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Courtemanche, Richard, Jean-Pierre Pellerin, and Yves Lamarre.
Local field potential oscillations in primate cerebellar cortex: mod-

ulation during active and passive expectancy. J Neurophysiol 88:
771–782, 2002; 10.1152/jn.00718.2001. Cerebellar local field poten-
tial (LFP) oscillations were recorded in the paramedian lobule of one
hemisphere, while monkeys were in two behavioral conditions: ac-
tively performing an elbow flexion-extension or a lever-press task in
response to an auditory or visual stimulus to get reward (active
condition), or waiting quietly for the reward to come in the same time
window after the appearance of the stimulus (passive condition). The
oscillations in the paramedian lobule were first characterized in four
monkeys, and they showed an idiosyncratic frequency for each mon-
key, between 13 and 25 Hz. The granule cell layer multi-unit activity
was phase-locked with the negative phase of the LFP oscillations,
while Purkinje cell simple spikes were also sometimes phase-locked
with the LFP. Three monkeys were trained to perform the motor tasks:
the LFP oscillations were modulated, in the active condition, in a
systematic manner in relation to the lever-press or elbow flexion-
extension tasks. During periods when the monkey was waiting to
initiate movement, LFP oscillations appeared and then stopped with
movement initiation. This modulation was valid for the task being
executed with either hand. Surprisingly, the LFP oscillations were
also systematically modulated during the passive condition; as the
monkey was waiting for the usual time to get a reward passively,
oscillations appeared stronger and were stopped by the end of the
usual delay, whether the monkey was rewarded or not. This type of
modulation was not affected by the length of the stimulus, as long as
the reward window was known to the monkey. If the monkey had not
been previously trained to the active condition, the modulation ap-
peared in the passive condition. These results show that cerebellar
LFP oscillations in the paramedian lobule are reliably present when
the monkey is involved in a waiting period, whether this period ends
with an active or passive event. This study provides electrophysio-
logical evidence for a specific pattern of activity in the cerebellum for
the expectancy of events that are known to be bound to happen, either
externally, or from voluntary action.

I N T R O D U C T I O N

Local field potential (LFP) oscillations in the awake primate
brain are well documented in many areas and can be recorded
from the low-frequency spectrum of electrical activity in the
motor and parietal cortices (Baker et al. 1997; MacKay and
Mendonça 1995; Murthy and Fetz 1992, 1996; Rougeul et al.
1979; Sanes and Donoghue 1993). These oscillations are often

in the 13–25 Hz range and could be related to motor prepara-
tion and to sensorimotor integration prior to movement (Farmer
1998; MacKay 1997). These oscillations were mostly thought
to be lacking in the cerebellar cortex (Bullock 1997; Freeman
and Skarda 1985); however, recent reports demonstrated the
existence of LFP oscillations in the cerebellar cortex of awake
primates (Pellerin and Lamarre 1997) and rats (Hartmann and
Bower 1998). These oscillations are recorded in the granule
cell layer (GCL) of the cerebellar cortex, and in the monkey,
these 13–25 Hz oscillations are located mainly in the parame-
dian lobule of the cerebellar cortex. One particularly salient
feature is that the oscillations are seen when the animal is
immobile; they are promptly halted by a movement made by
the animal. This characteristic of cerebellar LFP oscillations
seems to negate a straightforward role in the generation of
movement, contrasting with other electrophysiological signals
coming from similar regions of the cerebellar cortex, for in-
stance, the Purkinje cell simple spike or complex spike dis-
charge (e.g., Marple-Horvat and Stein 1987; Welsh et al.
1995). Also, these oscillations are related to an optimal arousal
level, forecasting a possible contribution to the general state of
the animal in relation to its surroundings (Pellerin and Lamarre
1997).

To further differentiate the role of LFP oscillations in the
cerebellar cortex in immobility versus movement, recording of
oscillatory LFPs was performed in two conditions correspond-
ing to motor and nonmotor behavioral contexts. Findings show
a modulation of the cerebellar LFP oscillations in both condi-
tions, with a differential modulation in motor and nonmotor
behavioral contexts, which is related to the expectancy of the
ensuing movement or reward. Partial results of this study were
presented in abstract form (Courtemanche et al. 1999).

M E T H O D S

Subjects, tasks, and behavior

Experiments were conducted on four adult Macaca mulatta mon-
keys: three males (weight: monkey 1, 10.3 kg; monkey 3, 7.8 kg; and
monkey 4, 7.0 kg) and one female (monkey 2, 4.7 kg). Each monkey
was sitting in a primate chair, and monkeys 1, 3, and 4 were trained
to execute a movement in response to a stimulus after waiting for a
certain time delay, which was either 1,200 (monkey 1) or 1,500 ms
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(monkeys 3 and 4). Monkey 2 was only used for the description of the
LFP oscillations, and monkey 4 was also used for recordings prior to
training. The stimulus was either a tone (400 Hz, 35 dB; monkeys 1,
3, and 4) or the simultaneous lighting of eight yellow light-emitting
diodes (LEDs) placed 1.5 m in front of the monkey’s head (monkeys
3 and 4). This signal also served as a temporal guide for the monkey’s
evaluation of the proper delay to get a reward of a few drops of juice.
The reward window for the monkey observing the proper temporal
delay was set at values between 900 and 1,200 ms (monkey 1) or
1,100 and 1,500 (monkeys 3 and 4), following the onset of the
stimulus. The movement executed by the monkeys was either the
pressing of a lever located in front on a small table at waist level
(monkeys 3 and 4) or a fast flexion-extension movement of the arm at
the elbow (monkey 1). For the lever-press task, the monkey was not
restrained, except for the head fixation, and had no physical imple-
ments limiting its movements. For the elbow flexion-extension task, in
addition to the head fixation, monkey 1 had one arm lying in a shallow
trough that was hinged around the elbow joint. For both tasks, a juice
dispenser was placed close to the animal’s mouth to dispense rewards.
The lever-press task and the elbow flexion-extension task were both
part of what we call the active condition, where the monkey was
making a voluntary movement in response to a stimulus to get a
reward; this contrasts with the passive condition, where the monkey
got a reward that was temporally associated with a stimulus, but did
not need an active participation to receive reward.

In the elbow flexion-extension task, monkey 1 made a ballistic
movement that was measured using a potentiometer to provide angu-
lar displacement. This movement was well stereotyped, with the
monkey waiting around 1,000 ms prior to movement initiation. In the
lever-press task, monkeys 3 and 4 could use many variants of move-
ment as long as they pressed the lever in the target time window. The
lever-press was stored as a voltage change and marked as a unitary
event for each trial. For monkey 4, the lever was also equipped with
a strain gauge to monitor contact of the hand. Analog video (16.6 ms
resolution) was also used in some sessions to document the general
profile of the monkey’s movement (monkeys 3 and 4). Using these
means, we saw that even if monkeys were not hindered and could
make a variety of movements to press the lever, they adopted a
stereotypical movement after training. About 250–300 ms after stim-
ulus onset, the monkey initiated hand displacement toward the lever.
This movement to reach the lever lasted around 500 ms, and the
monkey waited until the end of the delay period to execute the press.
Figure 1 shows one trial of each task for the active condition.

Each trial lasted from 3 (monkey 1) to 5 s (monkeys 3 and 4), with
inter-trial delays varying randomly between 1 and 6 s. All three
monkeys could perform the task with either hand. Instruction for
which hand or arm to use for the task was given at the beginning of
a block of trials by placing the lever or the shallow trough either on
the left or the right side of the animal. Left and right movements thus
composed the active condition. Both the active and passive conditions
were presented to the monkey in blocks of trials. In the passive
condition, the lever was removed, and the monkey only had to sit
quietly, but nonetheless received juice after a 1–1.5 s delay after
stimulus onset. During these blocks, the monkey was still rewarded on
60–70% of the trials, which corresponds to the success rate achieved
when the active condition was performed by the animal. Variability in
juice delivery time in the passive condition was comparable with the
variability in the timing of responses performed by the monkey in the
active condition.

Database

Monkeys 1, 3, and 4 were all tested during behavioral conditions.
Monkey 1 was tested only in the active condition, by performing
flexion-extension movements with either hand. Monkeys 3 and 4 were
tested in both the active (lever-press) and passive conditions. While
monkey 3 was only tested in the passive condition after having been

trained to perform the lever-press task, monkey 4 was first tested in
the passive condition, trained in the lever-press task, and tested again
after training in the active and passive conditions. For characterization
of oscillatory activity in relation to behavior, �20 different experi-
ments during a period of 6 mo were analyzed in depth for each of the
three animals.

Recording of local field potentials and movement signals

Recordings were performed in the left paramedian lobule of the
cerebellar cortex of each monkey. The center of the recording cham-
ber was positioned over the left posterior parietal cortex to access the
cerebellum. A description of the installation technique is described in
Lamarre et al. (1970). Glass-coated tungsten microelectrodes (0.2–0.7
M�) were used, and the signal was filtered at two band-pass settings:
between 3 and 70 Hz for recording of LFPs and between 0.3 and 10
kHz for monitoring unit activity. Sampling of the LFP signal was at
200 Hz (monkeys 1 and 2) and 1 kHz (monkeys 3 and 4), while
movement description signals were sampled at 200 Hz for the poten-
tiometer signal and 1 kHz for the lever-press and strain gauge signal.
The LFP signal was also fed on-line to an analog to digital (A/D)
discriminator for generation of pulse histograms to evaluate signal
rhythmicity through the trials during the experimental session. For
monkey 4, prior to the actual training for the active condition, a
contact signal from the juice pipette was also fed to the computer, in
the form of a voltage variation when the monkey was touching with
the mouth or tongue, sampled at 1,000 Hz. On some experiments, data
were also recorded directly on a multichannel paper recorder.

FIG. 1. The 3 tasks making up the active condition. One trial of each task
is shown. Periods of stimulus presentation (400-Hz sound) and reward window
(W) are shown by horizontal bars. Rw, time of reward delivery. A: monkey 1,
elbow flexion-extension trial lasting 3 s, with elbow angle given by a poten-
tiometer. Flexion direction is upward. Threshold angle for determination of
movement onset is shown (T) and occurs at time Rw. B: monkey 3, lever-press
trial lasting 5 s. Pressing the lever provokes a voltage change being detected at
time Rw. Ct, time of contact (determined using video recordings). Vertical line
represents average time of contact; hatched lines represent the �SD. C:
monkey 4, lever-press task with a strain gauge to signal pressure on the lever.
The strain gauge signal increases with contact, lever-press signal similar as in
B (not shown). Threshold for reward (T) was dependent on the strain gauge
signal, occurring at time Rw. Ct vertical line, average time of contact deter-
mined by the signal on strain gauge; hatched lines, � SD.
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Data analysis and histology

LFP data were analyzed using Fast Fourier Transforms (FFT) and
autocorrelation to evaluate signal rhythmicity. For better isolation of
the oscillatory phenomenon, the raw LFP signal was filtered between
13 and 25 Hz, corresponding to the range of frequencies of the
cerebellar LFP oscillations in our monkeys (described in RESULTS and
Fig. 2). Rhythmicity during certain epochs of the trial was quantified
using two methods: with the pulse replicas generated (on-line or
off-line) by the A/D discrimination process, in the form of peri-event
time histograms and by computing the temporal spectral evolution
(TSE) developed by Salmelin and Hari (1994), consisting of filtering
the signal according to the frequency band of interest, rectifying this
filtered signal, and averaging this new product across trials. The TSE
analysis provides information about the occurrence and amplitude of
oscillations at different epochs of the behavioral task. Statistical
analysis of the significance of task-related changes of LFP oscillatory
activity in each experiment was performed in the following way for

monkeys 3 and 4. The mean amplitude of the TSE was measured for
each trial over a 500-ms time window immediately preceding the
onset of the stimulus. The mean and SD of this set of data represented
a control value for all trials of a given experiment. The same analysis
was repeated for three different time windows corresponding to dif-
ferent epochs of the behavioral task (i.e., 500 ms starting 200 ms after
stimulus onset, 500 ms preceding the reward window, and 500 ms
following the reward window). The TSE values derived from these
windows following the stimulus were expressed in percentage of the
control value preceding the stimulus. This allowed us to pool together
the results of all experiments repeated in the same experimental
conditions in the same animal. Changes after the stimulus were either
positive or negative (increased or decreased LFP oscillatory activity)
and were considered significant at the 1% level (Student’s t-test). The
same analysis was also performed in monkey 1, but since the data
acquisition period was shorter in this animal, 400-ms windows were
used instead of 500 ms as in the other two monkeys.

In the last recording session, electrolytic lesions were made in the
cerebellar cortex of the monkeys at sites corresponding to recording
sessions where oscillations were found, and 2 days later the monkeys
were deeply anesthetized and perfused through the heart using a
buffered 9% formaline-8% saline solution. Recording sites were con-
trolled on 50-�m frozen sagittal sections of the cerebellum stained
with cresyl violet.

R E S U L T S

LFP oscillations in the cerebellum were recorded in all four
monkeys used in this study. From the histology of monkeys
1–3, the recording tracks with oscillations were found to be
located mainly in the caudal paramedian lobule. Tracks with
oscillations were located between the stereotaxic levels of L4
and L9 in the coronal plane and of P9 and P16 in the sagittal
plane. The optimal depth in the cerebellum for finding LFP
oscillations was within the last 6 mm of the posterior lobe
cortex. The high band-pass filtered signal from the electrode in
the four monkeys showed that the electrophysiological activity
around the oscillatory foci was made of thin and small spikes
with a high frequency of multi-unit activity, indicative of the
GCL of the paramedian lobule. These locations and corre-
sponding activity correspond well with the location of previous
studies for encountering LFP oscillations in the monkey (Courte-
manche and Lamarre 1997; Pellerin and Lamarre 1997). The
histology of monkey 4 was not available for this report, but the
general location of tracks with reference to the implantation of
the chamber was similar to the location listed above for the
other monkeys.

Description of the LFP oscillations

One microelectrode positioned clearly in the oscillatory fo-
cus would provide sustained 13–25 Hz oscillations as long as
the monkey remained immobile. The oscillatory episodes were
often comprised of spindles, long episodes of oscillation last-
ing 2.75 � 1.46 s during immobile quiet behavior (74 quanti-
fied samples). These long episodes could show waxing and
waning of the signal, and smaller periods of stable-amplitude
oscillations could be made out of long spindles, lasting 592 �
270 ms (104 quantified samples). For each monkey, an idio-
syncratic oscillatory frequency was prevalent during the oscil-
latory episodes. This is illustrated in Fig. 2, portraying the
oscillatory frequency calculated from the autocorrelation pe-
riod provided by the averaging of 100 samples of 1 s for each

FIG. 2. Frequencies of the local field potential (LFP) oscillations for each
monkey. Samples (100 from 30 to 40 trials) were taken from the prestimulus
epoch (monkeys 1, 3, and 4) or from periods when the monkey was sitting
quietly in the chair (monkey 2). Frequencies were calculated from the inverse
of the period determined by the first peak of the autocorrelation of the LFP
signal. Each monkey showed an idiosyncratic pattern of frequencies, with a
distribution different for each monkey (�2, P � 0.05). x axis, frequency in Hz;
y axis, number of samples.
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monkey. These samples were taken from the period preceding
the presentation of the stimulus to the monkey or from periods
where the monkey was just sitting quietly in the chair (monkey
2). Overall, the oscillatory frequency was centered around a
typical value for each monkey, ranging from 15.9 (monkey 1)
to 20.1 Hz (monkey 2), for an average of 18 Hz. Figure 2 also
shows that there was some variation of the oscillatory fre-
quency (average SD � 1.3 Hz) for each monkey, but that these
frequencies were unimodally distributed around one mean.
This idiosyncrasy of the oscillatory frequency was the basis for
establishing the filtering boundaries (13–25 Hz) in the further
results.

As stated above, location of the microelectrode in the GCL
was indicated by multi-unit activity of the very small and thin
spikes, with single units extremely difficult to isolate using our
type of microelectrode (see also Hartmann and Bower 1998;
Morissette and Bower 1996). Nevertheless, characterization of
the multi-unit activity was certainly possible, especially in the
search for an underlying rhythmicity. This was done by apply-
ing autocorrelation to the multi-unit signal coming from the
electrode. To compare with the LFP oscillations, the LFP
signal was processed by discriminating the amplitude of the
LFP according to a certain threshold and marking a unitary
event at the top of the ensuing wave maximum. The discrim-
inating threshold was set visually on the computer screen just
high enough to avoid the triggering of pulses from low-level
activity occurring between oscillatory spindles. In this way,
each oscillatory cycle was marked by a pulse replica, much like
a spike. The cross-correlation algorithm was applied to verify
the synchronization of the multi-unit events with the LFP-
related events. The essence of this analysis is presented in Fig.
3 (top), showing a 4,000-ms sample of LFP and multi-unit data
recorded with one microelectrode located in the GCL of the
paramedian lobule of monkey 3. The multi-unit activity is
presented in Fig. 3A and the LFP signal in Fig. 3C; Fig. 3B
shows the pulse replicas produced by setting the LFP threshold
at the level of the horizontal dashed line in Fig. 3C. This
sample presented a 2,700-ms period of LFP oscillations at the
beginning, with the rest being largely nonoscillatory from a
movement made by the monkey. The autocorrelation and
cross-correlation results of this period are presented in Fig. 3
(bottom). The autocorrelation of the multi-unit activity (Autoco
A) showed marked rhythmicity at a period around 55 ms (18
Hz). The same goes for the autocorrelation of the pulse replicas
generated from the LFPs (Autoco B) at the same period, and
with, of course, fewer events than in Autoco A. The exact
relation of the multi-unit activity to the LFPs cannot be inferred
from only the frequency of rhythmicity; to have a strong grasp
of their relation, the cross-correlation needs to establish the
synchronization. This is shown in Crossco B-A, which pro-
vides evidence for a near-zero lag synchronization between the
multi-unit activity and the LFPs. The cross-correlation graph
also shows rhythmic peaks at a period near 55 ms. Overall,
these results describe a tight relationship between the GCL
multi-unit activity and the LFP oscillations coming from the
same microelectrode. Another typical observation characteriz-
ing the relationship between granule cell multi-unit activity and
LFP oscillations is shown in Fig. 3. Indeed, as a rule, we
observed that granule cell mean discharge rate was two to three
times slower during the periods of LFP oscillations compared
with periods without oscillations. This might suggest that some

local inhibitory mechanisms could play a role in the generation
of the oscillatory activity.

In monkey 1, it was sometimes possible to record Purkinje
cell activity and clear LFP oscillations with the same micro-
electrode. Simple spikes associated with complex spikes were
assumed to be generated by Purkinje cells. The activity of one
such cell is shown in Fig. 4. In this case, the simple spike was
modulated with the task; first there was a small increase in
firing soon after sound onset and then a second, larger increase
during movement. The LFP oscillations also showed modula-
tion during this task (Pellerin and Lamarre 1997): the oscilla-
tions decreased after sound onset, increased during the delay,
and were again strongly reduced during movement. From Fig.
4, it is clear that an increase in simple spike activity corre-
sponds to a decrease in the LFP oscillations. In addition, to

FIG. 3. Relation of LFP oscillations with granule cell layer multi-unit
activity. Top (A–C): neural activity data (total time, 4 s) for 1 trial. A: raster
plot of multi-unit granule cell layer activity. B: pulse replicas generated by the
LFP signal reaching the amplitude threshold indicated by the horizontal dotted
line in C. Threshold was set to capture LFP oscillations during the trial. C:
band-pass filtered (13–25 Hz) LFP signal recorded from the same microelec-
trode as multi-unit activity in A. Bottom: autocorrelations and cross-correlation
of signals shown in top panel. Autocorrelation of the multi-unit signal in A
(Autoco A) is shown first, then autocorrelation of the LFP oscillation pulse
replicas in B (Autoco B), and finally the cross-correlation between B and A
(Crossco B-A). Correlations were calculated on 250-ms windows, which were
taken from the period of oscillation on the LFP trace in C (0–2,700 ms).
Correlations at zero delay are omitted from the computation for both autocor-
relations. Time 0 on the crosscorrelogram abcissa corresponds to the negative
peaks of the LFP oscillations (events B).
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determine if Purkinje cell activity is modulated by the LFP
oscillations, correlation between the oscillatory activity and the
simple spikes was performed in the same manner as for the
GCL multi-unit activity. The right inset in Fig. 4D shows that
simple spike activity is indeed modulated at the LFP frequency
during the delay when the oscillations were maximal but
poorly modulated, if at all, before the sound when oscillations
were not as strong (left inset). The central peak in the cross-
correlation of Fig. 4D (right) is off-center by �10 ms, which
means that the simple spikes tended to lead the negative peak
of the LFP oscillations by 10 ms. The same analysis was
performed on 32 Purkinje cells. In 17 cells (53%) there was a
clear periodicity, and the mean phase shift was �8.1 � 5.3 ms.
Thus these results show that LFP oscillations can influence the
output of the cerebellar cortex. Climbing fiber activity was also
recorded in these experiments, particularly in monkey 1, and
these results will be detailed in a future publication. However,
some observations can be mentioned briefly here concerning
instances when both complex spikes and LFP oscillations were

recorded with the same microelectrode. As a rule, occurrence
of complex spike activity was largely independent of the LFP
oscillations and did not modify the amplitude nor the phase of
ongoing oscillatory activity. Furthermore, in the paramedian
lobule where LFP oscillations were recorded, complex spike
activity did not show sustained periodicity in any phase of the
behavioral task.

Modulation of the LFP oscillations: active condition

Modulation of the cerebellar LFP 13–25 Hz oscillations with
the elbow flexion-extension task is systematic (Pellerin and
Lamarre 1997), but to ensure the generality of this pattern, it
was interesting to compare with another arm movement task.
Hence, the LFP oscillations were recorded in relation to the
elbow flexion-extension task and the lever-press task. Even if
the monkeys adopted a stereotypical strategy for movement
execution, the freedom concerning movement initiation and
arm path was greater in the lever-press task than in the elbow
flexion-extension task. This represented a good test for the
generalization of the movement-related modulation of the LFP
oscillations.

The decrease of the LFP oscillations occurs in a systematic
stimulus- and movement-related fashion for the elbow flexion-
extension task with the ipsilateral hand, but only if the monkey
is performing a movement following the signal (Pellerin and
Lamarre 1997). A similar modulation was also found for the
lever-press task with the ipsilateral (left) hand. The LFP mod-
ulation during a series of trials is shown in Fig. 5, displaying
the results of a 20-min and 113-trial experiment with monkey
3. In Fig. 5A, pulse replicas triggered by an amplitude thresh-
old for the LFPs are presented in the form of a raster plot
aligned on stimulus presentation, with the amplitude threshold
being adjusted to catch mainly LFP oscillatory cycles, as was
done in Fig. 3C. The oscillations were better isolated by
previously band-pass filtering the LFP signal between 13 and
25 Hz. Thus each LFP oscillation cycle is represented by a
raster dot, and each trial corresponds to one line of the raster
plot; the 5-s time scale is at the bottom of the figure. During
this experiment, the monkey was at first not interested in
working to get the reward. This approximately 6-min period
(marked on the right with a small b), corresponding to 40 trials,
showed that there were oscillations during these trials but
without any significant modulation of the pattern of the cycles.
However, after approximately 10 min (63 trials, period c), the
monkey developed an interest in working to get the reward; the
large black dots among the raster represent the time of the
lever-press. Juice was delivered instantaneously when the
monkey pressed the lever. The raster plot during this period
showed some modulation of the amplitude event markers, with
a clear reduction of the oscillations around 200–400 ms fol-
lowing the start of the 400-Hz sound, and then an augmentation
near the time of the lever-press and another slight reduction
after the reward period. Fig. 5, B and C, corresponds to periods
b and c in Fig. 5A and shows two types of display of the
modulation of the LFP oscillations during the task: the peri-
stimulus time histogram of the oscillation-triggered pulse rep-
licas (black histograms) and the more quantitative TSE (see
METHODS). Both these measurements show an identical modu-
lation for each group of trials. Fig. 5B, corresponding to period
b, when the monkey was less interested, showed no significant

FIG. 4. Relation of LFP oscillations with Purkinje cell simple spike activ-
ity, during 1 experiment (30 trials) of the elbow flexion-extension task. A:
raster plot and histogram of simple spike activity. B: raster plot of the
LFP-triggered pulse replicas and temporal spectral evolution (TSE) of the LFP
activity. C: superimposed potentiometer signal for all trials. All traces are
aligned on the beginning of the trial. Left vertical line, onset of sound; right
vertical line, mean movement onset. D, left and right panels: cross-correlation
between simple spikes and the pulse replicas for 500 ms before onset of sound
(left) and for 500 ms before movement onset (right). Time 0 on the abcissa in
D corresponds to the occurrence of events B (negative LFP peaks).
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modulation of the LFP oscillations, both in the histogram and
in the TSE. This contrasted with the histogram and TSE shown
in Fig. 5C (period c, monkey at work), which showed clear
modulation. Thus both measurements showed a significant
decrease of the LFP oscillations (�25% on the TSE), starting
about 300–400 ms after the stimulus, followed by a return of
the oscillations to the prestimulus level near the lever-press.
From the raster plot, the histogram, and the rectified LFP
signal, it was clear that the actual performance of the lever-
press task was necessary for a modulation of the oscillations to
appear. The TSE is used in Figs. 6–10 to describe modulation
during a series of trials or experiments. These TSE curves were
generally based on 30 or more trials of correct performance by
the monkey per experiment. As modulation occurred with task
performance, Figs. 6–10 concern only trials where the monkey
received a reward (unless otherwise noted); these were the
trials with relatively homogeneous timing with respect to the
motor response, since the response was occurring within a
relatively narrow time window.

Figure 6 summarizes the results in the active condition for
the task with the left hand for the three monkeys. Performance
and LFP oscillation modulation for monkey 1 is shown on the
left side of the figure (Fig. 6, A–C); the same for monkey 3 in
the middle of the figure (Fig. 6, D–F) and also for monkey 4 on
the right side of the figure (Fig. 6, G–I). For each monkey, the
top panel shows the filtered LFP signal and movement sensor
signal (A, potentiometer; D, lever switch; G, lever strain gauge)
during one trial, the middle panel shows the TSE and super-
imposed movement sensor signal for one experiment with a
series of trials, and the bottom panel shows the TSE for a series
of experiments. From this figure, the general aspect of modu-
lation was present in all tasks and could be depicted from the
one-trial data; the stimulus-related decrease in the oscillations
is present in A, D, and G. Also, the movement-related decrease
in oscillations was clearly present in all three monkeys. How-
ever, the timing of this movement-related modulation seemed
to differ slightly. Comparing Fig. 6, A and D, the LFP oscil-
lations stop earlier for the elbow flexion-extension task than for
the lever-press task; in fact, the oscillations died out before
movement initiation in A, while the lever had already been
pressed in D when the oscillations stopped. Fig. 6, B and E, and
also C and F, shows that this difference in modulation was
consistent during a whole experiment or a series of experi-
ments. The TSE clearly peaked prior to movement initiation in
the elbow flexion-extension task (B), while it seemed to peak
right before and nearer to the lever-press (E). Since this timing
difference could be noticed for a series of trials, the difference
in the pattern of modulation must have been task related. The
relative freedom of movement that was accorded to the animal
in the lever-press task compared with the elbow flexion-exten-
sion task must have played a role in this difference.

One element of information was provided by the force signal
coming from the strain gauge on the lever. Fig. 6G shows the
events associated with the timing of the modulation of the
oscillations for monkey 4. In this trial, the oscillations did not
reappear until contact of the hand on the lever, following the
stimulus-related pause; at that time, monkey 4 rested the fin-
gers on the lever and waited for the proper time to fully press
the lever to get rewarded. The oscillations reappeared around
150 ms after finger contact, only to decrease again prior to the
full press of the lever. This pattern of modulation prior to the
actual pressing movement was reminiscent of the modulation
for the elbow flexion-extension task, where the oscillations
decreased and returned prior to movement initiation. Addition-
ally, a frame by frame analysis of video samples taken during
task performance for monkey 3 revealed that the general timing
of finger contact to the lever was similar in timing to the data
provided by the strain gauge force signal in monkey 4. In
essence, monkeys 3 and 4 had similar motor patterns during
their task. The TSE shown in Fig. 6H also revealed that the
return of oscillations is maximal prior to the final lever-press,
shown in the superimposed strain gauge signals for each trial.
A look at Fig. 6, C, F, and I, provides the most general view of
the modulation pattern in the active condition.

For each experiment, statistical analysis of the significance
of task-related changes of LFP oscillations was performed as
described in METHODS. For the 10 experiments averaged in Fig.
6C (monkey 1), a significant decrease of activity soon after
stimulus onset was seen in 6 experiments (X � �31 � 15.6%)

FIG. 5. Modulation of the LFP oscillations, active condition, during the
course of 1 experiment, with monkey 3 executing the lever-press task using the
left hand. Bottom: horizontal bars show the periods of time with sound stimulus
(400 Hz) and the reward window (W); vertical line indicates sound stimulus
onset. A: raster plot of the pulse replicas discriminated from an amplitude
threshold based on the LFP signal (band-pass filtered between 13–25 Hz) in the
manner shown in Fig. 3. Each trial is represented by 1 raster line. Groups of
trials have been separated (periods b and c), based on the monkey’s perfor-
mance. Larger dots represent the time of lever-press onset. B: description of the
modulation of the LFP oscillations for period b in A. Top: jagged line
representing the average of the rectified LFP signal (TSE) through time.
Bottom: histogram of the LFP-triggered pulse replicas. C: description of the
modulation of the LFP oscillations for period c in A.
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while there was no significant change in 4 experiments. Later
on in the delay preceding movement, a significant increase
occurred in eight experiments (X � 59 � 30.7%) while in the
other two experiments, the TSE level simply returned to pre-
stimulus activity. A significant decrease was seen in all exper-
iments during movement (X � �44 � 14.9%). In the 11 TSE
averaged in Fig 6F (monkey 3), 8 showed a significant de-
crease soon after stimulus onset (X � �25 � 9.1%) and there
was no change in 3. Later on in the delay preceding reward,
significant changes were seen in four experiments: two show-
ing an increase (X � 23 � 2.8%) and two showing a decrease
(X � �14 � 2.1%). After the reward, significant changes
occurred in seven experiments: increases in five (X � 18 �
5.7%) and decreases in two (X � �23 � 2.0%). Finally, in the
five experiments averaged in Fig. 6I (monkey 4), a significant
decrease in the first part of the delay was seen in all experi-
ments (X � �28 � 6.4%). In the second part of the delay
before reward, the activity returned to prestimulus control
value in four experiments and remained lower (�23%) in the
other experiment. After reward, there was a significant change
in only two experiments: one showing an increase of 22% and
the other a decrease of 23%. In essence, for all three monkeys,
the general pattern of modulation emerging from these results
was that the oscillations seemed to be more potent when the
monkey was actually immobile waiting for the stimulus and

when the monkey was in active expectation to execute the
movement enabling reward.

To verify if this pattern of modulation was restricted to
performance using only the left (ipsilateral) hand, we had the
monkey also perform with the right hand. One experiment
where the task was performed with each hand is shown in Fig.
7, where monkey 3 pressed the lever in blocks of trials first
with the left hand (A and B) and then with the right hand (C and
D). The TSE is shown for the times when the monkey was
either working properly and getting reward (A and C) or not
working at all (B and D). A comparison of these groups of
trials clearly shows again that actual task performance was
necessary for any modulation in the TSE to occur; Fig. 7, B and
D shows no modulation. What was even more interesting was
that the modulation was very similar for the left and right
hands; both Fig. 7A and Fig. 7C show a clear transitory
decrease prior to lever-press. This indicated that the task-
related modulation was not restricted to performance of the
lever-press task by the ipsilateral hand; in fact, the performance
using the contralateral hand provided at least a similar level of
modulation. This pattern of modulation was present for all
experiments where both hands were tested. A summary of this
left and right hand similarity in terms of modulation is shown
in Fig. 8 (A and B). This summary shows the TSE signal for the
14 experiments where both the left and right hands were tested

FIG. 6. Modulation of LFP oscillations, active condition, in tasks executed with the left hand, for monkeys 1, 3, and 4. A, D,
and G: LFP (band-pass filtered 13–25 Hz) and movement sensor signals during 1 trial. B, E, and H: TSE and superimposed
movement sensor signals for 1 experiment. Number of trials is indicated on each panel. C, F, and I: normalized TSE for a series
of experiments, with the average �SD. Each TSE was normalized with respect to the mean signal amplitude in the prestimulus
period (100%). Number of experiments is indicated on each panel. Movement sensor signals: A and B, potentiometer; D and E, lever
contact; G and H, strain gauge. Sound stimulus and reward window periods are at the bottom of each panel. T, threshold for strain
gauge to give reward; Rw, reward time.

777ACTIVE AND PASSIVE MODULATION OF CEREBELLAR OSCILLATIONS

J Neurophysiol • VOL 88 • AUGUST 2002 • www.jn.org

 on A
ugust 20, 2010 

jn.physiology.org
D

ow
nloaded from

 

http://jn.physiology.org


(A: left hand; B: right hand, monkey 3). Statistical analysis
revealed no difference between the two tasks. This suggested
that the modulation of the LFP oscillations was actually hinting
at a more general mechanism than strict limb-related afferent
information.

Modulation of the LFP oscillations: passive condition

The generality of the modulation of the LFP oscillations for
both limbs meant that the modulation could also be extended to
even more abstract variables. The oscillations were modulated
by the expectancy in a stimulus-response-reward situation;
what about a stimulus-reward situation? To test this, the pas-
sive condition was introduced to monkeys 3 and 4, with blocks
of trials given to the monkey containing a stimulus followed by
the same reward, with the same delays as in the active condi-
tion (1,100–1,500 ms). In this condition, the oscillations were
also clearly modulated during the task. This is shown in Fig. 8,
C and D, which shows the modulation of the TSE for a group
of nine experiments in the passive condition for monkey 3. The
rewarded trials are shown in Fig. 8C and the unrewarded trials
are shown in Fig. 8D. The TSE was clearly modulated in this
condition, with LFP oscillations increasing after stimulus pre-
sentation, for the whole stimulus-reward delay, and decreasing
after the reward had been given. This showed a tendency of the
oscillations to increase when the monkey was actively expect-
ing the reward to be given in the next instant. Another impor-
tant observation was that the oscillations were clearly increased
only to stop after the reward window had expired, even when
the reward had not been given (Fig. 8D). This was an indica-
tion that, as long as the reward was expected to be given, the
oscillations were present. But, as the time after the stimulus
increased and the reward had not been given, the monkey

estimated that reward would not follow and stopped expecting
the reward in itself. This translated into a more gradual de-
crease in the oscillations than when the reward was given (cf.
Fig. 8C and Fig. 8D).

Thus the modulation of the oscillations was strikingly dif-
ferent when the monkey was simply waiting for the expected
reward (passive condition) compared with waiting for the
correct time to move (active condition). In the passive condi-
tion, the TSE, as a rule, did not show any decrease following
stimulus onset contrary to the active condition (active, X �
�32 � 9.4%; passive, X � 8 � 10.8%; P � 0.001). In the
second part of the delay preceding reward, the TSE increased
systematically in the passive condition, while it simply tended
to return to prestimulus control value in the active condition
(active, X � �15 � 15.4%; passive, X � 33 � 12.9%; P �
0.001).

In the passive condition, the observed increase in the oscil-
lations could have been related to the persistence of the stim-
ulus during the whole delay period. The experiments on Fig. 9
show that the persistence of the sound in itself was not neces-
sary for the increase in the oscillations. Figure 9A shows an
experiment with monkey 3 where the sound stimulus was
present throughout the delay until the end of the reward win-
dow (W). The pattern of the TSE is similar to Fig. 7C, with the
oscillations increasing after the stimulus and lasting during the
whole delay. Figure 9B shows the TSE when sound lasted only
200 ms, while the reward was given at the same delay as
before. This variation in the task showed no difference in the
TSE, with the sound lasting the whole delay. Figure 9, C and
D, demonstrates another experiment that confirmed the lack of
relationship between persistence of sound and increase in os-
cillations. Figure 9C shows the passive condition in monkey 4,

FIG. 7. Comparison between the left and
right hand in the active condition, lever-
press task: one experiment where both hands
were tested for monkey 3. TSE signal (band-
pass filtered 13–25 Hz) shown for the trials
where the monkey performed the task cor-
rectly (movement), or didn’t press the lever
at all (no movement). A, B: task executed
with the left hand; C, D: task executed with
the right hand. Number of trials indicated on
each panel. Sound stimulus and reward win-
dow periods at the bottom of B and D. Ver-
tical line indicates sound stimulus onset.

FIG. 8. Modulation of the LFP oscilla-
tions in monkey 3 for a group of experi-
ments according to the active (left and right
hands) and passive conditions. Normalized
TSE is shown for a series of experiments. A:
active condition, left hand. B: active condi-
tion, right hand. C: passive condition, trials
with reward. D: passive condition, trials
without reward. In A and B, the 14 experi-
ments compiled were those where both
hands were tested. Out of these 14, 9 were
also tested for the passive condition and are
shown in C and D. Number of experiments
is indicated for each panel.
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with the usual 1,500 ms delay between stimulus onset and
reward, displaying again the typical increase of LFP oscilla-
tions following presentation of the stimulus, lasting until the
end of the delay, and a further increase 600 ms after the reward
(Rw). Figure 9D shows the TSE when the delay between
stimulus onset and reward had been lengthened from 1,500 to
2,500 ms, while the sound still lasted only 1,500 ms. The
pattern of the TSE changed in this task variation, with a
gradual increase in the oscillations lasting until reward presen-
tation, i.e., 1 s after the end of the sound. These patterns of
modulation of the LFP oscillations clearly showed that the
modulation in the passive condition was independent of the
length of the sound and was really affected by the length of the
waiting period to get a reward.

One important aspect to consider with respect to the modu-
lation of the LFP oscillations was the possibility that the
modulation seen in the passive condition only occurred in
animals trained to wait for the correct time to move. Indeed, the
monkey could have been in some way inhibiting a motor
response to the stimulus if it had been previously trained to
move. One way of testing this was to present the passive
condition to a completely naive animal. This was done in
monkey 4, which was systematically rewarded at the end of a
sound stimulus lasting 1.5 s. The TSE corresponding to two
different periods of testing in this condition is shown in Fig. 10.
For this set of experiments, each contact made by the monkey
on the pipette, most often with the mouth or tongue, was
recorded as unitary events, as described in METHODS. A peri-

stimulus time histogram of these contacts made on the pipette
is shown at the bottom of Fig. 10, A and B, in addition to the
TSE shown at the top. Figure 10A shows the behavior and
oscillations corresponding to an early stage in the training (3rd
session). The sound stimulus lasted 1,500 ms, with reward
given simultaneously with the end of the sound. It is clear from
the histogram that contacts on the pipette increased only after
reward had been given (around 300 ms after); the number of
pipette contacts was the same during the delay as in the
prestimulus period. From this we could presume that the mon-
key had not yet made the relation that a reward would follow
the stimulus in a predictable fashion, with no sign of anticipa-
tion of the imminent reward. At this stage, the TSE showed no
modulation during the delay. In fact, there was some increase
in the oscillations, but only 600 ms after the reward had been
given (apart from the short-latency evoked response to the
reward). Figure 10B shows the behavior and oscillations from
a later stage of training, when the monkey had presumably
made the association between the stimulus and the reward. The
stimulus-reward delay had been constant throughout the train-
ing regimen. At this stage, the histogram shows a clear increase
in pipette contacts during the delay starting around 500 ms
after the onset of the sound. This could be interpreted as an
anticipation of the reward �1 s before its delivery. The corre-
sponding TSE also showed a clear modulation during the
delay, starting about 300 ms after sound onset, i.e., about 1.2 s
before reward delivery. This modulation was identical to the
one observed in monkey 3 in the passive condition. These

FIG. 9. Modulation of the LFP oscilla-
tions with 2 different sound stimuli durations
(A and B: TSE from monkey 3) and different
reward delays (C and D: TSE from monkey
4). In A and B, the reward window is the
same but the sound stimulus lasts 1.5 s (A)
and 0.2 s (B). In C and D, the sound stimulus
duration is the same (1.5 s), but the reward is
delivered at the end of the stimulus in C and
1 s after the end of the stimulus in D. Num-
ber of trials is indicated on each panel. Sound
stimulus and reward periods are indicated.
W, reward window; Rw, time of reward.
Vertical line indicates stimulus onset.

FIG. 10. Modulation of the LFP oscillations, passive condition, in monkey 4 at 2 different stages of learning the association
between the sound stimulus and reward. TSE signal (band-pass filtered 13–25 Hz) shown, with the histogram of the signal coming
from contact on the juice pipette. The juice pipette had been equipped with a contact sensor that generates unitary events when the
monkey touched it. A: naive stage, before any exposure to the sound or reward. B: after 5 days of exposure to the sound with a stable
temporal relation to the reward. Number of trials is indicated for each panel. Sound stimulus period shown; Rw, time of reward.
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results thus showed a learning-dependent change in the mod-
ulation of the TSE. This change in the modulation of the
oscillations also gave evidence that the monkey did not need to
be previously trained to move for a modulation in the passive
condition to occur. Thus the modulation of the oscillations
seemed to be related solely with the predictability of the reward
delivery after stimulus had been given. This confirmed a rela-
tionship between the oscillatory phenomenon and passive ex-
pectancy. One interesting aspect here was the fact that pipette
contacts with mouth or hand during the delay was not accom-
panied with a decrease in the oscillations.

D I S C U S S I O N

Our results show an involvement of the cerebellum in both
active and passive expectancy. This involvement is exempli-
fied by the episodes of 13–25 Hz oscillations in the GCL of the
paramedian lobule during periods of immobility when the
monkey was actively waiting for the appropriate time to de-
press a lever or initiate a flexion of the elbow, or oscillatory
episodes seen during the delay when the monkey was passively
waiting to receive an expected reward. These oscillations are
thus present when the animal is waiting for an event to occur,
whether this event is internally or externally regulated. In the
active condition, oscillations were systematically modulated
during the task performed by either hand. In the passive con-
dition, oscillations were systematically modulated with the
administration of reward or the passage of the expected time of
reward. These types of modulation suggest that cerebellar
cortex oscillations in the paramedian lobule are involved in
information processing relevant to an expected outcome.

Putative mechanisms for the genesis of cerebellar
LFP oscillations

As shown by examples in Pellerin and Lamarre (1997) and
reported in Courtemanche and Lamarre (1997), LFP oscilla-
tions around 13–25 Hz in the cerebellar cortex are especially
prominent in the paramedian lobule; all of the data presented
here comes from sites located in the GCL of the paramedian
lobule. The GCL is the input layer for mossy fiber afferents to
the cerebellum and is made up of the very small but numerous
granule cells, along with the Golgi and Lugaro interneurons,
and also the unipolar brush cells. The mechanism for the
generation of the cerebellar LFP oscillations could consist of
extra-cerebellar sources, intra-cerebellar intrinsic mechanisms,
or a combination of both (Courtemanche 1999). One point of
reference is that cortical regions like the motor and parietal
cortices project to the paramedian lobule (Sasaki 1979) via the
pons (Brodal 1978), and that these can exhibit oscillations in
the same frequency range (see INTRODUCTION). This observation
points to possible cerebro-cerebellar influences on the cerebel-
lar LFPs, and the cerebellar oscillations could be a reflection of
mossy fiber input. Alternatively, neuronal elements could in
fact readily account for loops that can subserve the LFP oscil-
lations, namely an excitatory-inhibitory feedback (or feedfor-
ward) loop involving the granule and Golgi cells (Bell and
Dow 1967, Eccles et al. 1967, Llinás 1981). The granule
cell-Golgi interaction has been successfully modeled to pro-
mote oscillations (Maex and De Schutter 1998), and Golgi cell
properties can be favorable to rhythm genesis (Dieudonné

1998). The Lugaro cell is less known but is also thought of as
being inhibitory like the Golgi cell (Lainé and Axelrad 1996).
Alternatively, the unipolar brush cells (Mugnaini and Floris
1994) could also be involved in the generation of LFP oscil-
lations, forming an excitatory feedback loop to the granule cell
(Nunzi and Mugnaini 1999). Indeed, both excitatory and in-
hibitory feedback loops could subserve rhythmicity in local
circuits (Jefferys et al. 1996; Ritz and Sejnowski 1997). Fi-
nally, the rhythm in the cerebellar LFPs could stem from both
extra- and intra-cerebellar interactions. For example, the input
coming from the cerebro-cerebellar or spino-cerebellar connec-
tions could strongly influence this circuitry and modulate its
entry into an oscillatory mode. The only definitive test would
be to inactivate the pontine nuclei, cut the peripheral afferents
going to the cerebellum, and see what happens with an oscil-
latory locus, but these methods fall outside the scope of this
paper.

Our current data do point to a progressive decrease of the
oscillatory content when the signal stems from elements further
away from the mossy input, i.e., oscillations in the LFPs, less
obvious in the granule cell firing, and even less obvious in the
Purkinje cell firing. Our type of microelectrode and preparation
does not permit single granule cell isolation or the definition of
mossy fiber terminals versus granule cell soma spikes. How-
ever, as shown in Fig. 4, Purkinje cell firing can sometimes be
related to the cerebellar LFP oscillations. While these LFP
oscillations are poorer in the Purkinje cell layer, there were
instances when both oscillations and reliable spike activity
from Purkinje cells could be recorded. In these cases, simple
spike activity and LFP oscillations often changed in opposite
directions over time, e.g., oscillations are stronger during the
delay when there is less Purkinje cell firing, and they decrease
right before movement, while Purkinje cell firing increases.
Also, the phase-locking of the simple spikes with the peak of
the LFP wave during periods of robust oscillations is another
hint at the possible influence of the GCL rhythm on the output
of the cerebellar cortex. Our current understanding of these
results is that during the delay, the input-output relations within
the cerebellar cortex are more influenced by the oscillatory
process, while movement disturbs these relations, quite possi-
bly a result of the barrage of movement-related sensory inputs.

Ipsilateral and contralateral modulation

The modulation of LFP oscillatory activity according to
movements made with either limb suggests that the oscillations
are involved with some factor other than movement itself.
Indeed, when it comes to arm movements, as neural discharge
in the cerebellar cortex is generally more related to movement
production of the ipsilateral arm (e.g., Brooks 1984), our
results are somewhat surprising. The more general nature of
this modulation that is present in both limbs could be related to
a preparatory mechanism for the imminent release of the move-
ment. The oscillations themselves could participate in evalu-
ating the steady-state of the information coming in the system
necessary to establish the proper conditions for the initiation of
movement. In this sense, the oscillations would support the
activity of other cerebellar elements involved in movement
initiation (Chapman et al. 1986; Lamarre and Jacks 1978;
Meyer-Lohmann et al. 1977). The more general aspect of this
information processing would probably be related to surveying
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a more extended region of the body for the proper states to
perform an optimal movement initiation, since gross receptive
fields displayed by evoked potentials in the paramedian lobule
often encompass ipsilateral and contralateral limbs (Snider and
Stowell 1944).

Modulation during nonmotor behavior

There is, however, an even more general manifestation re-
vealed by the modulation of LFP oscillations, as was shown by
the results in the passive condition. The oscillations are more
prevalent when the monkey is waiting for the expected reward
than when waiting for the correct time to move. As the stim-
ulus is paired with the reward at a fixed interval, the oscilla-
tions get more potent during the interval leading from the
stimulus to the reward and weaken after the reward adminis-
tration or after the delay to usually get the reward as elapsed
(see Fig. 8). This type of modulation is different from during
the active condition but nonetheless is very robust. This type of
modulation seems tightly related to expectancy, and would
seem to entail an analysis of the incoming information to
subserve a “steady-state”, checking for an entry into the sys-
tem. This information could again be somatosensory, but this is
impossible to infer with certainty from our results. However, as
the monkey is expecting the reward to come, there is a con-
tinuous probing of the system to evaluate a change of environ-
mental status, to check the arrival of the reward. The parame-
dian lobule might then be part of a greater system evaluating
the expectancy of an incoming input, particularly in the tem-
poral domain.

Functional role of the cerebellar LFP oscillations

The modulation of LFP oscillations in the cerebellum is
tightly related to expectancy in both conditions, with each
showing potent oscillations during the poststimulus onset wait-
ing period; in the active condition, the waiting period is ended
by the internal “movement trigger” of the monkey, and in the
passive condition, the waiting period is ended by the calculated
delay that the monkey is observing in expecting the reward.
The exact nature of this expectancy modulation is still specu-
lative, as more testing will be necessary to dissect the sensory,
motor, or cognitive aspects warranting the presence of LFP
oscillations in the cerebellar cortex. Current propositions in
light of the task performed by our monkeys could include, in
the “sensorimotor” realm, some support to sensory acquisition
for evaluating an internal steady-state, in preparation for future
incoming inputs (Bower 1997a,b; Hartmann and Bower 1998).
This steady-state could be the proper baseline operation for
accurately portraying inputs from the periphery or from the
cortex. LFP oscillations in the GCL of the paramedian lobule
could segment the pattern of sensory inputs into predictable
values for regular chunks of time, by rhythmic cycles of
excitation and inhibition. Support of sensory processing is an
important aspect of cerebellar function in species where the
precise determination of anticipated events is crucial for sur-
vival, such as in the electric fish, where cerebellum-like struc-
tures play a determining role in the quantitative determination
of an efference copy to permit differentiation from regular
sensory input (Bell et al. 1997). The cerebellum could possibly
contribute to cognitive aspects of the task (Schmahmann

1997); within this realm, cerebellar LFP oscillations could
support timing functions (Braitenberg 1967; Ivry and Keele
1989; Jueptner et al. 1995), with oscillatory cycles acting as a
discrete unit. Another timing mechanism might be the rhyth-
mic activity of the climbing fibers originating from the inferior
olive (Lang et al. 1999; Pellerin et al. 1997), which could act
as a clock, though the clock hypothesis has been disputed
(Keating and Thach 1995). In our task, however, climbing fiber
activity seemed unrelated to the LFP oscillations. An even
more general mental “set” function like the set-related activity
in the premotor cortex (Weinrich and Wise 1982) could be
postulated: in the present task, the increase of the TSE during
the delay in the passive condition could signal a steady-state of
expectancy mediated by the characteristic 13–25 Hz LFP os-
cillations. As all these propositions remain to be tested, a more
global view of the expectancy phenomenon we observe, which
somewhat comprises both the sensorimotor and cognitive as-
pects, consists of how the cerebellum could support prediction
and preparation (Courchesne and Allen 1997). In both the
active and passive conditions, whether this prediction and
preparation are implemented in a movement context within the
cerebellum (Thach 1996) remains to be determined.

Nevertheless, the present experiments do support a role for
the oscillations in both motor and nonmotor situations, possi-
bly aiding in the processing by other structures that are in-
volved in the proper timing of motor actions and of simple
expectancy. This role is in some ways similar and complemen-
tary to the types of modulation of oscillations in other areas
involved in motor control (MacKay 1997), with the oscillations
being mostly related to movement preparation, although motor
cortex LFPs can in some cases be related more closely with the
peripheral activity (Baker et al. 1997; Farmer 1998). The
cerebellar LFP oscillations in the paramedian lobule do com-
pare favorably with those from the parietal cortex (MacKay
and Mendonça 1995; Rougeul et al. 1979), a brain region
concerned with more abstract elements of the motor output. In
fact, the modulation of oscillations during both active and
passive conditions hints at a more general expectancy mecha-
nism than only for the generation of movement.
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DIEUDONNÉ S. Submillisecond kinetics and low efficacy of parallel fibre-Golgi
cell synaptic currents in the rat cerebellum. J Physiol (Lond) 510: 845–866,
1998.
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