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Temporally Specific Sensory Signals for the Detection of
Stimulus Omission in the Primate Deep Cerebellar Nuclei
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The cerebellum is implicated in sensory prediction in the subsecond range. To explore how neurons in the cerebellum encode temporal
information for the prediction of sensory events, we trained monkeys to make a saccade in response to either a single omission or
deviation of isochronous repetitive stimuli. We found that neurons in the cerebellar dentate nucleus exhibited a gradual elevation of the
baseline firing rate as the repetition progressed. Most neurons showed a transient suppression for each stimulus, and this firing modu-
lation also increased gradually, opposed to the sensory adaptation. The magnitude of the enhanced sensory response positively correlated
with interstimulus interval. Furthermore, when stimuli appeared unexpectedly earlier than the regular timing, the neuronal modulation
became smaller, suggesting that the sensory response depended on the time elapsed since the previous stimulus. The enhancement of
neuronal modulation was context dependent and was reduced or even absent when monkeys were unmotivated to detect stimulus
omission. A significant negative correlation between neuronal activity at stimulus omission and saccade latency suggested that the timing
of each stimulus was predicted by the amount of recovery from the transient response. Because inactivation of the recording sites delayed
the detection of stimulus omission but only slightly altered the detection of stimulus deviation, these signals might be necessary for the
prediction of stimulus timing but may not be involved only in the generation of saccades. Our results demonstrate a novel mechanism for
temporal prediction of upcoming stimuli that accompanies the time-dependent modification of sensory gain in the cerebellum.

Introduction
Temporal processing over a short period of time is important not
only for motor control but also for perception. For example, we
are able to detect slight changes in musical rhythm, which re-
quires temporal prediction of regular beat. The cerebellum is
likely to play a role in such processes. Although the cerebellum is
known to be essential for feedforward predictive control of
movements (for review, see Wolpert et al., 1998; Bastian, 2006;
Ebner et al., 2011) and temporal association of sensory events
during motor learning (Kim and Thompson, 1997; Nixon and
Passingham, 2001), it is also involved in temporal processing in
the range of several hundreds of milliseconds even in the absence
of movements (Tesche and Karhu, 2000; for review, see Lewis and
Miall, 2003; Ivry and Spencer, 2004). However, the underlying

neuronal mechanisms of temporal information processing in the
cerebellum remain largely unknown. In particular, how individ-
ual neurons in the cerebellum represent time remains to be
elucidated.

Previous studies have proposed several possible mechanisms
of time representation in the brain. The most prevalent model,
for which there is much empirical evidence, assumes the gradual
elevation of neuronal activity toward a certain threshold (Schultz
and Romo, 1992; Leon and Shadlen, 2003; Maimon and Assad,
2006; Tanaka, 2007; Merchant et al., 2011; Kunimatsu and
Tanaka, 2012; for review, see Wittmann, 2013). Other models
propose an entrainment of synchronous activity in the neuronal
population (Sumbre et al., 2008), time-dependent changes in the
sensory response (Fecteau and Munoz, 2005; Mayo and Sommer,
2008, 2013; Buonomano and Maass, 2009), or the coincidental
detection of signals from multiple oscillators (Buhusi and Meck,
2005). While all of these models involve networks outside of the
cerebellum, several lines of evidence suggest that the cerebellum
also has the potential to represent time by adjusting spike timing
of multiple neurons (Gauck and Jaeger, 2000; Llinás, 2009; Wise
et al., 2010) or the time course of neuronal activity (Hoebeek et
al., 2010; De Zeeuw et al., 2011; Ashmore and Sommer, 2013).

To elucidate how neurons in the cerebellum encode temporal
information for the prediction of upcoming sensory events with-
out movements, we trained monkeys to detect a single omission
of isochronous repetitive stimuli, then conducted single-neuron
recordings from the dentate nucleus of the cerebellum. Anatom-
ically, the dentate nucleus receives inhibitory inputs from the
Purkinje cells in the cerebellar hemispheres and excitatory inputs
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from mossy fibers arising from the brainstem. Dentate neurons
send signals through the thalamus to the frontoparietal cortices
(Strick et al., 2009). Given that both the cerebellar hemispheres
and the frontoparietal cortices have been implicated in temporal
processing (Merchant et al., 2013), the analysis on neuronal ac-
tivity in the dentate nucleus should provide useful information to
understand the specific role of the cerebellum in temporal pro-
cessing. Our data show that a group of neurons in the posterior
part of the dentate nucleus encode temporal prediction by alter-
ing the gain of sensory response depending on stimulus timing,
and that these signals have a causal role in behaviors that require
sensory prediction of stimulus timing.

Materials and Methods
Animal preparation. Two Japanese monkeys (Macaca fuscata; one female
and one male, monkeys H and I; 6.0 –9.0 kg) were prepared for chronic
experiments using procedures described previously (Tanaka, 2005). All
experimental protocols were approved by the Hokkaido University An-
imal Care and Use Committee.

Briefly, in separate surgeries under general isoflurane anesthesia, a pair
of plastic head holders were fixed to the skull and an eye coil was im-
planted under the conjunctiva. Analgesics were administered during and
after each surgery. Following recovery from the surgery, monkeys were
trained in the oddball detection task for at least 8 months. When the
animals were well trained (i.e., able to perform the oddball task correctly
in �80% of trials), a third surgery was undertaken to implant a recording
cylinder for vertical electrode penetration aimed at the deep cerebellar
nuclei. The location of the cylinder was verified by MRI. Antibiotics were
administered during the course of the experiments as necessary.

Stimuli and behavioral tasks. Experiments were performed in a dark-
ened booth. Visual stimuli were presented on a 24 inch cathode ray tube
monitor (refresh rate, 60 Hz) subtending 64 � 44° of visual angle. Four
different visual stimuli were used. The fixation point (red) and the sac-
cade target (gray) were 0.5° squares. Both the repetitive stimuli (white,
unfilled) and the deviant oddball stimulus (red, filled) were 2° squares.
Auditory stimuli (square wave tones) generated by a computer were
presented through a speaker placed in the experimental booth. The be-
havioral task and data acquisition were controlled by the TEMPO system
(Reflective Computing).

In the oddball detection task, a saccade target appeared at 16° left or
right of the fixation point while monkeys maintained fixation for 1500
ms (Fig. 1A). An audiovisual stimulus (2° white unfilled square sur-
rounding the fixation point and a 1500 Hz tone, both lasting for 35 ms)
was presented repeatedly at a fixed interstimulus interval (ISI) of 100,
200, 300, 400, or 600 ms. In half of the trials, one stimulus in the series was
omitted after a randomly selected 2000 – 4800 ms period (3000 – 4800 ms
for trials with 600 ms ISI; “missing oddball” condition), while in the
remaining trials, one stimulus was suddenly altered in both color and
pitch (2° red-filled square and 667 Hz tone; “deviant oddball” condi-
tion). In both conditions, monkeys were required to make a saccade to
the visible target in response to the oddball within 800 ms. In the missing
oddball condition, monkeys had to predict the timing of every upcoming
stimulus to detect the absence of a regular stimulus. In contrast, in the
deviant oddball condition, no temporal information was needed to de-
tect the changes in stimulus attributes. Correct performance was rein-
forced by a liquid reward in each trial.

To explore the stimulus conditions modulating the neuronal re-
sponses, two additional versions of the task were presented during re-
cording sessions. In the “early stimulus” trials, the stimulus immediately
preceding the oddball appeared 200 ms earlier than the regular ISI of 600
ms. In the “nontarget” trials, the saccade target was omitted, and mon-
keys were required to maintain fixation throughout the trial. These trials
were randomly presented with the regular oddball trials described above.

The saccade target location, ISI length, and oddball condition (missing
or deviant) were chosen randomly for each trial. The repetitive stimuli
were terminated when eye position deviated �3° from the fixation point.
During experiments, a targeting saccade was detected when eye position
was within 3° from the target for �100 ms.

Physiological procedures and pharmacological inactivation. Single-
neuron recordings were undertaken in three dentate nuclei of two mon-
keys. Tungsten microelectrodes (�1.0 M� at 1 kHz) were lowered
though a 23 gauge stainless steel tube guided by a grid system (Crist
Instrument Co.). The electrodes were advanced using a micromanipula-
tor (MO-97S, Narishige) attached to the recording cylinder. Signals ob-
tained from the electrodes were amplified, filtered, and monitored online
using oscilloscopes and an audio device. Once a task-related neuron was
encountered, action potentials were isolated using software with real-
time template-matching algorithms (MSD, Alpha Omega Engineer-
ing). The occurrence of each action potential was saved as a time
stamp together with the eye movement and visual stimuli data during
experiments.

During each penetration, we could relatively easily identify the dorsal
surface of the cerebellar nucleus, by the existence of white matter follow-
ing the cerebellar cortex that contained very active neurons and some
complex spikes. Neurons in the dentate nucleus were also typically active,
exhibiting baseline activity of several tens of spikes per second, and
lacked complex spikes. Their action potentials were relatively narrow and
similar in shape between neurons, but were easily isolated because of
their high-voltage modulation. Task-related neurons were clustered and
were found in the caudal-most part of the dentate nucleus (Fig. 1B).
During the same penetrations, we sometimes found neurons responding
to licking movements. The best stereotaxic coordinates of electrode pen-
etrations were centered at P9R9 and P10L6 for monkey H and P10L7 for
monkey I. In total, we examined the activity of 109 task-related neurons
(n � 76 from monkey H; n � 33 from monkey I).

After the recording experiments terminated, we locally inactivated the
recording sites in two hemispheres of both monkeys. A small amount of
GABAA agonist (muscimol, 5.0 �g/�l dissolved in saline, volume 1.0 –2.0
�l) was injected through a 30 gauge injection needle (Crist Instrument
Co.) connected to a 10 �l Hamilton microsyringe. The effects of inacti-

Figure 1. A, Sequence of events in the oddball detection task. A saccade target appeared
during fixation. A white square around the fixation point (FP) and a 1500 Hz tone were repeat-
edly presented at a fixed interval. Among the regular repetitions, one stimulus was omitted
(missing oddball condition) or changed its color and tone (red square and 667 Hz; deviant
oddball condition). Monkeys were required to make a saccade to the target in response to the
omission or deviation. B, Recording sites on coronal sections for monkey I. Horizontal locations
are slightly jittered for presentation (red dots). The bracket below each section indicates the
stereotaxic location L7–L8. Arrowheads on the photomicrograph indicate marking lesions. The
higher-magnification view shows the outline of the dentate nucleus, which is used to indicate
the locations of recording sites at P10.
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vation were assessed by comparing saccade la-
tency before and �15 min after the injection.
As a control, we also examined the effects of
saline injections into the recording sites.

Data acquisition and analysis. Eye position
signals were obtained directly from the eye
coil device (MEL-25, Enzanshi Kogyo). The
data were digitized, sampled at 1 kHz, and
saved for further off-line analyses using Mat-
lab (Mathworks).

Analyses of neuronal activity were based on
the measurements of spike density, except for
the baseline activity and the firing rates in
Figures 4, 5C,D, and 8B. Spike density was ob-
tained by convolving the millisecond-by-
millisecond mean firing rates across multiple
trials with Gaussians (� � 30 ms). For each
neuron, the magnitude of response to each of
the repetitive stimuli was measured as the
peak-to-peak difference in spike density dur-
ing the subsequent ISI. For Figure 8B, the data
were obtained from 71 neurons that exhibited
an inhibitory response to each of the repetitive
stimuli and were tested for eight or more trials
for each condition (57 neurons for 100 ms ISI).
In practice, the stimulus immediately preced-
ing the oddball was the last stimulus in the se-
quence because monkeys usually made a
saccade before the next stimulus, at least for
longer ISIs.

When the magnitude of response to each of
the earlier stimuli in the sequence was mea-
sured (see Fig. 3C), we initially computed a
scaling factor for a given ISI by fitting the spike
density function during the last ISI with the
least-squares method. The peak-to-peak dif-
ference in spike density during the last ISI was
then multiplied by the scaling factor. This pro-
cedure enabled us to reliably measure the mag-
nitude of weak sensory responses to the earlier
stimuli. When we measured saccade latency
and neuronal activity before saccades, only
indicative saccades toward the target were con-
sidered. Neurons were divided into two sub-
populations according to the direction of firing
modulation 250 ms after the last stimulus. The
majority of neurons (78%, 86 of 109) exhibited
decreased activity in response to the stimulus,
while the others showed increased activity. The
latter population was analyzed separately.

Histological procedures. Following the cessa-
tion of experiments in monkey I, several elec-
trolytic lesions were made by passing a direct
current through the recording electrodes. The
animal was killed, and the brain was removed,
fixed, and equilibrated with 30% sucrose. Histological sections (100 �m,
coronal) were cut and stained with cresyl violet. The other monkey is still
in use for other projects.

Results
Temporally specific gain modulation for repetitive stimuli
We examined single-neuron activities in the dentate nucleus of
the cerebellum in two monkeys performing the oddball detec-
tion tasks. For both monkeys, task-related neurons were found
at the posterior edge of the dentate nucleus. Figure 1B plots the
recording sites in one monkey, showing that the coordinate of
electrode penetrations was the posterior-most of the nucleus,
as we used a 1 mm grid system.

Figure 2A shows the activity of a representative neuron in
trials with an ISI of 400 ms. This neuron exhibited virtually no
response to each of the initial few stimuli (Fig. 2A, left, vertical
lines), but began to exhibit a strong firing modulation as the
repetition progressed (Fig. 2A, right). Because the monkey was
not informed of the oddball condition in advance, the time
course of neuronal activity before the occurrence of the oddball
was essentially the same between the missing (red trace) and
deviant (blue trace) conditions. In contrast, the activity following
the occurrence of the oddball differed between conditions, which
will be analyzed later. The majority of neurons (86 of 109 neu-
rons, 79%) behaved similarly to this example, exhibiting a tran-
sient decrement of activity for each of the repetitive stimuli

Figure 2. A, Data from a representative neuron aligned with either the first stimulus (left) or the oddball (right). Traces of eye
position and spike density for different conditions are shown in different colors. Vertical dashed lines indicate stimulus timing. For
presentation purposes only, the dots on the raster display are shown only for the timing of the first of five consecutive spikes. The
bottom heat maps indicate spike density computed for individual trials to show the consistency of firing modulation across trials.
B, Another example exhibiting an increase of firing rate for each stimulus. For this neuron, the rasters indicate the timing of the first
of three consecutive spikes. stim, Stimulus.

15434 • J. Neurosci., September 25, 2013 • 33(39):15432–15441 Ohmae et al. • Temporally Specific Signals in the Cerebellum



immediately followed by elevated activity.
The remaining neurons (n � 23) modu-
lated their activity in the opposite direc-
tion, showing an initial excitation
followed by a later suppression, similar
to the example shown in Figure 2B. The
baseline firing rate (500 ms before the
first stimulus) was not significantly dif-
ferent between the decrease-type and
the increase-type neurons (67 � 27 vs
75 � 29 spikes/s, respectively; unpaired
t test, p � 0.20).

Although monkeys were trained in tri-
als with both visual and auditory stimuli,
they mostly relied on visual information
to perform the task. Even when the audi-
tory tone was removed from the trials
with a 400 ms ISI, both monkeys correctly
detected the occurrence of oddballs in
�80% of trials. Consistent with this, only
6% of individual neurons (6 of 109 neu-
rons) exhibited differential activity be-
tween trials with and without auditory
stimuli, and in the population as a whole
the visual stimulus contributed to �89%
of the response to the audiovisual stimuli.
In addition, the direction of saccade target
presented during the repetitive stimulus
did not affect the magnitude of the re-
sponse to each stimulus (43 � 30 vs 41 �
30 spikes/s; paired t test, p � 0.05; regres-
sion slope � 0.99; n � 109). Therefore, in
the subsequent analyses, we combined the
neuronal data for ipsiversive and contra-
versive saccades unless otherwise noted.

The magnitude of neuronal modula-
tion for each stimulus strongly depended
on the ISI. Figure 3A plots the time
courses of neuronal activity for different
ISIs for the same neuron shown in Figure
2A (missing and deviant trials pooled),
which exhibited greater firing modulation
at longer ISIs. When the magnitude of fir-
ing modulation measured at each ISI was
plotted as a function of time (Fig. 3C), the
response magnitude for longer ISIs grad-
ually increased and reached a plateau
within a few seconds. To compare the
time courses of the response to each stim-
ulus, Figure 3B plots the population activ-
ity aligned with the stimulus immediately
before the oddball (i.e., the missing or de-
viant stimulus) for 86 neurons exhibiting
a transient inhibitory response. For com-
parison, the data for each neuron were
subtracted from the baseline activity (500
ms before the first stimulus in the se-
quence) before computing the population
activity. For all but the shortest ISI, the
initial decrement of activity started as
early as 100 ms after the stimulus presen-
tation, reaching the minimal value at
�200 ms, and then the neuronal activity

Figure 3. LinearrelationshipbetweensensorygainandISI. A,Timecoursesof firingratefordifferent ISIs fortheneuronshowninFigure
2A. The number on each trace indicates ISI. Stimulus timing is denoted by a dot. B, Population activity for 86 neurons that showed a reduced
firing rate for each stimulus. Continuous traces are aligned with the stimulus immediately before the oddball (denoted as the last stimulus).
For each neuron, the baseline activity immediately before the first stimulus was subtracted. Dotted traces indicate the data during the 100
ms interval following the oddball (i.e., when a missing stimulus should have occurred or a deviant stimulus did occur). C, The magnitude of
firing modulation during each ISI as a function of time after the first stimulus for the neuron in A. The right-hand column indicates the data
for the stimulus just before the oddball. D, Mean and 95% confidence intervals of the magnitude of the response to the first (black) and the
last (red) stimulus for different ISIs. The data connected with solid lines indicate 86 neurons with a transient decrease in activity, while those
connected with broken lines indicate 23 neurons with a transient increase in activity for each stimulus. stim, Stimulus.

Figure 4. Comparison of the range of neuronal modulation and baseline activity. A, Minimal and maximal firing rates in the ISI
immediately before the oddball in trials with 400 ms ISIs are shown as a line for each neuron. The baseline activity (500 ms before the first
stimulus) is denoted by a dot. Data are sorted according to the baseline activity for 86 neurons with decreased activity following each
stimulus (left) and 23 neurons with increased activity following each stimulus (right). The neurons shown inFigures 2A and 7A are indicated
byanarrowandarrowhead,respectively.B,Firingmodulationnormalizedtothebaselineactivity.Dataaresortedaccordingtothemaximal
activity. Note that many neurons exhibited firing rates less than the baseline. C, Scatter plot comparing the firing modulation and baseline
activity for individual neurons. Two outliers were omitted ([70, 156], [155, 141]). D, Comparison between the magnitude of firing modu-
lation and activity at the stimulus onset. The solid line indicates the regression line for the data in trials with 400 ms ISIs, while the dashed
lines indicate those for trials with 300 and 600 ms ISIs. One outlier has been omitted ([210, 156]).

Ohmae et al. • Temporally Specific Signals in the Cerebellum J. Neurosci., September 25, 2013 • 33(39):15432–15441 • 15435



returned to near the original level at the
time of the oddball. Figure 3D summa-
rizes the magnitude of the response to the
first and last stimuli in the sequences with
different ISIs. While the response to the
first stimulus did not differ greatly across
ISIs (black circles), there was a linear rela-
tionship between the response magnitude
and the ISIs after many repeats of the
stimulus (red circles). A similar result was
obtained in the remaining 23 neurons,
which exhibited increased activity for
each stimulus (Fig. 3D, data connected
with broken lines). Thus, neurons in the
dentate nucleus altered the response gain,
depending on the ISI.

Many dentate neurons exhibited a
gradual elevation of activity at the time of
stimulus presentation, similar to the ex-
ample shown in Figure 3A. Figure 4A plots
the individual neuronal firing rates during
the ISI immediately before the oddball
(vertical lines) and the baseline activity
just before the first stimulus (black dots).
The lack of suppressive response to the
earlier stimuli in the sequence could not
be attributed solely to the lower limitation
of firing rate at the baseline; most neurons
showed a deep firing modulation well be-
low the baseline after the stimulus repeti-
tion (Fig. 4B). This can also be observed in
the time courses of the population activity
for trials with longer ISIs (Fig. 3B). While
the firing modulation only weakly corre-
lated with baseline activity (Fig. 4C; Pear-
son’s r � 0.33), the firing modulation was
greater in neurons showing an elevated
activity at the time of the stimulus onset
(Fig. 4D; r � 0.69, 0.79, and 0.85 for ISIs of
300, 400, and 600 ms, respectively; p �
0.001), suggesting that the enhancement of the inhibitory re-
sponse to each stimulus might be attributed partly to the eleva-
tion of activity.

For a subset of neurons, the excessive recovery from the in-
hibitory response resulted in a clear transient excitation following
the missing oddball, during which the cessations of the stimulus
were expected to release the repetitive suppression and elicit a
rebound activity (Fig. 5A,B). Comparing the firing rates just be-
fore saccades in the oddball conditions, we found that approxi-
mately half of neurons exhibited greater activity in the missing
than the deviant conditions (55%; unpaired t test, p � 0.05; Fig.
5C). The magnitude of presaccadic activity in the missing con-
dition relative to that in the deviant condition tended to be
greater for shorter ISIs and was greatest for a 200 ms ISI (Fig. 5D).

Stimulus conditions modulating the sensory gain
As described above, the magnitude of neuronal modulation for
each audiovisual stimulus linearly correlated with the ISI (Fig.
3D). We next explored whether other stimulus conditions could
alter the gain of the transient response. First, we tested whether
the magnitude of the response to a given stimulus depended on
the time from the latest stimulus or the baseline frequency of
earlier repetitive stimuli. When the stimulus was presented 200

ms earlier than the regular ISI of 600 ms (early stimulus trials),
the response magnitude became smaller (Fig. 6A, red arrows).
The data from multiple neurons from both monkeys indicated
that the magnitude of firing modulation for the unexpectedly
early stimulus was comparable to that in the regular trials with
400 ms ISI (Fig. 6B). These results indicate that the transient
inhibitory response to each stimulus was largely determined by
the latest ISI, namely, by the time from the preceding stimulus.

Second, we examined whether the gain enhancement of sen-
sory response depends on the task requirement of temporal pre-
diction. In our behavioral paradigm, monkeys needed to predict
the timing of the next stimulus for the detection of stimulus
omission and to prepare for saccades. This task requirement may
be responsible for the gradual increase in neuronal modulation
described above. However, it is also possible that the changes in
neuronal activity could be observed even when monkeys pas-
sively viewed the repetitive stimuli without any effort to predict
stimulus timing or to prepare for movements. To determine
whether this is the case, we compared neuronal activity between
trials with and without saccade targets (Fig. 7). In the nontarget
trials, the target never appeared, and monkeys were only required
to maintain fixation even after the occurrence of the missing
oddball. These trials were interleaved randomly with the regular

Figure 5. Enhanced activity for the missing oddball. A, Traces of spike density for a representative neuron in trials with different
ISIs. Red and blue traces show the data for the missing and deviant conditions, respectively. Vertical dashed lines indicate stimulus
timing. Note that this neuron exhibited a greater response to the missing than the deviant oddball. B, Data in A are realigned
according to the initiation of saccades. Although eye position traces are shown only for ipsiversive saccades, the neuronal data are
combined for saccades in both directions. C, Comparison of presaccadic activity for individual neurons. The firing rate was measured
for a 150 ms interval starting from 200 ms before saccade initiation (black bar in B). Approximately 55% of neurons (47 of 86
neurons) with a suppressive response to each stimulus showed greater activity for the missing than the deviant oddball trials (filled
symbols; unpaired t test, p � 0.05). D, Means and 95% confidence intervals of the ratio of presaccadic activity (missing divided by
deviant) for different ISIs. All but the left bar represent data for 86 neurons (n � 66 for 100 ms ISIs).
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missing oddball trials. Compared with the regular trials, both the
representative neuron (Fig. 7A) and the population of 37 neurons
with decreased activity for each stimulus (Fig. 7B) displayed
much weaker firing modulation in the nontarget trials. Further-
more, during the course of these experiments, the relative mag-
nitude of neuronal activity in the nontarget trials became
significantly smaller day after day for both animals (Fig. 7C; r �
�0.4, p � 0.05). This is probably because the monkeys experi-
enced the nontarget trials for the first time during the early re-
cording sessions, and then they gradually became less motivated
both to predict stimulus timing and to detect the missing oddball.
These results support the hypothesis that the enhancement of
transient response to each stimulus in sequence is a highly active
process under top-down control.

Causal role of neuronal activity in the detection of
stimulus omission
To assess the causal role of signals in the dentate nucleus, we first
examined the relationship between neuronal activity and saccade
latency. When the data for individual neurons were divided into
four groups according to saccade latencies, the recovery from the
inhibitory response in the population activity tended to be earlier
for trials with shorter latency, especially for ipsiversive saccades
generated in response to stimulus omission (Fig. 8A). For indi-
vidual neurons, the correlations between firing rates 100 ms be-
fore the oddball and saccade latencies were greatest for ipsiversive
saccades in the missing condition with longer ISIs (Fig. 8B).
These results suggest that the time course of the recovery from the
transient response may contribute to both the prediction of stim-
ulus timing and the detection of the missing oddball.

We next examined the effects of inactivation. In all but 1 of 13
experiments, the rate of erroneous trials was not altered during
inactivation with muscimol (� 2 test with Bonferroni correction,
p � 0.05). However, we found significant effects on saccade la-
tency. During inactivation, the initiation of ipsiversive saccades
was markedly delayed in the missing oddball condition, and to a

lesser extent in the deviant oddball condi-
tion (Fig. 9A,B). Figure 9C summarizes
the changes in median latencies of ipsiver-
sive saccades in two monkeys. For the
missing oddball condition, a two-way
ANOVA revealed significant differences
in the main effects (inactivation, F(1,96) �
38, p � 0.001; ISI, F(3,96) � 106, p � 0.001)
and the interaction between them (F(3,96)

� 8, p � 0.001). For the deviant condi-
tion, both main effects were relatively
smaller but also significantly different (in-
activation, F(1,96) � 17, p � 0.001; ISI,
F(3,96) � 12, p � 0.001; interaction; F(3,96)

� 1, p � 0.46). When we performed a
two-way ANOVA for the changes in me-
dian latency, we again found significant
main and interaction effects (oddball con-
dition, F(1,96) � 24, p � 0.001; ISI, F(3,96)

� 17, p � 0.001; interaction, F(3,96) � 9,
p � 0.001). A post hoc paired comparison
showed that the changes in saccade la-
tency were different between oddball con-
ditions only for longer ISIs (400 and 600
ms; Bonferroni t test, p � 0.05).

We also found a similar but weaker ef-
fect of inactivation on the latency of con-

traversive saccades. For the missing oddball condition, a two-way
ANOVA revealed significant differences in the main effects (inac-
tivation, F(1,96) � 22, p � 0.001; ISI, F(3,96) � 109, p � 0.001) and
the interaction between them (F(3,96) � 4, p � 0.01). For the
deviant condition, the main effects were again significantly dif-
ferent (inactivation, F(1,96) � 19, p � 0.001; ISI, F(3,96) � 13, p �
0.001), but there was no interaction (F(3,96) � 0.6, p � 0.62). In
contrast, injection of saline into two recording sites did not alter
saccade latencies (unpaired t test, p � 0.1).

The results from both the recording and inactivation ex-
periments suggest that the temporally specific signals in the
dentate nucleus might contribute to the prediction of stimulus
timing. If this were the case, the timing of the stimuli occur-
ring later in the sequence would be predicted more precisely,
because the magnitude of sensory gain would increase gradu-
ally as the repetition progressed (Fig. 3C). Indeed, the propor-
tion of error trials decreased as the stimulus omission occurred
later, while the animals detected the deviant oddball almost per-
fectly regardless of where in the sequence it occurred (Fig. 10A).
In addition, the latency of saccades tended to be longer for earlier
oddballs in both conditions (Fig. 10B), suggesting that the weak
neuronal modulation in the dentate nucleus might result in the
delay of saccades.

Discussion
This study presents new evidence regarding how time might be
represented in the cerebellum. When monkeys attempted to
detect a single change of isochronous repetitive stimuli, neu-
rons in the dentate nucleus gradually increased the transient
response to each stimulus as repetition progressed. Although
the elevated neuronal activity at the time of stimulus presen-
tation positively correlated with the magnitude of the tran-
sient response (Fig. 4D), both the time courses of population
activity (Fig. 3B) and the range of firing modulation in indi-
vidual neurons (Fig. 4A) indicated that the enhanced sensory
response was not simply due to floor effects at the baseline.

Figure 6. Neuronal response to an unexpectedly early stimulus. A, Time courses of neuronal activity for a representative neuron
in regular trials with a 400 ms (top) or 600 ms (middle) ISI, and in trials containing an early stimulus (bottom). Trials with an early
stimulus were randomly interleaved with regular trials. The early stimulus was presented 400 ms after the preceding stimulus and
was positioned just before the deviant oddball in trials with a 600 ms ISI. Filled and open blue circles denote the timing of repetitive
and oddball stimuli, respectively. Note that the response to the early stimulus (indicated by red arrows) was smaller than that to the
preceding stimulus, but was comparable to the response in regular trials with a 400 ms ISI (black arrows on the top trace). B,
Relationship between the firing modulation and ISI for trials with constant ISIs (black symbols) and with an early stimulus (red
symbols). The error bars indicate 95% confidence intervals. For both monkeys, the magnitude of the response to the early stimulus
was not different from that in the regular 400 ms ISI trials (unpaired t test, p � 0.05). We obtained a similar result when the
measurement interval was limited to within 300 ms (100 or 200 ms for the two shortest ISIs) of the stimulus onset (dashed lines).
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After many repeats, the gain of sensory
response positively correlated with ISIs
in the range from 100 to 600 ms, but was
independent of the direction of planned
saccades. For many neurons, omitted
stimuli yielded larger firing rate changes
than accurately timed but feature-deviant
stimuli (Fig. 5). Because the response to
an unexpectedly earlier stimulus in the se-
ries was reduced (Fig. 6), we concluded
that the response gain reflected the time
from the most recent stimulus, rather
than the baseline frequency of earlier re-
petitive stimuli.

Possible mechanisms underlying the
production of temporally specific
signals
Several neural mechanisms in the cerebel-
lum could be responsible for the genera-
tion of the temporally specific signals
found in this study. Most likely, the
signals may be generated through the
modifiable synapses within the cerebellar
cortex. It is well documented that plastic-
ity at parallel fiber–Purkinje cell synapses
plays a crucial role in short-term cerebel-
lar adaptation (Ito, 2002; Boyden et al.,
2004), and recent simulations of eye blink
conditioning incorporating variable gain
elements in the cerebellum successfully
produced timing-specific signals (Medina
and Mauk, 2000; Mauk and Buonomano,
2004). Other studies have demonstrated
that gain of transmission at the granule
cell synapse can be dynamically modi-
fied by inputs from inhibitory interneu-
rons (Chadderton et al., 2004; Rothman
et al., 2009). Furthermore, synchronous
activity in Purkinje cells, which may
strongly impact on the target neurons,
has also been reported (Gauck and Jae-
ger, 2000; Wise et al., 2010). It seems
plausible that the temporally specific
signals generated within the cerebellar
cortex may modulate the firing rate
and/or synchrony of simple spikes in in-
dividual Purkinje cells, resulting in the
suppressive response proportional to
the ISI found in dentate neurons in this
study. Interestingly, the cerebellum-like
structure present in fish and rodents can
also generate temporally specific pause–
rebound activity through learning, the time course of which is
similar to that observed in the neurons in this study (for re-
view, see Bell et al., 2008).

Alternatively, it is also possible that the signals from the ce-
rebral cortex to the cerebellum via the pontine nuclei and the
mossy fibers might already have properties similar to those of
neurons in the dentate nucleus found in this study. Because
the gain enhancement occurred only when the animals were
motivated to detect stimulus omission (Fig. 7), the mechanism
responsible for the gain enhancement must be partly regulated

by top-down signals emerging from the cerebral cortex. A
previous study also showed context-dependent modification
of sensory gain in the dentate nucleus during preparation of
limb movements (Strick, 1983). In our study, the sensory gain
might be modulated by top-down signals related to the prep-
aration of saccades in both directions and/or the intention of
the animals to detect stimulus omission. The origin of sensory
gain enhancement could be clarified by exploring signals in
the cerebellar cortex and pontine nuclei during the oddball
paradigms in future studies.

Figure 7. Attenuated response in the nontarget condition. A, Traces of eye position and neuronal activity for trials with (black)
or without (red) the saccade target. Note that the monkey maintained fixation throughout the nontarget trial (top). B, Time
courses of population activity for 37 neurons that showed decreased activity for each stimulus. C, Relative magnitude of firing
modulation in nontarget trials as a function of the session number. In addition to the 37 neurons shown in B, the data from 11
neurons exhibiting increased activity for each stimulus are also included. Different colors indicate different animals.

Figure 8. Correlation between neuronal activity just before the oddball and saccade latency. A, Time courses of population
activity for ipsiversive missing oddball trials (top), contraversive missing oddball trials (middle), and ipsiversive deviant oddball
trials (bottom) with 600 ms ISIs. For each neuron and condition, the data were divided into four groups according to saccade
latencies. The population activity was computed for each of the four groups. Crosses above the traces indicate mean saccade latency
for each group. B, Medians of the correlation coefficients computed between neuronal activity 100 ms before the oddball (black bar
in A) and saccade latency in individual trials. The three data points without connecting lines indicate data for trials with only visual
stimuli. Filled symbols indicate data showing a significant difference from zero (Wilcoxon signed-rank test, p � 0.05). The inset
histograms indicate the sample distributions of the correlation coefficients. The arrowhead and number on each histogram
indicate the median value. Note that the negative correlation was greatest for ipsiversive saccades in the missing oddball condition
and was greater for longer ISIs.
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Causal role of the dentate signals in the detection of
stimulus omission
The temporally specific signals in the dentate nucleus played a
causal role in the detection of stimulus omission. We found that
inactivation of the recording sites delayed saccades in both odd-

ball conditions. These results were consis-
tent with the general lengthening of
reaction time following inactivation of the
deep cerebellar nuclei reported previously
(Trouche and Beaubaton, 1980; Tsu-
jimoto et al., 1993). Furthermore, we also
found that the inactivation effects were
greater in the missing than the deviant
conditions, especially in trials with longer
ISIs (Fig. 9), indicating that the overall de-
lay of sensorimotor processing following
inactivation may not solely explain the
present results. Instead, the different ef-
fects between oddball conditions suggest
that inactivation might also delay the de-
tection of stimulus omission, but not the
detection of stimulus deviation. In rela-
tion to this, delay of the signals in the ce-
rebral cortex associated with detecting the
temporal oddball has been reported in
subjects with cerebellar degeneration
(Moberget et al., 2008). The slight length-
ening of saccade latency in the deviant
condition could also be attributed to the
loss of prediction signals that may facili-
tate oddball detection through the mech-
anisms of temporally specific attentional
allocation (Ghose and Maunsell, 2002;
Janssen and Shadlen, 2005; Ohmae et al.,
2008). In contrast, inactivation of the re-
cording sites did not alter the rate of erro-
neous trials in any condition, likely
because inactivation was unilateral and
only a fraction of dentate neurons would
be affected following injection of a small
amount of muscimol. The reduced signals
from the dentate nuclei might delay (but
not eliminate) the prediction of stimulus
timing, resulting in delay of the detection
of stimulus omission.

The effects of inactivation were found
for saccades in both directions, but
showed a strong preference for ipsiversive
saccades. These results are likely attrib-
uted to the fact that neurons in the dentate
nucleus send signals mostly to the con-
tralateral cerebral cortex (Hoover and
Strick, 1999), which in turn controls ipsi-
versive saccades. In contrast, neuronal re-
sponse to the repetitive stimuli presented
around the fixation point was similar be-
tween trials with different saccade direc-
tions, suggesting that neurons in the
dentate nucleus might represent sensory
prediction, rather than the preparation
for specific eye movements.

Consistent with greater neuronal
modulation for longer ISIs, the effects of

inactivation were much more prominent for longer ISIs. Because
monkeys generated saccades before the stimulus immediately fol-
lowing the missing oddball in trials with longer ISIs (i.e., saccade
latency was shorter than ISI; Fig. 10B), they directly detected the
absence of regular stimulus and therefore used the temporal pre-

Figure 9. Causal role of neuronal activity in the dentate nucleus in the detection of a missing oddball. A, Eye position traces
before (Pre) and after (Post) muscimol injection. Median latencies are indicated by triangles. B, Medians and interquartile ranges
of ipsiversive saccade latencies for different ISIs before (open symbols) and after (filled symbols) injection for the data shown in A.
C, Means and 95% confidence intervals of the changes in median latencies for multiple inactivation sites.

Figure 10. Behavioral data for the oddball detection task during recording sessions (n � 109). A, Mean and 95% confidence
intervals of the rate of detection error are plotted as a function of the time of the oddball from the first stimulus. Data from different
oddball conditions (deviant and missing) are shown separately. Note that detection errors were more frequently observed with
earlier occurring missing oddballs. B, Mean and 95% confidence intervals of saccade latency as a function of the time of oddball
occurrence. For all panels, different colors indicate different ISIs.
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diction signals. Since the amount of recovery from the transient
response correlated with saccade latency in ipsiversive missing
oddball trials (Fig. 8B), the time course of neuronal activity re-
turning to the initial level might reflect the prediction of stimulus
timing.

Possible mechanisms underlying the detection of
stimulus omission
When the ISI was �300 ms, the firing modulation was weak (Fig.
3D) and the effects of inactivation were only slight (Fig. 8C),
indicating that the cerebellum played only a limited role in detec-
tion of the missing oddball. Because detection of the missing
oddball was easier for shorter ISIs, the inactivation of the dentate
nucleus in the present study might have been insufficient to in-
duce detectable changes in saccade latency for trials with shorter
ISIs. Alternatively, for shorter ISIs, neural mechanisms other
than temporal prediction might be responsible for the detection
of stimulus omission. As an example, sensory adaptation could
play a role (Mayo and Sommer, 2008, 2013); the stimulus omis-
sion could reduce the sensory adaptation to repetitive stimuli,
and the sensory response to the following stimulus might be re-
covered, which could be detected as the code for stimulus
absence. Indeed, a previous study demonstrated that the
omission-related scalp potential was only observed in the missing
oddball paradigm with high-frequency repetitive stimuli (Yabe et
al., 1997). Our hypothesis of dual mechanisms for the detection
of the missing stimulus might explain the conflicting results in
previous studies showing that the cerebellum plays only a minor
role in the perception of repetitive event timing when tested with
a short (300 ms) ISI (Grube et al., 2010).

How can the temporally specific prediction signals in the cer-
ebellum be used to detect stimulus omission? We found that the
magnitude of transient response depended on the ISI, and that
neuronal activity returned to the initial value around the time of
the next stimulus. However, a simple accumulator model with a
fixed threshold for the detection of stimulus omission could not
fully account for the data, because the firing rates at the time of
each stimulus differed between ISIs, and those just after the miss-
ing oddball did not increase significantly to signal stimulus ab-
sence (Fig. 3B), making it difficult to assume a single threshold.
One possible solution might be to integrate signals from the cer-
ebellum over time within the thalamocortical networks (Krause
et al., 2010) so as to generate neuronal activity that gradually
ramps up toward a fixed threshold, with different time courses
depending on the magnitude of suppressive response to each
stimulus. Future experiments in the thalamus and the cortex will
provide critical tests for this hypothesis.
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