The Journal of Neuroscience, March 29, 2017 - 37(13):3511-3522 - 3511

Systems/Circuits

Cerebellar Roles in Self-Timing for Sub- and Supra-Second
Intervals
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Previous studies suggest that the cerebellum and basal ganglia are involved in sub-second and supra-second timing, respectively. To test
this hypothesis at the cellular level, we examined the activity of single neurons in the cerebellar dentate nucleus in monkeys performing
the oculomotor version of the self-timing task. Animals were trained to report the passage of time of 400, 600, 1200, or 2400 ms following
a visual cue by making self-initiated memory-guided saccades. We found a sizeable preparatory neuronal activity before self-timed
saccades across delay intervals, while the time course of activity correlated with the trial-by-trial variation of saccade latency in different
ways depending on the length of the delay intervals. For the shorter delay intervals, the ramping up of neuronal firing rate started just after
the visual cue and the rate of rise of neuronal activity correlated with saccade timing. In contrast, for the longest delay (2400 ms), the
preparatory activity started late during the delay period, and its onset time correlated with self-timed saccade latency. Because electrical
microstimulation applied to the recording sites during saccade preparation advanced self-timed but not reactive saccades, regardless of
their directions, the signals in the cerebellum may have a causal role in self-timing. We suggest that the cerebellum may regulate timing
in both sub-second and supra-second ranges, although its relative contribution might be greater for sub-second than for supra-second
time intervals.
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How we decide the timing of self-initiated movement is a fundamental question. According to the prevailing hypothesis, the
cerebellum plays a role in monitoring sub-second timing, whereas the basal ganglia are important for supra-second timing. To
verify this, we explored neuronal signals in the monkey cerebellum while animals reported the passage of time in the range
400 -2400 ms by making eye movements. Contrary to our expectations, we found that neurons in the cerebellar dentate nucleus
exhibited a similar preparatory activity for both sub-second and supra-second intervals, and that electrical simulation advanced
self-timed saccades in both conditions. We suggest that the cerebellum plays a causal role in the fine adjustment of self-timing in
a larger time range than previously thought. j

ignificance Statement

contractions for accurate movements in the range of tens of
milliseconds (Vilis and Hore, 1980; Robinson et al., 1993; Thier et
al., 2000), and regulates the timing of discrete rhythmic move-
ments in the range of hundreds of milliseconds (Thach et al.,
1992; Spencer et al., 2003; Schaal et al., 2004; Thaut et al., 2008).

Introduction
The role of the cerebellum in movement timing is well estab-
lished. The cerebellum coordinates the timing of multiple muscle
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Other studies also suggest that the lateral part of the cerebellum
plays a role in adjusting the timing of self-initiated, predictive
movements (Ivry and Keele, 1989; Xu et al., 2006; Bares et al.,
2007). This part of the cerebellum is anatomically connected with
the motor cortices via the thalamus (Dum and Strick, 2003; Strick
etal., 2009) and appears to be involved in the generation of slow
cortical potential preceding self-initiated movements (Sasaki et
al., 1979; Ikeda et al., 1994). Recent evidence also indicates a role
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for the lateral cerebellum in nonmotor
temporal processing for the prediction of
future events (Xu et al., 2006; O’Reilly et
al., 2008; Ohmae et al., 2013) as well as
alteration of temporal prediction of sen-
sory events through learning (Roth et al,,
2013).

While the cerebellum is involved in tem-
poral processing, its operational range ap-
pears to be limited mostly to sub-second
intervals (for review, see Lewis and Miall,
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(Rao et al., 2001; Lewis and Miall, 2003b;
Harrington et al., 2004; for review, see
Buhusi and Meck, 2005; Merchant et al.,
2013). These observations led to the hy-
pothesis that the cerebellum only plays a
role in sub-second timing, while the basal
ganglia participate in supra-second tempo-
ral processing.

To test this hypothesis, we examined
the activity of single neurons in the cere-
bellar dentate nucleus in monkeys per-
forming the oculomotor version of the time production task
(Tanaka, 2006). In our self-timed saccade paradigm, the animals
made a self-initiated saccade following the mandatory delay in-
terval that ranged from 400 to 2400 ms. Consistent with a previ-
ous study (Ashmore and Sommer, 2013), many neurons in the
posterior part of the dentate nucleus exhibited a gradual ramp-up
of firing rate before self-timed saccades. Unexpectedly, however,
the magnitude of neuronal activity was comparable between
trials with sub-second and supra-second delay intervals, and the
ramping up of activity consistently started ~500 ms before self-
initiated saccades. Further analysis showed that trial-by-trial
variation of saccade latency correlated with the time course of
neuronal activity in different ways between sub-second and
supra-second timings. Based on these observations, we suggest
that signals in the lateral cerebellum play a role in the fine adjust-
ment of saccade timing for different time ranges.

Figure 1.

saccade trials.

Materials and Methods

Two female Japanese monkeys (Macaca fuscata; Q and P; 4.2 and 5.2 kg,
respectively) were used. All experimental protocols were approved in ad-
vance by the Hokkaido University Animal Care and Use Committee. The
procedures for animal surgery and recording experiments were identical to
those described previously (Tanaka, 2005; Ohmae et al., 2013).

Animal preparation. In separate surgeries under general isoflurane an-
esthesia, a pair of plastic head holders was fixed to the skull and an eye coil
was implanted under the conjunctiva. Analgesics were administered dur-
ing each surgery and for the following few days. After recovery from
surgery, the monkeys were trained in the oculomotor tasks for 3-6
months until they correctly performed the tasks in >90% of trials. Dur-

Time Time from cue offset (ms)

Behavioral paradigms. A, B, Sequence of events on the display (A) and their time courses (B). In the conventional
memory saccade task, monkeys made a saccade in response to the FP offset that occurred 400, 600, 1200, or 2400 ms following the
cue offset. In the self-timed memory saccade task, animals were required to report the end of the mandatory delay interval (400,
600, 1200, or 2400 ms) following the cue by making a self-initiated saccade without any immediate trigger. The mandatory
interval was constant in each block of 10 trials. Note that the color of the FP differed between the two tasks. In the self-timed task,
an audiovisual feedback was presented 100 ms after the mandatory interval. The amount of reward was determined according to
the difference in time between saccade and the mandatory delay interval (At). , Trial order in a block. Forty self-timed saccade
trials (10 trials for each mandatory delay interval, black dots) were followed by eight conventional memory-guided saccade trials
(black Xs). Note that saccade direction (arrow) alternated every self-timed saccade trial, but not for the conventional memory

ing the training and the subsequent experimental sessions, the monkey’s
head was secured to the primate chair in a darkened booth, and horizon-
tal and vertical eye position signals were recorded using the search coil
technique. After training on eye movement tasks, a third surgery was
undertaken to place a recording cylinder for vertical electrode penetra-
tion aimed at the deep cerebellar nuclei. The location of the cylinder was
verified using magnetic resonance images. Daily recording sessions be-
gan after full recovery from the surgery. Antibiotics were administered
during the course of the experiments as necessary.

Stimuli and behavioral task. Visual stimuli were presented on a 24 inch
cathode-ray tube monitor (refresh rate, 60 Hz) that was located 38 cm
away from the eyes and subtended 64 X 44° of visual angle. Four different
visual stimuli were used. The fixation point (FP; green or red) and sac-
cade target (white) were 0.5° squares. Audiovisual feedback for the self-
timed task was a red 2° square and a brief tone (2 kHz square wave, 50 ms)
presented through a speaker placed in the experimental booth. Through-
out the experiments, the size of the eye position window was 2° for initial
fixation and 3° for the saccade target. Correct performance was rein-
forced with drops of apple juice. The behavioral task and data acquisition
were controlled by a Windows-based real-time data acquisition system
(TEMPO; Reflective Computing) running on laboratory PCs.

We used two saccade paradigms with different FP color (Fig. 1A). In
the conventional memory-guided saccade task (Hikosaka and Wurtz,
1983), a visual cue was presented briefly (200 ms) either 16° left or right of
the FP during central fixation. Monkeys were required to remember the cue
location and maintain fixation for an additional delay interval of 400, 600,
1200, or 2400 ms. For one animal (monkey Q), the shortest delay interval
(400 ms) was not presented during the early recording sessions (1 = 35
neurons). The delay interval was chosen randomly for each trial, so that the
animals were unable to predict the end of the delay interval. Monkeys were
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Figure 2.
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Recording sites of monkey P. A, A photograph of a coronal section at the level 8 mm posterior to the interaural line
(P8). The track of 30 gauge injection cannula, which was inserted after all recording sessions, is visible at P8L7 (arrowheads). Most
neurons were recorded from the penetration at the track location. D, Dentate nucleus; Al, anterior interpositus nucleus; PI,
posterior interpositus nucleus; F, fastigial nucleus. B, Locations of task-related neurons. Some data points (red dots) are horizon-
tally jittered for presentation. The brackets indicate the lateral position relative to the midline (L7-L8).

J. Neurosci., March 29, 2017 - 37(13):3511-3522 + 3513

In each trial, the animals were rewarded for a sac-
cade that was generated later than two-thirds of
the mandatory delay interval and earlier than 110
ms following the audiovisual feedback. For ex-
ample, the times of rewarded saccades ranged
from 400 to 810 ms following the cue offset in
trials with a 600 ms mandatory delay interval. In
addition, to reinforce temporally accurate re-
sponses, the amount of reward varied according
to saccade timing relative to the mandatory delay
interval such that

o b
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where R cand R, are the amounts of reward
for the self-timed trial and the conventional
memory saccade trial, respectively, and At in-
dicates the difference in time (in milliseconds)
between the self-timed saccade and the end of
the mandatory delay interval (Fig. 2B, bottom).
The amount of reward in each trial was con-
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Figure 3.

conventional memory saccade task as a function of At.

required to make a saccade to the cue location within 400 ms after the FP
offset to obtain reward. The visual cue reappeared 400 ms after the FP offset
for confirmation. Thus, in this task, the time of the saccade was explicitly
instructed by the FP offset and the animal did not need to monitor the
passage of time following the cue.

In the self-timed memory saccade task (Tanaka, 2006, 2007; Kuni-
matsu and Tanaka, 2012; Ashmore and Sommer, 2013), animals were
required to make a self-initiated saccade to the location of a previously
presented visual cue without any immediate external trigger. The FP disap-
peared only after the animals generated a self-timed saccade, when eye posi-
tion deviated >3° from the FP. The visual cue reappeared 200 ms after the FP
offset. The mandatory delay interval following the cue offset was selected
from 400, 600, 1200, or 2400 ms. In each trial, no explicit information about
the length of the delay period was provided in advance of the visual cue.
Instead, the mandatory delay interval was fixed during 10 successive trials
and was sequentially increased every 10 trials from 400 to 2400 ms (Fig. 1C).
After completion of 40 self-timed saccade trials, eight conventional memory
saccade trials with different delay intervals (see above) were presented in a
pseudorandom order. The rightward and leftward saccade trials were alter-
nated for the self-timed saccade trials but were intermingled randomly for
the conventional memory saccade trials (Fig. 1C, red and blue arrows). To
inform monkeys of the delay interval, audiovisual feedback (50 ms, red 2°
square and 2 kHz tone) was presented 100 ms after the end of the mandatory
delay period in every self-timed saccade trial, regardless of the animal’s be-
havior (Fig. 1B). The location of visual feedback was either at the FP or the
cue location, depending on eye position at the time of stimulus appearance.

At (ms)

Behavioral data. 4, Latency distribution of self-timed saccades for 62 recording sessions in two monkeys. Different
colors represent the data for different mandatory intervals, which are indicated by inverted triangles. B, Distribution of saccade
timing relative to the end of the mandatory delay interval (At) for each monkey. Timing of the audiovisual feedback is indicated by
a solid vertical line (100 ms following the mandatory delay). The bottom panel plots the amount of reward relative to that in the

ered through a 23 gauge stainless tube guided by a
grid system (Crist Instruments). The electrodes
were advanced using a micromanipulator (MO-
978, Narishige) attached to the recording cylin-
der. Signals obtained from the electrodes were
amplified, filtered, and monitored online using
oscilloscopes and an audio device. Once a task-
related neuron was encountered, waveforms of
action potentials were isolated using software
with real-time template matching algorithms
(Multi Spike Detector, MSD, Alpha Omega Engineering). The occurrence of
each action potential during experiments was saved in files as a time stamp
with the data of eye movements and visual stimuli. Each neuron was re-
corded for 5-20 blocks of trials (i.e., 240-960 trials). The task-related neu-
rons were found in the caudal part of the cerebellar dentate nucleus. The best
coordinates for electrode penetration were centered at the location 7 mm
posterior to the ear canals and 7 mm left from the midline (P7L7) for mon-
key Q and at the location 8 mm posterior and 7 mm left (P8L7) for monkey
P (Fig. 2), respectively.

Electrical microstimulation. To examine a causal role of neuronal activity,
electrical stimulation was delivered to the recording sites through low-
impedance (<800 k() at 1 kHz) electrodes. A train of 0.2 ms biphasic pulses
at 333 Hz for 200 ms was delivered as electrical stimulation. The intensity of
current was monitored by measuring the voltage across a 1 k() resistor
placed in series with the electrode, and was adjusted to 100 wA. In the self-
timed memory saccade task, the train of stimulation pulses terminated at
350-400, 520—600, 1000—1150, and 2000-2300 ms following the cue offset
for trials with the mandatory delay intervals of 400, 600, 1200, and 2400 ms,
respectively. Stimulation timing was determined based on the distribution of
saccade latency in trials without stimulation (Fig. 3) so that electrical stimu-
lation was delivered before most of the self-timed saccades. When saccades
occurred earlier than electrical microstimulation, the trials were removed
from the analysis. In the conventional memory saccade task, electrical stim-
ulation was delivered at the same time as in the self-timed task (delay period)
or at the time of FP offset (response period).
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Data acquisition and analysis. Eye position
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Saci onset

signals were obtained directly from the eye coil .
device (MEL-25; Enzanshi Kogyo). Data were

digitized, sampled at 1 kHz, and stored in files
during the experiments for further off-line
analysis using Matlab (Mathworks). For be-
havioral analysis, the distribution of self-timed
saccade latency was obtained by convolving the
millisecond-by-millisecond occurrence of sac-
cades with Gaussians (o0 = 10 ms; Fig. 3). To
exclude the data during the transition of man-
datory delay intervals, the first two trials in
each subblock were removed from all quanti-
tative analyses. The medians of saccade latency
in the third trial in each subblock averaged
372 * 32 ms (mean * SD, n = 62 recording
sessions), 511 * 53 ms, 1030 * 147 ms, and
2163 * 182 ms for the mandatory delays of
400, 600, 1200, and 2400 ms, respectively. For
the analysis of stimulation experiments, the
distribution of saccade latency was smoothed
by a Gaussian filter (o0 = 20 ms) only for the
purposes of presentation (see Fig. 10B).

To reveal the time courses of neuronal activ-
ity, spike density profiles (Gaussian, o = 20
ms) were computed; however, unless noted
otherwise, all quantitative measures were based
on the spike counts at specific time windows in
each condition. Baseline activity was measured
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in a 500 ms fixation interval before the cue on-
set. To quantify firing modulation before self-
timed saccades, firing rate was measured in a
100 ms period starting 150 ms before saccades.
Neurons with a ramp-up of activity during sac-
cade preparation (n = 66) were analyzed sepa-
rately from those with a ramp-down of activity
(n = 26; see Fig. 6). For analysis of the prepa-

2000 3000 -500 O

spikes/s

ratory activity, the data for individual trials l
were aligned with saccade initiation rather
than with cue offset, because the trial-by-trial
variation of saccade timing might result in an
underestimation of firing rate just before sac-
cades if the data were aligned with the cue offset
(Fig. 4, left). For display purposes, the traces of
spike density were shifted in time so that the
data were aligned with the mean saccade la-
tency measured from the cue offset (see Figs. 7,
8A). To evaluate the time courses of preparatory
activity, the slope of simple linear regression
(least squares) was computed for the means of
firing rates measured during six consecutive 50 ms intervals (four intervals
for the 400 ms condition) ending at 50 ms before self-timed saccades (see Fig.
9). For comparison, we also evaluated the rate of rise of neuronal activity by
fitting a nonlinear function with parameters of the baseline, onset time, and
slope of ramping activity using least squares (Tanaka, 2007, their Fig. 5).
Details of other quantitative measures and associated statistical tests are de-
scribed in the relevant text in Results.

Histological procedures. Following the end of experiments, monkey P
was deeply anesthetized, and the brain was removed, fixed, and equili-
brated with 30% sucrose. Histological sections (100 wm, coronal) were
cut and stained with cresyl violet. The recording sites were reconstructed
according to the stereotaxic coordinates, and the depth of electrode tip
relative to the dorsal border of the dentate nucleus that was verified
physiologically during experiments.

Figure 4.

Results

Oculomotor performance during recording sessions

During recording sessions, both monkeys performed the tasks
very well; the proportion of rewarded trials in the self-timed tasks

T —_ T } =0

3000 -500 0
Time from saccade (ms)

1000 2000
Time from cue offset (ms)

Neuronal activity of a representative neuron during the two saccade paradigms. Eye position traces and spike data
during the self-timed task (top panels) and the conventional memory saccade task (bottom panels) are shown. Data are aligned
with either the cue offset (left) or saccade initiation (right). Trials are sorted according to saccade latency for each condition. Times
of the cue onset, cue offset, saccade initiation, and the end of mandatory delay interval are overlaid on the raster plot. Different
colors indicate the data for different mandatory intervals. Trials with yellow dots were unrewarded and were excluded when
computing the spike density. Note the absence of ramp-up of neuronal activity in the conventional memory saccade trials, which
are presented in a block containing different delay intervals (see Materials and Methods; Fig. 10).

averaged 99 * 6% (SD), 98 = 2%, 96 * 4%, and 93 = 5% for the
mandatory delay intervals of 400, 600, 1200, and 2400 ms, respec-
tively. The distributions of saccade latency were bimodal for all
but the shortest mandatory delay interval. The first peak occurred
around the end of the mandatory delay period (Fig. 3A, inverted
triangles), indicating that the animals were able to adjust saccade
timing for different intervals. When we replotted the data relative
to the end of the mandatory interval (At; Fig. 3B, top panels), the
second peak occurred around 250 ms, indicating that the animals
made reactive saccades in response to the feedback that was pre-
sented 100 ms after the mandatory interval (vertical solid line).
Because we were interested in self-timed behavior in the task, data
for the trials with A# > 210 ms were removed from further quan-
titative analyses (9.8% of all trials). These reactive saccades in the
self-timed task were not rewarded during experiments (see Ma-
terials and Methods; Fig. 3B, bottom).

In the conventional memory saccade task, reaction time mea-
sured from the FP offset averaged 170 = 23 ms (SD), 173 * 22
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memory saccade task (bottom). Figure 5B
plots the population activities for the
other 12 neurons that exhibited a gradual
decrease of activity before self-timed sac-
cades and were examined for all four man-
datory delay conditions. These neurons
also modulated their activity several hun-
dred milliseconds before self-timed sac-
cades in all delay conditions, even though
the firing modulation was in the opposite
direction. Thus, the preparatory activity
1 in the cerebellar dentate nucleus was
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Figure 5.
ramp-down neurons exhibited a transient activity (B).

ms, 178 * 23 ms, and 183 * 26 ms for trials with delay intervals
of 400, 600, 1200, and 2400 ms, respectively. The proportions of
error trials with early saccades before the FP offset were 0 = 0%
(mean * SD), 0 * 0%, 1.1 = 2.9%, and 3.1 * 4.8% for the delays
0f 400, 600, 1200, and 2400 ms, respectively, indicating that mon-
keys were well trained to make a saccade in response to the FP
offset.

Basic characteristics of preparatory activity for self-timing

A total of 92 task-related single neurons were recorded from two
dentate nuclei (Fig. 2) of two monkeys (n = 40 for monkey P and
52 for monkey Q). Figure 4 illustrates a representative neuron
that exhibited a ramp-up of activity before self-timed saccades in
both directions. This neuron showed virtually no visual response
to the cue and displayed preparatory activity for all mandatory
delay intervals, but the firing modulation started later for longer
delay intervals (left). When the same data were realigned with
saccade initiation (right), the rate of rise of neuronal activity was
similar across different mandatory delay intervals, while a slight
prelude of activity was evident in trials with longer delay intervals.
For trials with supra-second mandatory delay intervals (green
and blue traces), the preparatory activity for self-timed saccades
was found only during the last ~700 ms of the delay period. On
the other hand, in the conventional memory saccade task, the
same neuron showed no firing modulation during the delay pe-
riod, but exhibited a weak transient activity just after saccades
(Fig. 4, bottom).

Figure 5A illustrates time courses of population activity for 45
neurons that were formally tested for all four mandatory delay
intervals; the remaining 21 ramp-up neurons were tested for only
three intervals. The data show that preparatory activity preceded
self-timed saccades by 400 —1000 ms, even in trials with a 2400 ms

Time from saccade (ms)

Time courses of the population activity. A, Population activity for 45 neurons that exhibited a ramp-up of firing rate
during the self-timed task. B, Population activity for 12 neurons that exhibited a ramp-down of firing rate. Note that the ramp-up
neurons showed no firing modulation around the time of saccades in the conventional memory saccade task (A), while the

500 found only during the self-timed task, no
matter whether the animals reported sub-
second or supra-second intervals.

For most neurons, the activity before
self-timed saccades did not show very
strong directional modulation. Figure 6A
compares the firing modulation for sac-
cades in opposite directions in trials with a
1200 ms delay interval. Although 63 of 92 individual neurons
(68%) exhibited a slight but statistically significant directional
modulation (unpaired ¢ test, p < 0.05; Fig. 64, filled symbols and
black bars in the histogram), no significant difference was found
for the population as a whole (paired t test, p = 0.09). Among
these neurons, the majority (66 of 92, 72%) exhibited ramping up
of activity before saccades, while the remaining neurons showed
ramping down of activity. For both populations, no significant
difference in the magnitude of preparatory activity was observed
among the different mandatory delay intervals (Fig. 6B; Kruskal—
Wallis test, p = 0.84 and 0.46). These properties of neuronal
activity were in line with the model of decision making that
assumed a climbing of neuronal activity to a certain threshold
(Wittmann, 2013; Ratcliff et al., 2016). Thus, the magnitude of
the preparatory activity was comparable between trials, requiring
the measurement of sub-second and supra-second intervals.

Neuronal correlates of trial-by-trial variation in

movement timing

Previous studies of self-timing demonstrated the causal relation-
ship between the time course of preparatory activity and the tim-
ing of decisions (Janssen and Shadlen, 2005; Jazayeri and
Shadlen, 2015; Maimon and Assad, 2006; Tanaka, 2007; Mer-
chant et al., 2011; Murakami et al., 2014). To assess the neuronal
correlates of trial-by-trial variation in self-timing, the data for
neurons with ramping up of activity were divided into six groups
according to saccade latencies of individual neurons, and then the
population activity was computed for each group (Fig. 7A). In
addition, to reveal differences in the time course of neuronal
activity for trials with shorter intervals, the time scale was nor-
malized against the length of the mandatory delay interval (Fig.
7B). For the short mandatory intervals (400 and 600 ms, top two
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rows), the preparatory activity started just
after the cue offset, and the slope of the
ramping up of neuronal activity differed
depending on saccade latency, resulting in
a strong influence of saccade latency on
the duration of the prelude activity. In
contrast, for the longest mandatory delay
interval (2400 ms, bottom row), the pop-
ulation activity did not alter until 1000—
1500 ms after cue offset, and saccade
latency appeared to be well correlated
with the onset time of the preparatory ac-
tivity rather than its slope. Thus, both the
duration and slope of ramping activity
depended strongly on the trial-by-trial
variation of saccade latency in trials with
sub-second delay intervals, whereas these
values remained unchanged for different
saccade timing in trials with the longest
delay interval. A similar trend was also
found for the smaller population of
neurons with ramping down of activity
(Fig. 8).

To quantitatively verify this impression,
we measured the slope of the ramping activ-
ity in each condition for the population of
neurons. For this analysis, the data of each
neuron were divided into 12 groups (twice
the group of Figs. 7, 8) according to saccade
latency, and the population activity was
computed for each group. Thereafter, the
slope of preparatory activity was measured
by fitting a regression line to the mean firing
rates measured during six 50 ms intervals
(see Materials and Methods). Figure 9A
shows a sample measurement of slopes for
three different latency groups in trials with a
600 ms mandatory delay interval for neu-
rons with ramp-up of activity. When the
slope of the regression line was plotted as a
function of mean saccade latency for each of
the 12 groups (Fig. 9B, pink data points for
the 600 ms condition), the data showed neg-
ative correlation, indicating that the earlier
saccades accompanied the steeper slopes of
preparatory activity. Regression lines for the
three mandatory intervals had statistically
significant slopes (Pearson’s correlation co-
efficients, r = —0.83, —0.90, and —0.94 for
400, 600, and 1200 ms intervals, respec-
tively; p << 0.001 for all three intervals), but
that for the 2400 ms interval did not (r =
—0.17, p = 0.61; Fig. 9B, blue data points).
Figure 9D compares the bootstrap distribu-
tion of correlation coefficients (box—whis-
ker plot, 1000 iterations) with values
computed from the population data (red
symbols), showing that the difference be-
tween the short and the longest mandatory
delay intervals was consistently observed.
Thus, the rate of rise of the ramping up of
activity correlated with trial-by-trial saccade
timing for all but the longest mandatory de-
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Figure 6.  Effects of saccade direction and the mandatory delay interval on the magnitude of neuronal activity before
self-timed saccades. A, Comparison of presaccadic activity (15050 ms before saccade initiation, subtracted from the
baseline activity) between contraversive and ipsiversive self-timed saccades. Sixty-three (68%) neurons exhibited a weak
but significant directional modulation (unpaired t test, p << 0.05; filled symbols). There was no directional bias in the
population (paired t test, p = 0.09; regression slope, 0.93; mean = SD = 39 = 66 spikes/s and 36 = 64 spikes/s for
ipsiversive and contraversive saccades, respectively). Note that some neurons (n = 12) exhibited decreased activity. Two
outliers ([-107, —85], [-102, —95]) have been omitted from the scatter plot, but contribute to the histogram. B, Median
and interquartile range of the population activity for different mandatory delay intervals. Neurons with ramping up of
activity (n = 45) are plotted separately from those with ramping down of activity (n = 12).
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Figure7. Time courses of population activity of ramp-up neurons for different saccade latencies. A, For each neuron and
mandatory delay interval, the data were divided into six groups according to saccade latencies. Data were aligned to either
the cue offset (left, end of horizontal black bar) or saccade initiation (right) and were then averaged for each of the six
groups. For each panel, the right traces are shifted in time so that the times of data alignment are placed at the means of
saccade latency relative to the cue offset. Vertical black lines indicate the end of the mandatory delay interval. Crosses in
different colors indicate the means and SDs of saccade latency for different groups. Twenty-one of 66 neurons were
examined for only three mandatory delay intervals. B, The time scale is normalized for the mandatory delay interval to
visualize the different time courses of neuronal activity for short intervals.
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when the same analyses were performed on
the whole population of ramp-up and
ramp-down neurons. Again, the slope of
ramping activity (practically ramp-up be-
cause of the greater number of neurons) sig-
nificantly correlated with saccade latency for

400 the three shorter intervals (r = —0.77,—0.80,
and —0.89 for 400, 600, and 1200 ms inter-
vals, respectively; p < 0.01), but did not for
the longest interval (r = 0.08, p = 0.81). In
contrast, the time of ramp start did not cor-
relate with saccade latency for the 400 ms
interval (r = 0.30, p = 0.35), but did for the

T
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80 ‘“
. \\ '
404

20-

600 other intervals (r = 0.80, 0.95 and 0.99 for
600, 1200, and 2400 ms intervals, respec-
tively; p < 0.01).

To further confirm the validity of
quantitative measures for the ramping ac-
tivity, we also fit the population data of

T
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ikes/s
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ramp-up neurons with a nonlinear func-
tion with the baseline, slope, and onset
time using least squares (Materials and
Methods; Tanaka, 2007). The results were
similar to those summarized in Figures 9,
Band C. For the analysis of slopes (equiv-
alent to Fig. 9B), the regression coeffi-

T
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T
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Figure8.
the same as in Figure 7.

lay intervals. Similarly, the population activity of ramp-down neu-
rons showed statistically significant slopes for the three shorter
intervals (Fig. 9F, red filled circles; r = 0.68, 0.74 and 0.91, p = 0.014,
0.006, and <0.001 for 400, 600, and 1200 ms intervals, respectively),
but not for the 2400 ms interval (r = 0.39, p = 0.21).

In contrast, when we looked at the time courses of the popu-
lation activity, the onset time of preparatory activity differed with
different saccade timing only for the longer mandatory intervals
(Figs. 7, 8, bottom panels). The different onset times seems to be
linked with the saturation of ramp duration; the duration of pre-
lude activity increased in parallel with saccade latency in trials
with sub-second delay intervals, but remained constant (~1s) in
trials with supra-second delay interval. Figure 9C plots the onset
times of ramping up activity derived from the regression analysis
shown in Figure 9A (triangles) for the 12 latency groups in trials
with different delay intervals. The data show that while the onset
time did not significantly depend on saccadic latency for the
shortest 400 ms delay interval (regression slope, 0.08; r = 0.25;
p = 0.43), the regression slope became steeper for the longer
intervals (slopes, 0.25, 0.54, and 0.92; r = 0.85, 0.96, and 0.99 for
600, 1200, and 2400 ms delay intervals, respectively; p < 0.001 for
all intervals). The subsequent bootstrap analysis showed that the
regression slope for the 2400 ms delay did not significantly differ
from unity, while those for the 400 and 600 ms delays did not
differ from zero (Fig. 9E). For the smaller population of ramp-
down neurons, the regression slope measured between the ramp-
down onset and normalized latency steadily increased as the
mandatory delay interval increased (Fig. 9G, red circles), and
these values significantly correlated only in trials with the 2400 ms
delay interval (r = 0.89, p < 0.001). We also obtained similar results

1 Frrrrrrrrrrrpfr
Time from cue offset (ms)

Time courses of population activity of ramp-down neurons for different self-timed saccade latencies. Conventions are

cients measured for normalized latency
were —0.74, —0.86, —0.96, and —0.23 for
the delay intervals of 400, 600, 1200, and
2400 ms, respectively. These values were
significantly different from zero for all but
the 2400 ms delay interval (p < 0.01 for
400-1200 ms delays, p = 0.48 for 2400 ms
delay). For the analysis of onset time (equivalent to Fig. 9C), the
regression slopes for normalized latency were 0.22 (Pearson’s r =
0.63, p < 0.05), 0.23 (r = 0.79, p < 0.01), 0.46 (r = 0.97, p <
0.001), and 0.87 (r = 0.98, p < 0.001) for the delay intervals of
400, 600, 1200, and 2400 ms, respectively. Together, our data
showed that the trial-by-trial variation of saccade latency corre-
lated with the slope of ramping activity when the mandatory
delay interval was short, but with the times of activity onset when
the mandatory interval was long. These differences might result
from the duration limit of ramping activity.

Effects of electrical microstimulation

To examine the causal relationship between neuronal activity and
self-timing, we delivered electrical stimulation (100 wA, 333 Hz,
200 ms) to the recording sites. Figure 10 plots the data from a
single experiment, comparing the latencies of ipsiversive saccades
between trials with and without stimulation. Electrical stimula-
tion applied 320-520 ms following the cue offset in the self-timed
task (600 ms delay) shortened the median saccade latency by 120
ms (Wilcoxon rank sum test, p < 0.001; Fig. 104, inverted trian-
gles). On the other hand, in the conventional memory saccade
task, the stimulation current delivered during the 600 ms delay
period did not alter saccade latency (p = 0.14; Fig. 10A, yellow
traces), while electrical stimulation at the time of FP offset slightly
but significantly shortened the latency in this particular stimula-
tion site (18 ms, p < 0.01, cyan traces). Similarly, for all other
mandatory delay intervals, electrical stimulation in the self-timed
task shortened saccade latency by 31-92 ms, whereas the effects in
the conventional task were, if any, much smaller (Fig. 10B). As seen
in the distributions of self-timed saccade latency (Fig. 10B, top),
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electrical stimulation shifted the entire dis-
tribution, and many saccades were gener-
ated several hundreds of milliseconds
following the stimulation. These results sug-
gest that electrical stimulation did not inject
immediate saccade commands, but might
facilitate temporal processing in the
cerebellum.

Figure 11A summarizes the effects of
electrical stimulation on self-timed sac-
cade latency for all 19 sites. Stimulation
shortened the medians of saccade latency
in 68 of 152 cases (45%, filled symbols,
Wilcoxon rank sum test, p < 0.05), in-
cluding both saccade directions and dif-
ferent mandatory delay intervals. When
we compared the changes in saccade la-
tency between conditions (Fig. 11B), the
effects on self-timed saccades were signif-
icantly greater than those on conventio-
nal memory-guided saccades (three-way
ANOVA, Fi, 45y = 9.7, p < 0.001; multi-
ple comparisons with Tukey’s method,
p < 0.001). On the other hand, there was
no significant difference between the two
stimulus conditions in the conventional
task (p = 0.17). Furthermore, we failed to
find the main effect of saccade direction
(F oy 1.2, p = 0.28). The stimulation
effect was largest for the 2400 ms manda-
toryinterval (one-way ANOVA, F 5 436, =
5.6, p < 0.001). Thus, our results show
that the signals in the cerebellar dentate
nucleus have a causal role in self-timing,
while these signals play only a minor role
in generating saccades in response to the
FP offset in the conventional memory-
guided saccade task.

Discussion

In monkeys performing self-timed sac-
cade task, we found neurons in the cer-
ebellar dentate nucleus with ramping
activity that gradually increased or de-
creased before saccades, rather than
those exhibiting temporally tuned activ-
ity for certain interval that have been

suggested to exist in the cerebellum (Medina and Mauk, 2000)
and the cerebral cortex (Mita et al., 2009; Hayashi et al., 2015).
A previous study suggested that the ramping activity might
directly control self-initiated movement timing, while the
temporally tuned signals might serve as inputs to generate the
ramping signals (Murakami et al., 2014). Contrary to our ex-
pectation, we found that most neurons exhibited a similar
time course of activity for different delay intervals (Fig. 12A).
Further analysis revealed that the trial-by-trial variation of saccade
timing correlated with the slope of ramping up of activity for
the delay of 4001200 ms, but with the start of activity for the
delay of 2400 ms (Fig. 9). Because electrical stimulation ad-
vanced self-initiated saccades in both directions, the prepara-
tory signals in the dentate nucleus may have a causal role in

self-timing.
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Figure9. Correlation between the time course of ramping activity and self-timing. 4, Sample regression lines for three sets of
sixdata points (dots) of the population activity of ramp-up neurons. Data for the 600 ms mandatory delay interval were divided into
12 groups according to saccade latency, but only the data for the 2nd (red), 6th (orange), and 12th (purple) groups are displayed.
The onset of the preparatory activity (triangles) was measured as the intersection of the regression line with the baseline firing rate
(black horizontal line). B, Correlation between the rate of rise of neuronal activity and saccade latency. The regression slopes
measured as in A are plotted against the normalized saccade latency. Data points with black circles indicate the data shown in A.
Different colors indicate the data for different mandatory intervals. C, Relationship between the times of activity onset and saccade
latency. Note that the regression line for the 2400 ms delay (blue) is almost parallel to the black solid line with a unity slope, while
that for the 600 ms delay (cyan) is nearly horizontal. D, Summary of correlation coefficients (Pearson’s r) between the slope of
ramp-up activity and saccade latency. Red circles indicate the data derived from the analysis shown in B. Filled symbols denote
significant correlation (p << 0.05). Box—whisker plots show the median, quartiles, and range of the results of the bootstrap
analysis. The horizontal thick lines indicate the median values that differed significantly from zero ( p << 0.05). E, Regression slope
measured between the onset of neuronal activity and saccade latency. Red circles show the data derived from the analysisin C. F,
G, Correlation coefficients and regression slopes for ramp-down neurons. In G, the whiskers are truncated for the shorter delay
intervals ([-3.7, 2.8, [-2.3, 2.0], and [-2.1, 2.1] for 400, 600, and 1200 ms, respectively).

Cerebellar involvement in fine adjustment of self-timing
Neurons in the cerebellar dentate nucleus did not modulate their
firing rate during the initial half of the 2400 ms mandatory delay
period (Fig. 7A); therefore, they are unlikely to participate in
keeping track of the supra-second interval. In contrast, func-
tional imaging studies have detected increased activity in the
basal ganglia during tasks requiring supra-second timing (Rao et
al., 2001; Nenadic et al., 2003; Harrington et al., 2004 ). We there-
fore hypothesized that the corticobasal ganglia pathways may
monitor passage of time in the range of seconds, while the cere-
bellum may participate only in the last part of the delay period,
playing a role in the fine adjustment of movement timing (Fig.
12B).

Several previous observations might be relevant to our hy-
pothesis. First, besides the slow multisynaptic transcortical path-
ways, the basal ganglia and cerebellum communicate with each
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contrast, although the cerebellum is es-
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Figure 10.

occurred either 400, 600, 1200, or 2400 ms following the cue offset.

other through subcortical pathways (Hoshi et al., 2005; Bostan et
al., 2013). Such a direct link suggests that these structures may
operate synergistically to generate movements (McCairn et al.,
2013; Chen et al., 2014). Second, the midbrain dopaminergic
neurons send axons to the cerebellum (Ikai et al., 1992) and the
inferior olive (Toonen et al., 1998), indicating that there could be
interaction between learning in the basal ganglia and the cerebel-
lum (Ohmae and Medina, 2015). Finally, the cerebellum-
recipient thalamic neurons in rodents send axons to the deeper
layers of the motor cortex, while the basal ganglia-recipient tha-
lamic neurons project to the superficial layers (Kuramoto et al.,
2009). The different inputs suggest dominant roles in the gener-
ation and preparation of movements for the cerebellum and basal
ganglia, respectively.

The sequential processing of temporal information from
the basal ganglia to the cerebellum might be advantageous for
rapid changes in behavioral requirements. In our behavioral
paradigm, animals needed to switch saccade timing as the
mandatory delay interval was altered every 10 trials (Fig. 1C).
The basal ganglia are relevant to a rapid change in behavioral
strategy (Frank et al., 2007; Isoda and Hikosaka, 2007; Yoshida
and Tanaka, 2009; Sheth et al., 2011), and, indeed, subjects
with Parkinson’s disease have a difficulty in updating tempo-
ral information in the duration reproduction task (Malapani
et al., 1998; Koch et al., 2008; Allman and Meck, 2012). In

Effects of electrical microstimulation on saccade latency. 4, Eye position traces in trials with and without electrical
stimulation. Left, Vertical solid and dashed lines indicate the times of audiovisual feedback and the termination of the 600 ms
mandatory delay interval, respectively. Right, The vertical dashed line indicates the FP offset in the conventional memory saccade
task. Only ipsiversive saccade trials with a 600 ms mandatory delay interval are shown. Bars in different colors indicate the timing
of electrical stimulation (100 A, 200 msin duration). Inverted triangles indicate the median latency. Filled triangles indicate the
data with asignificant stimulation effect (Wilcoxon rank sum test, p << 0.05). B, Distribution of ipsiversive saccade latency with and
without electrical stimulation delivered to the same site as in A. For self-timed saccades (top), different colors represent different
mandatory delay intervals. The timing of the feedback signal is indicated by vertical solid lines, while the end of the mandatory
interval is shown by vertical dashed lines. For the conventional memory saccade trials (bottom), different colors indicate different
stimulation timings, whereas the distributions for the two timings almost overlap. Vertical dashed lines denote the FP offset that

cause the relative contribution of the
cerebellum to self-timing was greater
for the shorter intervals than for the lon-
gest interval (Fig. 12B); the variation of
timing for the shorter delays may de-
pend on neuronal activity in the cere-
bellum, whereas that for the 2400 ms
delay might be mostly attributed to neu-
ronal activity outside of the cerebellum.
The time of activity initiation in the cer-
ebellum might be determined by signals
in the corticobasal ganglia pathways
when the mandatory delay is long. Thus,
our data suggest that the relative contri-
bution of the cerebellum is greater for sub-second than supra-
second timing. These differences, however, do not necessarily
indicate smaller neuronal modulation in the cerebellum for
supra-second timing, as the magnitude of firing modulation
was comparable across the intervals (Fig. 6B).

The causal relationship between neuronal activity in the
cerebellum and self-timing were supported by the results of
electrical stimulation. However, the greater stimulation effects
on saccade timing in trials with longer delay intervals seem-
ingly contradict our hypothesis (Fig. 11B). The different stim-
ulation effects might be attributed to the following two
reasons. First, the slope of the ramping up of activity was
consistently shallower for the trials with longer delay intervals
(Fig. 9B). Assuming that the slope of neuronal activity re-
flected the speed of subjective passage of time (Wittmann,
2013), the fixed change in neuronal activity by electrical stim-
ulation would have more impact on self-timing for longer
intervals. Second, the level of neuronal activity at the time of
electrical stimulation might be different depending on the
length of the delay period. If neuronal activity reached a
threshold for triggering saccades in the middle of the 200 ms
stimulation train, the later part of the stimulation could not
contribute to changes in saccade timing. In fact, for the exper-
iment shown in Figure 10B, saccades were generated before
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the termination of electrical stimulation
in approximately half of the trials with a A :
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How are the preparatory signals in the cere-
bellum generated and used for self-timing?
Previous analyses of eye blink conditioning
might provide some insight. In this system, .
the model predicts that sustained inputs to ~400-
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the cerebellum are necessary to generate —~400
temporally accurate movements (Mauk and
Buonomano, 2004). In trace eye blink con-
ditioning, sustained activity in the cerebral
cortex appears to play a role in bridging the
temporal gap between the stimulus and re-
sponse (Kalmbach et al., 2010). In our self-
timed saccade paradigm, only the FP could
provide a sensory signal during the moni-
toring of elapsed time. However, because
the time between the FP onset and the visual
cue varied from trial to trial, the signals de-
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rived from the FP would be insufficient to -400
measure the time following the cue offset.
Similarly, to trace eye blink conditioning,
the corticobasal ganglia network might pro-
vide sustained signals to the cerebellum to
generate the ramping up of activity in the
nucleus.

The time courses of neuronal activity
shown in Figure 7 were in good agreement
with the notion that self-initiated saccades
were generated when neuronal activity in
the cerebellum reached a certain threshold.
However, because electrical stimulation al-
tered the latency of self-initiated saccades in
both directions but failed to alter reactive
saccades, the signals in the dentate nucleus
were unlikely to generate an immediate
motor drive. Instead, the stimulation effects
persisted even when stimulation pulses ter-
minated just before self-timed saccades (Fig.
10B), suggesting that the signals in the cere-

Figure 11.
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Quantitative summary of the stimulation effects on saccade latency. A, Comparison of median saccade latencies
relative to the mandatory delay interval between the trials with and without electrical stimulation. Different colors represent
different delay intervals. Filled symbols indicate data with a significant difference (Wilcoxon rank sum test, p < 0.05). B, The
means and 95% confidence intervals of changes in median latencies during stimulation of 19 sites. Note that the stimulation effects
were greater for self-timed saccades (red) than for conventional memory saccades (blue and yellow).
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bellum might be further integrated in the
downstream pathways generating saccades.
The signals injected by unilateral stimula-
tion might propagate to both sides of the
brain through the crossed connections and
modulate the temporal processing for self-
initiated movements. We did not deliver
electrical stimulation at very early timing in the delay period because
neurons at the recording sites did not modulate firing rate at that
period. Nonetheless, we speculate that such stimulation would be
less effective, because stimulation to the supplementary eye field ata
very early delay period showed only a slight effect (Kunimatsu and
Tanaka, 2012).

In summary, we found that neurons in the cerebellar dentate
nucleus participated in self-timing both in the sub-second and
supra-second ranges. Because of the ~1.5 s temporal limit of eye
blink conditioning, the cerebellum has been thought to play a
role in sub-second timing (Medina and Mauk, 2000; Mauk and
Buonomano, 2004). Indeed, we found that neuronal activity re-

Figure 12.

and supra-second ranges.
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Possible role of the cerebellum in the fine adjustment of self-timing. A, Time courses of population activity for
different mandatory delay intervals, replotted from Figure 5. B, Possible sequence of neuronal activity with time in the sub-second

corded from the cerebellar dentate nucleus never persisted for >1
s, while these neurons exhibited a sizeable preparatory activity for
both sub-second and supra-second intervals. The sustained ac-
tivity during timing tasks in the basal ganglia (Lee and Assad,
2003; Turner and Anderson, 2005), the thalamus (Tanaka, 2007),
and the cerebral cortex (Leon and Shadlen, 2003; Merchant et al.,
2011; Jazayeri and Shadlen, 2015) might regulate the times of
preparatory signals in the cerebellum. Neuronal activity in these
structures needs to be elucidated in future studies.
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