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Cognitive Signals in the Primate Motor Thalamus Predict
Saccade Timing

Masaki Tanaka
Department of Physiology, Hokkaido University School of Medicine, Sapporo 060-8638, Japan, and Precursory Research for Embryonic Science and
Technology, Japan Science and Technology Agency, Tokyo 102-0075, Japan

We often generate movements without any external event that immediately triggers them. How the brain decides the timing of self-
initiated movements remains unclear. Previous studies suggest that the basal ganglia—thalamocortical pathways play this role, but the
subcortical signals that determine movement timing have not been identified. The present study reports that a subset of thalamic neurons
predicts the timing of self-initiated saccadic eye movements. When monkeys made a saccade in response to the fixation point (FP) offset
in the traditional memory saccade task, neurons in the ventrolateral and the ventroanterior nuclei of the thalamus exhibited a gradual
buildup of activity that peaked around the most probable time of the FP offset; however, neither the timing nor the magnitude of neuronal
activity correlated with saccade latencies, suggesting that the brain is unlikely to have used this information to decide the times of
saccades in the traditional memory saccade task. In contrast, when monkeys were required to make a self-timed saccade within a fixed
time interval after an external cue, the same neurons again exhibited a strong buildup of activity that preceded saccades by several
hundred milliseconds, showing a close correlation between the times of neuronal activity and the times of self-initiated saccades. The
results suggest that neurons in the motor thalamus carry subjective time information, which is used by cortical networks to determine the

timing of self-initiated saccades.
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Introduction

Although the basal ganglia—thalamocortical circuitry has been
implicated in the generation of self-timed movements, how the
subcortical signals contribute to these movements remains un-
clear. Previous studies have shown that many neurons in the basal
ganglia (Kimura et al., 1992; Schultz and Romo, 1992; Lee and
Assad, 2003; Turner and Anderson, 2005), thalamus (van Donke-
laar et al., 1999), and cerebral cortex (Okano and Tanji, 1987;
Kurata and Wise, 1988; Mushiake et al., 1991; Romo and Schultz,
1992) discharge differently between internally triggered, self-
timed movements and externally triggered, reactive movements.
However, individual neurons in the pathways are generally active
during both types of movement, and the premovement brief
burst of activity in the population of neurons exhibits no system-
atic preference for either type of movement (Thaler et al., 1988;
Mink and Thach, 1991; Lee and Assad, 2003; Turner and Ander-
son, 2005). These previous observations suggest that the basal
ganglia—thalamocortical pathways are unlikely to provide the im-
mediate trigger or drive signals for a specific type of movements;
instead, they might provide proactive signals that are necessary
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for the decision to make internally triggered movements (Schultz
and Romo, 1992; Lee and Assad, 2003; Maimon and Assad,
2006).

The neural mechanisms underlying decision making have
been extensively examined using reaction time paradigms. One
of the most realistic models of decision making assumes a neural
process that integrates sensory information over time, accumu-
lating evidence toward the predetermined threshold for percep-
tual or movement decisions (Carpenter and Williams, 1995;
Usher and McClelland, 2001; Smith and Ratcliff, 2004 ). Previous
physiological studies in nonhuman primates have found the neu-
ral correlates of this process within the cerebral cortex, showing a
gradual ramping up of firing rates before decisions are made
(Hanes and Schall, 1996; Kim and Shadlen, 1999; Shadlen and
Newsome, 2001; Roitman and Shadlen, 2002). In particular, neu-
rons in the parietal cortex showed a gradual elevation of firing
rate when the animals expected an external trigger for subsequent
eye movements (Janssen and Shadlen, 2005), or when they pre-
pared for self-timed arm movements (Maimon and Assad, 2006).
A gradual buildup of activity before self-timed movements has
also been reported in the basal ganglia (Schultz and Romo, 1992).
Because both the basal ganglia and association areas in the frontal
and parietal cortices are known to be involved in representation
of time over a range of seconds (Rao et al., 2001; Buhusi and
Meck, 2005), the corticosubcortical networks through the thala-
mus may process time information for the internal triggering of
movements.

Previously, we showed that inactivation of the motor thala-
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mus delays the initiation of self-timed sac-
cades (Tanaka, 2006). To explore the neu-
ronal signals that regulate the timing of
self-initiated movements, activities of sin-
gle neurons were recorded from the motor
thalamus when monkeys performed the
eye movement tasks similar to those used
in the previous inactivation studies. Many
neurons exhibited a gradual elevation of
firing rate in anticipation of an external
trigger or the occurrence of self-timed sac-
cades, suggesting that neurons in the thal-
amus carry proactive timing information
for the internal triggering of movements.

Materials and Methods

Animal preparation. One male and three female
Japanese monkeys (Macaca fuscata; monkeys A,
B, D, and E) were prepared for chronic experi-
ments using procedures described in detail pre-
viously (Tanaka, 2005, 2007). Briefly, the ani-
mals were implanted with a pair of head
holders, a recording cylinder, and an eye coil in
separate surgeries that were performed under
general halothane and pentobarbital anesthesia
and using sterile procedures. Analgesics and an-
tibiotics were administered after each surgery. During training and ex-
perimental sessions, the monkeys’ heads were secured to the primate
chair using the head holders, and eye movements were recorded using the
search coil technique. Water intake of monkeys was controlled daily so
that they were motivated to perform the oculomotor tasks. All experi-
mental protocols described here were evaluated and approved in advance
by the Animal Care and Use Committee of the Hokkaido University
School of Medicine and were in accordance with the Guide for the Care
and Use of Laboratory Animals (National Research Council, 1996). Three
of the monkeys (A, B, and D) were also used in previous inactivation
experiments (Tanaka, 2006) that were performed after the recording
experiments reported here. For two monkeys (A and B), the recording
sites were reconstructed from histological sections based on stereotaxic
coordinates and the locations of electrolytic lesions made by passing
direct current through the electrodes.

Visual stimuli and behavioral tasks. Experiments were controlled by a
Windows-based real-time data acquisition system (TEMPO; Reflective
Computing, St. Louis, MO) running on Pentium PCs. All events were
updated every 5 ms, and visual stimuli were presented on a 24 inch
cathode-ray tube monitor (refresh rate, 60 Hz) that was subtended 64 X
44° of visual angle. A 0.5° square spot served as the visual stimulus. Three
saccade tasks were used in this study (see Fig. 1). In the memory saccade
task (Hikosaka and Wurtz, 1983), a visual cue was presented briefly (200
ms) during central fixation, and monkeys were required to remember the
location of the cue and to maintain fixation for an additional delay in-
terval (1000 or 1500 ms). Within 400 ms of the offset of the fixation point
(FP), monkeys made a saccade to the cue location to obtain a liquid
reward. In the self-timed saccade task, monkeys were required to make a
saccade to the location of previously presented visual cue within 1200 +
400 ms of the cue offset. The FP disappeared only after monkeys gener-
ated a self-timed saccade, when eye position deviated >3° from the FP. In
both the memory saccade task and the self-timed saccade task, the pe-
ripheral target reappeared 400 ms after the FP offset. In the visual saccade
task, the saccade target appeared at the time of FP offset, and monkeys
made a saccade within 400 ms. The color of the stimulus was white for the
saccade target, and was either blue (self-timed saccade task) or red (other
tasks) for the FP (Fig. 1). Monkeys were rewarded with drops of water or
apple juice if they moved their eyes within a “window” that surrounded
the target location at specific time intervals; otherwise, a trial was aborted
and followed by a newly selected trial. Typically, the size of the window
was 2° (4° in diameter) for initial fixation and the delay, and was 4° (8° in
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Figure 1.
(memory task and visual task), or within 1200 == 400 ms of the cue offset (self-timed task). The color of the FP was red in the
former two tasks, but was bluein the latter task to inform monkeys of the trial type. Monkeys obtained the same amount of reward
for each correct behavior in the three saccade paradigms. Trials were presented randomly in a block, which consisted of seven
different tasks including five memory saccade tasks and two other tasks (see Materials and Methods).
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Sequence of events in three saccade paradigms. Monkeys made a saccade in response to the fixation point offset

diameter) for the peripheral target. The window size for the peripheral
target ranged from 3 to 5° (6—10° in diameter) depending on animals,
trial types, and saccade directions. Although relatively large target win-
dow was used, saccades during recording sessions were quite accurate;
the distance from saccade endpoint to the target during recording of 48
buildup neurons averaged 1.82 = 0.48° (SD), 1.78 * 0.45° and 1.11 *
0.34° for the self-timed saccade task, the memory saccade task, and the
visual saccade task, respectively. In addition, eye position during the
delay period was not altered consistently over time in both the self-timed
saccades task and the memory saccade task (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material). Trials were pre-
sented randomly in a block. When we searched for eye movement-related
neurons, the block usually consisted of the memory saccade trials (1000
ms delay) in four cardinal directions (right, left, up, down), horizontal
self-timed saccade trials, and smooth-pursuit trials. Once a neuron with
delay period activity or a saccade-related burst of activity was isolated, the
trial block was switched to include seven different saccade trials, which
consisted of four standard memory saccade trials (1000 ms delay) in
different directions, a probe memory saccade trial (1500 ms delay), a
self-timed saccade trial, and a visual saccade trial. The latter three trials
were presented only in the optimal direction of the neuron under study
(selected from the four cardinal directions). All trial types were randomly
interleaved within a block. In all trials, the saccade target was located 16°
eccentrically. To exclude possible effects of reward on the modulation of
neuronal activity in different tasks, the same amount of reward was given
for all correct trials throughout the experiments.

Data acquisition and analysis. Eye position signals were obtained directly
from eye coil electronics (MEL-25; Enzanshi Kogyo, Chiba, Japan). Neuro-
nal activity was recorded through tungsten microelectrodes (FHC, Bowdoin,
ME). After amplification and filtering of the signals, spikes of single thalamic
neurons were isolated using a real-time spike sorter with template-matching
algorithm (MSD; Alpha Omega, Nazareth, Israel). Data were digitized and
sampled at 1 kHz during experiments and were stored in files for subsequent
off-line analysis that was performed using Matlab (Mathworks, Natick, MA).
During the recording sessions, we did not store the data of failed trials. Data
were aligned on either the stimulus onset or the saccades, and the spike
density (o = 15 ms) was obtained for each task to assess the time course of
neuronal activity. Except for the two analyses illustrated in Figures 5 and 6,
quantitative measurements were made on the basis of spike count at specific
task intervals. To detect a significant modulation of neuronal activity during
the delay period in the memory saccade task, we measured the firing rates for
every 400 ms interval within the time window starting from 200 to 1000 ms
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Figure2.
with cresyl violet) on the basis of stereotaxic coordinates of electrode penetrations and several electrolytic lesions made during
experiments. Red triangles indicate neurons showing a significant firing modulation during the delay period in the memory
saccade task. Blue dots indicate neurons showing a brief burst of activity associated with saccades. Neurons with both the
properties are plotted by red triangles. The levels of frontal sections are shown as the position posterior to the anterior commissure
(AC). MD, Mediodorsal nucleus; VA, ventroanterior nucleus; VLc and VLo, caudal and oral divisions of ventrolateral nucleus,
respectively; VPLo, oral division of ventroposterolateral nucleus; VPM, ventroposteriomedial nucleus; X, area X.

after the cue offset. Then, the activity for the interval showing a maximal
mean value was compared with the baseline activity measured during the
400 ms before the cue onset. For the plots in Figures 5 and 7, the existence or
absence of brief burst of activity after the FP offset was determined by eye.
Also, the timing of burst of activity relative to saccades (i.e., presaccadic or
postsaccadic) was determined by watching the data aligned on saccade ini-
tiation. The details of other measures are described in the relevant text or
Figure legends.

Results

Preparatory activity predicts the timing of an external trigger
for saccades

We searched for neurons in the ventrolateral (VL) and ventroan-
terior (VA) nuclei of the thalamus that discharged before sac-

Locations of neuronsin two monkeys. Recording sites were reconstructed from histological sections (50 um, stained
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cades when monkeys performed the mem-
ory saccade task with a delay of 1000 ms.
Consistent with previous studies (Wyder
et al., 2003, 2004; Tanaka, 2005), many
neurons in the VL thalamus began firing
during the delay period, well before the FP
offset (Fig. 2, red triangles). Among 266
task-related neurons examined in this
study, 106 neurons showed significant
modulation of activity for a 400 ms inter-
val during the delay period, in comparison
with the 400 ms baseline interval immedi-
ately before the cue onset (see Materials
and Methods) (Wilcoxon rank-sum test,
p < 0.05). For each neuron, the preferred
direction was designated by comparing the
maximal activity (measured for 400 ms)
during the delay period for trials in differ-
ent directions. The time course of the pop-
ulation activity shown in Figure 3A indi-
cates that some of these neurons were
directional, and that the firing rates in-
creased gradually during the fixed delay
interval. Indeed, for 55% of the neurons,
the firing rates measured during the last
400 ms of the delay period for trials in op-
posite directions were statistically different
(n = 58; Wilcoxon rank-sum test, p <
0.05) (Fig. 3B, black bars). In addition, for
90% of the neurons, the ratio of late activ-
ity (700—1000 ms) to early activity (200—
500 ms) during the delay period was >1.0,
indicating that most neurons exhibited an
increase in activity (Fig. 3C). The firing
rates were statistically different between
these two measuring intervals within the
delay period for 68% of neurons (n = 72;
Wilcoxon rank-sum test, p < 0.05) (Fig.
3C, black bars).

To test whether the time course of the
preparatory activity reflected the mon-
keys’ expectation for the timing of the FP
offset, we presented a probe trial that had a
longer delay (1500 ms) within a block.
Each block consisted of seven randomized
trials including four standard memory
saccade tasks (1000 ms delay) in four car-
dinal directions, and one probe trial, as
well as another two tasks in the preferred
direction of the neuron under study (see
Materials and Methods). Figure 4 illustrates data from two rep-
resentative neurons for saccades in the preferred direction. Re-
gardless of the presence (top row) or absence (bottom) of a brief
burst activity after the FP offset, the firing rates of these neurons
increased gradually before the FP offset, and peaked around the
time of saccades (Fig. 4, left column, blue traces). When the delay
period was prolonged in the probe trials, both neurons continued
firing, but the firing rates did not increase any more during the
extended delay interval (Fig. 4, second column, red traces).

Many neurons in the VA/VL thalamus discharged similarly to
the examples shown in Figure 4. To quantify the activities of
individual neurons, we attempted to estimate the firing rate 100
ms before the FP offset in the probe trial (1500 ms delay), based

Monkey B
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both on data from the standard memory A
saccade trials (1000 ms delay) and on the
assumption that the firing rate increased at
a constant rate during the extended delay
interval (Fig. 5A). For 44 of the 58 neurons
tested for the probe trials, the spike density
(0= 15 ms) computed from the neuronal
activity in the standard trials were well fit
by a regression line incorporating a re-
cruitment threshold (least squares, r> >
0.7). Figure 5B plots the estimated activity
(blue symbols) and the actual activity (red
symbols) in the probe trials as a function of

n=106
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the mean firing rates measured during the 500 0
100 ms before the FP offset in the standard
trials, and shows that the estimated activity
was greater than the actual activity for al-
most all of these neurons (95%; n = 42).In
addition, the activities measured during
the 100 ms before the FP offset in trials
with two different delay intervals were not
statistically different for all tested neurons
(paired ¢ test, p = 0.14; n = 58), and the
magnitude of the population activity was
not altered over the extended delay inter-
val (Fig. 5C). These results indicate that
the firing rate during the delay period in
the memory saccade tasks increased so that it reached a peak
around the most probable time of the FP offset, which was 1000
ms after the cue offset. Thus, the time course of the preparatory
activity during the delay period appeared to reflect the monkeys’
expectation for the timing of the FP offset, or, alternatively, the
timing of the saccade, which occurred in close succession to FP
offset. However, in this traditional memory saccade task, mon-
keys were not allowed to trigger eye movements using this sub-
jective time information, but instead were required to make a
saccade in response to the FP offset.

Figure3.

Preparatory activity predicts the occurrence of

self-timed saccades

To understand the roles of thalamic neurons in self-timing, we
next examined the activity of the same neurons in a self-timed
saccade task (Fig. 1). In this task, the FP disappeared only after a
monkey had made a saccade to the location of the previously
presented visual cue, and monkeys were rewarded when they
generated a self-initiated saccade within 1200 = 400 ms of the cue
offset. Thus, the task required self-triggering of movements using
information about the elapsed time after the external cue. For
both of the example neurons shown in Figure 4, the firing rate
increased gradually before the initiation of self-timed saccades,
which are shown as yellow dots on the raster lines (Fig. 4, middle
column). When the same data were aligned on saccades, the cor-
responding spike densities started to modulate >400 ms before
the saccades (Fig. 4, fourth column, green traces). These neurons
showed only a minimal change in activity for saccades to a visible
target (Fig. 4, right column).

To examine whether neurons in the VA/VL thalamus carry
signals that regulate saccade timing, correlations between the
times of neuronal activity and the times of saccades were com-
puted for individual neurons, for both the memory saccade task
and the self-timed saccade task. To do this, data from individual
trials were sorted according to saccade latencies (Fig. 6 A), and the
latencies of neuronal activity were measured for every consecu-

500 1000
Time after cue offset (ms)

1500

15 cells

00 10 20 30
Late / Early

4.0<

Neuronsin the ventrolateral thalamus show aramping up of firing rate during the delay period. 4, Population activity
in the memory saccade task with a delay of 1000 ms. B, Distribution of directionality index. The index was measured for individual
neuronsas 1 — Opp/Pref, where Prefindicates the activity during the last 400 ms of the delay period minus the baseline activity
for trials in the preferred direction, and Opp indicates those for trials in the opposite direction. Data with statistically significant
directional modulation (Wilcoxon rank-sum test, p << 0.05) are plotted as filled bars (n = 58; 55%). €, Ratio of late activity
(7001000 ms) to early activity (200—500 ms) during the delay period, for individual neurons. Values were >1.0 for most
neurons (90%), indicating that the activity gradually increased over time during the delay period. Data showing a statistically
significant difference ( p << 0.05) are plotted by filled bars (n = 72; 68%).

tive five trials by taking the time when the corresponding spike
densities (o = 60 ms) exceeded a threshold (Fig. 6 B), which was
defined as the baseline activity (300 ms before cue onset) plus half
of the maximal modulation measured during the 250-150 ms
before saccade initiation (Fig. 6C, black bar). The latencies of
neuronal activity and those of saccades were compared for every
five consecutive trials (Fig. 6 D), and the correlation coefficients
were computed for each of 48 neurons that showed a significant
modulation in both the memory saccade task and the self-timed
saccade task. A subset of neurons that showed a significant firing
modulation in the memory saccade task but lacked activity before
saccades in the self-timed task (n = 8) or showed only a transient
activity (n = 2) were excluded from the analysis.

Figure 7A summarizes the correlation coefficients of the times
of neuronal activity and the latencies of saccades for individual
neurons (The regression slopes are shown in supplemental Fig. 2
(available at www.jneurosci.org as supplemental material). All
regressions were conducted as type II and slopes were calculated
with neuronal latency on the x-axis and saccade latency on the
y-axis). In the memory saccade task, only 13% (n = 6 of 48) of
neurons showed correlation coefficients >0.5, and the values
were not significantly different from zero across the population
(two-tailed ¢ test, p = 0.11). In contrast, in the self-timed saccade
task, the correlation coefficients for 58% (n = 28) of neurons
were >0.5, and the median of all tested neurons was 0.62. When
the rank correlation coefficients were computed for the same set
of the data, the medians of the values were 0.10 and 0.64 for the
memory saccade task and the self-timed task, respectively. Thus,
the times of neuronal activity did not correlate with the times of
eye movements in the memory saccade task, but they did in the
self-timed saccade task.

The results of correlation analyses suggest that the contribu-
tion of the thalamic signals to the timing of saccades is different
between the tasks. An important issue is that the range of move-
ment times in the self-timed saccade task was much larger than
that in the memory saccade task (e.g., compare the range of values
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Figure4. Activity of two thalamicneuronsin four different conditions. Each row plots data from a buildup neuron with (top) or without (bottom) a saccade-related burst of activity. For each panel,
data are aligned with either the cue onset (left 3 columns) or saccades (other columns) in the preferred direction, and are sorted according to saccade latency. Data in the third and fourth columns
areidentical, butare aligned with different time references. Solid continuous traces indicate spike densities for the associated rasters. The blue dashed traces in the second column plot the same spike

densities as those in the first column for comparison. Yellow symbols indicate the times of saccade (left 3 columns), reappearance of the target (fourth column), or FP offset (right column).

along the ordinates in Fig. 6 D). This raises the possibility that a
similar correlation between neuronal latencies and movement
times might exist in both the tasks, but that this correlation is too
difficult to detect in the memory saccade task because of the
associated small range of movement times. To address this issue,
we examined the variance of movement-time distributions and
neuronal-latency distributions in the two tasks. Figure 7B plots
the SDs of latencies for the means of every five trials that were
used to compute the correlation coefficients. Whereas the vari-
ance in movement time was significantly less for the memory-
saccade task than for the self-timed saccade task (Fig. 7B, filled
symbols) ( paired ¢ test, p < 10 ~19), the variance in neuronal
latency was comparable between the two tasks (open circles, p =
0.61). In other words, in the self-timed saccade task, the variabil-
ity in neuronal latencies roughly matched the variability in move-
ment times, whereas in the memory saccade task, neuronal laten-
cies had much more variability than expected if they were to serve
arole in determining saccade timing. These data argue against the
idea that VA/VL neurons subserved the same process in both
tasks, suggesting, instead, that these neurons regulated move-
ment timing in the self-timed task specifically.

We also confirmed that the correlation between latencies was
not affected greatly by the levels of threshold that were used to
measure the neuronal latency. Figure 7D plots the medians of
correlation and regression coefficients (type II) as a function of
the levels of threshold (20—80% of maximal modulation). The
correlation coefficients were consistently greater for the self-
timed saccade task than for the memory saccades task. The re-
gression coefficients (slopes) had medians of ~0.6 across the
levels of threshold, but the values were greatly variable from neu-
ron to neuron (supplemental Fig. 2, available at www.jneuro-
sci.org as supplemental material). When the means of the regres-

sion slopes were computed after eliminating a few outliers
(absolute slope >3), the values were 0.54 (n = 46), 0.58 (n = 46),
0.61 (n=46),0.62 (n=45),0.64 (n = 46),0.65 (n = 45) and 0.70
(n = 45) for the levels of threshold at 20, 30, 40, 50, 60, 70, and
80% of the maximal modulation, respectively.

In contrast to the clear correlation between latencies in the
self-timed saccade task, the magnitudes of neuronal activity did
not correlate with saccade latencies. Figure 7C plots the correla-
tion coefficients between saccade latencies and the magnitudes of
buildup activity measured during the 100 ms before the FP offset
(memory task) or 250—150 ms before self-timed saccades. The
correlation coefficients averaged 0.02 * 0.25 (median, 0.08) and
—0.07 = 0.26 (—0.04) for the self-timed saccade task and the
memory saccade task, respectively, and were not different from
zero in either task (two-tailed ¢ test, p > 0.05). Spearman’s rank
correlation coefficients computed for the same sets of data aver-
aged 0.06 * 0.22 (median, 0.06) and —0.02 * 0.22 (—0.01) for
the self-timed task and memory task, respectively, and were not
statistically different from zero in either paradigm ( p > 0.05).
We also found that correlation between saccade latency and other
saccade parameters (peak velocity and accuracy) was very small
in both saccade paradigms. In the self-timed saccade task, corre-
lation coefficients computed for 48 individual recording sessions
averaged —0.10 = 0.23 (SD, velocity) and 0.05 * 0.24 (accuracy).
In the memory saccade task, the values averaged —0.01 = 0.27
(velocity) and —0.03 = 0.21 (accuracy).

The results of correlation analyses suggest that the times of
self-timed saccades could be regulated by the times of neuronal
activity. However, the median of correlation coefficients com-
puted from individual neurons was only 0.62 (Fig. 7A). The weak
correlation between latencies could be a result of the relatively
large variability of firing rate in individual neurons; neuronal
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Figure5.  Thetime course of buildup activity predict the timing of fixation point offset in the
memory saccade task. 4, An exampleillustrating how we compared the activities between trials
with different delay intervals for individual neurons. Based on data from the memory saccade
task with a 1000 ms delay (standard trial), we tried to estimate the firing rate at the end of a
probe trial with a 1500 ms delay. Because the firing rate during the delay period increased
linearly, we fitted a line (least squares) to the spike density (black trace) for the standard trial.
The fitted function incorporated a recruitment threshold, and the spike densities during the
200-1000 ms after the cue offset were used for the fitting. B, The predicted activity was
compared with the actual measures in the probe trials (the last 100 ms in the delay period). For
almost all neurons, the observed activity was less than the predicted activity. Data for observed
activity (red symbols) distributed around the equality line, indicating that many neurons
showed a similaramount of activity at the time of FP offset, regardless of the length of the delay
interval. Data for neurons that showed a transient activity after the FP offset are plotted by
triangles. €, Time course of population activity for memory saccade tasks with different delay
intervals. Note that the activity remained unchanged throughout the extended delay period in
the probe trial (red trace). Data for 14 neurons whose activity did not fit well with a line (r* <
0.7) also contributed to the population activity.

latency measured from the spike density for five trials (n to n +
4th, for example) was sometimes longer than that measured from
the spike density for the following five trials (n + 1 to n + 5th)
(Fig. 6 B). Similarly, the shallow regression slopes for many neu-
rons (Fig. 7D, supplemental Fig. 2, available at www.jneuro-
sci.org as supplemental material) resulted from the relatively
large trial-by-trial variation in neuronal latencies, compared with
the variation in saccade latencies (Fig. 7B); whereas the noise in
the instantaneous firing rate increases the variation in neuronal
latencies, the times of saccades are determined by the population
of neurons and are generally insensitive to the small fluctuations
of the firing rate in each neuron (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material). This is consistent
with the observation that the variation in individual neuronal
latency was statistically greater than the variation in saccade la-
tency in the self-timed saccade task (Fig. 7B) (paired t test, p <
10 77).

To reveal the time course of the population activity in the
self-timed task, and to examine whether the times of threshold
crossing could determine the times of saccades, we performed the
analysis that was similar to the one developed by Maimon and
Assad (2006). For each neuron, the data were divided into five
groups according to saccade latencies so that each group con-
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tained equal number of trials. Then, the data were aligned on
either the cue offset or the initiation of saccades, and were aver-
aged to obtain five spike density curves (o = 15 ms). Figure 8 A
plots the traces of the population activity aligned either on the cue
(left) or saccades (right). Each trace in the right panel is shifted in
time so that the time of saccade is placed at the mean of saccade
latency relative to the cue offset for the relevant trials (vertical
line). The time course of the population activity in Figure 8 A
appears to be consistent with the hypothesis that the time of
saccade is regulated by the time when the neuronal activity
reaches the predetermined threshold. When we applied the re-
gression analysis in Figures 6 and 7D to the traces of the popula-
tion activity, the regression slopes (type II) were 0.98, 1.21, 1.46,
and 2.46 for the levels of neuronal threshold at 90, 70, 50, and
30% of the maximal firing modulation, respectively, and the cor-
responding correlation coefficients were 0.97, 0.98, 0.99, and
0.80, respectively. The difference in regression slopes for the pop-
ulation activity from those for individual neurons could be
caused by the greater variation of firing in individual neurons
(computer simulation showed that the noise in neuronal activity
reduces both the regression slope and the correlation coefficient;
see supplemental Fig. 3, available at www.jneurosci.orgas supple-
mental material). Nevertheless, the analyses in individual neu-
rons revealed the difference in neuronal activity between the self-
timed saccade task and the memory saccade task, whereas the
analyses in the population activity showed that neuronal activity
reached the constant level immediately before the self-timed
saccades.

To analyze further the time course of the population activity,
Figure 8 B compares the data across the three saccade paradigms,
aligned on the cue (left) or saccades (right). The firing rate in-
creased gradually in the memory saccade task (red trace) and in
the self-timed task (green trace), and the activity was slightly
enhanced ~400 ms before the initiation of saccades in the self-
timed task, compared with the activity in the memory saccade
task. This slight difference in neuronal activity between the tasks
was unlikely to be related to the occurrence of small saccades
within the fixation window during the delay period. We found
microsaccades (net eye speed >20°/s, mean amplitude, 0.84 *
0.44°) during the period starting from the cue offset to 100 ms
before the targeting saccade in 34% of the self-timed saccade
trials and in 41% of the memory saccade trials (supplemental Fig.
4, available at www.jneurosci.org as supplemental material).
Most microsaccades occurred within 500 ms after the cue offset,
and only a small fraction of microsaccades were found several
hundred milliseconds before the initiation of saccades. The num-
bers of microsaccades during the 500 ms immediately before the
initiation of targeting saccades averaged 0.05 = 0.06 and 0.04 =
0.05 per trial (n = 48) for the self-timed saccade task and the
memory saccade tasks, respectively, and these values were not
statistically different (paired ¢ test, p = 0.11). Furthermore, the
basic pattern of population activity shown in Figure 8A is un-
likely to be related to the occurrence of microsaccades; the
ramp-up of firing rate toward the initiation of targeting saccades
was also found even when the population activities were com-
puted from the selected self-timed saccade trials that contained
no microsaccade during the delay period (supplemental Fig. 5,
available at www.jneurosci.org as supplemental material). Al-
though the difference in the population activity found in Figure
8 B might be attributed to the difference in task difficulty, we do
not have available data to examine this possibility. The same
neurons showed no gradual buildup of activity before saccades in
the visual task (blue trace).
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Figure 10A compares the relative mag-
r nitudes of neuronal activity during the
three saccade paradigms. The firing rates
measured for a 150 ms interval immedi-
ately before and during saccades were nor-
malized so that the distance from each side
of the triangle was proportional to the in-
verse of the firing rate measured during the
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corresponding task (i.e., the sum of the in-
verse of firing rates measured for the three
paradigms was normalized for the height
of the triangle). Although many neurons
altered their activity depending on the par-
adigm (n = 83; one-way ANOVA, p <
0.05), the population of neurons showed
no clear preference for self-timed saccades.
A similar tendency was also found in an-
other class of neurons that showed a post-
saccadic burst of activity (n = 65) (Fig.
10B, one of these neurons also had a sig-
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tasks.

Comparison of saccade-related burst activity

across paradigms

Consistent with previous studies (Schlag and Schlag-Rey, 1984;
Wryder et al., 2003, 2004; Tanaka, 2005), many neurons in the
VA/VL thalamus showed a brief, presaccadic burst of activity
which could also regulate saccade initiation (Fig. 2, blue dots).
Because the previous study demonstrated that local inactivation
of the VL thalamus resulted in a greater deficit of saccades in the
self-timed task than in the memory saccade task (Tanaka, 2006),
the saccade signals in the motor thalamus might be greater for
self-initiated saccades. However, like the two example neurons
plotted in Figure 9A, most burst neurons showed activities that
were comparable between the memory saccade task and the self-
timed task, whereas the magnitude of activity in these two para-
digms was as large as (Fig. 94, top row) or greater than (bottom
row) that in the visual saccade task. We examined activities of 124
thalamic neurons that had a presaccadic burst of activity, includ-
ing 28 neurons that showed a significant delay period activity in
the memory saccade task. Of these, 109 neurons were tested for all
three saccade paradigms, whereas 15 neurons were tested only for
the memory saccade task and the visual saccade task. Among the
109 neurons, only 14% (n = 15) of neurons showed greater ac-
tivity during the self-timed task than during the memory saccade
task (Fig. 9B) (one-way ANOVA and post hoc comparisons, p <
0.05). In contrast, 44% (n = 55 of 124) showed greater activity
during the memory saccade task than during the visual saccade
task (Fig. 9C). Across the whole population of neurons, activity
during the memory saccade task did not differ from that during
the self-timed task (paired ¢ test, two-tailed, p = 0.18), but it did
differ statistically from activity during the visual saccade task
(p<107?).

r T T T 1
600 700 800 900 100C
Neuronal latency relative to cue offset (ms)

Analysis of the correlation between neuronal and behavioral latencies. 4, Data from a neuron exhibiting a buildup of
activity in the self-timed task are aligned with the cue onset. Times of saccade initiation are shown as yellow dots, and the trials are
sorted according to saccade latency. B, Spike densities were obtained from every five consecutive trials for the neuron shown in A.
Traces in colors indicate spike densities for trials marked by the corresponding colors in A. The neuronal latency was measured
when the spike density exceeded half of the maximal modulation of neuronal activity (dashed line). C, The maximal modulation
was defined as the difference in activity measured during the 250 —150 ms before saccade initiation (black bar) and that measured
300 ms before cue onset (baseline). D, Each panel compares the neuronal and behavioral latencies for either the self-timed task or
the memory task. The behavioral latencies are the means of five trials, and are expressed as the time from the cue offset in both

nificant delay period activity). Thus, the
burst activity associated with saccades in
the thalamus did not discriminate how the
timing of the movement was determined,
although the activity was often enhanced
when the saccade goals were determined
internally, based on memory of the cue lo-
cation. These results suggest that the loss
of burst signals after thalamic inactivation
should not be responsible for the greater
deficits in the initiation of self-timed sac-
cades reported previously.

Discussion

Previous studies have shown that inactivation of the primate mo-
tor thalamus impairs self-triggering of limb (van Donkelaar et al.,
2000) or eye (Tanaka, 2006) movements. To explore the signals
through the thalamus that regulate the timing of self-initiated
movements, we examined two types of neuronal activity that
preceded saccades. Many neurons in the paralaminar part of the
VL thalamus and the adjacent VA nucleus exhibited a buildup of
activity during the delay period of memory saccade tasks. By
analyzing the time course of firing in probe trials that had alonger
delay and were presented at a lower probability, we found that
neuronal activity predicted the timing of the FP offset; the time
course of the preparatory activity presumably reflected the mon-
keys’ expectation of the occurrence of an external event triggering
saccades. Because the delay period activity was directional for
more than half of the neurons (55%) (Fig. 3B), the activity was
likely to be related to saccade preparation, rather than to a generic
code of passage of time. This is consistent with the fact that the
level of neuronal firing was stable during the extended delay pe-
riod in the probe trial (Fig. 5C). As long as monkeys were re-
quired to make a saccade in response to FP offset in the tradi-
tional memory saccade task, neither the timing nor the
magnitude of neuronal activity correlated with the movement
timing. However, once monkeys were allowed to use subjective
time information to trigger movements in the self-timed saccade
task, the times of neuronal activity and the times of saccades were
correlated with each other. These results suggest a novel view of
the roles of the motor thalamus in the generation of voluntary
movements. Neurons in the motor thalamus carry preparatory
signals that keep track of elapsed time until the expected time of
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Figure7. Correlation with saccade latency. A, Correlation between neuronal and behavioral

latencies. For each neuron, the latencies were measured using the methods summarized in
Figure 6. The correlation coefficients were greater for the self-timed saccade task than for the
memory saccade task (paired t test, one-tailed, p < 10 ~3). Data from neurons that showed a
transient activity after the FP offset are plotted by triangles. B, Comparison of variations in
neuronal and behavioral latencies. Each data point plots SDs for the means of every five trials
that were grouped according to saccade latency and were used to compute the correlation
coefficients plotted in A. C, Lack of correlation between the firing rate and saccade latency. For
individual neurons, correlation coefficients were computed between the magnitude of neuro-
nal activity and saccade latency for every five consecutive trials, sorted by saccade latency. The
neuronal activity was measured between 250 and 150 ms before saccade initiation (self-timed
task) or during the 100 ms before fixation point offset (memory task). The correlation coeffi-
cients were not statistically different between the tasks (paired t test, two-tailed, p = 0.10). D,
Medians of correlation and regression coefficients between neuronal and saccade latencies for
different levels of criterion to measure the neuronal latency. The level of threshold at the half of
the maximal firing modulation (threshold level = 0.5) was used to compute the data plotted in
AandB.

movements, while the brain consults this information to decide
movement timing when, and only when, subjects are required to
generate a self-timed movement. The loss of these signals is likely
to be responsible for the previous findings showing that inactiva-
tion of the VL thalamus delays self-timed, contraversive saccades
(Tanaka, 2006).

Another type of signal in the motor thalamus that could reg-
ulate saccade timing is a presaccadic burst of activity. When we
compared the magnitudes of burst activity associated with sac-
cades, many neurons displayed greater activity in the memory
saccade task than in the visual saccade task, consistent with the
previous study (Tanibuchi and Goldman-Rakic, 2005). Thus, the
magnitudes of the burst activity depended how the goals of sac-
cades were determined. Because saccades were faster and more
accurate in the visual saccade task than in the other tasks, one
might argue that the reduced saccade-related activity during the
visual saccade task observed in this study was related to the excel-
lence of saccade performance in the task. However, the previous
study demonstrated that inactivation of the thalamus neither in-
creased velocity nor improved accuracy (Tanaka, 2006), suggest-
ing that the reduced saccade-related activity in the visual saccade
task cannot be explained by the difference in saccade perfor-
mance from the other tasks. Because the activity of saccade-
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Figure 8.  Time courses of the population activity. A, Activity in the self-timed saccade task.
For each neuron, data were divided into five groups according to saccade latencies. Data were
aligned either on the cue (left) or saccades (right), then were averaged across the population. In
the right panel, traces are shifted in time so that the times of saccades are placed at the means
of the saccade latency relative to the cue offset (vertical lines). B, Comparison between the three
saccade paradigms. Data for 48 neurons are aligned on the cue (left) or saccades (right). Dashed
traces indicate plus or minus 95% confidence interval. Note that the population activity for the
self-timed task was slightly enhanced ~400 ms before saccades in comparison with that for the
memory saccade task.

related neurons in the basal ganglia is also known to be enhanced
in the memory saccade task in comparison with the visual saccade
task (Hikosaka and Wurtz, 1983), some of these signals might
come from the basal ganglia. On the other hand, the sizes of burst
activities were not influenced by how the timing of saccades was
determined. When we compared the perimovement burst activ-
ities between the memory saccade task and the self-timed saccade
task, only a minority of neurons showed greater activity in the
self-timed task than in the memory saccade task, and the popu-
lation of neurons as a whole showed no systematic preference for
saccades in either task. These results appear to be consistent with
the previous findings showing that, for the whole population of
neurons, the magnitudes of the transient, movement-related ac-
tivities in the basal ganglia (Mink and Thach, 1991; Kimura et a.,
1992; Lee and Assad, 2003; Turner and Anderson, 2005) and
cerebral cortex (Okano and Tanji, 1987; Thaler et al., 1988) are
comparable between externally triggered and self-timed limb
movements. Because most burst neurons were equally active be-
fore saccades in both tasks, the loss of the presaccadic transient
signals in the motor thalamus may not be responsible for the
deficits in self-initiated saccades found in the previous inactiva-
tion experiments (Tanaka, 2006).

The results of this and previous inactivation experiments
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have any direct evidence showing the ana-
tomical connections of these thalamic
neurons. Most of them were recorded
from the paralaminar part of the VL thal-
amus, including area X, whereas only a few
neurons were located in the VA thalamus
(Fig. 2). Anatomical studies have shown
that these sites receive inputs from both
the basal ganglia and the cerebellum, al-
though the inputs from the latter appear to
be dominant (DeVito and Anderson,
1982; Alexander et al., 1986; Anderson and
Turner, 1991; Middleton and Strick,
2000). Nevertheless, we favor the hypoth-
esis that the thalamic neurons reported
here are located within the pathways from
the basal ganglia to the cortex, because
both the neuronal responses and the ef-
fects of inactivation were qualitatively sim-
ilar to those reported previously in the
basal ganglia. In terms of the neuronal re-
sponse, a gradual elevation in firing rate
preceding self-timed limb movements has
been reported in multiple nuclei in the
basal ganglia (Schultz and Romo, 1992;
Lee and Assad, 2003). In terms of the ef-
fects of inactivation, damage to the basal
ganglia causes difficulty in performing and
adelay in the initiation of self-triggering of
movements (Hore et al., 1977; Glickstein
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Figure 10.  Relative magnitudes of saccade-related burst activity across three paradigms. 4,
The maximal activity before and during saccades was measured for each presaccadic neuron
and paradigm, as in Figure 8, B and C. Data for the three tasks were normalized so that the
distance from each side of the triangle is proportional to the inverse of the firing rate measured
for the corresponding task. The data points on each dashed line indicate neurons showing an
equal amount of activity for the two tasks. B, Data from postsaccadic burst neurons. The neu-
ronal activity was measured during a 150 ms time window located within a 350 ms interval
starting from 50 ms after saccade initiation.

strongly suggest a causal role for the gradual buildup of signals in
the motor thalamus in the triggering of self-timed saccades.
Where do these signals come from? Unfortunately, we do not

Visual (spikes/s)

Comparison of presaccadic burst activity between three different tasks in the preferred direction. 4, Activity of two
example neurons aligned on saccade initiation. B, €, Quantitative comparison of burst activity measured during a 150 ms window
within a 350 ms interval starting from 200 ms before saccade initiation. The measuring window was placed to obtain maximal
activity across paradigms. Filled symbols indicate data with a significant difference according to multiple comparisons (Scheffé,
p < 0.05). Data for neurons that were not examined in the self-timed task are plotted by triangles in C.

and Stein, 1991). Furthermore, several
lines of evidence suggest that the basal gan-
glia is essential for the processing of inter-
val timing in the range of seconds (Rao et
al., 2001; Buhusi and Meck, 2005), which
must be necessary to generate a saccade at
the correct time in the self-timed saccade
task used in this study, whereas the cere-
bellum plays roles in processing the timing
of repetitive events over a shorter period of time (Lewis and Miall,
2003; Ivry and Spencer, 2004; Mauk and Buonomano, 2004).
Because there are projections from the VA/VL thalamus to the
striatum (Haber and McFarland, 2001; Smith et al., 2004), the
signals reported here could regulate neural processes within the
basal ganglia. Alternatively, neuronal signals in the motor thala-
mus may also regulate saccade planning in the cerebral cortex
through the massive thalamocortical projections (Alexander et
al., 1986; Anderson and Turner, 1991; Shook et al., 1991; Tian
and Lynch, 1997; Middleton and Strick, 2000; McFarland and
Haber, 2002). Consistent with the latter possibility, previous
studies showed a gradual elevation of the firing rate in the frontal
(Okano and Tanji, 1987; Kurata and Wise, 1988; Romo and
Schultz, 1992) and parietal (Maimon and Assad, 2006) cortices
before self-timed movements; some of these neurons displayed
anticipatory activity in the externally triggered task as well (Romo
and Schultz, 1992). In addition, when human subjects expect the
occurrence of an external event to trigger movements, an event-
related scalp potential known as the “contingent negative varia-
tion” (CNV) develops over the medial frontal cortex, predicting
the timing of the event (Walter et al., 1964; Pfeuty et al., 2005).
Both the similarity of the time courses of neuronal activities and
the anatomical connection from the VL thalamus to the medial
frontal cortex imply that these thalamic neurons are within path-
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ways that generate the cortical potential. Interestingly, CNV de-
creases significantly in patients with Parkinson’s disease (Ikeda et
al., 1997) who also have difficulty with the initiation of self-timed
movements. Difficulty in the self-triggering of movements in
these patients is possibly attributable to the loss of subcortical
signals that gradually increase over time, like that in the neurons
reported here.
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