
cortex (Cooke et al. 1971a,b; Gerrits et al. 1985; Grant
1962; Jasmin and Courville 1987a,b). ECN neurons, like
their hindlimb equivalents, the neurons of the DSCT, re-
ceive input from muscle receptors (Abrahams and Swett
1986; Jasmin et al. 1985; Nyberg and Blomqvist 1984 ) and
resemble mossy fibers in sensory responsiveness ( Bourbon-
nais et al. 1986; Campbell et al. 1974; Horn et al. 1989;
Jansen and Rudjord 1965; Johnson et al. 1968; Wei et al.
1984). The joint angle and velocity correlations of mossy
fibers directly relate to the correlations between tonic re-
sponse and amplitude of muscle stretch and between phasic
response and stretch velocity that have been reported for
ECN and DSCT neurons (Bourbonnais et al. 1986; Jansen
and Rudjord 1965; Jansen et al. 1966).

The RSCT, which originates from cell groups in the cer-
vical enlargement of the spinal cord (Hirai et al. 1976; Ma-
tsushita and Ikeda 1987; Oscarsson and Uddenberg 1964;
Wiksten 1985; Wiksten and Grant 1986), is another poten-
tial input pathway. However, these afferents terminate pre-
dominantly in medial rather than intermediate cerebellar
cortex (Matsushita and lkeda 1987), show phasic rather
than tonic responses to muscle stretch (MacKay and
Murphy 1974), and receive extensive convergence from
both distal and proximal muscle groups and flexor reflex
afferents (Hirai et al. 1976; Oscarsson 1965). Therefore, it
seems unlikely that many of the mossy fibers included in
this study derived from the RSCT.

Movement-related mossy fibers might also arise from the
lateral reticular nucleus (LRN) which may relay efference
copy signals or mixtures of sensory and efference copy sig-
nals. LRN neurons receive input from the red nucleus
(Courville 1966; Edwards 1972; Robinson et al. 1987) and

210z ‘8T Arenuer uo Blo AbojoisAyd-ul woly papeojumoq



http://jn.physiology.org/

90 vaN KAN, GIBSON, AND HOUK

motor cortex (Brodal et al. 1967; Wiesendanger and Wie-
sendanger 1987), perhaps via rubrospinal and cortico-
spinal collaterals (Zangger and Wiesendanger 1973, but see
Alstermark and Lundberg 1982). LRN neurons also re-
ceive from C3-C4 propriospinal neurons, which would
convey efference copy signals (Alstermark et al. 1981a; II-
lert and Lundberg 1978). Direct evidence for efference
copy in the discharge of LRN neurons has been reported by
Arshavsky et al. (1978), who showed that during fictive
scratching, when there is no afferent inflow from limb re-
ceptors, discharge is related to rhythmic activity in moto-
neurons. On the other hand, responses to muscle stretch
(MacKay and Murphy 1974) and passive joint rotation
(Marini and Wiesendanger 1987) may reflect sensory input
to LRN neurons via cuneocerebellar collaterals (Burton et
al. 1971, but see Ekerot and Oscarrson 1976).

Similar properties are to be expected of pontine sources
of mossy fibers. Pontine neurons receive inputs from sen-
sorimotor cortex (Brodal 1978; Glickstein et al. 1985) and
show tonic and phasic-tonic discharge patterns and a range
of onset latencies (Matsunami 1987) similar to those of
mossy fibers. Cerebral cortical neurons receive substantial
input from muscle afferents ( Wiesendanger 1973; Wise and
Tanji 1981) and resemble the mossy fibers of our sample in
movement specificity (Kwan et al. 1978) and discharge
patterns ( Fetz et al. 1980; Hoffman and Luschei 1980; Ka-
laska et al. 1989; Lemon et al. 1976; Soso and Fetz 1980).
Thus pontine mossy fibers might convey signals with both
sensory and efference copy components.

Another potential source of movement-related mossy
fibers is the nucleocortical projection (Tolbert et al. 1977,
1978). Some mossy fibers might be collaterals of interposi-
tus efferents; however, our results provide no evidence for
this because we did not encounter units with the same move-
ment-related properties as interpositus neurons (Van Kan
et al. 1993).

In summary, it seems likely that the observed properties
of movement-related mossy fibers derive from multiple sen-
sory and efference copy sources, which provide informa-
tion about both intended and actual movements.

Information processing within the intermediate cerebellum

Comparison of signals that enter and leave the interme-
diate cerebellum should help to specify the information pro-
cessing steps that take place within this structure. The pres-
ent paper describes movement-related features of mossy
fiber inputs to the intermediate cerebellum, and the pre-
vious paper (Van Kan et al. 1993) describes these features
for the outputs via the interpositus nucleus. The combined
data are particularly valuable for comparative analysis be-
cause the results were obtained using the same behavioral
apparatus and very similar protocols and, in many cases,
mossy fibers and interpositus neurons were recorded in the
same animals, sometimes along the same microelectrode
penetrations. In Table 4 we list the most striking differences
in movement-related properties of mossy fibers and inter-
positus neurons.

GENERATION OF VELOCITY COMMANDS. The strong limb po-
sition signals, which are the dominant feature of the move-
ment-related cerebellar inputs, differ remarkably from the

TABLE 4.  Comparison of mossy fibers and interpositus neurons

Interpositus

Mossy Fibers Neurons

Low
Phasic (Velocity)
Reach » Device
Rare

Joint specificity
Discharge pattern
Reach versus device
Sensory responsiveness

High
Tonic (Position)
Reach = Device
Often

phasic signals of cerebellar outputs: none of our interposi-
tus neurons showed tonic discharge that was dependent on
position, which is in general agreement with the results of
others (Chapman et al. 1986; Harvey et al. 1979; MacKay
1988a,b; Thach 1978). Purkinje cells also lack position-de-
pendent tonic discharge (Armstrong et al. 1973; Bauswein
et al. 1983; Frysinger et al. 1984; Kolb et al. 1987a; Mano
and Yamamoto 1980; Marple-Horvat and Stein 1987,
Thach 1970). Only a few exceptions are reported by Mar-
ple-Horvat and Stein (1987) and by Frysinger and col-
leagues (1984 ), but in all cases the differences in tonic dis-
charge for the different positions were small and averaging
of many trials was required to reveal the effect. Instead,
Purkinje cells modulate phasically during forelimb move-
ment and appear to signal movement velocity (Frysinger et
al. 1984; Harvey et al. 1977; Mano and Yamamoto 1980;
Marple-Horvat and Stein 1987). At least some interpositus
and magnocellular red nucleus neurons showed strong
correlations between discharge rate and movement veloc-
ity. The neurons are relatively insensitive to sensory input
(Gibson et al. 1985a; Harvey et al. 1979), frequently com-
mence firing before onset of EMG activity or movement,
and predict the velocity, duration, and direction of specific
movements (Gibson et al. 1985b; Van Kan et al. 1993).
Together these properties suggest that the output of inter-
mediate cerebellum is a velocity motor command. It is
likely that a system generating velocity commands would
require information about current limb position to adjust
the duration of the motor signal that is required to generate
a movement of the correct amplitude. Movement-related
mossy fibers may well provide such information.

Because movement amplitude can be specified as the dif-
ference between the initial position of the limb and a de-
sired final position, duration may be computed as

Desired Final Position — Initial Position
Commanded Velocity

Duration =

Mossy fibers may provide information about the initial
position of the limb, but our results provide no direct evi-
dence as to how desired final positions might be specified.
One possibility is that the desired final limb position may be
specified by the tracking display, because the display speci-
fied the amplitude and direction of the required movement.
Therefore, we anticipated discovering mossy fibers that dis-
charged in relation to the tracking display, but none were
found. This suggests that target information may be speci-
fied in a more processed manner. Such signals would be
expected to lead movement onset but need not be time-
locked to the tracking display. It is possible that some of the
position signals we recorded specified targets in motor coor-
dinates (e.g., Fig. 7C), thus commanding rather than moni-
toring limb position. The long lead times seen for about one
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fourth of the population are compatible with this interpre-
tation. This interpretation is also compatible with Stein’s
(1986) suggestion that the intermediate cerebellum is not
the site where targets are selected and converted into motor
coordinates but, instead, is more concerned with the imple-
mentation phase of movement.

Sensory responsiveness also seems to be lost, or markedly
attenuated, at early stages of cerebellar processing. Most
movement-related mossy fibers showed strong sensory re-
sponses, which are also apparent in Golgi cells (in awake
animals). On the other hand, both Purkinje (Harvey et al.
1977) and nuclear cells (Harvey et al. 1979; but see Strick
1983) exhibit little responsiveness to sensory tests similar to
the ones we performed on mossy fibers. Although we did
not emphasize tests of sensory responsiveness in our study
of interpositus neurons, our findings are consistent with a
relatively low degree of sensitivity [1 of 8 neurons tested was
responsive (Van Kan et al. 1993)]. The thalamic (Horne
and Porter 1980; Strick 1976) and rubral (Gibson et al.
1985a,b) targets of interpositus outputs are also relatively
insensitive to sensory stimulation. The limited sensory re-
sponsiveness of Purkinje and interpositus neurons and
their downstream targets contrasts with the intense dis-
charge accompanying active movement.

Although it seems intuitively clear that sensory informa-
tion is used to formulate movement commands, the experi-
mental evidence suggests that continuous sensory feedback
is hardly used, if it is used at all, to shape the time course of
these commands (Bizzi et al. 1976; Gibson et al. 1985b;
Harvey et al. 1977, 1979). Instead, the cerebellum may use
sensory inputs to preselect and initiate motor programs
with appropriate movement parameters that are then exe-
cuted in a feedforward manner (Houk 1989).

On the other hand, the information we found present in
mossy fiber inputs about ongoing movements could be use-
ful for feedback control of velocity commands. A computa-
tional scheme has been suggested whereby velocity com-
mands would be initiated in a feedforward fashion and con-
tinue until evidence accumulates that the desired final
position is imminent. At this point feedback would be used
momentarily to switch off the command (Houk et al.
1990).

SPATIAL COORDINATION. The high discharge rates seen in
the reaching and grasping task for mossy fiber inputs ( pres-
ent results) and for interpositus nucleus outputs (Van Kan
et al. 1993) underscore the importance of the intermediate
cerebellum in controlling multijoint hand and limb move-
ments. However, mossy fibers and interpositus neurons dis-
charged quite differently during the more isolated move-
ments elicited by the tracking task. Mossy fibers modulated
as strongly when the animal operated the preferred device
in the tracking task as during reaching and grasping, and
there was relatively little modulation in discharge on de-
vices exercising motion about alternative joints. In other
words, mossy fiber inputs discharged during relatively iso-
lated single-joint movements with high sensitivity and con-
siderable selectivity. In contrast, interpositus neurons
showed appreciably smaller modulations on the tracking
devices as contrasted with reaching and grasping, and they
lacked device specificity. Thus interpositus neurons showed

modest sensitivity and low selectivity for single-joint move-
ments. What are the mechanisms that underlie these differ-
ences, and how do they relate to information processing in
the cerebellum?

The high degree of joint selectivity of mossy fibers fits
well with the restricted convergence of muscle afferents
onto cuneocerebellar neurons. These cells receive input
from single muscles or closely related synergists, and the
population includes units that modulate discharge to both
proximal and distal muscles (Cooke et al. 1971b; Holm-
qvist et al. 1963; Rosen and Sjolund 1973). In agreement
with the present results, one would expect some units to
show responsiveness to neighboring joints [due to input
from muscles that extend across multiple joints (cf. Wei et
al. 1986)] and cross-responsiveness between proximal and
distal joints to be rare.

Conversely, the low degree of joint specificity of interpos-
itus neurons and their high discharge during whole limb
movement may relate to the appreciable divergence in the
pathways from the interpositus nucleus to motoneurons in
the spinal cord, as is evident from intra-axonal staining
(Shinoda et al. 1982, 1986, 1988), spike-triggered averag-
ing (Mewes and Cheney 1992; Miller et al. 1992), and from
other electrophysiological studies (Shinoda et al. 1977,
1985a,b). Although these output pathways target both
proximal and distal motor pools, there is a distinct prefer-
ence for the pools innervating distal muscles (especially the
digits), as corroborated by neuroanatomical tracing (Hol-
stege 1987; Holstege et al. 1988; McCurdy et al. 1987; Ral-
ston et al. 1988; Robinson et al. 1987). Additional support
for a distal preference in the output pathways of the inter-
mediate cerebellum derives from lesions of the red nucleus
(Lawrence and Kuypers 1968; Sybirska and Gorska 1980)
and rubrospinal tract (Alstermark et al. 1981b), from mi-
crostimulation within the magnocellular red nucleus (Gib-
son et al. 1985a; Larson and Yumiya 1980; Orlovski 1972),
and from magnocellular red nucleus recording studies
(Gibson et al. 1985b). Furthermore, recent studies of inter-
positus neurons during coordinated whole limb move-
ments have also emphasized the importance of digit move-
ments for interpositus discharge (Van Kan et al. 1990). As
a whole, these results suggest that individual interpositus
neurons activate groups of limb muscles with a weighted
emphasis on the musculature of the hand, and that each
neuron promotes simultaneous movement about many
joints with an emphasis on the joints of the hand and
fingers.

If the main function of the intermediate cerebellum is to
operate the hand muscles, why would the mossy fiber popu-
lation include a prominent representation from proximal
in addition to distal joints? Proximal information may be
necessary to plan appropriate hand movements or to time
specific movement components to ongoing performance.
The proximal information, for example, might inform the
cerebellum about initial limb position and the progress of
the limb in reaching a point in space where the hand can
manipulate an object, whereas the distal information could
inform about the hand movement itself and the initial hand
position. Presumably, the cerebellum integrates this and
much additional information to generate the activation
functions and other control parameters for commanding
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reaching and grasping. A major goal of future studies will be
to understand the cerebellar cortical mechanisms that un-
derlie these computations.
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CORRIGENDA
Volume 69, January 1993

Pages 74-94. Peter L. E. van Kan, Alan R. Gibson, and James C. Houk, “Move-
ment-related inputs to intermediate cerebellum of the monkey.” Page 86, left col-
umn, Fig. 12 legend, the last 3 lines are printed incorrectly; they should read: The
modulation in discharge during active finger extension (E) was considerably larger
than the perturbation response (£). Every 4th spike is plotted in the rasters.
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