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SUMMARY AND CONCLUSIONS 

1. We have recorded from 306 neurons in 
the inferior olive of six alert cats. Most of 
the cats were trained to perform a simple 
task with the forelimb. We observed the 
neural responses to a wide variety of cuta- 
neous and proprioceptive stimuli, as well as 
responses during spontaneous and learned 
active movements. 

2. Neurons responsive to somatosensory 
stimulation were found in all parts of the 
inferior olive, and they were roughly evenly 
divided between those responsive to cuta- 
neous stimulation and those responsive to 
proprioceptive stimulation. In the dorsal ac- 
cessory olive all neurons were responsive to 
somatosensory stimulation. In the medial 
accessory nucleus 88% and in the principal 
olive 74% of cells were responsive to somato- 
sensory stimulation. 

3. Cells responsive to cutaneous stimula- 
tion usually had small receptive fields, com- 
monly on the paw. These cells had low- 
threshold responses to one or more forms of 
cutaneous stimulation and typically fired one 
spike at the onset of the stimulus on 80% or 
more of stimulus applications. 

4. Cells responsive to proprioceptive stim- 
ulation most commonly responded to passive 
displacements of a limb. These cells were 
often very sensitive, responding to linear 
displacements of <I cm in one specific di- 
rection. 

5. No cells in our sample responded reli- 
ably during active movement by the animal. 
Only 2 1% of cells responding to passive 
proprioceptive stimulation showed any mod- 

ulation during active movement, and the 
modulation was weak. Likewise, cells respon- 
sive to cutaneous stimulation generally failed 
to respond when a similar stimulus was 
produced by an active movement by the 
animal. Exceptions to this were stimuli pro- 
duced during exploratory movements or 
when the receptive field unexpectedly made 
contact with an object during active move- 
ment. 

6. Electrical stimulation applied in the 
inferior olive failed to evoke movements or 
to modify ongoing movement. 

7. Our results are consistent with the hy- 
pothesis that inferior olivary neurons function 
as somatic event detectors responding partic- 
ularly reliably to unexpected stimuli. 

INTRODUCTION 

Two major afferent systems provide so- 
matosensory input to the cerebellar cortex: 
the climbing fiber system and the mossy fiber 
system. Mossy fibers originate from many 
parts of the central nervous system such as 
the spinal cord, cuneate nucleus, and pontine 
nuclei, whereas all climbing fibers stem from 
the inferior olive (19). Climbing fiber activity 
has traditionally been studied by recording 
complex spikes generated in Purkinje cells, 
and such studies have revealed responses to 
both cutaneous (23, 24, 52) and propriocep- 
tive (30, 3 1, 33) stimuli. Ebner et al. (22) 
have shown that climbing fiber activity in a 
Purkinje cell is accompanied by an increased 
responsiveness in that cell to parallel fiber 
input, whether inhibitory or excitatory. This 
finding emphasizes the important role of 

40 0022-3077/85 $1 SO Copyright 0 1985 The American Physiological Society 



INFERIOR OLIVARY NEURONS IN AWAKE CAT 41 

climbing fibers in modulating cerebellar ac- 
tivity. The size and complexity of the cere- 
bellum has resulted in a concentration on 
limited areas of the cerebellar cortex, pri- 
marily lobules III-VI of vermal and inter- 
mediate cortex, and a few portions of the 
lateral hemispheres. 

In a previous study (25), we recorded from 
the inferior olive (IO) with the objective of 
surveying somatosensory responses from all 
parts of this complex. A surprisingly large 
percentage (70%) of cells responded to some 
form of somatosensory stimulation. In one 
olivary subdivision, the dorsal accessory olive 
(DAO), most cells were activated by light 
cutaneous stimuli. In the medial accessory 
olive (MAO) and principal olive (PO), 
squeezes and taps were most effective, 
whereas very few cells responded to light 
cutaneous stimulation. Cells in the DA0 
commonly had small restricted receptive fields 
and showed a fine somatotopic organization. 
Such an organization was not apparent in 
the MAO and PO where receptive fields were 
generally large and complex. Our results sup- 
ported and extended those of Robertson and 
Rushmer and their collaborators (49, 52) 
who recorded climbing fiber activity in the 
cerebellar cortex. Likewise, we confirmed the 
presence of units responsive to light cutaneous 
stimuli, such as puffs of air, reported by 
Eccles and collaborators (23), units responsive 
to taps, as reported by Oscarsson and col- 
leagues (45, 47) and units responsive to 
squeeze of deep structures previously reported 
by Thach (59). 

Almost all the above studies were carried 
out in anesthetized or decerebrate animals, 
and it is not clear whether similar responses 
are present, absent, or substantially modified 
in the awake animal. Because of the absence 
of complex spike activity associated with 
active movement in the monkey (39, 60), it 
is not known what information is transmitted 
to the cerebellum by the inferior olive. In 
this paper we report on a broad survey of 
sensory properties of olivary cells in the alert 
cat and contrast these with our earlier results 
in the anesthetized animal (25). Briefly, the 
present findings support our earlier results, 
which suggest that the inferior olive functions 
as a specialized sensory system. The results 
in the awake animal further demonstrate an 
increased responsiveness to all forms of so- 

matosensory stimulation and the presence of 
a subset of cells that are very sensitive to 
natural proprioceptive stimuli. Our findings 
also suggest that the sensitivity of olivary 
cells to a stimulus is attenuated during certain 
phases of active movement. 

METHODS 

Experiments were carried out on six adult cats, 
three of which were trained on the behavioral task 
described below. Of the remaining three cats, two 
were trained to press a bar for a food reward, and 
one was simply fed during each recording session. 
In the behavioral task the animal was required to 
move one forepaw back and forth between two 
copper plates (“touch plates”) (Fig. 1A) to obtain 
food; baby food mixed with water and cod liver 
oil was delivered through a tube for every successful 
trial. The touch plates were capacitative devices 
that produced an output every time contact was 
made with glabrous skin but did not respond 
when only hairs made contact. 

When the animals performed the task consis- 
tently they were surgically prepared for recording. 
A head holder and recording cylinder were im- 
planted on the skull under aseptic conditions and 
general anesthesia (iv sodium pentothal). The cyl- 
inder was cemented with dental acrylic over a 
symmetrical opening in the skull overlying the 
cerebellum and was placed so that the approach 
to the IO resembled that used in our earlier acute 
experiments (29, namely at an angle of about 
15’ to the vertical. Beginning one day before 
surgery, and continuing for about a week thereafter, 
the animals were treated with chloramphenicol 
(Chloromycetin, Parke-Davis) or procaine-penicil- 
lin G dihydrostreptomycin sulfate (Combiotic, 
Pfizer) injected intramuscularly. The wound and 
inside of the chamber were kept clean with hydro- 
gen peroxide and povidone-iodine. 

Recording began about a week after surgery, 
and sessions lasting 3 h were held 4-6 days a 
week. During recording the animal was restrained 
in a bag, with its limbs protruding and resting on 
two separate platforms (Fig. 1, A and B). The 
head was attached to the frame by a thick felt 
pad, which allowed small heavily damped move- 
ments. This flexible mount reduced the torque on 
the headholder and appeared to be more comfort- 
able for the animal but did not impair recording 
stability. Recordings were made with tungsten 
microelectrodes (impedance 0.8-2 MQ). The in- 
ferior olive was localized by first identifying the 
fourth ventricle and the hypoglossal nucleus. The 
olive is typically 3-4 mm below the dorsal surface 
of the brain stem, and the hypoglossal nucleus is 
approximately coextensive with the IO mediolat- 
erally and rostrocaudally. Penetration of the elec- 
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trode into the inferior olive was marked by a 
characteristic low frequency discharge, as described 
in our earlier paper (25). Individual olivary neurons 
were identified by their action potentials, which 
often were followed by one or more wavelets (4, 
20, 37), and by their low levels of spontaneous 
activity, which rarely exceeded 2 spikes/s. A re- 
cording was judged to be from a single unit if the 
spike could be reliably discriminated, the waveform 
remained relatively constant, the unit respected 
the refractory period of olivary cells by not firing 
more than one spike in intervals of < 100 ms, and 
variations in spike amplitude were no greater than 
the noise level (typically 50 pV). To allow precise 
localization of recording sites, small marking le- 
sions were placed at selected sites in the IO by 
passing current (- 10 PA for 10 s) through the 
recording electrode. After completion of all re- 
cording, each animal was killed, and the tissue 
was processed histologically. Recording tracks and 
lesions were identified, and only cells that were 
clearly located in the IO are considered in this 
paper. The locations of cells were plotted on 
standard unfolded dorsal views of the individual 
olivary nuclei (after Brodal, Ref. 15). 

When an olivary cell was isolated, a variety of 
sensory stimuli were applied in an attempt to 

activate it. We chose flexible methods of stimula- 
tion that could readily be applied to almost all 
parts of the body. Stimuli consisted of light taps 
delivered by hand, light touch with an esthesiom- 
eter, puff’s of air controlled by a solenoid, stroking, 
pinches, squeezes, and passive displacement of a 
limb or pair of limbs. The displacement was 
achieved by manipulating the limb or by displacing 
the platform on which the animal was standing. 
Figure 1B shows that the entire limb could be 
displaced by moving the platform up and down 
(range of 10 cm) or laterally (range of 7 cm). The 
position of the platform was monitored by appro- 
priately mounted potentiometers. The mechanical 
delay between the input to the solenoid air valve 
and the delivery of a puff of air was determined 
by applying the puff to a microphone. The delay 
between the electronic pulse and delivery of the 
puff was 15 ms, and this value was used in 
computing response latencies for cells responsive 
to this stimulus. Vibration of the resting surface 
was produced by a sudden tap with a finger. 
Although contact was maintained for about 100 
ms, the mechanical transient decayed much more 
rapidly. 

Action potentials, the pulse inputs to the puffer, 
the outputs of the potentiometers (indicating dis- 

FJG. 1. Experimental apparatus. A: cat was restrained in a bag that was supported from a frame (I) by sturdy 
elastic bands. The head was attached to the frame by a thick felt pad, which provided & flexible mount. Baby food 
was provided through the feeder tube (2). Right forepaw is shown resting on one of two touch plates; animal was 
trained to move its paw over a barrier (3) to a second touch plate (4), and back again. B: hindlimbs are shown 
resting on a device used for proprioceptive stimulation. The platform (I) could be displaced laterally, its position 
being monitored by a linear potentiometer (2). The limbs were displaced vertically by cranking the jack up and 
down; a rotary potentiometer (3) signaled vertical position. 
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placement) and the output of the touch plates 
were recorded on a HP3968A instrumentation 
recorder and analyzed off line. For analysis, the 
raw data was plotted on a Gould ES 1000 electro- 
static chart recorder. Response latencies were 
measured from these plots with 2 ms resolution. 
We further constructed peristimulus histograms, 
using bin widths of 50 ms, to quantify neuronal 
responses to stimuli. This choice of bin widths 
was determined by the low firing rates of olivary 
cells; narrower bins would have been too small 
for statistical analysis. For analysis of firing during 
active movement, histograms were centered on 
lift off and touch down on the two touch plates. 
The low firing rates encountered during move- 
ments necessitated the use of wider bins, and data 
were analyzed using bin widths of both 100 and 
200 ms. To compare the responses of a neuron to 
different stimuli the response probability of the 
neuron to each stimulus was calculated by dividing 
the number of spikes in each bin by the number 
of trials. Since a given neuron could fire no more 
than once in one bin on one trial (because of the 
IOO-ms refractory period, Ref. 37), a response 
probability of 1 indicates that the unit fired one 
spike to every presentation of the stimulus. Oc- 
casionally, two or three units were recorded si- 
multaneously and could not be discriminated re- 
liably. Since these units often fired together, 
possibly due to electrotonic interactions (as doc- 
umented by Llinas and his colleagues; Ref. 37), 
we analyzed them as we did single units but noted 
that the data represented the activity of more than 
one unit. 

We further attempted to assess the function of 
the IO in the control of movement by examining 
the effect of olivary microstimulation on move- 
ment. Cathodal stimuli were delivered with a 
Grass S88 stimulator and a PS-IU6 constant- 
current unit. Parameters were similar to those 
employed by other investigators in the cat ( 14) 
and the rabbit (7), namely lo-60 PA, 0. l- to 0.2. 
ms pulses for OS-5 s, at a rate of 10-60/s. Stimuli 
in this range have been shown to elicit climbing 
fiber responses in the cerebellum ( 14). 

The results of these experiments are contrasted 
with earlier experiments (25) in which we recorded 
from the inferior olive in 18 cats anesthetized with 
pentobarbital sodium and 2 decerebrate cats. We 
have previously noted that responses in the decer- 
ebrate were similar to those in the anesthetized 
animal. 

RESULTS 

Almost 85% of olivary cells (n = 306) re- 
corded in 90 tracks throughout the inferior 
olive were responsive to somatosensory stim- 
uli. A small proportion (4%) responded to 

visual stimuli, and 11% were unresponsive 
to the stimuli we employed. The responsive 
cells were located in all olivary subdivisions, 
namely the rostra1 and caudal divisions of 
the dorsal accessory olive, the medial acces- 
sory olive, and the ventral and dorsal lamellae 
of the principal olive. 

A wide range of stimuli was found to be 
effective in activating olivary cells. Cells re- 
sponsive to light touch, puffs of air, vibration, 
stroke, slip, or pinching a fold of skin were 
classified as cutaneous. Those responsive to 
linear displacement of a limb, joint rotation, 
sharp taps near the tendon or on the muscles, 
or squeeze of a muscle were classified as 
proprioceptive. Since proprioceptive stimu- 
lation was invariably accompanied by acti- 
vation of cutaneous receptors (e.g., the skin 
being stretched or hairs being bent), the 
many cells that responded to both stimulus 
categories were classified as cutaneous al- 
though a deep component may have been 
present. The presence of a deep component 
in such cells is suggested by our earlier finding 
in anesthetized animals (25) that some cells 
responding to cutaneous input are also acti- 
vated by deep input when the skin is removed. 
We were unable to classify 33 neurons into 
the above categories. Cells responsive only to 
taps or pokes in the receptive field (17 cells) 
were classified as “undefined” since it was 
uncertain whether the response to these stim- 
uli was due to activation of high-threshold 
cutaneous receptors or proprioceptors. Also 
included in this category were cells that were 
lost before their response properties were 
adequately characterized. Table 1 lists the 
major categories of cells and provides the 
number in each category. 

The great majority of cells in both cate- 
gories had exclusively contralateral input; 25 
cells with bilateral input and 3 cells with 
strictly ipsilateral input were encountered 
(i.e., 11% noncontralateral). Furthermore, 
most cells had simple contiguous fields; only 
4% had noncontiguous fields. In contrast, 
our earlier study on anesthetized animals 
revealed that a substantial percentage (34%) 
of somatosensory cells had noncontiguous 
fields or received bilateral input. 

Localization within olivary subdivisions 

DORSAL ACCESSORY OLIVE. We were able 
to localize 289 neurons to specific subdivi- 
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TABLE 1. Categories of cells in chronic experiments 

Fore Hind Face Fore + Hind Fore + Face Trunk Total 

Cutaneous 54 38 14 5 8 4 123 
Proprioceptive 62 34 1 5 0 1 103 
Undefined 16 6 5 1 0 5 33 
Somatosensory 132 78 20 11 8 10 259 
Visual 12 
Unresponsive 35 

Total 306 

Breakdown of all cells recorded in the IO of awake animals according to the major categories used in this paper 
as well as of somatosensory cells by receptive field. Note the predominance of cells with input from the forelimb. 
Table includes cells with contralateral, bilateral, and ipsilateral input. 

sions of the inferior olive. Analysis of these 
revealed several patterns of organization, 
which we described for anesthetized animals, 
as well as some new features. As in the 
anesthetized animals, the DA0 of the awake 
cat had the largest proportion of responsive 
cells (100% of 92). The pattern of organization 
that we found in the DA0 in these experi- 
ments was very similar to that which we 
described for anesthetized animals. Under 
both conditions a mediolateral somatotopy 
was evident (Fig. 2), with the face represented 
most medially, followed by the forelimb and 
the hindlimb. As in the acute experiments, 
cells with cutaneous input predominated in 
rostra1 parts of this subnucleus (7 1% cuta- 
neous vs. 16% proprioceptive; n = 69), 

whereas those with proprioceptive input were 
more common caudally (52% proprioceptive 
vs. 39% cutaneous; n = 23). Cells with input 
from both the forelimb and the hindlimb 
were fairly common in the anesthetized ani- 
mals (13%), whereas only one such cell (i.e., 
1%) was found in the DA0 of awake cats. 

The forelimb and hindlimb were repre- 
sented approximately equally in the DA0 
(39 forelimb, 4 1 hindlimb), but for both 
limbs there was a very strong emphasis on 
the paw. Of 69 cells for which the extent of 
the receptive field was clearly defined, 44 
cells received input from the paw only, 9 had 
receptive fields that included the paw, and 
16 received no paw input. We found only 2 
cells with input from the trunk and 9 repre- 
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FIG. 2. Receptive fields of cells recorded in the dorsal accessory olive are shown in this dorsal view of the DA0 
(after Brodal, Ref. 15). In this and subsequent figures, each symbol indicates the receptive fields of all cells recorded 
on one penetration. The dorsal accessory olive is organized in a somatotopic fashion; forelimb cells are located 
medially, hindlimb laterally. A number of cells with input from the face are located medial to the forelimb region. 
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senting the face. Of the latter, 4 received ceived hindlimb input only, and 8% received 
input from the forelimb as well. Overall, 88% mixed input (n = 93). Subsequent reexami- 
of cells in the DA0 represented exclusively nation of our data from anesthetized animals 
the limbs. (25) has revealed a similar preponderance of 

input from the forelimb (76% forelimb cells, 
MEDIALACCESSORYOLIVE. The vastmajor- 24% hindlimb cells, n = 33). Cells with 
ity of cells in the MAO (88% of 132, including forelimb input were found throughout the 
cells in the dorsomedial cell column, the mediolateral extent of the MAO, whereas 
ventrolateral outgrowth, and the dorsal cap) those with hindlimb input were found only 
were responsive to sensory stimulation. This laterally, as indicated in Fig. 3. 
represented an increase over the proportion The most common classification of cells 
in the anesthetized animal, where only 66% in the MAO was proprioceptive (49% of 
of cells studied were responsive. In addition, somatosensory cells), with 35% responding 
most cells in the awake animals had low 
thresholds, whereas strong squeeze of deep 

to cutaneous stim ulation. Cells of both cate- 
gories appeared to be distributed evenly 

structures was often necessary to activate throughout both rostra1 and caudal parts of 
cells in the MAO of anesthetized animals. the MAO. Likewise, cells classified as unre- 

A minor difference between receptive fields sponsive were located in all parts of the MAO 
in the MAO and those in the DA0 was that (Fig. 3). 
bilateral receptive fields were more common 
in the MAO (15% vs. 2%), as were receptive 

Altho ugh the emphasis in this study was 
on cells with somatosensory i nput, we noted 

fields representing both forelimb and hind- 11 olivary cells responsive to visual stimula- 
limb (8% vs. 1%). As in the DAO, the paw tion, 9 of which were located in the dorsal 
was heavily represented. Of 45 cells for which cap and the neighboring MAO. (The remain- 
we precisely defined the extent of the receptive 
field, 38% received input from the paw only, 

ing 2 were not localized with sufficient cer- 
tainty.) Figure 3 indicates the sites at which 

35% included the paw, and 27% received no these cells (V) were recorded. The most ef- 
input from the paw. An additional emphasis 
in the MAO was on the forelimb; 68% of 
cells received forelimb input only, 24% re- 

LA 

fective stimulus was a moving textured field 
(a newspaper), although smalle r objects were 
effective in some cases. All the cells activated 
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FIG. 3. There is no distinct somatotopic organization in the MAO although all cells with input from the 
hindlimbs are located laterally. This horizontal projection of the MAO further shows that cells with forelimb input 
predominate in the MAO. Cells with visual input (V) are located primarily in caudomedial areas. Symbols located 
in the “inlet” of the MAO represent cells recorded in the dorsal cap or ventrolateral outgrowth, which overly this 
area. 
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by moving a textured field showed directional 
selectivity; 3 cells responded to downward 
movement, 3 to movement away from the 
animal, 1 to upward movement, and 1 to 
ipsilaterally directed movement. Two of the 
former cells and three others unresponsive 
to moving textures responded to a flash of 
light, but this response was unreliable. 

PRINCIPAL OLIVE. The majority of cells in 
the PO (74% of 65 vs. 43% in anesthetized 
animals) were responsive to somatosensory 
stimuli. Like the MAO, the PO contained 
few cells with hindlimb input; of 48 somato- 
sensory cells, 26 received input from the 
forelimb only, 7 from the hindlimb only, 
and 2 from the hindlimb and forelimb. In 
contrast to the hindlimb, the face was rela- 
tively well represented, with 8 cells (of a total 
of 20 face cells encountered in the IO) being 
located in this subnucleus. In addition, 3 
cells (of 8 in the IO) with input from both 
face and forelimb were found in the PO. As 
in the DA0 and MAO, the paws were heavily 
represented (13 paw only, 5 included paw, 3 
no paw). Cells with deep input were slightly 
more common in the PO than those with 
cutaneous input (50% vs. 40% of somatosen- 
sory cells). 

A few differences were noted between the 
ventral lamella (n = 32 cells) and the dorsal 
lamella (n = 16 cells) (Fig. 4). First, of the 7 
pure hindlimb cells, 6 were located in the 

dl 

dorsal lamella. Second, of the 11 cells with 
input from the face, 9 were in the ventral 
lamella, where they concentrated along the 
medial edge (Fig. 4). Third, the two lamellae 
differed with regard to the distribution of 
proprioceptive and cutaneous cells. In the 
dorsal lamella, 78% of responsive cells (n = 
14) were proprioceptive, compared with 14% 
cutaneous. In the ventral lamella, 40% of 
responsive cells (n = 25) were classified as 
receiving proprioceptive input, whereas 52% 
received cutaneous input. 

Nature of sensory responses 

CUTANEOUS RESPONSES. Table 1 indicates 
that 123 units (47% of somatosensory cells), 
with receptive fields located largely on the 
limbs, were classified as cutaneous. Many of 
these cells were remarkably sensitive to the 
appropriate stimulus. For example, 5 cells 
(of 10 tested) responded to touch with a von 
Frey hair exerting a force of only 4.5 mg. 
(This was the lightest calibrated stimulus 
available to us.) Other sensitive cells re- 
sponded to light puffs of air or mild vibration 
of the surface on which the animal stood. 

The response to a cutaneous stimulus gen- 
erally consisted of one spike. This was true 
whether the stimulus was maintained for a 
long time or applied only briefly (typically 
5- 100 ms). Figure 5A exemplifies the response 
of an olivary neuron to an impulsive stimulus 
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FIG. 4. In the PO, shown here in an unfolded horizontal projection, there is no somatotopy evident, but there 
are several differences between the dorsal and ventral lamellae. Cells with input from the hindlimbs are located 
primarily in the dorsal lamella, whereas those with input from the face are concentrated in the ventral lamella, 



INFERIOR OLIVARY NEURONS IN AWAKE CAT 47 

A B l.O- 

c 
I 
I 

w I 
J - . 

z . 
3 
& 
a 0.5. 
w 
4 
z 

B 

0.047 !  ! .  
-0.3 0.0 

SEC 

100 pv I 
1 SEC 

C 

FIG. 5. A: upper trace shows the response of an olivary cell to taps (pulses in lower trace) on the platform on 
which the animal stood. The histogram (B) to the right summarizes the data from 39 trials. During this time 60 
spikes were recorded; the figure shows that spontaneous activity was very low, although the response probability 
was high (82% in the first 50 ms). A small secondary peak is seen at 100-150 ms; this is due to an occasional spike 
produced at the end of the tap (note trials 6, 8, 11). In C the response of a different olivary cell to a light puff of 
air (trigger shown in lower trace) on the lateral surface of the hindlimb is shown. D: (19 trials; 18 spikes) shows 
that the response probability is high and spontaneous activity low. 

and shows the response to a tap on the 
recording table which produced a slight vi- 
bration in the carpeted surface on which the 
hindlimbs rested. The trace showing neuronal 
activity emphasizes that the response was 
highly reliable and that it appeared over a 
background of low spontaneous activity. The 
histogram to the right of the traces (Fig. 5B) 
documents both the reliability of the response 
(occurring on over 80% of trials) and the low 
background activity. Figure 5C shows the 
response of a different cell to a light puff of 
air in its receptive field; here too the response 
is highly reliable, a point emphasized by the 
accompanying histogram (Fig. 5D). 

We obtained response later&s for 27cells 
using puffs, and for 2 cells using taps on the 
supporting surface as stimuli. Mean latencies 
were 27 ms for the forelimb, 32 ms for the 
hindlimb, and 35 ms for the face. These 

values were 5-20 ms longer than latencies 
we have described in anesthetized animals, 
where latencies were obtained by percuta- 
neous shocks. The variability in the latency 
to a puff (mode 10 ms) for individual cells 
was much greater than the variability when 
shocks were used in anesthetized animals 
(typically l-2 ms; Ref. 25). 

Although most cells classified as cutaneous 
showed an excitatory response to the appli- 
cation of a stimulus, as in the above examples, 
19 cells responded upon termination of a 
stimulus and ‘often showed a depression of 
activity while the stimulus was being applied. 
This set of cells included some with receptive 
fields on the side of the limbs or on the 
trunk, but the largest subset consisted of 7 
cells that fired on release of light pressure 
from the footpads. A particularly interesting 
feature of these cells is that they responded 
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to a sudden loss of support. Thus, if the 
experimenter placed his hand under the paw 
and suddenly removed it, the cell fired. These 
cells were clearly cutaneous because the re- 
sponse was elicited by release of very light 
pressure on the pad. For cells with receptive 
fields on the side of the limbs or the trunk, 
responses were elicited when a fold of skin 
was pinched and released without apparent 
involvement of deep tissue. 

Olivary cells generally responded only to 
the transient phase of a stimulus. Thus, re- 
peated stimulation evoked repeated responses, 
provided the lOO-ms refractory period was 
respected. A maintained tonic stimulus, such 
as touching the receptive field and maintain- 
ing the touch, in contrast, evoked only one 
spike at the onset of the stimulus. However, 
stroking the skin sometimes evoked a main- 
tained low-frequency response (10 cells), pre- 
sumably reflecting repeated transient stimu- 
lation of individual hairs or small regions of 
skin. Another group of cells that exhibited a 
tonic response consisted of 11 units that were 
activated by a slow continuous slip of the 
paw over a surface. Although the response 
was directionally selective, it was independent 

of the method of delivery of the stimulus. 
Thus, for example, one of these cells was 
activated both by sliding the forepaw back- 
ward over a surface and by moving the 
surface forward under the limb. 

In Fig. 6A we have mapped the locations 
in the IO of several types of cells that appear 
well suited to detect specific somatic events, 
namely those responsive to slip, vibration, 
and removal of pressure from the pads. The 
last mentioned are designated “contact re- 
moval” cells (n = 18) in Fig. 6, and fourteen 
of these were located in the MAO; 10 of 
these were confined to an area 0.2 X 0.7 mm. 
Cells responsive to vibration also showed a 
distinct pattern of organization; all were lo- 
cated in the MAO, and 6 of 7 vibratory cells 
with hindlimb input were found in a region 
of 0.5 X 0.7 mm. Figure 6 does not include 
cells responsive to light touch and puffs of 
air. These neurons, which may also be de- 
scribed as somatic event detectors, are located 
in all olivary subdivisions, without any ap- 
parent concentration in specific locations. 

PROPRIOCEPTIVE RESPONSES. Of 259 cells 
that we classified as somatosensory, 39% 
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FIG. 6. The locations of several groups of cells that may be viewed as specific somatic event detectors are shown 
on dorsal projections of the three major olivary subdivisions. A shows the locations of cells responsive to several 
categories of cutaneous stimuli. Note that most of the cells classified as responding to contact removal are 
concentrated within a relatively small part of the rMA0. B shows the location of cells responsive to displacement 
in specific directions. Left and right displacement refer to the right IO; thus, leftward displacement indicates 
abduction. Cells with bilateral input responded to displacement of both limbs in the same spatial direction. Cells 
labeled “other” responded well to displacement in several directions, and the optimal direction was not determined. 
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responded to proprioceptive stimulation only. 
Table 1 shows that there is a significant (x2, 
P K 0.05) preference for forelimb over hind- 
limb representation among this group of 
cells. The majority of proprioceptive cells 
(9 1%) showed an excitatory response to a 
stimulus; the remainder were inhibited by a 
maintained stimulus such as maintained 
pressure on a muscle, or fired on termination 
of the stimulus. At the outset of these exper- 
iments stimuli were applied by hand, and 
cells were encountered that were responsive 
to manual rotation of a joint, tugging against 
a contracting muscle, sharp taps on a tendon 
or muscle, or squeezing a muscle or group 
of muscles. Because squeeze is an aversive 
stimulus, it was rarely used; only 10 cells 
requiring activation by squeeze were noted. 
Tugging on a limb as the animal withdrew 
was particularly effective, with some cells 

A 

responding to brief tugs (< 1 cm) with re- 
sponse probabilities in excess of 0.9. Linear 
displacement by the device shown in Fig. 1B 
was introduced as a regular test in later 
experiments. Of 50 cells tested with this 
device, 43 were reliably activated. 

Figure 7 provides an example of the re- 
sponse of a proprioceptive cell to displace- 
ment of a limb. In this figure, each step had 
an amplitude of about 1 cm, with a velocity 
range of 7- 14 cm/s. The interval between 
steps was l-2 s. This cell responded to down- 
ward, but not upward, displacement. Two 
common features of the response of IO cells 
activated by displacement are well illustrated 
in this figure. First, the response is indepen- 
dent of the initial position; although the 
starting point of the displacement varies over 
10.5 cm, the response is apparently invariant. 
A second common feature of olivary respon- 
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FIG. 7. The response of an olivary cell to passive displacement of the forelimb (lower trace) is shown in A. The 
cell did not respond to upward displacement, but responded reliably to small downward movements. The response 
consisted of 1 spike, and was independent of initial position. The histograms summarize the data for 32 upward (B, 
5 spikes) and 36 downward (C, 22 spikes) displacements, and emphasize the directional dependence of the response. 
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ses to displacement is directional selectivity. angle of about 30° to the anterior-posterior 
The preference of the cell in Fig. 7A for axis. From a sample of 35 cells tested in all 
downward displacement is shown in the his- 6 directions a total of 14 cells responded best 
tograms of Pig. 7, B and C. Very little to downward displacement. For eight cells 
response (P = 0.14) is seen to displacement upward displacement was the most effective 
in the direction opposite to the preferred stimulus. Additional preferences were for ad- 
direction. This implies the existence of a duction (8 cells) and abduction (5 cells). 
distinct axis along which both the best re- 
sponse and a complete lack of response are 

Although backward and forward displacement 
were also systematically tested, no cells pro- 

seen; this seemed to be true for all cells duced an optimal response in either of these 
tested. Figure 6B shows the location within directions. 
the IO of cells with preferred displacements To establish whether the response to dis- 
in various directions and shows that they are placement involved more than one joint, we 
distributed throughout the IO but are found occasionally rotated individual joints while 
most often in the MAO and PO. observing the response of the unit (n = 26). 

An example documenting directional pref- Although most cells (n = 14) responded to 
erence is given in Fig. 8. The entire limb was rotation only around a single joint, a number 
displaced up and down (typical amplitude responded to rotation around several joints. 
0.8- 1.3 cm, velocity lo-20 cm/s) back and All the possible combinations were seen; 
forth or laterally (0.9-6.0 cm, 9-20 cm/s). 
For the cell in this figure downward displace- 
ment produced the best response (P > 0 . 9) 9 

whereas upward movem .ent produced no in- 
crease above spontaneous acti vity. For this 
cell, as with all others tested, displacement 

responses to rotation of all three joints (n = 
2); responses to wrist/ankle and elbow/knee 
(n = 3), or elbow/knee and shoulder/hip (n = 
4). In addition, three cells were seen that 
responded to rotation about the wrist and 
the shoulder but not the elbow . The presence 

along the axes orthogonal to the best-/no- of the last mentioned group is indicative of 
response axis produced intermediate respon- substantial complexity in the afferent input 
ses. Thus, displacing both forelimbs to the to the IO, because it implies that individual 
left produced a good response (P > 0.7), 
whereas displacements to the right, back, and 

cells m ay be activated by more than one 
muscle, which may be some distance apart. 

front gave weaker (P N 0.35) responses. We This is supported by our occasional obser- 
normally restricted testing to these 6 direc- vation of cells that did not respond reliably 
tions, but for one cell we noted a best-/no- to manipulation of any one joint, but re- 
response axis in the horizontal plane at an sponded well to displacement of the entire 

C LEFT 
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FIG. 8. This set of histograms shows the response of an olivary cell to displacement in six orthogonal directions. 
The cell responded best to downward displacement of both forelimbs (A), and did not respond at all to upward 
displacement. Displacement in the other directions produced intermediate responses; leftward (C) displacement (of 
either or both limbs), produced a reliable response; while displacement to the right, back, or front (D, E, F) 
produced weaker responses. 



INFERIOR OLIVARY NEURONS IN AWAKE CAT 51 

limb by the platform. Thus, there appear to 
be cells that reach threshold for activation 
only when several joints are moved simulta- 
neously, perhaps in specific combinations. 
As a striking example of multijoint involve- 
ment in the response we noted three cells 
responding to lateral displacement of both 
hindlimbs or forelimbs. These cells responded 
to displacement of both limbs in the same 
direction in space; that is, if the contralateral 
limb responded to adduction, the ipsilateral 
limb responded to abduction. 

Our present limited observations indicate 
that the response is rather independent of 
the amplitude and the velocity of the dis- 
placement through most of the range we 
tested. There does, however, appear to be a 
threshold for both of these parameters; below 
a given velocity and amplitude a particular 
cell would not respond reliably. For down- 
ward displacement, the amplitude threshold 
was generally less than 1 cm, whereas that 
for lateral displacements appeared to be in 
excess of 2 cm. Our methods did not allow 
the quantitative measurements needed for a 
careful study of these factors. 

Modulation 
movement 

of responsiveness during active 

During our study of the somatosensory 
properties of olivary cells we were surprised 
by the relative silence of these cells while the 
animals were engaged in active movements 
such as agitated scrabbling, spontaneous lift- 
ing of the limbs, and performance of a simple 
bar-pressing task. The remarkable sensitivity 
of olivary cells to somatosensory stimuli, 
whether cutaneous or proprioceptive, had led 
us to expect significant modulation of neu- 
ronal activity associated with active move- 
ment since these movements would seem to 
be accompanied by a rich array of sensory 
events. 

To study the apparent lack of response to 
self-produced stimuli, we developed the task 
requiring alternate placing of a limb onto 
two touch-sensitive plates as described in 
METHODS. This task was intended to utilize 
the common representation of the ventral 
surface of the paw throughout the IO, since 
touch down on the plates would provide 
repeated natural self-produced cutaneous 
stimulation. We examined the responses of 
cells with receptive fields in this region to 

both externally applied and self-produced 
stimulation. All 32 of the cells included in 
the sample responded reliably to low-thresh- 
old stimulation of one or more of the follow- 
ing types: touch, puffs of air, vibration of the 
resting surface, slip and light taps. All had 
receptive fields that included sensitive zones 
on the ventral surface of the forepaw or the 
hindpaw. 

The results provided strong support for 
the earlier observation of a lack of response 
to self-produced stimuli. In all but one of the 
32 single-unit recordings the response during 
active touch down was indistinguishable from 
spontaneous levels of activity. Figure 9 pro- 
vides an example of a cell which was one of 
the most sensitive that we encountered. The 
cell responded to the mildest touch in the 
receptive field (shown to the right of the 
figure). It also responded to light puffs of air 
(Fig. 9, upper), and even to the slightest 
vibration of the recording table. The response 
to vibration disappeared when the hindlimb 
was lifted from the support surface. (Note 
the absence of background firing in the upper 
panel, where the limb was suspended in the 
air, compared with the lower panel, where 
the limb was picked up and moved down to 
the touch plate.) The upper part of Fig. 9 
shows that the response probability to a puff 
of air in the receptive field was 0.85 in 100 
ms. When the stimulus was produced by the 
animal actively contacting the touch plate, 
after the experimenter lifted the paw and 
released it, the response probability did not 
exceed the background level (lower panel). 

In another instance we recorded from a 
cell with a receptive field extending from the 
ventromedial to the dorsomedial surface of 
the forepaw (shown to the right of Fig. 10). 
This cell responded to a 4.5mg force applied 
to the receptive field, as well as to slip of the 
paw over the support surface and puffs of air 
in the receptive field. The cell responded 
with a probability of 0.82 to the last men- 
tioned stimulus (Fig. lOA). We further ob- 
tained recordings from the cell while the 
animal performed the alternating behavioral 
task. The results from these recordings are 
shown in Fig. IOD, which shows that no 
increase in response probability is associated 
with touch down compared with spontaneous 
activity of the cell (Fig. 1OB). Although we 
have no direct measure of the force exerted 
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PUFF 

FIG. 9. The upper histogram shows the response of a cell to repeated puffs of air in the receptive field (right 
panels). The cell was also responsive to light touch and mild vibration of the surface on which the animal rested. 
When the animal placed its paw on the surface (lower histogram, the broken vertical Zinc shows the time of contact) 
no response above background levels was seen. The increased background activity in the lower histogram was due 
to slight vibrations occurring while the paw rested on the surface and by the experimenter lifting the paw before the 
animal placed it. The low probability of response prior to touchdown implies that refractoriness of the unit cannot 
account for the lack of response. 

PUFF 
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SEC 

PLACING, FRONT 

FIG. 10. The reliable (82% in 100 ms) response of an olivary cell to a puff of air in the receptive field (shown 
right) is shown in A (33 trials; 42 spikes). The spontaneous activity, sampled over 68 intervals where the limb was 
not moved, is shown in B for comparison (63 spikes). When the animal placed its paw on the surface, making 
contact with the receptive field, no response was seen (D) (94 trials; 90 spikes). In C (94 trials, 76 spikes) a small 
increase in response probability is seen at HO-200 ms; this was apparently due to the limb “bumping” into the 
barrier (see Fig. 1A) on approximately I/J of trials. 
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by the animal on touch down, it is likely by the animal on touch down, it is likely 
that this force exceeded the 4.5 mg that was that this force exceeded the 4.5 mg that was 
sufficient to activate the cell in the absence sufficient to activate the cell in the absence 
of movement. of movement. 

On five occasions we recorded from mul- On five occasions we recorded from mul- 
tiple units with receptive fields on the ventral tiple units with receptive fields on the ventral 
surface of the paw. In all these cases there surface of the paw. In all these cases there 
was a slight increase in response probability was a slight increase in response probability 
just after touch down (mean response prob- just after touch down (mean response prob- 
ability = 0.35; mean spontaneous probability = ability = 0.35; mean spontaneous probability = 
0.12). In two of these instances the response 0.12). In two of these instances the response 
probability exceeded 0.5; one record involved probability exceeded 0.5; one record involved 
four units that had a combined response four units that had a combined response 
probability of 0.73 in 100 ms (spontaneous probability of 0.73 in 100 ms (spontaneous 
probability 0.17) for touch down on one of probability 0.17) for touch down on one of 
the two touch plates. In the other case, the two touch plates. In the other case, 
involving two or three units, response prob- involving two or three units, response prob- 
ability was 0.56 for touch down, compared ability was 0.56 for touch down, compared 
with spontaneous probability of 0.08. On a with spontaneous probability of 0.08. On a 
per-cell basis, however, the response was per-cell basis, however, the response was 
rather small. rather small. 

The responsiveness of olivary cells to self- The responsiveness of olivary cells to self- 
produced cutaneous stimuli reappeared under produced cutaneous stimuli reappeared under 
conditions where the stimulus might convey conditions where the stimulus might convey 
particularly significant information. For ex- particularly significant information. For ex- 
ample, when the animal encountered an un- ample, when the animal encountered an un- 
expected obstacle, such as an object placed expected obstacle, such as an object placed 
in the trajectory of a descending paw, 9 of in the trajectory of a descending paw, 9 of 
10 cells studied fired when that object made 10 cells studied fired when that object made 
contact with the receptive field. An example contact with the receptive field. An example 
of a response to an “accidental” self-produced of a response to an “accidental” self-produced 
stimulus is shown in Fig. 1OC where the stimulus is shown in Fig. 1OC where the 
increase in probability of discharge above the increase in probability of discharge above the 
spontaneous level of activity (to 0.23) that spontaneous level of activity (to 0.23) that 
occurs at lOO- 150 ms was associated with occurs at lOO- 150 ms was associated with 
the animal bumping into the barrier that the animal bumping into the barrier that 
separated the two touch plates on about a separated the two touch plates on about a 
third of all trials. Likewise, during exploratory third of all trials. Likewise, during exploratory 
movements with the forelimb cells with ap- movements with the forelimb cells with ap- 
propriately located receptive fields were ac- propriately located receptive fields were ac- 
tivated by self-produced contact. tivated by self-produced contact. 

Proprioceptive cells also were surprisingly Proprioceptive cells also were surprisingly 
unresponsive to self-produced stimuli. When unresponsive to self-produced stimuli. When 
the animal performed a movement that su- the animal performed a movement that su- 
perficially mimicked an externally applied perficially mimicked an externally applied 
stimulus that reliably activated a cell, no stimulus that reliably activated a cell, no 
response was seen in 79% of 75 cells for response was seen in 79% of 75 cells for 
which an adequate passive stimulus was de- which an adequate passive stimulus was de- 
fined. In the remaining 2 1% there appeared fined. In the remaining 2 1% there appeared 
to be weak modulation of the response, as to be weak modulation of the response, as 
judged by listening to the neuronal activity judged by listening to the neuronal activity 
over the audio monitor. This dichotomy over the audio monitor. This dichotomy 
between the between the responses to responses to active and active and passive passive 

stimuli existed in the face of apparent simi- 
larity between the two conditions. In the 
behavioral task the animal moved the limb 
2-3 cm upward, then 6-8 cm back or forth, 
and finally 2-3 cm downward. Movement 
time was 300-600 ms, yielding velocities in 
the range of 15 to 50 cm/s. For the passive 
stimulus we typically displaced the limb 0.5- 
8.0 cm, using a comparable velocity range 
(typically 20 cm/s). We were able to collect 
sufficient data during performance of the 
alternating task for seven cells. These were 
selected as good candidates because listening 
to the unit activity on the audio monitor 
seemed to show some modulation with 
movement. Although none of these fired 
reliably during any phase of the movement 
(the greatest response probability that we 
observed was 0.33 in 100 ms, compared with 
values of 0.8 or greater for passive stimuli), 
two of the cells showed a weak, but statisti- 
cally significant, modulation during move- 
ment. One example is that of a cell responsive 
to passive retraction of the shoulder. The 
number of spikes occurring during 64 200- 
ms periods preceding touch down and fol- 
lowing lift-off, on the back and front touch 
plates, respectively, was 14, 22, 16, and 2. 
Spontaneous activity over a similar period 
(64 periods, 200 ms each) of standing quietly 
generated 11 spikes. When these five values 
were compared for significant deviations by 
means of a x2 test, the modulation was found 
to be significant (P < O.Ol), although the 
probability of response during any 200-ms 
period was never greater than 0.34. 

ELECTRICAL STIMULATION. In an attempt 
to define possible motor consequences of 
olivary activity, we applied microstimulation 
(see METHODS) at 25 sites in the inferior 
olive. These sites were distributed through all 
olivary subdivisions: 8 in the DAO, 13 in the 
MAO (including the ventrolateral outgrowth 
and dorsomedial cell column), and 4 in the 
PO. We stimulated in regions where forelimb 
cells, hindlimb cells, or unresponsive cells 
were recorded. We looked for effects of mi- 
crostimulation by observing the animals’ 
limbs or by supporting the limbs by hand in 
an attempt to feel subtle movements that 
might not have been visible. In no instance 
did we detect anv movement being produced 
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or modified, whether the animal was quies- 
cent or actively moving, by the stimulation. 
Low-intensity stimulation in the adjacent 
lateral reticular nucleus and in the hypoglossal 
nerve produced distinct well-defined move- 
ments. 

DISCUSSION 

A remarkably high percentage of cells in 
the inferior olive was found to be responsive 
to natural somatosensory stimulation (85%), 
and the responses observed generally exhib- 
ited high sensitivity and specificity for mo- 
dality and spatial features. High sensitivity 
for discrete tactile stimuli has been reported 
previously for cells in the rostra1 dorsal ac- 
cessory olive (rDA0) (25) and for climbing 
fiber responses in parts of the cerebellum 
that receive projections from the rDA0 (52). 
The remaining subdivisions of the inferior 
olive have been described as weakly respon- 
sive or unresponsive by most previous au- 
thors. On the basis of evoked responses to 
electrical stimulation of peripheral nerves, 
Oscarsson (46) concluded that spinoolivary 
pathways generally require activation of high- 
threshold afferents (the FRA, or flexor reflex 
afferents), lack modality specificity, and are 
spatially diffuse. He suggested that the main 
function of the spinoolivary pathways is to 
forward information about activity in central 
motor centers rather than to signal peripheral 
events. However, we found no clear cases in 
which olivary discharge occurred in relation 
to the animal’s movements. Our results sug- 
gest that spinoolivary pathways transmit in- 
formation from well-defined receptive fields. 
Each cell appears to respond best to a limited 
set of somatosensory stimuli and not to 
information about central motor activity. 

Several factors may have contributed to 
the high degree of responsiveness found in 
the present study. One is the use of natural 
as contrasted with electrical stimulation. The 
discharge of olivary cells may require the 
activation of particular combinations of sen- 
sory receptors readily produced by natural 
stimulation but difficult to reproduce with 
nerve stimulation. The extensive search we 
made for the receptive field of each cell may 
also be an important factor. This search was 
facilitated by the design of our apparatus 
since most of the body parts were accessible 
to manipulation. Finally, the present record- 

ings were made in awake animals. The im- 
portance of the latter factor can be assessed 
by comparison with a recent study in which 
we used essentially the same methods for 
stimulation and for mapping receptive fields, 
but the cats were either anesthetized or de- 
cerebrated (25). While the percentage of re- 
sponsive cells was only slightly less in rDA0 
(96% vs. 100% in the present study), the 
responsive percentage was appreciably less in 
the other olivary subdivisions (6 1% vs. 83%). 
Another indication that responsiveness was 
depressed in the anesthetized and decere- 
brate animals is that stronger stimuli were 
frequently required in these preparations as 
contrasted with the awake animal. 

Origin of sensory responsiveness 
A number of spinoolivary pathways have 

been demonstrated with electrophysiological 
techniques (44, 45, 47), although only 2 have 
been traced anatomically (13). This is because 
several pathways involve polysynaptic link- 
ages. One of the anatomically demonstrated 
pathways relays in the dorsal column nuclei, 
and the other is a direct tract traveling in the 
ventral funiculus. 

The dorsal column and the ventral funic- 
ulus pathways send somatotopically organized 
projections to the contralateral DA0 and a 
less organized crossed projection to cMA0 
(12). These observations agree well with the 
physiological representations in these regions 
(RESULTS; Ref. 25) which demonstrate a 
strict somatotopic map in the DA0 (Fig. 2) 
and a less organized representation in cMA0 
(Fig. 3). In the DAO, the hindlimb, forelimb, 
and face are represented in a lateral-to-medial 
progression. The medial face area corresponds 
to a region receiving terminals from the 
spinal trigeminal nucleus (11). A polysynaptic 
pathway traveling in the dorsolateral funic- 
ulus appears to be organized in conformity 
with the rostra1 portion of the same DA0 
map (34). Thus, three distinct spinoolivary 
pathways are in somatotopic register; they 
combine to yield a single detailed map of the 
contralateral body surface in rDA0. 

The receptive fields we find in rDA0 are 
similar in modality and size to those described 
for dorsal column cells (cf. Ref. 65) and also 
for the indirect pathway via the dorsolateral 
funiculus (34). For example, many rDA0 
cells are responsive to gentle air puffs that 
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bend hairs corresponding to the frequent 
sensitivity to hair bending reported for dorsal 
column cells. Both small and large receptive 
fields are found for both dorsal column cells 
and rDA0 neurons. In both cases the small 
fields occupy only the distal limb. The low 
percentage of rDA0 cells that are responsive 
to proprioceptive stimuli may obtain their 
input from those dorsal column cells that 
receive projections from muscle spindles (50). 
Alternatively, these proprioceptive signals 
may be transmitted by the ventral funiculus 
pathway, which also receives projections from 
muscle afferents (44). 

The predominance of cutaneous cells in 
rDA0 reverses to a predominance of pro- 
prioceptive cells in cDA0 and MAO. Perhaps 
this relates to the fact that the caudal regions 
receive a less prominent input from the 
dorsal columns (cf. Ref. 13). If so, this would 
suggest that the ventral funiculus pathways 
are important for transmitting proprioceptive 
signals. There is a medial region of cMA0 
adjacent to the dorsal cap where we rarely 
encountered somatosensory cells (Fig. 3); this 
particular region is also spared by the projec- 
tions of the ventral funiculus and dorsal 
column pathways (13). 

We did not find any significant difference 
between the somatosensory responsiveness of 
the rostra1 and caudal halves of MAO. In 
contrast, the anatomic data indicate a striking 
difference in the distribution of terminals 
from the dorsal column and ventral funiculus 
pathways; these terminals are prominent in 
cMA0 and apparently absent in rMA0 (13). 
Evidently the somatosensory input to the 
rMA0 is transmitted entirely by a polysyn- 
aptic pathway. There is a lateral funiculus 
pathway, demonstrated by Larson et al. (35) 
using electrophysiological techniques, which 
projects to a sagittal zone in intermediate 
cerebellar cortex (the C2 zone) that is known 
to receive climbing fibers from rMA0. This 
lateral funiculus pathway is the likely origin 
of the somatosensory signals that we recorded 
in rMA0. The latter pathway is dominated 
by input from the forelimb (39, an obser- 
vation that fits well with our finding that 
most cells in rMA0 have forelimb receptive 
fields. 

The requirement of stronger stimuli in 
anesthetized animals is particularly well il- 
lustrated by cells responsive to proprioceptive 

stimuli. In the awake cat many olivary cells 
were responsive to small displacements of a 
limb and to passive joint rotation. Our per- 
centage estimate, based on results in the later 
phases of this study, is about 30% of olivary 
neurons. In marked contrast, we noted no 
cells that responded reliably to joint rotation 
in our study with anesthetized and decere- 
brate cats. Instead, we encountered cells cat- 
egorized as “deep” that were responsive to 
squeeze or sharp taps applied to limb muscles; 
the latter are strong stimuli that were generally 
not required in the present study. Taps and 
muscle squeeze are effective stimuli for elic- 
iting massive discharge from muscle proprio- 
ceptors, particularly from primary spindle 
receptors. Massive activation of these recep- 
tors presumably was required to overcome 
depressant effects of anesthesia or decerebra- 
tion on transmission through spinoolivary 
pathways. 

Stretch of a single forelimb muscle in 
regionally anesthetized cats produces climb- 
ing-fiber spikes in Purkinje cells of interme- 
diate cerebellar cortex (42). The responsive 
cells were located in a large patch in lobule 
V that clearly included the C2 projection 
zone innervated by rMA0 as well as the Cl 
and C3 zones innervated by rDA0. These 
responses were attributed to input from pri- 
mary and secondary spindle receptors in 
some combination. The proprioceptive cells 
encountered in the present study may derive 
their sensitivity to limb displacement in a 
preferred direction as a consequence of con- 
vergent input from spindle receptors of several 
muscles. The presence of cells responsive to 
stimulation at widely separated joints sup- 
ports this suggestion. The depressed state of 
many spinoolivary pathways in anesthetized 
or decerebrate cats apparently translates the 
high sensitivity to limb displacement char- 
acteristic of the awake animal into a weak 
responsiveness to squeeze of deep structures 
and a responsiveness to electrical stimulation 
of high-threshold afferents, namely the FRA, 
that converges from several peripheral nerves. 
Evidently an awake animal is required to 
obtain interpretable responses of these pro- 
prioceptive neurons to natural stimulation. 

Like the rMA0, the PO receives practically 
no direct somatosensory input. Ekerot and 
Larson (24) found short-latency ( lo- to 20. 
ms) responses to peripheral nerve stimulation 
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in the D2 zone of anterior cerebellum, which 
receives input primarily from the PO; they 
speculated that these responses might stem 
from the DAO, since the PO was not known 
to receive somatosensory input. Our results 
suggest an alternative explanation, namely 
that these responses are transmitted through 
the PO. In our study -75% of the cells in 
the PO were responsive to somatosensory 
stimuli. 

Somatic event detection 
The binary nature of the response of an 

olivary cell has fostered the notion that these 
neurons serve as event detectors (29, 42, 5 1; 
for an alternative view, see Ref. 33). A typical 
neuron responsive to cutaneous stimulation 
fires a single spike in response to contact 
with an external object independent of the 
intensity and duration of contact (RESULTS; 

Ref. 5 1). The failure of the response to grade 
with intensity and duration derives from a 
biophysical limitation peculiar to IO neurons; 
these cells produce a prolonged action poten- 
tial that is followed by a refractory period 
lasting about 100 ms (37, 38). In the awake 
cat the threshold for evoking a one-spike 
response is typically extremely low, and the 
response above threshold is highly reliable. 
Thus, it is unlikely that significant sensory 
events would be missed. Since the receptive 
fields of these cells occupy different locations 
on the body surface, discharge of a particular 
cell provides specific information concerning 
the site of contact. Thus, although intensity 
and duration appear not to be important 
parameters, location on the body surface 
clearly is. 

Several other categories of cutaneous neu- 
rons found in this study are also excellent 
candidates for somatic event detectors. Cells 
sensitive to slip respond when the support 
surface slides under the footpad in a given 
direction, or when the footpad slides across 
the support surface in the opposite direction. 
The event detected is a slip having a particular 
direction. Other cells sensitive to removal of 
pressure on the footpads detect loss of contact 
between the foot and the support surface. 
Cells sensitive to vibration detect trembling 
of the support surface. 

A typical proprioceptive neuron fires a 
spike when a limb is passively displaced. 
Since different cells are sensitive to displace- 

ments of different limbs in different direc- 
tions, something analogous to the location 
code of cutaneous neurons is preserved. Pa- 
rameters that appear to be less important are 
the amplitude and velocity of displacement 
and the initial position of the limb. Another 
category of proprioceptive neuron is respon- 
sive to tugs on muscle and appears suitable 
for the detection of abrupt mechanical loads. 

At least 85% of olivary cells respond to an 
appropriate somatosensory stimulus and can 
be considered somatic event detectors. We 
saw little evidence that the somatosensory 
cells respond to other sensory modalities, and 
other modalities seem to be relatively poorly 
represented. Possible exceptions to this are 
vestibular cells and visual cells. We did not 
test for vestibular responsiveness though it is 
known that portions of the IO receive a dense 
input from the vestibular nuclei (54). Cells 
responding to vestibular input would be sen- 
sitive to body movement and can be consid- 
ered as another type of somatic event detector. 
Cells responsive to visual input are also found 
in portions of the IO, particularly the dorsal 
cap, in both the rabbit (6) and the cat (RE- 

SULTS; Ref. 25). Visual IO cells are specialized 
for particular types of stimuli, mainly large 
fields moving at low velocities (6). These 
properties contrast strongly with the proper- 
ties of visual cells in the cerebral cortex or 
superior colliculus (27), or even other sources 
of visual input to the cerebellum (5, 4 1). The 
stimuli to which visual olivary cells respond 
are appropriate for eliciting optokinetic nys- 
tagmus and, when viewed, produce a powerful 
sensation of body movement. Thus, it seems 
that even the visual cells in the IO may be 
characterized as somatic event detectors. 

Behavioral modulation 
Several investigators have reported that 

complex spike activity in Purkinje cells in 
the monkey is only poorly, if at all, correlated 
with active movement under normal circum- 
stances (39, 60). Our results seem to provide 
an explanation for this observation; olivary 
cells carry almost exclusively sensory signals, 
and these are substantially reduced or absent 
during active movement. Recently Bauswein 
et al. (8) made a direct comparison of Pur- 
kinje cell activity during active versus passive 
limb movements in the monkey. Climbing 
fiber responses were seen in both cases though 
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they were typically weaker or absent during 
active movement. Judging from their illustra- 
tions, passive movements usually produced 
response probabilities of ~0.3, which is low 
compared with responsiveness in our study 
and provides a less-than-ideal reference for 
evaluating behavioral suppression. In one 
illustrated case (Ref. 8, Fig. 4), response 
probability to passive movement was partic- 
ularly high (-0.8 according to our calcula- 
tion), and in that case the response during 
active movement was markedly depressed. 

What mechanism might underlie the ap- 
parent absence of olivary response to self- 
produced stimuli, given the great sensitivity 
of these cells to externally applied stimuli? It 
seems unlikely that a difference in stimulus 
quality accounts for the observed dichotomy. 
First, we have noted that passive and self- 
produced proprioceptive stimuli lie in the 
same velocity and amplitude range. Second, 
no response to self-produced stimulation is 
seen in cutaneous cells, whether they are best 
activated by light touch, taps, puffs of air, 
vibration, or slip. The possibility that none 
of these stimuli is present during active touch 
down in the movement task seems unlikely. 

Modulation of proprioceptive sensitivity 
could occur peripherally or centrally. Evi- 
dence reviewed earlier suggests that primary 
endings of muscle spindles may contribute 
importantly to the high sensitivity of pro- 
prioceptive cells. If so, the changes in sensi- 
tivity seen in the olive could result from 
modulation of spindle intrafusal muscle con- 
traction controlled by activity in gamma 
motor fibers. Data on spindle activity in 
freely moving cats suggests that primary end- 
ing sensitivity may be reduced during step- 
ping, an effect attributed to static gamma 
activity (48). However, the differences in 
responsiveness are not great and may be 
inadequate to explain the observed depression 
of proprioceptive responses in the olive. 

Modulation of tactile sensitivity is likely 
to occur centrally since peripheral cutaneous 
receptors are not known to be under efferent 
control. Prior studies have demonstrated a 
20% depression in medial lemniscus poten- 
tials for 100-200 ms before and after an 
active movement (18, 26), and a correspond- 
ing elevation in tactile threshold has been 
shown for humans (21). However, the time 
course of the former process appears to be 

inappropriate to explain our results with cu- 
taneous IO cells. We found that cells unre- 
sponsive to touchdown are exquisitely sensi- 
tive to objects encountered in the course of 
movements. The modulation of sensitivity 
we found for cutaneous IO cells is more 
analogous to that reported for a subpopula- 
tion of cells in the sensory cortex of the rat 
(16, 17). Although the cortical effects might 
be attributed to a mechanism operating at 
the level of the dorsal column nuclei, Chapin 
and Woodward (16, 17) favored a mechanism 
operating in the sensory cortex. The modu- 
lation of olivary response we observed may 
likewise occur at the level of the dorsal 
column nuclei, which are known to receive 
cortical input (64), or at the level of the 
spinal cord. It is tempting, however, to spec- 
ulate that the modulation occurs in the IO 
itself, and that it is produced by one or more 
of the many inputs to this region from the 
cerebellar nuclei (9, 12, 62), the brain stem 
(55, 56, 57), and the cerebral cortex (13, 53, 
55, 58, 63). Modulation by the cerebellum is 
a particularly intriguing idea, since efference 
copy of a hypothetical motor command from 
the cerebellum may well carry the timing 
information needed to produce the timed 
reduction in sensitivity displayed by olivary 
cells responsive to cutaneous stimulation. 
The reported presence of a (presumably in- 
hibitory) GABAergic projection from the cer- 
ebellar nuclei to the inferior olive (43) in the 
rat lends credence to this suggestion. 

Bell (10) reviewed three functional cate- 
gories of effects that motor commands may 
have on sensory inflow, providing several 
examples of each. One effect is a simple 
inhibition or depression of responsiveness 
that prevents self-produced stimuli from ac- 
tivating a sensory channel. The second is an 
efference copy mechanism in which a negative 
image of expected reafference is used to 
cancel self-produced responses without im- 
pairing responses to unexpected inputs. The 
third is a facilitatory mechanism that serves 
to enhance responsiveness during exploratory 
movements. We are not yet certain which of 
these categories applies best to the gating 
found for olivary neurons. A simple inhibitory 
process could explain the absence of tactile 
responses during touchdown and the absence 
of proprioceptive responses during the whole 
duration of active movement. However, one 
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needs to postulate that the inhibitory gating 
is timed to occur just at the end of the 
movement in order to account for the re- 
sponsiveness of cutaneous cells to contacts 
that interrupt a movement. It would be in- 
teresting to test proprioceptive cells for re- 
sponses to perturbations delivered during 
movement, since a positive result would argue 
for an efference copy mechanism. This would 
support the error signal hypothesis of Os- 
carsson (46). Finally, the high responsiveness 
of tactile cells during exploratory movements 
may indicate sensory enhancement. Further 
studies will be required to distinguish between 
these alternatives. 

Functional consequences of olivary 
discharge 

The present results indicate that the IO 
provides a signal to the cerebellum when a 
part of the body is passively displaced or 
contacted. Displacement or contact resulting 
from self-produced movements ordinarily do 
not activate olivary cells, although contact 
during exploratory movements or contact 
that interrupts a movement part way through 
its trajectory produces a reliable response. In 
other words, the IO appears to signal unex- 
pected (i.e., externally imposed) somatic 
events. What could be the functional conse- 
quences of such a signal for the cerebellum? 

One possibility is that this discharge is 
used to trigger corrective responses or reac- 
tion-time movements (29, 36). In this ‘view, 
the unexpected somatic events that fire IO 
cells would signal that a problem has arisen, 
and climbing fiber input to the cerebellum 
would trigger a corrective movement. Given 
the somatic emphasis of IO signals described 
here, the trigger theory does not explain how 
movements can be initiated by small visual 
targets or by auditory cues. Furthermore, the 
lack of motor consequences from olivary 
stimulation and lack of movement relations 
seems to argue against a trigger function. 

Another possibility is that olivary discharge 
functions to produce long-term adaptive 
changes in the cerebellum that then mediate 
learned motor responses (1, 32, 40, 6 1). The 
theories proposed by Marr (40) and Albus 
( 1) postulate that those particular parallel 
fiber synapses that are active at the time of 
a climbing fiber spike, are either strengthened 

(40) or weakened (1) as a basis for the 
learning. More importantly from the stand- 
point of the present results, both models 
assume that the IO cells transmit represen- 
tations of higher motor commands; Purkinje 
cells then learn to initiate movements auto- 
matically without the involvement of higher 
centers. These theories would have to undergo 
appreciable revision to be compatible with 
our observation that IO cells are reliably 
driven by sensory stimuli and not by motor 
events. A subsequent model proposed by 
Albus (2, 3) postulates that the learning input 
to a cerebellar model transmits error infor- 
mation about the differences between actual 
(sensory signal) and desired (efference signal) 
movements; output cells then learn to pro- 
duce improved movement commands. While 
the unexpected contact detectors described 
here might be appropriate error signals for 
this model, a comprehensive theory should 
also take account of the reliable responses of 
IO cells to contact or passive displacement 
in the absence of movement. 

A third possibility is that the olive provides 
the cerebellum with a signal that body posi- 
tion is no longer accurately represented by 
efference copy. It has often been suggested 
that the central nervous system uses efference 
copy, rather than afferent input, in its internal 
representation of body position (e.g., Ref. 
28). However, when a limb is displaced pas- 
sively, for example if it slips, afferent infor- 
mation must be used to correctly update this 
internal representation. Olivary neurons 
would be activated in such circumstances 
and thus might provide a signal to the cere- 
bellum to take afferent information into ac- 
count when next updating the representation 
of body position. 

All of these possibilities warrant further 
testing, and the work on olivary signals pre- 
sented here should help to focus upon critical 
tests of specific functional hypotheses. 
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