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The olivocerebellar system is known to generate periodic syn-
chronous discharges that result in synchronous (to within 1
msec) climbing fiber activation of Purkinje cells (complex
spikes) organized in parasagittally oriented strips. These results
have been obtained primarily in anesthetized animals, and so
the question remains whether the olivocerebellar system gen-
erates such patterns in the awake animal. To this end, multiple
electrode recordings of crus 2a complex spike activity were
obtained in awake rats conditioned to execute tongue move-
ments in response to a tone. After removal of all movement-
and tone-related activity, the remaining data were examined to
characterize spontaneous complex spike activity in the alert
animal. Spontaneous complex spikes occurred at an average
firing rate of 1 Hz and a clear ~10 Hz rhythmicity. Analysis of
the autocorrelograms using a rhythm index indicated that the

large majority of Purkinje cells displayed rhythmicity, similar to
that in the anesthetized preparation. In addition, the patterns of
synchronous complex spike activity were also similar to those
observed in the anesthetized preparation (i.e., simultaneous
activity was found predominantly among Purkinje cells located
within the same parasagittally oriented strip of cortex). The
results provide unequivocal evidence that the olivocerebellar
system is capable of generating periodic patterns of synchro-
nous activity in the awake animal. These findings support the
extrapolation of previous results obtained in the anesthetized
preparation to the waking state and are consistent with the
timing hypothesis concerning the role of the olivocerebellar
system in motor coordination.
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The olivocerebellar system constitutes one of the two major
afferent systems to the cerebellum, and its activity is central to
motor coordination because lesions of the inferior olive are
followed by severe motor disturbances, similar to those resulting
from cerebellar damage (Soechting et al., 1976). Yet the exact
contribution of olivocerebellar activity to cerebellar functioning
continues to be much debated (for review, see Simpson et al.,
1996). The enigmatic status of the olivocerebellar system is prob-
ably in large measure caused by the rather unusual characteristics
of its activity. Indeed it has been argued that because of its low
average single-cell firing rate of ~1 Hz and maximum rate of ~10
Hz, the olivocerebellar system cannot produce significant changes
in cerebellar output on its own (Keating and Thach, 1995).
However, an alternative, suggested by its physiological and ana-
tomical organization, is that the olivocerebellar system may alter
cerebellar output by the temporal binding property generated by
the synchronous activation of sets of neuronal ensembles (Llinds
and Sasaki, 1989).

The ability of the olivocerebellar system to generate ensemble
synchronous activity has been extensively documented using mul-
tiple electrode recording of complex spikes (CSs) from Purkinje
cells in anesthetized animals (Bell and Kawasaki, 1972; Llinés
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and Sasaki, 1989; Sasaki et al., 1989; Sugihara et al., 1993; Wylie
et al., 1995; Lang et al., 1996, 1997). At the level of the cerebellar
cortex, these patterns most often take the form of simultaneous
(to within 1 msec) CSs in parasagittally oriented strips of Pur-
kinje cells (Llinas and Sasaki, 1989; Sasaki et al., 1989; Sugihara
et al., 1993). The simultaneity of CS activity has been ascribed to
the electrotonic coupling of inferior olivary neurons via gap
junctions located mainly in structures known as glomeruli (Llinés
et al., 1974; Sotelo et al., 1974; Llinas and Yarom, 1981a) and a
matching of axonal conduction velocity to climbing fiber length
(Sugihara et al., 1993). However, these patterns are not unchange-
able entities fixed by the anatomical connectivity of the system.
Rather, the specific spatial distribution of synchronous CS activ-
ity is determined primarily by the ongoing activity of the
GABAergic cerebellar nucleo-olivary pathway, which provides a
major synaptic input to the olivary glomeruli (de Zeeuw et al.,
1989) and can produce momentary functional decoupling of in-
ferior olive (I0) neurons (Lang et al., 1996). Thus, this parasag-
ittal banding pattern reflects a particular functional state of the
olivocerebellar system, whereas other functional states would be
represented by other such patterns. Indeed, distinct patterns of
synchronous CS activity occur in relation to given movements
(Welsh et al., 1995a).

Olivocerebellar activity is also characterized by an 8§-12 Hz
rhythmicity. Using in vitro techniques or in vivo anesthetized or
decerebrated preparations, this rhythmicity has been amply doc-
umented in a number of species (Belcari et al., 1977; Llinas and
Yarom, 1981a,b, 1986; Bloedel and Ebner, 1984; Benardo and
Foster, 1986; Llinas and Sasaki, 1989; Sasaki et al., 1989; Lampl
and Yarom, 1993, 1997; Sugihara et al., 1995; Wylie et al., 1995;
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Lang et al., 1996, 1997) and may become particularly pronounced
and lead to phase-locked motor activity with tremorigenic drugs
such as harmaline (de Montigny and Lamarre, 1973; Llinds and
Volkind, 1973).

Taken together these results provide significant evidence that
the olivocerebellar system generates periodic synchronous dis-
charges and support for the hypothesis that it functions as an
internal clock for organizing motor sequences (Llinas, 1991).
Nevertheless, because these studies were performed in anesthe-
tized animals or in vifro preparations, their relevance to the
normal physiological activity of the olivocerebellar system may be
questioned, and so the extent to which the activity observed
under the different anesthetic states reflects the normal sponta-
neous activity patterns in the awake animal must be determined.

Spontaneous CS activity has in fact been reported to display an
~10 rhythmicity in awake frogs (Rushmer and Woodward, 1971)
and guinea pigs (Bell and Kawasaki, 1972); however, these initial
reports did not quantify its strength or prevalence. Moreover,
whereas studies in behaving rodents have demonstrated CS
rhythmicity (Welsh et al., 1995a,b), those in primates have pro-
duced mixed results, with some investigators finding rhythmic CS
activity (Pellerin et al., 1997) and others not (Keating and Thach,
1995). Thus, the presence of rhythmic CS activity in the awake
animal remains somewhat controversial.

Although CS synchrony in awake animals has been previously
reported (Bell and Kawasaki, 1972), recordings were obtained
from only a limited number (n = 5) of closely spaced cell pairs,
preventing any conclusions about the spatial extent of synchro-
nous activity from being drawn. More recently, multiple electrode
recordings have been used to determine the movement-related
patterns of synchronous CS activity (Welsh et al., 1995a). In this
study, the patterns of synchronous CS activity differed signifi-
cantly from the parasagittal banding patterns observed in anes-
thetized preparations (Welsh et al, 1995a). In particular,
movement-related synchronization of CS activity was found be-
tween Purkinje cells located in different parasagittal planes. This
difference may have stemmed from the fact that the functional
states of the olivocerebellar and cerebellar nucleo-olivary systems
are very different in the anesthetized and awake animals, thus
limiting the conclusions to be drawn from studies in anesthetized
preparations concerning the spatial distribution of spontaneous
synchronous activity. Alternatively, this difference may have been
caused by the generation of specific movement-related patterns.
To test these alternatives, a quantitative description of the spon-
taneous patterns of synchronous CS activity in the awake animal
is needed. And so, to determine the rhythmicity and spatial
patterns of synchrony inherent in spontaneous CS activity, we
have obtained multiple electrode recordings of spontaneous (i.e.,
non-movement related) CS activity in awake rats. The results
indicate that in the waking state, the olivocerebellar system gen-
erates spontaneous patterns of rhythmic and synchronous CS
activity similar to what has been described in the anesthetized
animal.

MATERIALS AND METHODS
Surgical and recording procedures

Adult Sprague Dawley rats (225-300 gm) were used in all experiments.
These animals had been previously trained to perform a conditioned
tongue movement task in which a tone elicited a series of licks (Welsh et
al., 1995a). On the day of the recording, they were anesthetized with an
injection of ketamine (100 mg/kg, i.p.) and implanted with an array of
microelectrodes for recording CS activity from crus 2a of the cerebellar
cortex. The implantation technique has been described previously
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(Sasaki et al., 1989; Sugihara et al., 1993). In brief, a craniotomy was
performed to expose the crus 2 region of the left cerebellar hemisphere.
After removal of the dura mater, a silicon rubber-coated titanium elec-
tron microscope grid was cemented in place over crus 2a. Glass micro-
electrodes filled with a 1:1 solution of glycerol and saline were individ-
ually inserted to a depth of ~100 wm where CS activity from individual
Purkinje cells could be recorded extracellularly. Interelectrode spacing
was 250 um. After implantation of the electrode array, the animals were
allowed to recover from the anesthesia.

Spontaneous CS activity described in the present report was obtained
during two types of conditions. First, recordings were obtained from a
10-20 min period just before the beginning of conditioned movement
sessions during which the animals were alert but relatively inactive.
Second, CS activity was analyzed from the nonmovement periods during
the conditioned movement sessions. In these sessions, the animal’s head
was immobilized, and movements of the tongue and jaw were monitored
with infrared photoemitter-detector devices. The conditioned movement
sessions typically lasted ~4 hr and contained ~500 trials that were
initiated by a tone that occurred once every 30 sec on average. The tone
was followed by a series of 6—7 Hz licking movements that typically
lasted ~0.5 sec. To exclude movement-related and tone-related CS
activity, the data from 1 sec before until 5 sec after the tone onset were
eliminated, and only the activity from the remaining 24 sec between trials
was analyzed. In addition, because the animals made occasional tongue
and mouth movements during the intertrial periods, CS activity from
+200 msec surrounding such movements was eliminated.

For comparative purposes, data from multiple electrode experiments
in anesthetized rats were analyzed. In these experiments, the animals
were anesthetized with an initial injection of ketamine (100 mg/kg, i.p.),
xylazine (8 mg/kg, i.p.), and atropine (0.4 mg/kg, i.p.). The heart rate
was monitored, and supplemental doses of anesthetic were given to
maintain a deep anesthetic level. The surgical procedures were similar to
those described above for the awake animals and have been previously
described in detail (Sasaki et al., 1989; Lang et al., 1996). Recording
sessions typically lasted 15-30 min.

Data analysis

Analysis of CS synchrony. Here, as previously, we define CSs that occur
in different Purkinje cells as being synchronous when their onsets occur
within 1 msec of each other. The degree of synchronous activity dis-
played by different cell pairs was quantified by calculating C(0), the
zero-time cross-correlation coefficient, using a time bin of 1 msec, as
described previously (Sasaki et al., 1989; Lang et al., 1996). The term
“synchronicity” is used to refer to the spatial distribution of synchronous
activity and was quantified by calculating C(0) for all possible cell pairs
and then plotting the average value of C(0) as a function of the medio-
lateral separation distance between the cells within a pair.

Analysis of CS rhythmicity. Autocorrelation histograms were con-
structed from the CS activity of individual Purkinje cells using time bins
of 5 or 10 msec. The oscillation frequency was taken as the reciprocal of
the latency of the first peak in the autocorrelogram. The strength of the
oscillation was quantified with a rhythm index (RI) calculated in a similar
manner to that described previously (Sugihara et al., 1995; Lang et al.,
1997). In brief, the autocorrelation coefficients of all peaks and valleys in
the autocorrelogram that (1) were significantly different from the base-
line and (2) occurred at specific latencies with regard to the initial peak
were summed. Peaks and valleys were considered significant if they were
>1 SD above or below the average level, respectively. The SD was
determined using bins at time lags of 1.5-2 sec where there was no
evident periodic activity. The average level was measured from bins of
time lags of 50 msec to 1 sec. In the autocorrelograms that had no
significant peaks and valleys, a value of zero was given to the RI, and the
activity was considered nonoscillatory. In these cases, or when the RI was
less than an empirically determined value of 0.01, the oscillation fre-
quency was not determined. The latter cases were excluded because the
autocorrelograms of such cells (0 < RI < 0.01) displayed only weak
rhythmicity with peaks that were very close to the baseline activity (see
Fig. 54), making unambiguous determination of the primary peak, and
therefore the oscillation frequency, difficult.

Runs test to detect systematic variation over time

Runs tests were used to determine any trend over time in the values of
the parameters used to measure CS rhythmicity and synchrony. First, the
recording sessions were divided into 25 min segments, and the values of
the parameters were calculated for each segment. A runs test was then
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performed on the sequence of values obtained for each parameter. The
runs test determines whether the successive values in the time sequence
are correlated or whether they vary about the median as expected by
chance. First, the number of times that the time sequence crosses its
median value is calculated. The number of runs is then equal to the
number of crossings plus one. The observed number of runs (Ro) can
then be compared with the expected number (Re) and a z value deter-
mined as (Ro — Re)/(SD) where Re ~ (n/2) + 1, the SD ~ [(n — 1)/4]",
and n is the number of observations in the time sequence (Wonnacott
and Wonnacott, 1977). Thus, a significant trend over time in the data is
indicated by z values more negative than —1.65, which corresponds to a
p value of 0.05 that Ro would be observed by chance.

RESULTS
Database

The present results were obtained from animals (n = 11) that
were operantly conditioned to perform tongue movements in
response to a tone. The movement-related CS activity recorded
from these animals has been previously reported (Welsh et al.,
1995a). Here we describe the patterns of spontaneous CS activity
recorded while the animals were not making any overt move-
ments. This activity was recorded either from an ~15-20 min
period before the actual conditioning session started, during
which the animal was sitting quietly (n = 2), or from the intertrial
periods of the conditioning session when no tongue or mouth
movements were occurring (n = 9). In total, CS activity was
recorded from 282 crus 2a Purkinje cells (range, 16-33 cells per
animal). The average CS firing rate for these cells was 1.01 = 0.70
Hz (mean *= SD), similar to previous reports in awake animals
(Mano, 1970; Hobson and McCarley, 1972; Armstrong and Raw-
son, 1979).

For comparative purposes, the data from seven multiple elec-
trode experiments (n = 257 Purkinje cells) in which the animals
were anesthetized with ketamine—xylazine anesthesia is de-
scribed. A similar, but somewhat higher average CS firing rate
(1.52 £ 0.89 Hz) was observed in these experiments.

CS synchrony in the awake rodent

Spontaneous CS activity in the awake animal showed a similar
spatial organization to that observed in the anesthetized prepa-
ration. There were generally much higher levels of synchronous
CS activity among neighboring Purkinje cells than among widely
separated Purkinje cells. In particular, the degree of synchronous
CS activity dropped off rapidly as the mediolateral separation
between the Purkinje cells increased, similar to what was ob-
served in the anesthetized preparation (Llinas and Sasaki, 1989;
Sasaki et al., 1989). Thus, the spatial organization of CS syn-
chrony displayed a rostrocaudal preference, with Purkinje cells
within the same parasagittal strip of cortex having the highest
levels of synchrony. Examples of the spatial organization of CS
synchrony from an experiment in which 29 Purkinje cells were
simultaneously recorded are shown in Figure 1A4. The relative
positions of the Purkinje cells are represented by the positions of
the circles in the plots and correspond to the electrodes of the
array shown in Figure 1B. The degree of synchronous CS activity
between a master cell (M) and each of the 28 other Purkinje cells
was determined by calculating C(0) for each cell pair and is
indicated by the areas of the corresponding circles. In these and
subsequent plots, synchronous is defined as two CSs whose onsets
are within 1 msec of each other. Note how the pattern of syn-
chronization shifts according to which cell is chosen as the master
cell, such that Purkinje cells showing the highest levels of syn-
chronization occur within the same parasagittal strip of cortex as
the master cell (Fig. 1, compare A,, 4,).
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The temporal precision of this synchrony is shown by the
cross-correlograms of Figure 1C. The cross-correlogram on the
right shows the relationship of activity between cell M of Figure
1A, and the cell located 500 wm rostral (b). Although there was
a general increase in the correlation for =20 msec, by far the
strongest correlation occurred at a time lag of 0 msec. Thus, the
CS discharges of these cells had a strong tendency to be synchro-
nized to within 1 msec. In contrast, the cross-correlogram on the
left shows the relationship of activity between cell M and the cell
located 500 wm lateral (a). There is almost no synchronization of
the CS activity of these two Purkinje cells, as indicated by the
flatness of the correlogram.

The spatial distribution of CS synchrony relative to the master
cell was similar regardless of the choice of the master cell. This
was demonstrated by calculating C(0) for all possible cell pairs
and then plotting the average C(0) value as a function of the
mediolateral separation distance between the cells (Fig. 2). The
plot of Figure 2A4b corresponds to the experiment shown in
Figure 1. As was suggested by the examples shown in Figure 1, the
highest level of synchronization on average occurred among Pur-
kinje cells located within the same parasagittal plane (0 wm
mediolateral separation distance). At a separation distance of 250
pm there was still a significant degree of synchronization, but at
distances of 500 um and greater virtually no synchronization
occurred.

A similar distribution of CS synchrony was observed in most of
the 11 experiments performed in nonanesthetized animals. Plots
of average CS synchrony as a function of mediolateral separation
distance are shown for each of the experiments in Figure 24. In
all cases, the average CS synchrony was significantly (p < 0.02;
two-sided ¢ test) higher for smaller separation distances (=500
pm; 0.018 = 0.030; n = 33) than for larger separation distances
(> 500 wm; 0.0045 = 0.0075; n = 67). In the large of majority
experiments (9 of 11), the highest degree of synchronization was
found among Purkinje cells within the same parasagittal plane
(Fig. 24a—e.g) or within 250 wm of each other (Fig. 2A4f,hj). The
synchrony plots from these experiments were normalized to the
synchrony value at 0 um separation distance (Fig. 2B), and the
average normalized distribution of synchrony was determined
(Fig. 2C). The shape of this curve demonstrates that the CS
activity of Purkinje cells separated by <500 wm in the mediolat-
eral direction was significantly more synchronized than that of
Purkinje cells that were more greatly separated. In sum, the
spatial distribution of synchrony of spontaneous CS activity in
nonanesthetized animals displayed a parasagittal banding
pattern.

Temporal stability of banding structure

The above results demonstrated the presence of a parasagittal
banding organization to CS synchrony in the waking state. We
next investigated the stability of this banding pattern over time by
dividing the ~4 hr recording sessions into successive 25 min
periods and determining the spatial distribution of CS synchrony
for each period. In each experiment (n = 8), it was found that
while the average level of CS synchrony did vary between the
successive periods, the overall spatial pattern remained constant.
The results from one experiment are plotted in Figure 34, in
which the distribution of CS synchrony for nine successive 25 min
periods is shown. Note that despite some fluctuation in the
average level of CS synchrony at each separation distance, the
shapes of the curves are quite similar. Even in experiments where
there was some variation from the typical synchrony distribution
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Figure 1. CS synchrony in a nonanesthetized rat. A, Plot of synchrony distribution with respect to CS activity of master cell (M). Synchrony distribution
shown for two master cells located in different parasagittal planes, one lateral (4;) and one more medial (4,). Circles and the letter M represent the
relative positions of recorded Purkinje cells on the left crus 2a. The area of each circle is proportional to the degree of synchronous CS activity with
cell M. Note how the highest levels of synchronization occur in cells located in the same parasagittal plane as cell M. B, Schematic of dorsocaudal view
of cerebellum and medulla showing the position of the recording array. C, Cross-correlograms of CS activity in cell M in plot of A, and a cell 500 um
rostral to it within the same parasagittal plane (b) and a cell located 500 wm lateral (a). Time bin is 1 msec.
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Figure 2. Spatial distribution of CS synchrony. 4, Plots of average level of CS synchrony as a function of mediolateral separation distance between
Purkinje cells. Plots from each of the 11 experiments show that CS synchrony decreases with increasing mediolateral separation distance. Plots were
obtained by determining C(0) for all possible cell pairs, sorting cell pairs according to separation distance between cells, and then calculating the mean
C(0) for each separation distance. B, Average normalized synchrony as a function of mediolateral separation distance for the nine experiments in which
the highest average C(0) occurred at =250 wm. All curves are normalized to the C(0) value at 0 um. C, Average of curves in B. Error bars in 4 and C
indicate SEM.
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Figure 3. Stability of CS synchronicity over time. A, Plots of average
synchrony as a function of mediolateral separation distance for successive
25 min periods during an ~4 hr recording session. Note the constancy of
the shape of the curves, despite some fluctuation in absolute levels of
synchrony. B, Distribution of z values from runs tests of time sequences of
C(0). z values less than —1.65 indicate a statistically significant (p < 0.05)
trend in the data.

(for example, plot 2Ac), the particular distribution was present
throughout the recording session.

To determine whether the variation in the average level of
synchrony was caused by a systematic shift over time, as might
occur if the changes were because of residual effects of the
anesthesia, or simply random fluctuations, a runs test was per-
formed for the sequence of synchrony values at each mediolateral
separation distance. The occurrence of significantly less (z <
—1.65; p < 0.05) runs than expected by chance was taken as
evidence of a trend in the data over time. In the experiment
shown in Figure 34 for all separation distances, the observed
number of runs was not significantly less than the expected
number due to chance. A total of 71 sequences were analyzed
from the eight experiments, and only six (8.45%) were found to
contain significantly fewer runs than expected, approximately the
percentage of false positives (5%) that should occur given the
0.05 significance level. Moreover, the six sequences that were
found to have a statistically significant trend occurred across four
experiments, and each occurred at a different mediolateral sepa-
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ration distance (0, 500, 750, 1000, 1750, and 2000 um). The
complete distribution of z values obtained from analysis of the 71
sequences is shown in Figure 3B. The distribution was symmet-
rical with many sequences having greater than or the same
number of runs than expected by chance (z = 0). Thus, the
rostrocaudal banding patterns of CS synchrony appear to be
relatively stable structures, despite random fluctuations in overall
levels of synchrony.

If the parasagittally oriented bands represent functional units
of the cerebellar cortex, the level of synchronization within these
bands should be relatively stable over time compared with that
observed between the CS activity of Purkinje cells located in
different parasagittal planes. This was verified by calculating the
coefficient of variation (CV = SD/mean) as a measure of the
relative variation in the average synchrony. For each experiment
(n = 8), the CV was determined for each temporal sequence of
synchrony values and plotted as a function of the mediolateral
separation distance of the sequence (Fig. 4). In all experiments,
the CV increased with increasing separation distance, resulting in
a positive correlation (r = 0.80 = .09; range, 0.66 to 0.96). In six
of eight experiments the correlation was statistically significant
(p < 0.05).

CS rhythmicity in the awake animal

The extent to which spontaneous CS activity is rhythmic in awake
animals was studied by constructing autocorrelograms (n = 282).
Visual inspection of these correlograms showed that rhythmic
activity was present in the large majority of cells. Typically, the
autocorrelograms displayed a prominent primary peak followed
by one or more smaller higher order peaks at regularly spaced
intervals, such as those shown in Figure 5, B and C. The RIs for
the autocorrelograms of Figure 5, B and C, were 0.0207 and
0.0260, respectively. In some cells, the CS activity displayed a
more pronounced rhythmicity, such as the example shown in
Figure 5D (RI = 0.0986). In contrast, only ~4% of the cells
lacked any evidence of rhythmic activity as defined by the absence
of any significant peaks (see Fig. 84), and an additional 18% had
relatively weak rhythmicity (0 < RI < 0.01). Thus, in total only
~22% of the cells could be characterized as having weak or
absent rhythmicity (see Fig. 8B). The autocorrelogram of one
such cell, which had an RI of 0.0088, is shown in Figure 54.
Analysis of the entire population (n = 282 cells) showed that the
autocorrelograms had 2.91 = 1.84 peaks and an RI of 0.0332 =
0.0377 on average, both of which were significantly (p < 0.001)
greater than zero. The distributions of the peak number and RI
are shown in Figure 8 (histogram bars). Note that although ~77%
of the autocorrelograms displayed two or more peaks, indicating
a sustained oscillation for at least several cycles, 19% showed only
a single significant peak. However, even these latter autocorrelo-
grams indicate the presence, however transient, of an ~10 Hz
rhythmicity and not simply a modal interval caused by the average
firing rates of the cells.

The variation in the strength of rhythmic activity over time was
calculated for each of the eight experiments in which continuous
recordings were obtained for ~4 hr by dividing each experiment
into successive 25 min periods. Analysis of the autocorrelograms
from the successive periods showed that there was some variation
in the average number of peaks and in the RI. An example of this
variation is shown in Figure 6, where the values of these param-
eters in one experiment are plotted for successive 25 min periods.
Similar variability was observed in each of the experiments;
however, this variation was random in nature, because runs tests
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Figure 4. Relative stability of intraband synchrony. Plots of CV as a
function of mediolateral separation distance. CV was positively corre-
lated with mediolateral separation distance. A—C show results from the
three experiments in which the strongest, the average, and the weakest
relationship was found, respectively. The correlation (r) was significant
(p < 0.05) for A and B.

for peak number and RI gave p values that were not significant in
all but 1 of 16 cases (6.25%). Runs tests for the mean number of
peaks yielded z values of —0.7548 = 0.7169 (n = 8) on average,
whereas for the RI the z values averaged only —0.0418 =+
0.8691 (n = 8).

Most of the present recordings were obtained from long (~4
hr) sessions in which each cell had on the order of 10,000-20,000
CSs. The relatively long recordings probably facilitated our ob-
serving the CS rhythmicity and may, in part, explain the differ-
ences in the present results from those of Keating and Thach
(1995). In particular, the variations in rhythmicity during the long
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recording sessions suggested the possibility that CS rhythmicity
could be missed with shorter duration recordings. Thus, we asked
the following question: for a cell that shows significant rhythmic-
ity during the entire recording session (i.e., R = 0.01), what is the
probability of failing to detect any rhythmicity (i.e., no significant
peaks or RI = 0) in a shorter duration recording? To answer this
question, a long recording session (~250 min) was divided into
shorter duration segments (25, 10, 5, and 2.5 min segments). The
RI was then calculated for each cell for every segment. Next, for
each cell that displayed significant rhythmicity (RI = 0.01) during
the entire recording session, the probability that it displayed no
rhythmicity (RI = 0 or equivalently no significant peaks in the
autocorrelogram) was calculated for each segment duration. For
example, the recording session was divided into ten 25 min
segments. If a cell had an RI = 0 for one of those segments, the
probability of failing to detect its rhythmicity in 25 min duration
recordings was 10%. The results of this analysis for an experi-
ment in which 24 cells displayed rhythmicity (RI = 0.01) for the
entire recording session are shown in Figure 7. Each histogram
plots the probability of failing to detect rhythmicity (i.e., number
of segments with RI = 0) for recording segments of a given
duration. For the shorter duration segments (2.5 and 5 min), only
~8 and 30% of the cells had little to no chance (0-5%) of failing
to detect the rhythmicity, as indicated by the leftmost bins of the
corresponding histograms in Figure 7. Nevertheless, the distribu-
tions of these histograms indicate that there is a relatively low
chance of missing the rhythmicity. For the 2.5 min segments there
was a 21.7 = 14.9% chance of missing the rhythmicity on average,
and for the 5 min segments a 17.9 = 14.7% chance. When the
duration of the recording segment was increased, these percent-
ages fell further to 12.7 = 13.4% for the 10 min segments and
7.5 = 9.9% for the 25 min segments. Note that for the 25 min
segments there was virtually no chance of failing to detect the
rhythmicity in over half of the population (leftmost bin in this
histogram corresponds to 0% only, because there were only ten
such segments and one failure would give a value of 10%). The
few (n = 5) cells with more than one segment in which rhythmic-
ity was not detected for the 25 min segments had very low firing
rates (range, 0.1-0.34 Hz), which correspond to relatively short
spike trains of 150-510 spikes for 25 min recordings.

The results indicate that recordings of 10—25 min are needed to
be confident that CS rhythmicity, when present, will be detected.
The average firing rate for this experiment was 0.60 Hz, which
corresponds to an average spike train of 360-900 spikes for
recordings of 10 and 25 min, respectively. This suggests that CS
rhythmicity may be missed if autocorrelograms are generated
from spike trains containing fewer spikes. It should also be men-
tioned that in two of our awake animals, as well as in the seven
anesthetized animals, the entire recording sessions were of short
duration (15-30 min), yet the rhythmicity of the CS activity was
evident in the autocorrelograms and RIs of cells in these exper-
iments. Consistent with these values, we generally find that to
observe the rhythmicity in the autocorrelograms clearly by eye,
spike trains must contain at least 300500 spikes, although in cells
displaying a strong rhythmicity less spikes are needed.

Given that most Purkinje cells displayed rhythmic CS activity,
it became of interest to investigate the preferred oscillation fre-
quencies displayed by spontaneous CS activity in the waking
animal. The oscillation frequency for each cell was calculated as
the reciprocal of the interval from ¢ = 0 to the first peak in its
autocorrelogram. The oscillation frequency was only determined
for cells displaying significant rhythmicity (RIs of =0.01). Thus,
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Figure 5. Autocorrelograms of CS activity. Autocorrelograms of CS activity from four Purkinje cells showing the range of rhythmicity present. A4,
Example of CS activity displaying little rhythmicity (RI = 0.0088). B, C, Cells showing more typical rhythmic activity (RIs = 0.0207, 0.0260). D, Example
of strongly rhythmic CS activity (RI = 0.0986). Bin width of histogram is 10 msec.

cells with autocorrelograms such as shown in Figure 54 were
excluded, whereas cells with correlograms similar to those in
Figure 5B-D were included. Frequency analysis was performed
on eight experiments in which the majority of cells in each case
showed RIs =0.01. Overall, 177 of 215 cells (82.3%) in these
experiments met the criteria for oscillation frequency determina-
tion. The average oscillation frequency for these cells was 10.27 =
2.89 Hz. A large amount of the variation was caused by differ-
ences between experiments. That is, the average oscillation fre-
quency in the different animals ranged from 7.03-13.31 Hz, and
the average of the individual animal SDs was 1.68 compared with
the overall SD of 2.89.

Comparison of CS activity in anesthetized and
awake animals
The similarity or difference of the functional state of the olivo-
cerebellar system under ketamine—xylazine anesthesia as com-
pared with the unanesthetized condition was determined by char-
acterizing the rhythmicity and synchronicity of CS activity in the
two states. The ~10 Hz oscillation frequency observed in the
waking state is very similar to what has been reported previously
under anesthesia (Sasaki et al., 1989; Lang et al., 1997). More-
over, as shown by the peak number and RI distributions (Fig. 8),
the strength of the rhythmicity was similar in the two states.
Although the RI distribution from the activity in awake animals
appears somewhat shifted to the left relative to that from anes-
thetized animals, the means of the RI distributions for anesthe-
tized (0.0358 = 0.0268; n = 257) and unanesthetized (0.0332 =
0.0377; n = 282) animals were similar. In addition, the mean of
the peak distribution was higher for cells recorded in unanesthe-
tized animals (2.91 = 1.84; n = 282) than for those recorded in
anesthetized animals (1.99 = 1.17; n = 257).

With regard to CS synchronicity, the parasagittal banding pat-
tern observed in the waking state was similar to what has been

observed under ketamine—xylazine anesthesia. A direct compar-
ison of the anesthetized and nonanesthetized synchrony distribu-
tions was performed by determining the normalized synchrony
distribution from seven experiments performed under anesthesia
(Fig. 94) and comparing the average normalized synchrony curve
from these experiments to that found for the nonanesthetized
animals (Fig. 9B). The similarity of the curves in Figure 9B
indicates that the predominant patterns of CS synchrony that
have been previously described under ketamine—xylazine anes-
thesia are the same as those observed in the waking animal.

DISCUSSION

The ability of the olivocerebellar system to generate rhythmic
synchronous discharges has been proposed to play a central role
in motor coordination (Llinds, 1974, 1991). Yet although the
rhythmic and synchronous nature of spontaneous olivocerebellar
activity has been documented in anesthetized animals and in in
vitro preparations, there has been no quantitative description of
these characteristics of spontaneous olivocerebellar activity in the
waking state. Thus, we performed multiple electrode recordings
of spontaneous CS activity from lobule crus 2a in awake animals.
Our results demonstrate that in the awake animal the olivocer-
ebellar system generates synchronous CS activity and that the
predominant spatial distribution is similar to what has been
described in anesthetized animals (i.e., synchronous CS activity
occurs mainly among Purkinje cells located within parasagittally
oriented strips of cortex). Furthermore, we found that the large
majority of Purkinje cells within crus 2a display rhythmic CS
activity with an ~10 Hz periodicity.

Parasagittal organization of CS synchrony

The neurons of the inferior olive are characterized not only by

their intrinsic oscillatory electrical activity, which results from the
interplay between different voltage-dependent calcium and potas-
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sium conductances (Llinds and Yarom, 1981a,b), but in addition,
are electrotonically coupled via gap junctions located within glo-
meruli (Llinds et al., 1974; Sotelo et al., 1974). Indeed, the
inferior olive has the highest known density of neuronal gap
junctions within the mammalian CNS (de Zeeuw et al., 1995) and
thus contains the anatomical substrate for generating simulta-
neous electrical discharges, which in turn could result in synchro-
nous CS activity throughout the cerebellar cortex. The potential
for such global synchronization is shown by the fact that synchro-
nous CS activity has been observed between Purkinje cells lo-
cated in widely separated regions of the cerebellar cortex (Wylie
et al., 1995; de Zeeuw et al., 1996). However, despite this poten-
tial, in anesthetized animals synchronous CS activity is typically
observed primarily among Purkinje cells located within parasag-
ittally oriented strips of cortex (Bell and Kawasaki, 1972; Llinds
and Sasaki, 1989; Sasaki et al., 1989). Although these strips may
be quite long, extending not just across the apex of a folium, but
also down its walls (Sugihara et al., 1993) and across successive
folia (E. Lang, I. Sugihara, and R. Llinas, unpublished observa-
tions), they nevertheless are typically narrow structures with a
width of only 250-500 wm. The localization of the gap junctions
within glomeruli has suggested that the functional coupling of 10
neurons is modulated at those sites by inhibitory input and could
therefore underlie the limited spatial distribution of CS syn-
chrony that is normally observed (Llinds, 1974). Recent experi-
ments have provided support for this idea by demonstrating that
blocking the activity of the GABAergic cerebellar nucleo-olivary
pathway produces widespread synchronization of CS activity
(Lang et al., 1996).

The results of the present investigation indicate that the spatial
distribution of spontaneous CS synchrony is similarly restricted in
the awake animal. In all animals, CS synchrony was greater on
average for Purkinje cells with smaller mediolateral separation
distances than for those separated by large distances. In fact, in
most animals high levels of synchrony were limited to Purkinje
cells separated by 250 wm or less, with a rapid reduction of
synchronous activity occurring between 250 and 500 um. Thus, in
awake animals in crus 2a, synchronous CS activity occurs primar-
ily among Purkinje cells located within narrow parasagittally
oriented strips of cortex, suggesting the existence of functional
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corticonuclear domains in accordance with the rostrocaudal or-
ganization of Purkinje cell innervation of the cerebellar nuclei
(Cicirata et al., 1992).

It is theoretically possible that the similarity of the awake
patterns to the anesthetized ones, rather than reflecting the
normal organization of CS synchrony, could have been caused by
the residual effect of the ketamine anesthesia used during elec-
trode implantation. We consider this possibility unlikely for the
following reasons. First, ketamine is a relatively short (=30
min)-lasting anesthetic (Flecknell, 1996), and the recordings al-
ways began several hours after anesthetization and lasted for ~4
hr after that in most cases. Second, during recovery from the
anesthesia the animals typically pass through a light anesthetic
state during which highly synchronous and rhythmic CS activity
and tremor-like movements occur (Lang, 1995). During this pe-
riod, the spatial organization of CS synchrony and rhythmicity is
different from that observed under the usual anesthetic conditions
and also different from that in the fully awake animal capable of
performing behavioral tasks. Third, analyses of the spatial distri-
bution of synchrony and rhythmicity from successive time periods
during the ~4 hr recording sessions failed to disclose any system-
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experiments shown in A. For comparison, the average curve of Figure 2C
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atic trends that would be indicative of the wearing off of the
anesthetic. Finally, in most animals the data were obtained during
a recording session in which the animal was capable of accurately
performing complex movements, which would not have been
possible if there were a continuing significant action of the anes-
thetic on cerebellar activity. Moreover, significant changes in the
patterns of synchronous CS activity were observed in relation to
the movements that were performed during the recording session
(Welsh et al., 1995a). Thus, the olivocerebellar system was capa-
ble of generating alternative functional patterns.

Questions then arise concerning the functional significance of
these parasagittal bands, particularly in relation to movement-
related patterns of activity. That these bands are functional
entities is supported by the constancy of the banding structure
over time and by the fact that the mean synchrony levels among
Purkinje cells located within the same parasagittal strip demon-
strated less time variation than did those of Purkinje cells sepa-
rated in the mediolateral axis. That is, the CS activity of Purkinje
cells within a band appeared to be strongly coherent, as would be
expected if they formed a functional unit. It seems plausible then,
particularly given the somatotopic organization of the motor
output of the cerebellar nuclei (Cicirata et al., 1992), to postulate
that the activity of each band of cells would function to control a
small group of related muscles or a well defined motor synergy
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(Lang, 1995). The CS synchrony patterns observed during move-
ments would then result from the coupling of activity from the
various parasagittal bands that control the muscle groups needed
to perform particular movements.

Spontaneous 10 Hz rhythmicity in

olivocerebellar activity

It is clear that under anesthetized conditions or in in vitro prep-
arations, the olivocerebellar system can generate rhythmic activ-
ity spontaneously (de Montigny and Lamarre, 1973; Llinds and
Volkind, 1973; Belcari et al., 1977; Llinas and Yarom, 1981a,b,
1986; Benardo and Foster, 1986; Llinas and Sasaki, 1989; Sasaki
et al., 1989; Lampl and Yarom, 1993, 1997; Sugihara et al., 1995;
Wylie et al., 1995; Lang et al., 1996, 1997). Moreover, this rhyth-
mic activity has been recorded from both vermal and hemispheric
regions (Sugihara et al., 1995) and from several of the olivary
subnuclei (Llinds and Yarom, 1981a,b), suggesting that it is
typical of olivocerebellar activity generally and not characteristic
of the activity of a particular division of this system.

However, there has been some debate concerning the presence
of rhythmic CS activity in the alert animal (Keating and Thach,
1995). The present results should help to resolve this debate
because they provide clear evidence that the large majority of
crus 2a Purkinje cells display spontaneous ~10 Hz rhythmic CS
activity in the awake animal. The present findings are consistent
with early investigations of CS activity in awake animals, which
briefly reported the presence of rhythmic CS activity (Rushmer
and Woodward, 1971; Bell and Kawasaki, 1972), as well as with
our previous work demonstrating rhythmic movement-related CS
activity (Welsh et al., 1995a).

Our data are also in general agreement with those of Pellerin
et al. (1997), who described the occurrence of rhythmic CS
activity in behaving primates. These authors, however, reported
that only ~45% of Purkinje cells displayed evidence of rhythmic
CS activity, whereas in our population >90% showed at least
some evidence of such activity. Part of this difference may be
ascribable to analytic methodology (we detected peaks in auto-
correlograms, whereas they analyzed the Fourier transforms of
the averaged autocorrelograms from repeated trials in their task).
More likely this difference reflects the fact that the olivocerebel-
lar system must be in a distinct functional state when the animal
performs a movement as compared with when it is remaining still,
such that there is a differential modulation of the rhythmicity of
distinct subgroups of 10 neurons during the movement. That is,
generation of a movement results from pulsatile activation of a
specific set of muscles (Vallbo and Wessberg, 1993). If, as we
hypothesize, the periodic synchronous discharges of the olivocer-
ebellar system help organize these pulsatile motor commands,
during a movement there should be an upregulation of the rhyth-
micity of IO neurons that help control the muscles that need to be
contracted and a downregulation of the rhythmicity of other IO
neurons that control muscles that must relax.

Our results, and those of Pellerin et al. (1997), differ signifi-
cantly from those of Keating and Thach (1995), who were unable
to detect rhythmicity in the CS activity recorded from primates
performing motor tasks. These differences are not likely to be
caused by species differences, because the recordings of Pellerin
et al. (1997) were also from primates. An explanation probably
resides, in part, in the analytical methodology used by Keating
and Thach (1995). In particular, their concatenation method for
generating CS autocorrelograms introduced false random inter-
spike intervals into their data sets, which would obscure a 10 Hz
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signal (as they themselves admit in a subsequent paper, see
Methods section of Keating and Thach, 1997). The effect of this
error can be observed in their Figure 3 (Keating and Thach, 1995)
in which rhythmic movement-related CS activity is readily ob-
served in the raster display of the raw data but barely visible in
the corresponding autocorrelogram. An additional factor in their
failure to detect CS rhythmicity may have been the relatively
small data sets used by Keating and Thach (1995). Their record-
ings ranged between 102 and 3643 intervals. Most of our record-
ings contained spike trains consisting of 5000-25,000 spikes.
Analysis of short segments of these spike trains (Fig. 7) indicated
that the rhythmicity might not be detected if the number of spikes
in a train dropped below 400-900. Thus, for at least some per-
centage of their cells, the ability of Keating and Thach (1995) to
detect CS rhythmicity may also have been compromised by their
limited data sets.

Given that the olivocerebellar system generates a periodic
activation of the cerebellar cortex, the issue arises as to whether
there is also periodic modulation of cerebellar output at the
nuclear level, as would be required for the proposed timing role
of the olivocerebellar system in motor coordination. It is clear
that when pharmacologically enhanced, the activity of the olivo-
cerebellar system does produce a rhythmic activation of the
cerebellar nuclei, one which leads to phase-locked motor activity
(de Montigny and Lamarre, 1973; Llinas and Volkind, 1973).
However, under more physiological conditions, Keating and
Thach (1997) have failed to observe any periodicity indicative of
olivocerebellar discharge in the movement-related activity of
cerebellar nuclear neurons. This failure may have been caused by
the limitations of the single-unit recording technique used, be-
cause during normal movements the rhythmic activation of a
single cell is likely to be subtle, because pronounced rhythmic
activation of cerebellar nuclear neurons results in a large ampli-
tude tremor. This subtle modulation may not be detectable in the
single-unit recordings because activity generated by the olivocer-
ebellar system is likely to be buried within activity caused by other
cerebellar nuclear afferents. Nevertheless, there could still be a
significant alteration of activity across the population as a whole
because of the synchronous nature of olivocerebellar discharges.
Indeed, as we have argued, the olivocerebellar system is not
designed to produce its effects by generating large changes in
single cell firing rates, which would be readily detectable with
single-unit recordings, but rather by changes in the pattern of
activity across populations of cells. Thus, testing whether the
olivocerebellar system, which produces rhythmic and synchro-
nous activation of the cerebellar cortex, also produces a periodic
activation of the cerebellar nuclei may require the use of tech-
niques, such as multiple electrode recordings, that measure the
population response of the cerebellar nuclei.

Functional significance of the olivocerebellar
synchrony and rhythmicity

The demonstration of synchronous and rhythmic CS activity in
the awake animal provides further support that these character-
istics of olivocerebellar activity have functional significance. The
present results are also consistent with the hypothesis that the
olivocerebellar system may subserve a timing function for orga-
nizing the activation of muscle synergies needed to generate
movements. Although at present we can only speculate on the
specific functional relationship of the parasagittal bands of syn-
chronous CS activity to motor output, their presence and the
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unquestionable anatomical and functional organization of the
olivary complex provides strong evidence that the olivocerebellar
system has evolved to contribute significantly and directly to the
output of the cerebellar cortex and nuclei.
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