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SUMMARY AND CONCLUSIONS 

1. These experiments were performed to test the hypothesis 
that climbing fiber inputs to sagittally aligned Purkinje cells lo- 
cated in a single folium are activated synchronously in response to 
a perturbation of the step cycle that interrupts the trajectory of the 
ipsilateral forelimb. 

2. The experiments were performed in acutely decerebrate 
ferrets capable of walking spontaneously on a moving treadmill. A 
multiple single-unit recording technique was employed utilizing a 
fixed array of five sagittally oriented electrodes with electrode tips 
-200 pm apart. 

3. The extent to which the climbing fiber inputs to the recorded 
Purkinje cells were activated synchronously by the perturbation 
was calculated for individual trials by determining the synchrony 
index, a measure of the fraction of the cells responding to each 
perturbation. 

4. The data indicate that there was a statistically significant 
increase in the synchronous activation of climbing fiber inputs at 
times immediately after the perturbation. No comparable com- 
plex spike modulation was found at the same phase of the unper- 
turbed step cycle. 

5. The specific combinations of climbing fiber inputs to neigh- 
boring Purkinje cells activated by successive perturbations varied 
from trial to trial. 

6. The implications of these observations are discussed in the 
context of the nature of the inputs encoded by climbing fiber acti- 
vation and the role of this afferent system in cerebellar cortical 
information processing. 

INTRODUCTION 

Anatomic and physiological studies have shown that 
both the olivocerebellar projection and the cerebellar corti- 
conuclear projection are organized in parasagittal strips of 
comparable dimensions (Armstrong et al. 1973a-c; Haines 
et al. 1982; Voogd and Bigare 1980). Each longitudinal 
zone not only receives climbing fiber projections from dif- 
ferent sites within the inferior olive (Brodal and Kawamura 
1980; Groenewegen and Voogd 1977; Voogd and Bigare 
1980) but also contains Purkinje cells whose axons collect 
in parasagittal sheets and project to corresponding, rela- 
tively nonoverlapping regions in the deep cerebellar nuclei 
(Dietrichs 198 1; Dietrichs and Walberg 1979, 1980; Haines 
et al. 1982). Collectively, these studies indicate that each 
half of the anterior lobe can be divided into at least seven 
adjacent narrow longitudinal zones (A, B, C,, C2, C3, D, , 
and D,). Although in some species the number of zones 
differ, the characteristics of the existing zones are similar 

across most mammals. Olivary neurons also send collat- 
erals to deep cerebellar and vestibular nuclei (Groenewegen 
and Voogd 1977; Van der Want et al. 1989). These collat- 
erals terminate in the particular region of the cerebellar or 
vestibular nuclei receiving a corticonuclear projection from 
the same sagittal zone to which the parent climbing fibers 
project (Houk and Gibson 1986). Despite these intriguing 
organizational features of the sagittal zones, to date there is 
no generally accepted view regarding their functional signifi- 
cance. 

Several investigators have approached the function of 
this system by examining the temporal relationship among 
climbing fiber inputs to simultaneously recorded Purkinje 
cells oriented in different anterior-posterior and medial-lat- 
eral directions relative to each other. Most studies deter- 
mined the cross correlation of spontaneously occurring 
climbing fiber inputs (Bell and Kawasaki 1972; DuPont 
and Crepe1 1979; Sasaki et al. 1989) and climbing fiber 
inputs evoked either by passive stimuli or by the administra- 
tion of pharmacological agents (Bloedel et al. 1983; Llinas 
and Sasaki 1989; Sasaki et al. 1989). It is generally agreed 
that the climbing fiber inputs to neighboring Purkinje cells 
aligned in parasagittal strips are temporally correlated 
under these conditions. However, the extent to which these 
correlations vary during specific behavioral conditions re- 
mains uninvestigated. 

Modifications in the correlation among climbing fiber 
inputs to nearby Purkinje cells can be expected, because the 
electrotonic coupling among olivary neurons (Sotelo et al. 
1974) can vary as a result of interactions occurring in this 
structure (Llinas et al. 1974; Llinas and Sasaki 1989). The 
recent studies of Armstrong and colleagues (Amos et al. 
1987; Andersson and Armstrong 1987; Armstrong and 
Edgley 1984; Armstrong et al. 1988 ) employed behavioral 
paradigms together with single-cell recording techniques to 
examine the complex spike responses of Purkinje cells local- 
ized to identified sagittal zones during modified and un- 
modified locomotion. Together these studies provide a 
clear indication that the sagittal distribution of climbing 
fiber inputs is an important functional property of this 
system. 

This manuscript is the first of a series from this labora- 
tory reporting experiments that utilize a multiple single- 
unit recording approach to examine the function of the 
climbing fiber system in the context of its termination pat- 
terns within the cerebellar sagittal zones. This experiment 
was designed to compare the temporal relationship of the 
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climbing fiber inputs with simultaneously recorded, sagit- 
tally aligned Purkinje cells under two conditions: perturbed 
and unperturbed locomotion. The study employs decere- 
brate ambulating ferrets to test the hypothesis that the 
climbing fiber inputs to neighboring, sagittally aligned Pur- 
kinje cells are activated synchronously when an ongoing 
step cycle is interrupted by a perturbation that alters the 
trajectory of the forelimb. 

In these experiments the responses of up to six Purkinje 
cells aligned in parasagittal strips and separated by ~200 
pm in the paravermal regions of lobules V and VI were 
recorded simultaneously during perturbed and unper- 
turbed locomotion. The data analysis in this paper is de- 
signed to quantify the simple and complex spike activity of 
the recorded Purkinje cells on the basis of their responses in 
individual trials rather than over several cumulative trials, 
as required when using histogram or correlogram tech- 
niques. In assessing the complex spike responses of simulta- 
neously recorded cells, the analysis of single trials is particu- 
larly important because of the probabilistic nature of their 
activation (Bloedel and Ebner 1984). Consequently, histo- 
grams obtained from several cells across successive trials do 
not necessarily reflect the degree to which the climbing fiber 
inputs are synchronously activated in individual trials. 

It will be shown that a perturbation interrupting the tra- 
jectory of swing phase can evoke synchronized climbing 
fiber inputs to sagittally aligned Purkinje cells and that the 
combination of climbing fiber inputs comprising these re- 
sponses is quite variable over successive trials. A brief re- 
port from the initial series of experiments has been pre- 
sented previously ( Lou and Bloedel 1986 ) . 

METHODS 

Animal preparation 

Ferrets weighing between 1,000 and 1,400 g were used in the 
experiments. After a subcutaneous injection of atropine (0.3 mg/ 
kg), a tracheostomy was performed under halothane anesthesia, 
and the animal was artificially respired. The body temperature 
was maintained at 38-39°C with the use of a heating pad, and the 
expired CO, concentration was maintained at 4-5% throughout 
the surgical procedure. After the animal was placed in a stereo- 
taxic frame, a glue cap was created on the frontal bone to secure 
the animal’s head during locomotion. 

Decerebration at the precollicular, premammillary level was 
then performed. Because there is no stereotaxic atlas available for 
the ferret, the colliculi were exposed by aspirating the parietal and 
occipital lobes following the craniectomy. The two electrodes used 
for the electrocoagulation were inserted at a 22O angle from verti- 
cal at the rostra1 level of the superior colliculi. Eighty-four lesions 
were separated from each other by 1.5 mm in a grid across the 
brain stem. Histological assessment of the tissue taken from the 
initial series of experiments indicated that this method ensured 
that there was no viable tissue between the lesion sites, and the 
anterior-posterior extent of the lesion was consistent over the en- 
tire lesioned area. Next, a posterior fossa craniectomy was per- 
formed to expose lobules V and VI of the right cerebellum under a 
38.5 “C saline drip. A thin layer of agar was placed on the cerebel- 
lar cortex after removal of the dura. 

On completion of the surgical procedure, the ear bars and 
mouthpiece were removed, and the halothane was discontinued. 
The head of the animal was held securely to the stereotaxic frame 

using only the contacts on the glue cap. The responsiveness of the 
animal was frequently assessed to ensure that the animal did not 
show any signs of distress or discomfort, indicating the decerebra- 
tion was incomplete. Perhaps because of the extensive lesioning 
procedure detailed above, this problem was never encountered. 
On resumption of spontaneous breathing, the respirator was dis- 
connected, and the animal was suspended over the treadmill with 
a broad towel band supporting its abdomen (Fig. 1). Usually the 
animal was capable of walking on the treadmill within 1 h after 
discontinuing the halothane. Given the location of the midbrain 
lesion, the animal walked spontaneously on the moving treadmill. 

Recording methods 

An array of five epoxy-coated tungsten electrodes (S-10 MQ) 
aligned in a sagittal row with tips -200 pm apart was used for 
extracellular recording of Purkinje cells, identified on the basis of 
their climbing fiber responses ( Eccles et al. 1966). The electrodes 
in the array were held in place with hardened molten sucrose and 
consequently could not be moved individually. Up to six Purkinje 
cells (2 with 1 electrode) in a sagittal row in the surface layer of 
lobule V or VI could be isolated simultaneously with the use of 
this array. 

Once the cells were isolated, receptive fields of the complex 
spike responses were not determined systematically because of the 
problems associated with stopping the locomotor behavior. Cessa- 
tion of motion for a period long enough to assess the receptive 
fields of all the isolated neurons usually jeopardized the quality of 
the locomotion when stepping was resumed. Consequently, the 
practice of testing receptive fields was discontinued early in the 
experiments. However, as indicated by the nature of the results, all 
sets of neurons reported here received climbing fiber inputs acti- 
vated when the paw dorsum contacted the perturbation bar. For 
evaluating the hypothesis for which these experiments were de- 
signed, this was considered sufficient. Consequently, the relation- 
ship between response properties and differences in receptive-field 
characteristics was not assessed. 

This recording system was capable of maintaining the stability 
of the unitary recordings for a period long enough to evaluate all of 
the sets of cells reported in this manuscript. This was accom- 
plished principally through slight adjustments in the manipulator 
during an initial 3- to 5-min recording period while the animal 
walked on the treadmill. Usually a lo- to 12-min period was suffi- 
cient for the acquisition of one full set of data. Once the initial 
isolation was complete, there was virtually no difficulty in main- 
taining stable recordings over this relatively brief period. At the 
time of the off-line analysis, stability again was checked as the 
activity of a cell was discriminated. Each cell’s discrimination was 
consistently checked to ensure that the waveform was not modi- 
fied. In the few cases in which a slight modification did occur, the 
unit was rediscriminated before subsequent trials were analyzed. 

Experimental paradigm 

The experimental paradigm is illustrated in Fig. 1. The position 
of the right front leg was monitored by a potentiometer attached 
by a string either just below the elbow joint or just above the wrist. 
The output signal of the potentiometer was fed into a threshold 
detector that produced a pulse when a critical limb position was 
attained. These pulses were gated by a foot pedal and served as the 
triggers for the perturbations and for timing pulses for the com- 
puter-based off-line analysis. The speed of the treadmill could be 
varied over an appropriate range of walking speeds. 

The perturbation was produced by a bar that extended into the 
trajectory of the right forelimb at a specific phase of the step cycle. 
The perturbation was applied pseudorandomly once every 7- 10 
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FIG. 1. Experimental setup. The ferret is suspended over the treadmill with a towel supporting the abdomen and a Kopf 
semichronic head holder stabilizing and securing the head. Recordings from the 5 microelectrodes of the array are led 
directly into a Honeywell tape recorder without any signal conditioning. In addition, the signal from the potentiometer 
monitoring the protraction and retraction of the forelimb ipsilateral to the recording site, the treadmill speed, and the various 
trigger pulses described in the text are also recorded on the tape. Modifications in treadmill speed or the activation of the air 
cylinder can be triggered at specified voltages recorded from the potentiometer. All computer-based analysis is performed 
off-line. 

step cycles. The position of the perturbation bar was monitored by 
the use of a mechanically coupled potentiometer, and the time of 
contact was determined from the record of the forelimb move- 
ment obtained by the use of either the potentiometer system de- 
scribed above or the Watscope-Watsmart system, a camera-based 
system for detecting the position of infrared-emitting diodes 
placed on the forepaw and over the wrist, elbow, and shoulder 
joints. In some later experiments the time the right forelimb con- 
tacted the perturbation bar was directly monitored by the use of a 
contact sensor mounted on the bar. Unitary data, limb displace- 
ment, perturbation triggers, treadmill speed, and either the posi- 
tion of the perturbation rod or the time the right forelimb con- 
tacted the perturbation bar were stored on magnetic tape (Honey- 
well 56OOC) for off-line data processing using a PDP- 1 1 / 34 or 
11/73 computer. 

Trials were divided into perturbed and unperturbed trials. Each 
trial consisted of approximately three steps. In perturbed trials the 
trigger and data collection system were set so that the perturbation 
was usually applied in the second step of the trial (see Figs. 3, 4, 
and 6). Unperturbed trials were taken sequentially using the same 
step-evoked trigger. As a result, the time courses of the perturbed 
and unperturbed trials were comparable because the same tread- 
mill speed was used for both. Epochs of perturbed and unper- 
turbed trials were alternated until the recording of the neurons in 
the set deteriorated. 

tion techniques. For each trial the gated pulses generated by limb 
position were used to trigger the computer to sample spike trains, 
limb position, and perturbation data. Data were sampled for 1,600 
ms after the trigger with the use of a binwidth of 1 ms for the spike 
data. Note that a trial length ( 1,600 ms) was chosen to include 
approximately three steps. Usually lo-20 trials of both perturbed 
and unperturbed runs were analyzed. Ten trials of each type con- 
stituted a completed study. The characteristics of the complex 
spike responses are reported in this paper. The simple spike re- 
sponses and their relation to the evoked climbing fiber inputs will 
be reported in a subsequent manuscript. 

The synchronous firing of the climbing fiber inputs to the sagit- 
tally aligned Purkinje cells first was evaluated by plotting the time 
of occurrence of the complex spikes for each cell in the simulta- 
neously recorded set on the same time axis for each trial (see Fig. 
4A for an example). Next, a window was chosen during which the 
degree of synchrony among the complex spikes evoked by the 
perturbation would be quantitatively assessed. For this reason the 
phase of the step cycle at which synchrony was measured in both 
perturbed and unperturbed trials was always selected from the 
perturbed trials. A window of 80 ms was chosen on the basis of 
experimental data demonstrating that harmaline-induced rhyth- 
mic discharge of inferior olivary neurons occurs at frequencies of 
8- 12 Hz (De Montigny and Lamarre 1973; Llinas and Volkind 
1973) and that natural forepaw stimuli evoke complex spike re- 
sponses having a periodicity between 100 and 160 ms time-locked 

Of-line data analysis to the peripheral stimulus (Bloedel and Ebner 1984). Conse- 
quently, it is unlikely that the same climbing fiber would discharge 

The complex and simple spikes of each Purkinje cell were dis- twice within an 80-ms window. For the purpose of this analysis, 
criminated separately with the use of time-amplitude discrimina- synchrony was defined as the occurrence of complex spikes of 
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different Purkinje cells within this 80-ms window. In this context, 
synchronous complex spike responses need not be simultaneous; 
namely, they need not occur precisely at the same time. This dis- 
tinction was necessary because the evoked complex spikes did not 
always occur simultaneously even though they were evoked 
within the response window. 

Once the window was selected, the synchronous firing of the 
simultaneously recorded complex spike responses was quantified 
by calculating the synchrony index (SI), defined as the fraction of 
Purkinje cells responding with a complex spike during the re- 
sponse window for each trial. For example, if four of five cells were 
activated by their climbing fiber input within the window in a 
single step cycle, the synchrony index would equal 0.8. This calcu- 
lation was done for the perturbed step in each perturbed trial and 
the corresponding phase of the corresponding step in each unper- 
turbed trial. 

For each set of cells the data from the perturbation and nonper- 
turbation trials were analyzed separately. The average SI was cal- 
culated for both types of trials. The statistical significance of the 
increased synchrony index in the perturbation trials compared 
with that of the nonperturbation trials was then determined with 
the use of a Student’s t test. 

RESULTS 

In these experiments the responses of 122 cells compris- 
ing 45 sets of 2 or more neurons were studied and analyzed. 
As shown in Fig. 2, the sets included 6 neuron pairs, 11 
triplets, 11 4-cell sets, 10 5-cell sets, and 7 6-cell sets. Be- 
cause only five electrodes were used in the recording elec- 
trode arrays, two cells were recorded from the same elec- 
trode in the sets that contained six cells. Among these 45 
sets, 32 were completely analyzed; the other 13 sets were 
analyzed partially up to the time when the experiment was 
interrupted, usually because of cessation of locomotion or 
loss of the isolated neurons. Recording sites were limited to 
the area just lateral to the paravermal vein in lobules V 
or VI. 

below are shown in Fig. 3. The swing phase in an unper- 
turbed step is shown in A. In B the perturbation bar, the end 

The characteristics of the two types of behavioral re- 
sponses to the perturbation evoking the responses described 

on the protraction of the forelimb. Figures were drawn by joining succes- 
sively the infrared-emitting diodes located over the scapular spine, 

L’ 

shoulder, elbow, wrist, and base of the lateral toe. A projection of the stick 
figures also is shown in a posterior projection, and the toe position is shown 

FIG. 3. 

on a ventral projection. Anterior is to the right. A : unperturbed protraction 

Stick figure diagram illustrating the effect of the perturbation 

of the forelimb. B: one step cycle in which the bar interrupted the forward 
movement of the limb. C: a different step cycle in which the limb was lifted 
over the bar after contact. In B and C the open circles in the vicinity of the 
lower leg indicate the location of the end of the perturbation bar. 

6 

of which is shown at successive times with an open circle, 
arrested the forward movement of the limb. In a subse- 
quent trial (C) the bar interrupted the trajectory, and the 
paw slid up and over the bar as the step cycle continued. In 
this example the bar began to retract just as the limb was 
elevated and began to continue forward. Although not stud- 
ied systematically, the type of response to the perturbation 
did not appear to increase or decrease the probability of 
activating the climbing fiber inputs in the 80-ms window 

Number of Cells after the perturbation. 
FIG. 2. Bar histogram illustrating the number of sets comprised of 3-6 The most striking observation in this study was the dra- 

cells. matic, synchronous activation of the climbing fiber inputs 
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FIG. 4. Comparison of the complex spike activity in an unperturbed 
(A-C) and perturbed (D-F) trial while recording from the same set of 5 
sagittally distributed Purkinje cells. Complex spike activity for each of the 
5 recorded neurons is shown on separate lines in A (unperturbed trial) and 
D (perturbed trial). In this and all other figures in which single-trial data 
are shown, the following relationship between symbols and recorded neu- 
rons will be followed: cell 1, square; cell 2, circle; cell 3, triangle; cell 4, 
plus sign; cell 5, X; cell 6 ( not present in this set), open diamond. The 
protraction (increasing values on ordinate) and retraction (decreasing val- 
ues on ordinate) of the ipsilateral forelimb are shown in B and E for the 2 
trials. F: time course of the perturbation rod as it is interjected into the 
trajectory of swing phase. Arrow in E indicates the time at which the foot 
contacted the perturbation bar. 

to the sagittally aligned Purkinje cells in response to the 
perturbation of the step cycle. This is illustrated in Fig. 4, 
which shows one unperturbed trial (A-C) and one per- 
turbed trial (D-F) obtained from a five-cell set. The com- 
plex spike activity for each cell in the unperturbed and per- 
turbed trial is shown in A and D, respectively, with the time 
of occurrence of each cell’s complex spikes plotted in differ- 
ent rows with the use of different symbols. The perturbing 
rod started to extend into the trajectory of the right forelimb 
at w  280 ms and remained maximally extended until m 600 
ms. While extended, it was contacted by the limb at the 

SET 1 SET 2 
Complex Spikes 

J’. D 

Right Leg 

time indicated by the arrow in E. The effect of bar contact 
on the record characterizing the forward-backward move- 
ment of the forelimb (E) was not dramatic because the 
potentiometer was attached at the animal’s elbow to ensure 
that the connecting string did not contact the bar. 

The plot in D shows that the climbing fiber inputs to cells 
1, 2, 3, and 5 were synchronously activated in response to 
the perturbation. As indicated in METHODS, synchronous 
firing was defined as the occurrence of complex spikes in 
two or more Purkinje cells of the set within an 80-ms inter- 
val. Notice also that cells 2 and 3 as well as 3 and 4 were 
activated simultaneously as pairs later in the trial. The peri- 
odicity of each cell’s complex spike responses was not sys- 
tematically evaluated in these experiments. However, in 
some sets a second group of complex spikes was evoked 
time-locked to the perturbation. In the set in Fig. 4, two 
pairs of neurons were simultaneously activated later in the 
trial. This likely reflects the oscillatory behavior of olivary 
neurons (Llinas and Yarom 198 la,b) and the tendency of 
this behavior to be reset by peripheral stimuli (Bloedel and 
Ebner 1984). 

A comparison of Fig. 4, A and D, demonstrates the re- 
markable difference in the synchronous activation of 
climbing fiber inputs evoked at a fixed, specific phase of the 
step cycle in perturbed and unperturbed step cycles. The 
presence of synchronous complex spike responses in the 
perturbation trials was as dramatic as their absence in un- 
perturbed trials. Although Fig. 4 shows only one nonpertur- 
bation and one perturbation trial, this difference character- 
ized all of the experimental data, as indicated in the statisti- 
cal analysis presented below. No matter how dramatic the 
synchronous response to the perturbation, no set of neu- 
rons displayed phase-locked synchronous activation of 
climbing fiber inputs discernible over several successive 
nonperturbation trials. 

Some of the characteristics of the climbing fiber activity 
in unperturbed trials is shown in Fig. 5. The plots related to 
set 1 were obtained from two unperturbed trials while re- 
cording from a set of six neurons. In this particular set the 

I  1 I  1 
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+ 
0 0 G 
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Perturbation 
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FIG. 5. Data from 2 sets of neurons in unperturbed trials (A-F and G-I, respectively). Purkinje cells in set 1 had an 
unusually high mean rate of climbing fiber activity across the cells of the set. The format of the data presentation is the same 
as Fig. 4. Set 1 consists of 6 neurons, and set 2 consists of 5 cells. 
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FIG. 6. Relationship between the synchrony index (SI) in perturbed 

trials and SI in unperturbed trials for the same sets of neurons. Dashed line 
indicates the relationship expected if the SIs were identical in perturbed 
and unperturbed trials. 

average discharge rate of each cell’s complex spikes was 
reasonably high. Despite this fact, no consistent phase-spe- 
cific synchronous activation of the complex spikes occurred 
throughout the six step cycles shown. In A there was a syn- 
chronous activation of cells 3, 5, and 6 at - 550 ms. Simi- 
larly, in the next trial there was a synchronous activation of 
ceZZ3 4 and 5 in D shortly after 400 ms. However, these 
synchronous responses were not phase specific, occurring at 
different phases of the step cycles in the two trials. 

The trial shown for set 2 (G-I) consisting of five cells was 
chosen to illustrate that the synchronous activation of most 
of the cells in the set occasionally occurred during unper- 

Complex Spikes 
A 

TRIAL 1 

turbed locomotion. In this trial all five cells of the set were 
synchronously activated at -700 ms into the trial. How- 
ever, correlated with this synchronous activity is a small 
alteration during protraction (H). The relationship of the 
synchronous responses to modifications of the step cycle 
due to factors other than the perturbation bar (e.g., postural 
sway, slip) in unperturbed trials was not investigated. How- 
ever, on the basis of the consistency of the responses to 
perturbations, the occurrence of synchrony in unperturbed 
trials may be related to other types of alterations in gait. 
Whatever its basis, synchronous activity clearly can occur 
in unperturbed trials. However, the statistical evaluation of 
the data presented below emphasizes that the complex 
spike responses time-locked to the perturbation are not 
likely due to the phase locking of these responses to some 
consistent feature of the unperturbed locomotor cycle. 

As described in METHODS, the SI, defined as the number 
of complex spikes/ cell/trial, was calculated to quantify the 
degree of synchrony among the climbing fiber inputs 
evoked by the perturbation. A comparison of the SIs of the 
perturbed and unperturbed trials for each individual set is 
shown in Fig. 6. In this figure the SI of the unperturbed 
trials (horizontal axis) in each individual set is plotted 
against that of the perturbed trials (vertical axis). Each indi- 
vidual set is represented by one solid circle. The dashed line 
indicates the expected values if the SI were the same in both 
perturbed and unperturbed trials for all sets. In all but four 
sets, the SI for the perturbed trials is greater than that for the 
unperturbed trials. Furthermore, the difference between 
the average SI for the perturbed trials (0.327) and the un- 
perturbed trials (0.147 ) across all the sets is statistically sig- 
nificant at P < 0.00 1. 

One of the interesting features of the synchronously acti- 
vated complex spike responses was that the combination of 
Purkinje cells responding synchronously to the perturba- 
tion and the relative response latencies varied over succes- 
sive perturbation trials. This is illustrated in Fig. 7 for three 
successive perturbation trials from a five-cell set. Conven- 
tions are the same as in the previous figure. Again the poten- 

TRIAL 2 TRIAL 3 

Right Leg 
“~, Ebb “\ 

I  I  I  I  1 

Perturbation 

“L-... FkL= ‘t\ 
0 moo 

FIG. 7. Variability of ‘the complex spike responses recorded fro 
trials. The format of the figure is identical to that used in Fig. 4. 

m a set of 5 Purkinje cells over 3 successive perturbation 
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tiometer was attached above the elbow. In these three suc- 
cessive trials (A-C, D-F, and G-I) the perturbation syn- 
chronously activated slightly different combinations of 
climbing fiber inputs. In trial 1 (A) cells 2-5 were activated 
synchronously by the perturbation, in trial 2 (D) the climb- 
ing fiber inputs to cells l-5 responded synchronously, 
whereas in trial 3 ( G) cells 2, 3, and 5 were synchronously 
activated. Typical of most sets, the relative latencies of the 
complex spike responses recorded from these cells also var- 
ied from trial to trial. For example, in trial 1, cell 3 re- 
sponded first, and no cells were activated simultaneously. 
In contrast, in trial 2, cells 3 and 5 were activated simulta- 
neously and responded with the shortest latency. Cells 3 
and 5 were also activated simultaneously in trial 3, but cell 
2 responded to the perturbation with the shortest latency. 

The different combinations with which the climbing 
fiber inputs can be evoked within the response window over 
several successive perturbations for a different five-cell set 
are emphasized further in Fig. 8. Five different markers are 
used to represent each of the five cells’ complex spikes. 
Characteristic of all sets studied, the combinations of 
climbing fiber inputs to these parasagittally aligned Pur- 
kinje cells varied considerably. For example, cells 4 and 5 
are activated synchronously in trial 1, and cells 1, 3, 4, and 
5 are activated synchronously in trial 2. In trial 7 the climb- 
ing fiber inputs to all five Purkinje cells in the set are acti- 
vated synchronously by the perturbation. In this set the 
most frequent combinations of synchronously activated 
climbing fiber inputs were among cells 1, 3, 4, and 5 (trials 
2,8, 11, and 17) and among cells l-4 (trials 9, 13, and 16). 
Other combinations were also observed: cells I, 3, and 5 
(trial 4 and 5); cells 1, 2, 3, and 5 (trial 6). Across all the 
trials, cell 2 was activated less frequently by the perturba- 
tion than cells 1, 3, 4, and 5. However, it was always acti- 
vated synchronously with cell 1 and cell 3. In all, there were 
11 combinations of activated climbing fiber inputs evoked 
over the 17 trials. 

A similar study performed in another set of five Purkinje 
cells is shown in Fig. 9. Again many combinations of climb- 
ing fiber inputs were activated over several perturbation 
trials. In this set, 11 different combinations of climbing 
fiber inputs were evoked over these 13 perturbed trials. In 
the most frequently observed combinations, cells 2, 3, and 
5 were activated synchronously in trials 5 and 9; cells 1, 2, 
3, and 5 in trials 12 and 13. The climbing fiber inputs to 
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FIG. 8. Relationship between the coupling of the climbing fiber inputs 
to a set of 5 neurons across 17 successive perturbation trials. For clarity the 
svmbols pertaining. to each trial are connected bv a dashed line. 
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FIG. 9. Relationship of the coupling between the climbing fiber re- 
sponses across 13 consecutive perturbation trials for a set of 5 neurons. 

all of the cells in the set were activated synchronously in 
trial 10. 

To obtain some initial insights into whether the various 
combinations of climbing fiber inputs are related to electro- 
tonic interactions among olivary neurons (Llinas and 
Yarom 198 1 a,b; Llinas et al. 1974) or to other factors possi- 
bly related to the temporal properties of olivary afferent 
activity, the probability with which specific combinations 
of climbing fiber inputs occur synchronously across several 
perturbation trials was compared with the probability that 
the combination would occur based only on each cell’s 
probability of responding to the perturbation across the 
same trials. Four sets of data were selected for this analysis 
on the basis of the characteristics of their complex spike 
responses (comparatively high SI). For the two sets shown 
in Figs. 8 and 9, a comparison of the probabilities for some 
of the combinations are shown in Table I. Unexpectedly, 
the observed probability of occurrence of each combination 
of climbing fiber inputs (actual) was very similar to that 
predicted based only on the probability of each cell’s climb- 
ing fiber input responding to the perturbation (calculated). 
This is particularly apparent for the set in Fig. 9. Notice the 

TABLE 1. Comparison of the actual and calculated 
probabilities .fi,r specijic combinations of climbing3ber inputs 
responding toLfirelimb perturbation 

Probabilities 

Combinations Actual Calculated 

17-Trial set, Fig. 8 
1, 3, 5 
1, 3, 4, .5 
1, 2, 3 
1, 2, 3, 4 
2, 3, 4 
3, 4, 5 

13-Trial set, Fig. 9 
1, 2, 3 
3, 4, .5 
1, 3, 5 
2, 3, 5 

0.47 0.43 
0.29 0.30 
0.29 0.20 
0.24 0.14 
0.24 0.17 
0.29 0.33 

0.23 0.26 
0.23 0.31 
0.31 0.31 
0.46 0.43 

As explained in the text, the actual probability reflects the observed 
probability of the various combinations of complex spike responses. The 
calculated probability is the probability expected if the specified combina- 
tions reflected only the frequency of occurrence of each cell’s response to 
the perturbations. Calculations are made for the sets of neurons shown in 
Figs. 8 and 9. 
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similarity between the actual probability of occurrence of 
the response combinations and the calculated probabilities 
based on frequency of occurrence. For the set shown in Fig. 
8, the actual probability of occurrence was consistently 
higher than the calculated value when cells 2 and 3 were 
included in the analyzed group. This relationship may re- 
flect a contribution of coupling to the observed rate of oc- 
currence in this set. Thus, although factors such as coupling 
may play some role in determining these probabilities, the 
synchrony cannot be completely ascribed to this mecha- 
nism. 

DISCUSSION 

Overview of$xdings 

These data are among the first to demonstrate a behav- 
ioral condition in which climbing fiber inputs to sagittally 
aligned Purkinje cells are synchronously activated in a con- 
sistent manner. The use of multiple single-unit recording 
together with a method for analyzing data on a trial-by-trial 
basis was critical for obtaining these observations. The find- 
ings extend previous studies illustrating the existence of sag- 
ittally distributed climbing fiber inputs under spontaneous 
or pharmacologically induced conditions (Llinas and Sa- 
saki 1989; Sasaki et al. 1989) by showing that up to six 
sagittally aligned Purkinje cells receive synchronously acti- 
vated climbing fiber inputs after intermittent perturbation 
of the forelimb during the locomotor cycle. Although pre- 
vious studies demonstrated that climbing fiber inputs of 
two or three neighboring Purkinje cells can be evoked syn- 
chronously following natural stimuli applied to the fore- 
limb (Bloedel et al. 1983 ) , this experiment illustrates that 
this synchronous activation can occur across sagittally dis- 
tributed Purkinje cells in response to a perturbation applied 
during an ongoing movement. 

The findings do not define the width of these sagittal 
zones. However, recent experiments comparing responses 
recorded from two five-electrode arrays show clear differ- 
ences in the complex spike responses recorded from two 
different identified zones separated by only one other zone 
(e.g., B and C,, C1, and C,) (Kelly et al. 1989). In addition, 
studies using single-cell recording techniques also indicate a 
zonal organization for the complex spike responses evoked 
by perturbations of locomotor behavior (Amos et al. 1987; 
Andersson and Armstrong 1987 ) . The studies reported 
here indicate that the activated complex spikes actually oc- 
cur in the same trials. 

The remainder of this DISCUSSION will focus on the sys- 
tems responsible for activating the climbing fiber input, the 
appropriate conditions under which the climbing fibers are 
activated, and the implications of these findings to the class 
of operations 
bellar cortex. 

performed by the climbing fibers in the cere- 

Mechanisms responsible fir the synchronous activation of 
climbingjiber inputs to sagit tally distributed Purkinje cells 

The synchronous activation of these climbing fiber in- 
puts could result from one or a combination of at least three 
factors. First, the synchrony could be due to the intrafolial 

branching of climbing fibers within the cortex itself. The 
possibility that the Purkinje cells oriented in a sagittal strip 
may receive climbing fiber inputs from different branches 
of the same climbing fiber has been supported by both ana- 
tomic and electrophysiological studies. Anatomically 
climbing fibers having two or three branches in the upper 
portion of the granular layer likely supply two or three 
neighboring Purkinje cells in the same folium (Fox et al. 
1969; Rosina and Provini 1985 ) . Electrophysiological stud- 
ies and multiple fluorescent tracing experiments also have 
suggested that climbing fiber axons branch before reaching 
the cerebellar cortex so that a single climbing fiber might 
activate Purkinje cells in different folia in a narrow parasag- 
ittal strip along the same zone (Armstrong et al. 1973a-c; 
Faber and Murphy 1969; Rosina and Provini 1983, 1985). 
Together these data indicate that a single inferior olivary 
neuron may supply climbing fiber collaterals not only to 
the Purkinje cells in different lobules within a parasagittal 
strip but also to two or three parasagittally organized Pur- 
kinje cells within a single folium. 

Second, the electrotonic coupling of inferior olivary neu- 
rons could contribute significantly to the synchronous fir- 
ing of complex spikes. Electrotonic coupling of these cells 
was first suggested by studies (De Montigny and Lamarre 
1973; Llinas and Volkind 1973) demonstrating that the ad- 
ministration of harmaline could generate a synchronous 
activation of Purkinje cells via the climbing fiber system. 
Further anatomic and physiological studies have shown 
that the electrotonic coupling of inferior olivary neurons is 
mediated by dendrodendritic gap junctions within the infe- 
rior olivary glomerulus (Llinas et al. 1974; Sotelo et al. 
1974). Most recently, the properties of the electrotonic 
coupling between these cells were further investigated by 
simultaneously recording 32 Purkinje cells in the rat 
(Llinas and Sasaki 1989; Sasaki et al. 1989). Cross-correla- 
tion analysis of Purkinje cells’ complex spikes demon- 
strated that the synchronous firing occurred in rostrocaudal 
bands across the folium with mediolateral spans of only 
250-500 pm. These investigators also showed that the spa- 
tial organization of the coupling between inferior olivary 
neurons could be modified by systemic application of pi- 
crotoxin, which blocks y-aminobutyric acid inhibition, a 
possible inhibitory mechanism for regulating the functional 
extent of the coupling. 

Third, the response properties of the inputs to the inferior 
olive could contribute to the synchronous activation of 
climbing fibers, assuming an appreciable temporal correla- 
tion in the activity of olivary inputs responding to the per- 
turbation. This is quite feasible given the size of the recep- 
tive fields of some olivary neurons and the fact that cells 
with similar receptive fields project to specific strips in the 
cerebellar cortex (Andersson and Oscarsson 1978; Gibson 
et al. 1987; Oscarsson 1979). Because of the polysynaptic 
nature of some of the olivary inputs (Bloedel and Courville 
198 1 ), the climbing fiber responses evoked by this mecha- 
nism would be expected to show appreciably less simultan- 
eity than those evoked by the -first two proposed mecha- 
nisms. 

If intracerebellar and intrafolial branching were responsi- 
ble for the synchronous discharge of complex spikes in 
neighboring Purkinie cells, verv comparable latencies 
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would be expected among their responses. Simultaneity 
would also be expected if the degree of electronic coupling 
and the coupling coefficient were high (see Sasaki et al. 
1989 for examples). Clearly, the findings in Figs. 4,5, and 7 
emphasize that this is not always the case. These data as 
well as those illustrated in a previous manuscript (Lou and 
Bloedel 1986) indicate that climbing fiber inputs are not 
necessarily activated simultaneously in response to the per- 
turbation. Although indicating that branching may not con- 
tribute to the combinations of synchronously activated 
climbing fiber inputs reported in this paper, the lack of si- 
multaneity in some trials does not rule out the possible 
contribution of electronic coupling to this observation. Hy- 
pothetically, if the extent of the coupling were weak, the 
lower amplitude depolarizations evoked in neighboring oli- 
vary neurons could summate with the ongoing oscillations 
of the cell’s membrane potential to evoke action potentials 
that were not simultaneous with the triggering neuron. The 
fact that the electronically evoked voltage changes can be 
>20 ms in duration (Llinas and Yarom 198 la) provides a 
further basis for some variability in the latencies among 
electrotonically coupled neurons. 

The findings in Table 1 provide indirect evidence against 
a high degree of direct coupling between the recorded neu- 
rons in the selected examples. In the sets shown in Figs. 8 
and 9, the specific neurons synchronously activated by the 
perturbation in successive trials varied more dramatically 
than would be expected for a system exclusively regulated 
by electrotonic coupling. It also is feasible that olivary neu- 
rons in the ferret are more loosely coupled than in the 
guinea pig and rat (Llinas and Sasaki 1989; Llinas and 
Yarom 198 la,b; Sasaki et al. 1989). Species variability in 
electrotonic coupling has been suggested by other investiga- 
tors (Llinas and Yarom 198 1 a). This possibility also may 
explain the fact that initial experiments in the cat employ- 
ing the same paradigm used in these experiments revealed 
the presence of simultaneous responses to forelimb pertur- 
bation in many of the initial neuronal sets examined (Kelly 
et al. 1989). 

On the basis of these arguments, the lack of simultaneity 
and the degree of variability observed in the cell combina- 
tions could be due to either weak electrotonic coupling or 
the properties of the afferent systems responsible for acti- 
vating the olivary neurons. Future studies will have to de- 
termine the precise mechanism for the observed synchrony 
and its temporal characteristics. 

Origin of the climbingjber responses evoked by forelimb 
perturbation 

The complex spike responses evoked by the perturbation 
of the right forelimb most likely are mediated by one or a 
combination of previously described spinoolivocerebellar 
pathways ( SOCPs). However, the precise SOCP or SOCPs 
mediating these responses cannot be differentiated on the 
basis of the available data. This determination would re- 
quire a careful segregation of each pathway during the 
course of the study, a procedure that cannot be satisfacto- 
rily performed without jeopardizing the locomotor capabil- 
ity of the animal. A number of SOCPs have been demon- 
strated with electrophysiological techniques (Ekerot and 
Larson 1979, 1980; Oscarsson 1969; Oscarsson and Sjo- 

lund 1977a,b). Among the five SOCPs ascending through 
the ventral funiculus (VF-SOCPs) (Oscarsson and Sjolund 
1977a,b), three pathways that terminate in zones a, cl, and 
c3 of the cerebellar cortex are activated exclusively from 
nerves in the ipsilateral hindlimb and therefore cannot me- 
diate the responses reported in this manuscript. Two other 
pathways, terminating in the b, and b, zones, are bilaterally 
activated from the forelimbs and hindlimbs. Other SOCPs 
ascending through the dorsal funiculus project to all the 
identified zones of the anterior lobe (Ekerot and Larson 
1979, 1980). The Purkinje cells in zones cl, c3, dl, and d2 
receive ipsilateral inputs, whereas neurons in the c2 zone 
can be activated from bilateral forelimb and hindlimb 
nerves, at least in the cat. Given the location of the record- 
ing sites and the site of the perturbation, the responses re- 
corded in this study were likely mediated by these dorsal 
funicular pathways. 

The peripheral receptors responsible for evoking the 
climbing fiber responses via the SOCPs also have been the 
subject of several investigations. Early studies (Oscarsson 
and Sjolund 1977a,b; Ekerot and Larson 1979, 1980) sug- 
gested that SOCPs generally require the activation of high- 
threshold afferents, because the reported responses are spa- 
tially diffuse and lack modality specificity. However, others 
(Ebner et al. 1983; Ebner and Bloedel 198 1; Eccles et al. 
197 1; Gellman et al. 1985; Gibson et al. 1987; Robertson 
and Laxer 198 1; Rushmer et al. 1976, 1980) showed that 
these pathways can be activated by low-threshold somato- 
sensory stimuli. Many of the Purkinje cells responding to 
passive movement of the forepaw have been shown to be 
localized within a well-defined parasagittal strip very near 
the paravermal vein in lobule V, one of the primary record- 
ing sites in this study (Rubia and Kolb 1978; Rubia and 
Tandler 198 1; Rushmer et al. 1976). Together these find- 
ings suggest that the climbing fiber responses observed in 
the present study are most likely evoked by the activation of 
low-threshold cutaneous receptors and possibly some joint 
proprioceptors responding to the forelimb perturbation. 

Functional implications 

The findings in this paper demonstrate one behavioral 
condition in which the climbing fiber inputs to the cerebel- 
lum are activated: an unexpected perturbation of swing 
phase during locomotion. The synchronous activation of 
the climbing fiber inputs to sagittally aligned groups of Pur- 
kinje cells in this study appear consistent with the event 
detector or error detector hypothesis (Rushmer et al. 
1976). On the basis of the response characteristics of the 
climbing fiber system to passive forepaw movement in de- 
cerebrate cats, it was proposed that the climbing fiber in- 
puts may serve as “event detectors” signaling to the cerebel- 
lum the precise timing of peripheral events. Consistent with 
this view, recordings from inferior olivary neurons in the 
awake cat (Gellman et al. 1985 ) showed that most of these 
cells respond to either passive cutaneous or proprioceptive 
stimulation or to “unexpected” contact of . . the receptive 
field during an active movement. In contrast, the neurons 
did not respond consistently when stimuli were encoun- 
tered during the execution of an uninterrupted movement, 
e.g., when the stimulus resulted from contacting an object 
that was a target of the active movement. More recently, 
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Amos et al. ( 1987) and Andersson and Armstrong ( 1987) 
reported that unexpectedly removing the rung of a ladder 
from under a cat’s paw effectively activated climbing fiber 
inputs to Purkinje cells. 

On the basis of our findings together with those reviewed 
above, we propose that the context-dependent and/ or stim- 
ulus-specific nature of the climbing fiber responses ensure 
that a spatially specific and functionally relevant distribu- 
tion of sagittally distributed climbing fiber inputs are acti- 
vated, not to encode a property of the stimulus or condition 
to which they respond, but to initiate a well-defined opera- 
tion in the cerebellar cortex on the basis of critical patterns 

Other studies indicate that the climbing fiber system may 
respond to specific features of the peripheral stimulus. The 
experimental studies of Simpson and colleagues strongly 
argue that the climbing fiber system can respond very pre- 
cisely to stimulus direction (Graf et al. 1988). These inves- of convergence among olivary afferents. 
tigations described a population of olivary neurons that re- 
spond specifically to the direction of visual stimuli moving 
across the retina, a stimulus that also activates climbing The authors thank R. Ferguson for technical help during the experi- 
fibers during the execution of pursuit eye movements ments, M. Webster and J. McAlduff for help with the figures, and D. Janus 

(Stone and Lisberger 1990). Robinson et al. ( 1988) found and J. Carey for help with the manuscript. 

that climbing fibers can respond to specific features of a 
The work was supported by National Institute of Neurological Disorders 

vestibular stimulus. Similarly, with the use of passive move- 
and Stroke Grant NS-2 1958 . 

Address reprint requests to J. R. Bloedel. 
ments of the wrist joint, Kolb et al. ( 1987) demonstrated 
that the probability of activating climbing fiber inputs over Received 1 July 199 1; 27 March 1992. 

several consecutive trials is dependent not only on the mag- 
nitude and rate of change of the joint angle but also on the 
absolute angle through which the limb is moved. REFERENCES 

In addition to responding to unexpected perturbations AMOS, A., ARMSTRONG, D. M., AND MARPLE-HORVAT, D. E. A ladder 
and specific features-of passive stimuli, climbing fibers are paradigm for studying skilled and adaptive locomotion in cat. J. Neuro- 

activated in association with the execution of limb move- xi. Methods 20: 323-340, 1987. 

ments. With the use of a perturbed locomotion paradigm, 
ANDERSSON, G. AND ARMSTRONG, D. M. Complex spikes in Purkinje 

Kim et al. ( 1987, 1988) demonstrated that climbing fiber 
cells in the lateral vermis (b Zone) of the cat cerebellum during locomo- 
tion. J. Physiol. Lond. 385: 107-l 34, 1987. 

responses can be related to properties of the electromyo- ANDERSSON, G. AND OSCARSSON, 0. Climbing fiber microzones in cere- 

graphic activity in the extremity responding to the pertur- bellar vermis and their projection to different groups of cells in the lat- 

bation. Several recent studies also have illustrated that the 
era1 vestibular nucleus. Exp. Brain Rex 32: 565-579, 1978. 

climbing fiber system can be consistently activated during 
ARMSTRONG, D. M. AND EDGLEY, S. A. Discharges of Purkinje cells in the 

paravermal part of the cerebellar anterior lobe during locomotion in the 
goal-directed limb movements in which no external pertur- cat. J. Physiol. Lond. 352: 403-424, 1984. 
bation has been applied. These include the initiation of a ARMSTRONG, D.M., EDGLEY,~. A., ANDLIDIERTH, M.Complexspikesof 

goal-directed arm movement (Mano et al. 1986; Wang et Purkinje cells of the paravermal part of the anterior lobe of the cat 

al. 1987 ) as well as the redirection of a volitional arm move- 
cerebellum during locomotion. J. Physiol. Lond. 400: 405-414, 1988. 

ARMSTRONG, D.M., HARVEY, R.J.. ANDSCHILD. R.F.Cerebello-cerebel- 
ment when a target’s location is respecified during the move- lar responses mediated via climbing fibers. Exb. Brain Res. 18: 19-39, 
ment’s execution (Wang et al. 1987). These context-depen- 1973a. 

dent and/ or directionally specific responses would not nec- ARMSTRONG, D.M., HARVEY, R.J., ANDSCHILD, R.F.Thespatialorgani- 

essarily be required of a system designed only for detecting 
zation of climbing fiber branching in the cat cerebellum. Exp. Brain Res. 

that an event or error occurred. However, under some con- 
18: 40-58, 1973b. 

ARMSTRONG, D. M., HARVEY, R. J., AND SCHILD, R. F. Branching of 
ditions, these may serve as adequate stimuli. inferior olivary axons to terminate in different folia, lobules or lobes of 

Together these- data imply that there are likely several 
functional conditions under which the climbing fibers can 
be activated. These include critical phases of voluntary 
movements, specific characteristics of passive stimuli, and 

the cerebellum. Brain Rex 54: 365-37 1, 1973~. 
BELL, C. C. AND KAWASAKI, T. Relations among climbing fiber responses 

of nearby Purkinje cells. J. Neurophysiol. 35: 155-169, 1972. 
BLOEDEL, J. R. AND COURVILLE, J. A review of cerebellar afferent systems. 

In: Handbook qfphysiology. The Nervous System. Motor control. Be- 
unexpected perturbations encountered during active move- thesda, MD: Am. Physiol. Sot., 198 1, sect. 1, vol. II, p. 735-830. 

ments. Thus the climbing fiber system’s activation can re- BLOEDEL, J. R. AND EBNER, T. J. Rhythmic discharge of climbing fibre 

fleet a variety of stimuli, including but not restricted to the 
afferents in response to natural peripheral stimuli. J. Physiol. Lond. 352: 

occurrence of an error or an unexpected event. 
129-146, 1984. 

BLOEDEL, J. R. AND EBNER, T. J. Climbing fiber function: regulation of 
In our experiments the climbing fibers clearly are acti- Purkinje cell responsiveness. In: Cerebellar Functions, edited by J. R. 

vated by the occurrence of an unexpected perturbation. Bloedel, J. Dichgans, and W. Precht. New York: Springer-Verlag, 1985, 

Given the sensitivity of the cerebellar afferents to extero- p. 247-25 1. 

ceptive and proprioceptive inputs from the extremities 
BLOEDEL, J. R., EBNER, T. J., AND Yu, Q.-X. Increased responsiveness of 

(Gellman et al. 1985; Gibson et al. 1987)) the responses of 
Purkinje cells associated with climbing fiber inputs to neighboring neu- 
rons. J. Neurophysiol. 50: 220-239, 1983. 

sagittally aligned Purkinje cells may be evoked as a conse- 
quence of the afferents activated by the contact with the 
perturbation bar. Alternatively, these responses may be re- 
lated to the movement performed to compensate for the 
perturbation. On the basis of the consistency of the com- 

BRODAL, A. AND KAWAMURA, K. Olivocerebellar projection: a review. 
Adv. Anat. Embryol. Cell Biol. 64: I- 140, 1980. 

DE MONTIGNY, C. AND LAMARRE, Y. Rhythmic activity induced by har- 
maline in the olivo-cerebella-bulbar system of the cat. Brain Res. 53: 
81-95, 1973. 

DIETRIC~S, E. The cerebellar corticonuclear and nucleocortical projec- 
plex spike response despite some fluctuations in the motor tions in the cat as studied with anterograde and retrograde transport of 

response to bar contact (see Fig. 3 ), we favor the first alter- horseradish peroxidase. II. Lobulus simplex, Crus I and II. Anat. Em- 

native. However, additional studies would be required to 
bryol. 161: 83-103, 1981. 

D IETRICHS, E. AND WALBERG, F. The cerebellar corticonuclear and nu- 
specifically resolve this issue. cleocortical projections in the cat studied with anterograde and retro- 



580 J.-S. LOU AND J. R. BLOEDEL 

grade transport of horseradish peroxidase. I. The paramedian lobule. 
Anat. Embryol. 158: 13-39, 1979. 

DIETRICHS, E. AND WALBERG, F. The cerebellar corticonuclear and nu- 
cleocortical projections in the cat as studied with anterograde and retro- 
grade transport of horseradish peroxidase. II. Lobulus simplex, Crus I 
and Crus II. Anat. Embryol. 16 1: 83-103, 1980. 

DUPONT, J. L. AND CREPEL, F. Correlation among climbing fiber re- 
sponses of nearby cerebellar Purkinje cells in the immature rat. Ex~. 
Brain Res. 37: 525-535, 1979. 

EBNER, T. J. AND BLOEDEL, J. R. Role of climbing fiber afferent input in 
determining responsiveness of Purkinje cells to mossy fiber inputs. J. 
Neurophysiol. 45: 962-97 1, 198 1. 

EBNER, T. J., Yu, Q.-X., AND BLOEDEL, J. R. Increase in Purkinje cell gain 
associated with naturally activated climbing fiber inputs. J. Neurophys- 
iol. 50: 205-2 19, 1983. 

EGCLES, J. C., LLINAS, R., AND SASAKI, K. The excitatory synaptic action 
of climbing fibres on the Purkinje cells of the cerebellum. J. Physiol. 
Lond. 182: 268-296, 1966. 

ECCLES, J. C., SABAH, N. H., SCHMIDT, R. F., AND TABORIKOVA, H. Cere- 
bellar Purkyne cell responses to cutaneous mechanoreceptors. Brain 
Res. 30: 419-424, 197 1. 

EKEROT, C.-F. AND LARSON, B. The dorsal spino-olivocerebellar system in 
the cat. I. Functional organization and termination in the anterior lobe. 
Exp. Brain Res. 36: 210-217, 1979. 

EKEROT, C.-F. AND LARSON, B. Termination in overlapping sagittal zones 
in cerebellar anterior lobe of mossy and climbing fiber paths activated 
from dorsal funiculus. Exp. Brain Res. 38: 163-l 72, 1980. 

FABER, D. S. AND MURPHY, J. T. Axonal branching in the climbing fiber 
pathway to the cerebellum. Brain Res. 9: 262-267, 1969. 

Fox, C. A., ANDRADE, A., AND SCHWYN, R. C. Climbing fiber branching 
in the granular layer. In: Neurobiology ofcerebellar Evolution and Devel- 
opment, edited by R. Llinas. Chicago, IL: AMA, 1969, p. 603-6 11. 

GELLMAN, R., GIBSON, A. R., AND HOUK, J. C. Inferior olivary neurons in 
the awake cat: detection of contact and passive body movement. J. 
Neurophysiol. 54: 40-60, 1985. 

GIBSON, A. R., ROBINSON, F. R., ALAM, J., AND HOUK, J. C. Somatotopic 
alignment between climbing fiber input and nuclear output of the cat 
intermediate cerebellum. J. Comp. Neural. 260: 362-377, 1987. 

GRAF, W., SIMPSON, J. I., AND LEONARD, C. S. Spatial organization of 
visual messages of the rabbit’s cerebellar flocculus. II. Complex and 
simple spike responses of Purkinje cells. J. Neurophysiol. 60: 209 l- 
2121, 1988. 

GROENEWEGEN, H. J. AND VOOGD, J. The parasagittal zonation within the 
olivocerebellar projection. I. Climbing fiber distribution in the vermis of 
cat cerebellum. J. Comp. Neural. 174: 4 17-488, 1977. 

HAINES, D. E., PATRICK, G. W., AND SATRULEE, P. Organization of cere- 
bellar corticonuclear fiber systems. In: The Cerebellum: New Vistas, 
edited by S. L. Palay and V. Chan-Palay. Berlin: Springer-Verlag, 1982, 
p. 320-37 1. 

HOUK, J. C. AND GIBSON, A. R. Sensorimotor processing through the 
cerebellum. In: New Concepts in Cerebellar Neurobiology, edited by J. S. 
King and J. Courville. New York: Liss, 1986, p. 387-416. 

KELLY, T. M., MCALDUFF, J. D., AND BLOEDEL, J. R. Regulation of sim- 
ple spike responses of Purkinje cells by the climbing fiber system in 
cerebellar sagittal zones. Sot. Neurosci. Abstr. 16: 474, 1989. 

KIM, J. H., WANG, J.-J., AND EBNER, T. J. Climbing fiber modulation 
during treadmill locomotion in the cat. J. Neurophysiol. 57: 787-802, 
1987. 

KIM, J. H., WANG, J.-J., AND EBNER, T. J. Alterations in simple spike 
activity and locomotor behavior associated with climbing fiber input to 
Purkinje cells in a decerebrate walking cat. Neuroscience 25: 475-489, 
1988. 

KOLB, F. P., RUBIA, F. J., AND BAUSWEIN, E. Comparative analysis of 
cerebellar unit discharge patterns in the decerebrate cat during passive 
movements. Exp. Brain Res. 68: 2 19-233, 1987. 

LLINAS, R., BAKER, R., AND SOTELO, C. Electrotonic coupling between 
neurons in cat inferior olive. J. Neurophysiol. 37: 560-57 1, 1974. 

LLINAS, R. AND SASAKI, K. The functional organization of the olivo-cere- 
bellar system as examined by multiple Purkinje cell recordings. Eur. J. 
Neurosci. 1: 587-602, 1989. 

LLINAS, R. AND VOLKIND, R. A. The olivo-cerebellar system: functional 

properties as revealed by harmaline-induced tremor. Exp. Brain Res. 
18: 69-87, 1973. 

LLINAS, R. AND YAROM, Y. Electrophysiology of mammalian inferior oli- 
vary neurones in vitro. Different types of voltage-dependent ionic con- 
ductances. J. Physiol. Land. 3 15: 549-567, 198 la. 

LLINAS, R. AND YAROM, Y. Properties and distribution of ionic conduc- 
tances generating electroresponsiveness of mammalian inferior olivary 
neurones in vitro. J. Physiol. Lond. 3 15: 569-584, 198 1 b. 

Lou, J.-S. AND BLOEDEL, J. R. The responses of simultaneously recorded 
Purkinje cells to perturbations of the step cycle in the walking ferret: a 
study using a new analytical method-the real time postsynaptic re- 
sponse (RTPR). Brain Res. 365: 340-344, 1986. 

MANO, N.-I., KANAZAWA, I., AND YAMAMOTO, K.-I. Complex spike activ- 
ity of cerebellar Purkinje cells related to wrist-tracking movement in 
monkey. J. Neurophysiol. 56: 137-158, 1986. 

OSCARSSON, 0. The sagittal organization of the cerebellar anterior lobe as 
revealed by the projection patterns of the climbing fiber system. In: 
Neurobiology of Cerebellar Evolution and Development, edited by R. 
Llinas. Chicago: AMA, 1969, p. 525-537. 

OSCARSSON, 0. Functional units of the cerebellum-sagittal zones and mi- 
crozones. Trends Neurosci. 2: 143- 145, 1979. 

OSCARSSON, 0. AND SJOLUND, B. The ventral spino-olivocerebellar sys- 
tem in the cat. I. Identification of five paths and their termination in the 
cerebellar anterior lobe. Exp. Brain Res. 28: 469-486, 1977a. 

OSCARSSON, 0. AND SJOLUND, B. The ventral spino-olivo-cerebellar sys- 
tem in the cat. II. Termination zones in the cerebellar posterior lobe. 
Exp. Brain Res. 28: 487-503, 1977b. 

ROBERTSON, L. T. AND LAXER, H. D. Localization of cutaneously elicited 
climbing fibre responses in lobule V of the monkey cerebellum. Brain 
Behav. Evol. 18: 157-168, 1981. 

ROBINSON, F. R., FRASER, M. O., HOLLERMAN, J. R., AND TOMKO, D. L. 
Yaw direction neurons in the cat inferior olive. J. Neurophysiol. 60: 
1739-1752, 1988. 

ROSINA, A. AND PROVINI, L. Somatotopy of climbing fiber branching to 
the cerebellar cortex in cat. Brain Res. 289: 45-63, 1983. 

ROSINA, A. AND PROVINI, L. Distribution pattern of inferior olive axon 
collaterals within cat cerebellar strips. Sot. Neurosci. Abstr. 11: 18 1, 
1985. 

RUBIA, F. J. AND KOLB, E. P. Responses of cerebellar units to a passive 
movement in the decerebrate cat. Exp. Brain Res. 3 1: 387-401, 1978. 

RUBIA, F. J. AND TANDLER, R. Spatial distribution of afferent information 
to the anterior lobe ofthe cat’s cerebellum. Exp. Brain Res. 42: 249-259, 
1981. 

RUSHMER, D. S., ROBERTS, W. J., AND AUGTER, G. K. Climbing fiber 
responses of cerebellar Purkinje cells to passive movement of the cat 
forepaw. Brain Res. 106: l-20, 1976. 

RUSHMER, D. S., WOLLACOTT, M. H., ROBERTSON, L. T., AND LAXER, 
K. D. Somatotopic organization of climbing fiber projections from low 
threshold cutaneous afferents to pars intermedia of cerebellar cortex in 
the cat. Brain Res. 18 1: 17-30, 1980. 

SASAKI, K., BOWER, J. M., AND LLINAS, R. Multiple Purkinje cell record- 
ing in rodent cerebellar cortex. Eur. J. Neurosci. 1: 572-586, 1989. 

SOTELO, C., LLINAS, R., AND BAKER, R. Structural study of inferior olivary 
nucleus of the cat: morphological correlates of electrotonic coupling. J. 
Neurophysiol. 37: 541-559, 1974. 

STONE, L. S. AND LISBERGER, S. G. Visual responses of Purkinje cells in 
the cerebellar flocculus during smooth-pursuit eye movements in mon- 
keys. II. Complex spikes. J. Neurophysiol. 63: 1262-1275, 1990. 

VAN DER WANT, J. J. L., WIKLUND, L., GUEGAN, M., RUIGROK, T., AND 
VOOGD, J. Anterograde tracing of the rat olivocerebellar system with 
Phaseolus vulgaris leucoagglutinin (PHA-L) . Demonstration of climb- 
ing fiber collateral innervation of the cerebellar nuclei. J. Comp. Neural. 
288: 1-18, 1989. 

VOOGD, J. AND BIGARE, F. Topographical distribution of olivary and cor- 
tico nuclear fibers in the cerebellum: a review. In: The Inferior Olivary 
Nucleus: Anatomy and Physiology, edited by J. Courville, C. de Mon- 
tigny, and Y. Lamarre. New York: Raven, p. 207-234, 1980. 

WANG, J.-J., KIM, J. H., AND EBNER, T. J. Climbing fiber afferent modula- 
tion during a visually guided, multi-joint arm movement in the monkey. 
Brain Res. 410: 323-329, 1987. 


