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Temporal Prediction Signals for Periodic Sensory Events in
the Primate Central Thalamus
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Prediction of periodic event timing is an important function for everyday activities, while the exact neural mechanism
remains unclear. Previous studies in nonhuman primates have demonstrated that neurons in the cerebellar dentate nucleus
and those in the caudate nucleus exhibit periodic firing modulation when the animals attempt to detect a single omission of
isochronous repetitive audiovisual stimuli. To understand how these subcortical signals are sent and processed through the
thalamocortical pathways, we examined single-neuron activities in the central thalamus of two macaque monkeys (one female
and one male). We found that three types of neurons responded to each stimulus in the sequence in the absence of move-
ments. Reactive-type neurons showed sensory adaptation and gradually waned the transient response to each stimulus.
Predictive-type neurons steadily increased the magnitude of the suppressive response, similar to neurons previously reported
in the cerebellum. Switch-type neurons initially showed a transient response, but after several cycles, the direction of firing
modulation reversed and the activity decreased for each repetitive stimulus. The time course of Switch-type activity was well
explained by the weighted sum of activities of the other types of neurons. Furthermore, for only Switch-type neurons the ac-
tivity just before stimulus omission significantly correlated with behavioral latency, indicating that this type of neuron may
carry a more advanced signal in the system detecting stimulus omission. These results suggest that the central thalamus may
transmit integrated signals to the cerebral cortex for temporal information processing, which are necessary to accurately pre-
dict rhythmic event timing.
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Significance Statement

Several cortical and subcortical regions are involved in temporal information processing, and the thalamus will play a role in
functionally linking them. The present study aimed to clarify how the paralaminar part of the thalamus transmits and modi-
fies signals for temporal prediction of rhythmic events. Three types of thalamic neurons exhibited periodic activity when mon-
keys attempted to detect a single omission of isochronous repetitive stimuli. The activity of one type of neuron correlated
with the behavioral latency and appeared to be generated by integrating the signals carried by the other types of neurons. Our
results revealed the neuronal signals in the thalamus for temporal prediction of sensory events, providing a clue to elucidate
information processing in the thalamocortical pathways.

Introduction
Prediction of periodic event timing in the range of hundreds of
milliseconds is crucial for a variety of everyday activities such
as rhythm perception and movement synchronization. The

cerebellum and basal ganglia are known to play a role in tempo-
ral prediction (Allman and Meck, 2012; Merchant et al., 2013;
Paton and Buonomano, 2018), and the signals from these sub-
cortical structures are sent through the thalamus to the cortex,
which has also been implicated in temporal information proc-
essing (Rao et al., 1997; Harrington et al., 2011; Fujioka et al.,
2012). Neuronal signals in the dorsomedial frontal cortex have
been shown to represent the internal model of temporal estima-
tion (Egger et al., 2019), which may originate from the thala-
mus. Indeed, previous studies in nonhuman primates have
shown that neurons in the ventrolateral (VL) thalamus exhibit
activities representing subjective passage of time during the
preparation of self-initiated movements (Tanaka, 2007a; Wang
et al., 2018). However, it remains unknown how thalamic neu-
rons contribute to the temporal prediction of periodic events in
the absence of movements.

Received Aug. 17, 2020; revised Dec. 7, 2020; accepted Jan. 3, 2021.
Author contributions: K.M. and M.T. designed research; K.M. performed research; K.M. analyzed data; M.T.

wrote the paper.
This work was supported partly by the Ministry of Education, Culture, Sports, Science and Technology of

Japan (Grants 17H03539, 18H04928, and 18H05523). K.M. received a scholarship from the Takeda Science
Foundation. We thank T. Mori, A. Hironaka, and H. Miyaguchi for assistance with animal care and surgery; M.
Suzuki for administrative help; M. Takei and M. Kusuzaki at the Research Institute for Electronic Science for
manufacturing some equipment; and all laboratory members for comments and discussions.
The authors declare no competing financial interests.
Correspondence should be addressed to Masaki Tanaka at masaki@med.hokudai.ac.jp.
https://doi.org/10.1523/JNEUROSCI.2151-20.2021

Copyright © 2021 the authors

The Journal of Neuroscience, March 3, 2021 • 41(9):1917–1927 • 1917

https://orcid.org/0000-0002-0539-290X
https://orcid.org/0000-0002-6177-1314
mailto:masaki@med.hokudai.ac.jp


Several lines of evidence suggest that the thalamus is not only
involved in relaying a copy of subcortical signals, but also in inte-
grating signals from multiple sources (Rovó et al., 2012; Groh et
al., 2014; Ahissar and Oram, 2015; Yamawaki and Shepherd,
2015). Anatomically, the VL thalamus receives inputs from the
cerebellum and basal ganglia, and reciprocally connects with the
frontal cortex (Kakei et al., 2001; McFarland and Haber, 2002).
The adjacent centrolateral (CL) nucleus collects broad signals
from multiple sources in the cerebral cortex, cerebellum, and
brainstem, and in turn sends axons to the frontoparietal cortices
and the striatum (Van der Werf et al., 2002; Saalmann, 2014;
Redinbaugh et al., 2020). These thalamic nuclei, together with
the paralaminar part of the mediodorsal (MD) nucleus, comprise
the “central thalamus,” which might play an active role in infor-
mation processing for various cognitive functions (Schlag-Rey
and Schlag, 1989; Schlag and Schlag-Rey, 2002; Haber and
Calzavara, 2009; Tanaka and Kunimatsu, 2011; Prevosto and
Sommer, 2013). Lesions in this part of the thalamus have been
shown to cause impairments in movement decisions (Newman
and Mair, 2007), loss of behavioral flexibility (Kato et al., 2018),
deterioration of working memory (Mitchell and Dalrymple-
Alford, 2006; Mair and Hembrook, 2008), difficulty in suppress-
ing impulsive behavior (Kunimatsu and Tanaka, 2010), a delay
of self-initiated actions (van Donkelaar et al., 2000; Tanaka,
2006), and dysfunction of arousal regulation (Schiff, 2008).
Furthermore, neuronal recordings in experimental animals have
revealed relevant sensory, motor, and cognitive signals (Wyder
et al., 2003, 2004; Tanaka, 2007b; Costello et al., 2016), whereas
their role in information processing for rhythm has not been
investigated.

The aim of the present study was to understand the role of
the central thalamus in the temporal prediction of periodic
events. We conducted single-neuron recordings in monkeys per-
forming the missing oddball detection task, in which the animals
made an eye movement in response to a single omission of iso-
chronous repetitive stimuli (Ohmae et al., 2013; Uematsu et al.,
2017; Kameda et al., 2019). To detect stimulus omission, the ani-
mals had to predict each stimulus timing while maintaining eye
fixation until the occurrence of an unexpected stimulus omis-
sion. Our previous studies using this behavioral paradigm dem-
onstrated that neurons in the cerebellar dentate nucleus and
those in the striatum exhibited periodic firing modulation that
was gradually enhanced as the repetition progressed (Ohmae et
al., 2013; Kameda et al., 2019). Because different nuclei in the
central thalamus receive direct inputs from the deep cerebellar
nuclei and the output nodes of the basal ganglia (Alexander et
al., 1986; Parent and Hazrati, 1995; Bostan and Strick, 2018),
neurons in the central thalamus likely transmit signals from these
subcortical structures to the cerebral cortex. Considering the pos-
sible role of the central thalamus in active information process-
ing (Bosch-Bouju et al., 2013), these signals might be modified
before they reach the cerebral cortex.

Materials and Methods
Animal preparation. Two Japanese monkeys (Macaca fuscata, one

female and one male, monkeys M and Z, 6.0–8.0 kg) were used. All ani-
mal care and experimental procedures were evaluated and approved in
advance by the Hokkaido University Animal Care and Use Committee.
Animals were prepared for chronic experiments using the procedures
described previously (Tanaka, 2005). Briefly, in separate surgeries under
general isoflurane anesthesia, a pair of plastic head holders was fixed to
the skull and an eye coil was implanted for monitoring eye movements.
Analgesics were administered during each surgery and a few days

following the surgery. After full recovery from the surgery, the monkeys
were trained in the behavioral tasks. Once the animals were well trained
and they could perform the task correctly in.80% of trials, a third sur-
gery was undertaken to implant a recording cylinder for vertical elec-
trode penetration aimed at the central thalamus. The location of the
cylinder was verified by magnetic resonance (MR) imaging. Antibiotics
were administered as needed.

Visual stimuli and behavioral tasks. Experiments were conducted in
a darkened booth and were controlled with a commercial data acquisi-
tion system (TEMPO, Reflective Computing). Visual stimuli were pre-
sented on a 24 inch cathode ray tube monitor (GDM-FW900, Sony;
refresh rate, 60Hz) located 38 cm from the eyes (visual angle, 64°� 44°).
We used the missing oddball detection task (Ohmae et al., 2013). Shortly
after the monkeys started fixation on a central spot (0.5°, red square), the
saccade target (0.5°, gray square) was presented at 16° left or right of the
fixation point. During the maintenance of fixation, a brief (35ms) audio-
visual stimulus (2° white square contour enclosing the fixation point and
a 1500Hz tone) was also presented repeatedly at a fixed interstimulus
interval (ISI) of 100, 200, 300, 400, or 600ms (Fig. 1A). One stimulus in
the series was omitted after a random 2000–4800ms period (3600–
4800ms for trials with a 600 ms ISI). In response to the stimulus omis-
sion (missing oddball), the monkeys were required to make an immedi-
ate saccade to the visible target. If the monkeys did not make a saccade
within 800ms from the stimulus omission, the trial was aborted. In addi-
tion to this basic configuration, two additional conditions were also pre-
sented. In the “nontarget” trial (see Fig. 6), the audiovisual stimulus was
presented repeatedly at a fixed ISI of 400ms, but the saccade target never
appeared. The monkeys were only required to maintain fixation
throughout the trial that terminated after three stimulus repetitions fol-
lowing the omission. In the “explicit deviant” trial (see Fig. 7), a green
fixation point, rather than a red fixation point, was presented, and the re-
petitive stimulus (400 ms ISI) suddenly altered its color and frequency
(2° red filled square and 667Hz tone). In response to this stimulus devia-
tion, the monkeys made an immediate saccade to the target. These trials
were randomly intermingled with the missing oddball trials.

Physiologic procedures. Single-neuron recordings were conducted in
three thalami of two monkeys. The location of the central thalamus was
verified based on MR images taken before the experiments. The record-
ing sites in one animal were reconstructed from histologic sections
obtained after the experiments (see below). Neuronal activity was
recorded using single tungsten microelectrodes (FHC). The electrode
was inserted vertically into the thalamus with the aid of a grid system
(Crist Instrument) and a micromanipulator (MO-97S, Narishige). The
neuronal signals were amplified, filtered (300Hz to 10 kHz), and moni-
tored online using oscilloscopes and audio devices. Typically, the dor-
sal surface of the thalamus could be identified below the active callosal
fibers and the lateral ventricle. Once a task-related neuron was encoun-
tered, the waveform of action potentials was isolated using the software
with real-time template-matching algorithms (MSD, Alpha Omega
Engineering).

Data acquisition and analysis. Eye movement data were directly
obtained from the eye coil device (MEL-25, Enzanshi Kogyo). The data
were digitized, sampled at 1 kHz, and saved in files during the experi-
ments. The times of action potentials and other codes of task events
were also stored in the same files for offline analyses that were performed
using MATLAB (MathWorks). Data were included for the analysis
when monkeys responded correctly within 800ms from the occurrence
of the oddball (i.e., omission or color deviation of the repetitive stimu-
lus). We used the data of neurons recorded for eight or more blocks of
trials for further quantitative analyses (mean 6 SD, 21.66 8.3 trials
ranged from 8–53 trials n= 104 neurons). For each neuron, the time
course of the firing rate in multiple trials in each condition was obtained
by computing the spike density that convolved the millisecond-by-milli-
second occurrence of action potentials with a Gaussian kernel (s =
30ms). Unless otherwise noted, the quantitative measures of neuronal
activity were based on the modulation of spike density during specific
intervals during the task. Details of the quantitative measures are
reported in the relevant text. Statistical significance was evaluated using
paired or unpaired t test, Kolmogorov–Smirnov test, Wilcoxon rank-
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sum test, one-way ANOVA, or x 2 test. As circular statistics, Watson–
Williams test was also performed with the CircStat toolbox for
MATLAB (Berens, 2009).

Classification of neurons. Thalamic neurons responding to the repet-
itive stimuli were classified into three groups according to the direction
of firing modulation for each stimulus in trials with a 400 ms ISI (Figs. 2,
3). Because some neurons reversed the direction of firing modulation
during each trial, neuronal activity was evaluated separately for the first
three ISIs (between the first and the fourth stimuli) and the last three
ISIs (ending at the stimulus omission). For both early and late intervals,
the spike densities were averaged across the three ISIs to obtain the data
of the 400 ms ISI. The response direction (facilitatory or suppressive)
was determined based on the direction of maximal firing modulation
relative to the activity at the time of stimulus onset. To assess the magni-
tude of firing modulation, we initially searched for the maximal response
(peak or trough in spike density) during the 100–350ms following the
stimulus onset and then measured the actual spike count during the 50
ms interval centered at the time of the maximal response. When neuro-
nal activity at the time of maximal modulation statistically differed from
that during the 50 ms interval centered on the stimulus presentation
(one-tailed paired t test, p, 0.01), the neuronal modulation was defined
as either facilitatory or suppressive; otherwise, the neuron was evaluated
as no response. Neurons with early facilitatory and late suppressive
responses were defined as Switch-type neurons. Those with only facilita-
tory responses during either or both trial phases were regarded as
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Figure 1. Behavioral paradigm and recording sites. A, Sequence of events in the missing
oddball task. While animals gazed at the central fixation point (red square), a brief audiovi-
sual stimulus (stim) was presented repeatedly at a fixed ISI that varied from trial to trial. In
response to a single omission of the repetitive stimuli, monkeys made a saccade to the target
located 16° left or right of the fixation point. B, Recording sites of different types of task-
related neurons are plotted on the histologic section of monkey M. Because many neurons
were recorded from a single coordinate of electrode penetration (A12, L4), data for Reactive-
type (green triangle) and Predictive-type (blue) neurons are shifted horizontally for the pur-
pose of presentation only. The historical section was 8 mm posterior to the AC and 12 mm
anterior to the interaural line. VLc, Caudal part of the VL nucleus. C, Dorsal view of the re-
cording sites. Locations of electrode tracks are plotted according to the distance from the
midline and AC. The size of circles indicates the number of recorded neurons at each coordi-
nate. Black dashed line indicates the approximate location of the intralaminar thalamus. D,
Heatmaps represent the mean firing rate (left) and Fano factor (right) measured during the
initial fixation period before the target onset. Data for each penetration (white dot) were
averaged and filtered with two-dimensional Gaussians (s = 0.5 mm).
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that was separated by 400 ms. B, A Predictive-type neuron. C, A Switch-type neuron. Note
that this neuron initially showed facilitatory response to each stimulus, but the direction of
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Reactive-type neurons. The remaining neurons
with only suppressive responses were defined
as Predictive-type neurons. Neurons that had
no significant firing modulation during stimu-
lus repetition but responded only to saccades
were classified as Saccade-type neurons.

Properties of baseline firing. To characterize
the basic firing patterns of neurons recorded
from different nuclei in the thalamus, we also
examined the baseline firing rate and its vari-
ability (Fano factor) in individual neurons. For
each neuron, the baseline firing rate was meas-
ured during central fixation 1000ms before the
saccade target onset. Fano factor was measured
as s2/m, where s and m indicated the SD and
mean of the spike count, respectively, in every
nonoverlapping 100ms during the 1000ms fix-
ation period before the target onset. These val-
ues were averaged for each location of electrode
penetration (0.5 or 1.0 mm grid) and were fil-
tered with two-dimensional Gaussians (s 0.5
mm, 2.5 mm square; Fig. 1D). When the distri-
butions of the data for different types of neu-
rons were compared, the values for each lateral
coordinate of the recording site were averaged.

Histologic procedures. After completion of
the experiments, one monkey was killed for histo-
logic examination. The animal was deeply anes-
thetized with sodium pentobarbital (.60mg/kg,
i.p.) and transcardially perfused with PBS fol-
lowed by 3.5% paraformaldehyde. The brain was
then removed, blocked, and equilibrated with
30% sucrose. Coronal sections (100mm thickness)
were cut on a freezing microtome and stained
with cresyl violet.

Results
Localization and classification of
neurons
We recorded from a total of 190 task-related
thalamic neurons while monkeys attempted
to detect a single omission of repetitive stim-
uli. Most neurons were located in the medial
edge of the VL nucleus and the adjacent CL
and MD nuclei of the thalamus (Fig. 1B).
Among these neurons, 47 (25%) were classi-
fied as Saccade-type neurons because they
showed activity for saccades but did not ex-
hibit firing modulation during stimulus rep-
etition. The remaining 142 neurons (75%)
exhibiting a periodic activity during central
fixation were further classified into three
groups (Reactive-type, Predictive-type, and
Switch-type neurons) according to the direc-
tion of firing modulation for each repetitive
stimulus (see Materials and Methods). One exceptional neuron
with early suppressive and late facilitatory responses was excluded
from further analysis. Figure 1C plots the recording sites of the four
types of neurons relative to the midline and the anterior commis-
sure (AC) in two monkeys. Most neurons were found between the
MD and VL nuclei, and many were recorded from a few stereotaxic
coordinates centered at 8 mm posterior to the AC and 4 mm lateral
to the midline. The distribution of Predictive-type neurons differed
from that of Reactive-type or Saccade-type neurons along the ante-
roposterior axis (two-sample Kolmogorov–Smirnov test, p, 0.05)

but not along the mediolateral axis (p. 0.05), and Predictive-type
neurons tended to be located more anteriorly (Wilcoxon rank-sum
test, p, 0.01). The distribution of Switch-type neurons did not dif-
fer from the other types of neurons along either axis (two-sample
Kolmogorov–Smirnov test, p. 0.05).

To better characterize neurons in different thalamic nuclei,
we also examined the basic firing properties of individual neu-
rons (n= 267, including 77 non-task-related neurons). Figure 1D
illustrates two-dimensional maps of baseline firing rate and Fano
factor measured during central fixation before the onset of the
saccade target (1000ms; see Materials and Methods). Consistent
with the previous studies (Glenn and Steriade, 1982; Steriade et
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Figure 3. A, Activities of all recorded neurons with periodic firing modulation (n= 42, 36, and 26 for Reactive-type,
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al., 1993; Redinbaugh et al., 2020), neurons recorded in and lat-
eral to the intralaminar thalamus (Fig. 1D, black dashed line)
tended to exhibit higher and more variable baseline activity. This
tendency was evident for all types of task-related neurons, and
we did not find any significant difference between the neuron
types (one-way ANOVA; firing rate: F(3,185) = 1.61, p=0.19;
Fano factor: F(3,185) = 1.63, p=0.18).

Figure 2 illustrates representative examples of three types of
neurons with periodic activity in trials with a 400 ms ISI. A
Reactive-type neuron shown in Figure 2A exhibited transient
activity for each early stimulus in the sequence, but reduced ac-
tivity during the later phase of the trial. This example neuron
also elevated activity associated with saccades (Fig. 2A, right).
Figure 2B plots a Predictive-type neuron that showed no signif-
icant response during the initial few cycles but exhibited a sup-
pressive activity for each stimulus as repetition progressed. The
suppressive activity was followed by a slight rebound of activity,
and consequently, the timing of peak activity was approxi-
mately aligned with the stimulus onset, similar to neurons pre-
viously reported in the cerebellar dentate nucleus (Ohmae et
al., 2013; Uematsu et al., 2017). A Switch-type neuron (Fig. 2C)
showed a transient activity for each early stimulus, but the tim-
ing of the peak gradually advanced and eventually coincided
with the stimulus onset. Thus, the neuron reversed the direc-
tion of firing modulation for the stimulus, from early facilita-
tion to late suppression, in each trial.

Response properties of different types of neurons
Further quantitative analyses were performed on 104 neurons
with periodic activity that were examined in eight or more trials
in each condition. Among them, 42 (40%), 36 (35%), and 26
(25%) neurons were classified as Reactive-type, Predictive-type,
and Switch-type neurons, respectively (Fig. 3A,C). For all types
of neurons, the firing modulation before the stimulus omission
did not differ significantly between the trials with ipsilateral and
contralateral saccade targets (two-tailed paired t test; Reactive
type: t(41) = 0.26, p= 0.80; Predictive type; t(35) = 0.32, p=0.75;
Switch-type: t(25) = 1.16, p= 0.26). Therefore, the data for both
saccade directions were combined for further analyses of neuro-
nal activity during fixation. In contrast, neuronal firing around
the time of saccades (6150ms) showed significant directional
modulation (Wilcoxon rank-sum test, p, 0.05) for 17 Reactive-
type (40%), 13 Predictive-type (36%), and 7 Switch-type (27%)
neurons. The proportions of these neurons were not significantly
different across the three types of neurons (x 2 test, p= 0.52).
More than half of these neurons showed a preference for contra-
versive saccades (57%; 12, 5, and 4 neurons for Reactive-type,
Predictive-type, and Switch-type neurons, respectively). In the
population, the saccade-related activities were directional for
Reactive-type and Switch-type neurons (two-tailed paired t test;
Reactive type: t(41) = �2.25, p=0.03; Switch type, t(25) = �2.84,
p, 0.01), but not for Predictive-type neurons (t(35) = 1.00,
p=0.32). Among 24 Saccade-type neurons that were examined
for eight or more blocks, 5 (21%) neurons showed a preference
for ipsiversive saccades and 8 (33%) for contraversive saccades
(Wilcoxon rank-sum test, p, 0.05). Saccade-type neurons over-
all did not show significant directional modulation in the popu-
lation (t(23) = �1.14, p= 0.26). Neurons with directional saccade
modulation (n=50) were found throughout the recording area,
and its distribution did not differ from the rest of task-related
neurons (n=78) either along the mediolateral (Kolmogorov–
Smirnov test, p= 0.073) or anteroposterior (p= 0.74) axis.

The time courses of individual neuronal activities in each
group displayed properties similar to those in the examples
shown in Figure 2. Reactive-type neurons increased their activity
for each repetitive stimulus, and the peak consistently occurred
after stimulus onset (Fig. 3A). In the population of Reactive-type
neurons, the magnitude of the transient response gradually
decreased (Fig. 3C, top, green traces). Conversely, Predictive-
type neurons showed a suppressive response to each stimulus
and the firing modulation gradually increased as the repetition
progressed (Fig. 3C, top middle, blue traces). During the late part
of the trial, the timing of peak activity was approximately aligned
to the stimulus onset. Switch-type neurons exhibited a burst of
activity for each of the initial few stimuli, but the activity gradu-
ally waned and instead a suppressive response to each stimulus
developed. As a result, the peak activity initially lagged behind
the stimulus onset but advanced gradually and finally occurred
around the time of stimulus onset (Fig. 3A,C).

To assess the changes in the timing of neuronal activity dur-
ing the stimulus repetition, Figure 3B plots the peak timing rela-
tive to the stimulus onset measured from the means of neuronal
activity during the initial (Fig. 3B, left panels) and the last (Fig.
3B, right) three ISIs for each neuron (Materials and Methods). In
Figure 3, the angle of each black line indicates the phase within
the 400 ms cycle, and 0 indicates the timing of stimulus onset.
During the early part of the trial, the angles averaged 145°6 19°
(95% CI, �15° 6 26° to 149° 6 27°), which corresponded to
1616 21, �176 28 , and 1666 30ms from the stimulus onset
for Reactive-type, Predictive-type, and Switch-type neurons,
respectively. During the late part of the trial, the values became
143°6 21° (1596 23ms), 3°6 20° (46 23ms), and�12°6 17°
(�146 18ms), respectively. The angles for the early and late
parts were statistically indistinguishable for both Reactive-type
and Predictive-type neurons (Watson–Williams test; Reactive
type: F(1,82) = 0.03, p=0.86; Predictive type: F(1,70) = 1.44,
p= 0.23). Furthermore, the angles measured for the initial part of
Switch-type neurons did not differ from those for Reactive-type
neurons (F(1,66) = 0.074, p=0.79), while the angles for the late
part of Switch-type neurons did not differ from those for
Predictive-type neurons (F(1,60) = 1.48, p=0.23). Thus, Switch-
type neurons showed properties similar to the other types of neu-
rons depending on the trial phase.

To quantify the magnitude of response to each repetitive
stimulus, the maximal firing modulation (difference in activity
during 50ms relative to that at the stimulus onset; Materials and
Methods) was measured during the initial and the last three ISIs.
Figure 3D summarizes the data from individual neurons, with
different colors indicating the different types of neurons. By defi-
nition, Switch-type neurons (red dots) showed facilitatory
responses to the early stimuli and suppressive responses to the
late stimuli. Reactive-type neurons (green) consistently exhibited
facilitatory responses, but their magnitude was significantly
greater for the early than the late stimuli in the sequence (Fig.
3D, green histogram; two-tailed paired t test, t(41) = 2.47,
p, 0.05). In contrast, Predictive-type neurons (Fig. 3D, blue)
always showed suppressive responses that were greater in magni-
tude for the late than early stimuli in the sequence (t(35) = 4.54,
p, 10�4).

In previous studies in our laboratory, neuronal modulation
for each repetitive stimulus was proportional to the ISI in both
the deep cerebellar nuclei (Ohmae et al., 2013) and the striatum
(Kameda et al., 2019). We next examined the activities of three
types of thalamic neurons for different ISIs. Figure 4A compares
the time courses of normalized population activity for different
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ISIs during the early (dashed lines) and late (solid lines) phases
of the trial, which are aligned with the first stimulus and the
stimulus omission, respectively. As seen previously (Fig. 3D),
Reactive-type neurons exhibited greater activity for the early
than late stimuli in the sequence, while Predictive-type neurons
showed an opposite trend. Predictive-type neurons displayed
greater firing modulation for longer ISIs during the late phase of
the trial and showed a slight change in the timing of peak activity
for different ISIs. Switch-type neurons showed periodic activity
throughout the trial, and the time courses of activity during the
early and late phases of the trial resembled those of Reactive-type

and Predictive-type neurons, respectively. Switch-type neurons
also exhibited an advancement of peak timing in each trial,
while the amount of shift was only slight for shorter ISIs.
Consequently, the timing of peak activity for shorter ISIs was
delayed to the stimulus during the late part of the trial, while
the peak timing for longer ISIs was approximately aligned with
the stimulus onset.

Figure 4B plots the magnitudes of response to the first and
last three stimuli in the sequence for different ISIs. For Reactive-
type neurons, the response to early stimuli (Fig. 4B, open circles
connected with dashed lines) was consistently greater than that
to late stimuli (Fig. 4B, filled circles), likely because of sensory ad-
aptation. Although the firing modulation for the first stimulus
was essentially the same across ISIs (Fig. 4A), the mean of the
responses to the initial three stimuli was small for shorter ISIs.
Predictive-type neurons showed greater firing modulation for
longer stimulus intervals, similar to neurons in the cerebellum.
Switch-type neurons reversed the direction of firing modulation
from early facilitatory to late suppressive responses for all but the
shortest (100ms) ISIs.

Figure 4C summarizes the timing of peak activity measured
from the mean spike density profiles (the first and last three ISIs;
Materials and Methods) for different ISIs. For both Reactive-type
and Switch-type neurons, the timing of peak activity for early
stimuli was;120ms across all but 100 ms ISIs (data points con-
nected with dashed lines). In contrast, for both Predictive-type
and Switch-type neurons, the timing of peak activity during the
late part of the trial (those connected with solid lines) gradually
advanced as the ISI increased, and the peak activity occurred at
the time of stimulus presentation for the ISI of 400 and 600ms.
Thus, Switch-type neurons seemed to reflect the Reactive-type
signals during the early phase of the trial and the Predictive-type
signals during the late phase of the trial across different ISI
conditions.

As seen in the time course of the population activity (Fig. 3C),
the reversal in the direction of firing modulation in the Switch-
type neurons occurred rather rapidly; the transition from facilita-
tory to suppressive responses occurred during the fourth ISI in
the population of neurons. This was a sharp contrast from the
gradual changes in response gain in Reactive-type and
Predictive-type neurons (Fig. 3C). To examine the timing of
phase transition during the trial, Figure 4D plots the timing of
peak activity during each ISI for Switch-type neurons as a func-
tion of time from the first stimulus in the sequence. For this anal-
ysis, the peak activity was searched for during the interval
starting 100ms after the stimulus onset, considering the neuro-
nal response latency. The timing of peak activity suddenly
changed well before the occurrence of the earliest stimulus omis-
sion (3600ms for 600 ms ISI, 2100ms for 300 ms ISI, and
2000ms for the other ISIs; downward arrows).

Correlation with saccade latency
To explore the possible causal role of signals in the central thala-
mus, we next examined the relationship between neuronal activ-
ity at the time of stimulus omission and behavioral latency. For
this analysis, the data for each neuron were divided into six
groups according to saccade latencies (with equal trial number),
and the neuronal activity was compared among the groups.
Figure 5A plots the population activities for Switch-type neurons
in trials with ipsilateral (Fig. 5A, left) or contralateral (Fig. 5A,
right) saccade target. The data show that the neuronal activity
just before the stimulus omission tended to be greater in trials
with shorter saccade latencies, especially for the ipsilateral target
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(Fig. 5A). In the population of Switch-type neurons, the mean
firing rates during 100ms before the stimulus omission inversely
correlated with the mean saccade latencies in ipsiversive saccade
trials (Spearman’s rank correlation coefficient rs = �1.0,
p, 0.01), but not in contraversive saccade trials (rs = �0.20,
p=0.71). No significant correlation was found for the popula-
tions of both Reactive-type and Predictive-type neurons for any
saccade direction (rs range,�0.37 to 0.37; p. 0.05).

Correlation analysis was also performed for individual neu-
rons. For each neuron, we calculated the Spearman’s rank corre-
lation coefficient between neuronal activity (spike count during
100ms before stimulus omission) and saccade latency in each
trial. Figure 5B plots the cumulative distribution (top panel) and
the standard histograms of the correlation coefficients for each
type of neuron. Because the variation from trial to trial was large
and the number of trial repeats was limited, only a few individual
neurons showed a significant correlation (p, 0.05; Fig. 5B, black
bars). For Switch-type neurons (Fig. 5B, red trace, bottom histo-
gram), the values for ipsiversive saccades were negative in most
neurons (20 of 26 neurons, 77%) and were significantly ,0 in
the population (two-tailed t test: t(25) = �3.95, p, 0.001), while
the correlation coefficients for contraversive saccades did not dif-
fer from 0 (t(25) = �0.70, p=0.49). The values for the other types
of neurons also did not significantly differ from 0 for either

saccade direction in trials with a 400 ms ISI (Reactive-type: ipsi-
versive saccade, t(41) = �0.35, p=0.72; contraversive saccade,
t(41) = 0.86, p = 0.39; Predictive-type: ipsiversive saccade, t(35) =
�0.74, p=0.46; contraversive saccade, t(35) = 0.06, p = 0.95). The
correlation coefficients for Switch-type neurons differed from
those for the other types of neurons in trials with ipsiversive sac-
cades (one-way ANOVA, F(2,101) = 6.70, p, 0.01; multiple com-
parisons with Tukey’s method, p, 0.05) but not in trials with
contraversive saccades (F(2,101) = 0.64, p= 0.53). The correlation
coefficients of Switch-type neurons in trials with a 600 ms ISI
were also significantly,0 for both saccade directions (two-tailed
t test; ipsiversive: t(16) = �2.3, p, 0.05; contraversive: t(16) =
�4.2, p, 0.01), while those for the other types of neurons were
not. In trials with shorter ISIs (100–300ms), the correlation coef-
ficients did not differ from 0 in the population, except for
Reactive-type neurons in the condition of contralateral saccades
with a 300 ms ISI (two-tailed t test; t(9) = �2.8, p, 0.05).
Finally, when the data for all types of neurons were combined,
the correlation coefficients differed from 0 for both saccade
directions in the 600 ms ISI condition (p, 0.01), and for ipsi-
versive and contraversive saccades in the 400 and 300 ms ISI
conditions, respectively.

Alteration of neuronal activity in the absence of temporal
prediction
Our behavioral paradigm required motor preparation along with
the prediction of the next stimulus timing. To examine how these
task requirements affected neuronal activity, we devised two var-
iants of the behavioral task. First, we used the nontarget missing
oddball task (Fig. 6A) to eliminate both motor and prediction
components. In this task, the audiovisual stimulus was presented
repeatedly, as in the original task, but the saccade target never
appeared. The animals were only required to maintain fixation
throughout the trial to obtain a reward. Because the animals did
not need to respond to the stimulus omission, they had to neither
predict stimulus timing nor prepare for saccades. Our previous
study showed that neurons in the cerebellar dentate nucleus
reduced their firing modulation in this task (Ohmae et al., 2013).

Figure 6B compares the population activities between the
nontarget and randomly presented original tasks for the three
types of thalamic neurons. Qualitatively, Predictive-type and
Switch-type neurons reduced the magnitude of periodic firing
modulation, but Reactive-type neurons only exhibited a slight
change in baseline activity. When the magnitude of responses
during the three ISIs just before the stimulus omission were
compared between the conditions, Predictive-type and Switch-
type neurons significantly reduced the activity in the nontarget
trials (two-tailed paired t test; Predictive-type: t(27) = �4.75
p, 10�4; Switch-type: t(18) = �4.27, p, 10�3; Fig. 6C), while
Reactive-type neurons did not (t(29) = 0.17, p=0.87; data not
shown).

Second, to distinguish neuronal activities related to motor
preparation from those related to the prediction of stimulus tim-
ing, we introduced the explicit deviant task in which monkeys
generated a saccade but did not need to predict the next stimulus
timing (Fig. 7A). In this task, a green rather than a red fixation
point was presented, and one repetitive stimulus in the series was
replaced with a red square (2°) and a low-frequency tone
(677Hz, deviant oddball). To receive a reward, monkeys were
required to make an immediate saccade in response to the devi-
ant stimulus. In this case, the animals only needed to attend the
stimulus color during the preparation of a saccade.
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Compared with the activity during the original missing odd-
ball trials, both the representative and the population of Switch-
type neurons exhibited reduced activity in the explicit deviant
trials, especially during the late part of the trial (Fig. 7B,C).
Furthermore, the timing of peak activity was slightly delayed
from the stimulus onset throughout the deviant oddball trials
(Fig. 7B,C, red traces), while the timing of peak activity gradually
advanced during the original missing oddball trials (Fig. 7B,C,
blue). To quantify this, we searched for the peak in activity in the
means of spike density profiles for the first and the last three ISIs
(Fig. 4C). The timing of peak activity for the early stimuli was
comparable between the missing and deviant conditions (94 vs
86ms), but the timing for the late stimuli was delayed in the
deviant trials (0 and 54ms for the missing and deviant condi-
tions, respectively). These results indicated that the advanced ac-
tivity before stimulus presentation in Switch-type neurons (Fig.
4B,C) reflected the prediction of the next stimulus timing.
Because only seven neurons were tested, the neuronal activity
just before (100ms) and shortly after (50–200ms) the oddball
did not differ significantly between the two stimulus conditions
(two-tailed paired t test; t(6) = �1.5, p= 0.18, and t(6) = �0.43, p
= 0.68, respectively), although the activity tended to be greater
for the missing than for the deviant conditions (Fig. 7C).

To examine whether thalamic neurons carried the prediction
error signals, we next compared the firing rate just after the stim-
ulus omission with that after the previous stimulus. The activity
following the stimulus omission (50–200ms) was greater than

that after the regular stimulus in Predictive-type and Switch-type
neurons (two-tailed paired t test; Predictive type: t(35) = �5.6,
p, 0.01; Switch type: t(25) = �6.3, p, 0.01), but was not in
Reactive-type neurons (t(41) = 1.5, p= 0.14). Furthermore, when
comparing the responses to stimulus omission between the non-
target trials and the omission detection trials, Predictive-type
and Switch-type neurons showed greater activity in the omission
detection task (two-tailed paired t test; Predictive type: t(27) =
�2.3, p, 0.05; Switch type: t(18) = �2.2, p, 0.05), while the
Reactive-type neurons did not show a significant difference
(two-tailed paired t test; t(29) = 0.54, p=0.59). Thus, for both
Predictive-type and Switch-type neurons, the activity just after
the stimulus omission was greater when the animals were
required to actively detect stimulus omission. Although the dif-
ference in activity was largely attributed to the lack of suppressive
response to each repetitive stimulus, these results indicated that
some thalamic neurons might represent prediction error for the
absence of regular stimulus.

Discussion
The present study revealed a part of the neural mechanism of
temporal prediction in the primate central thalamus. We found
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that thalamic neurons exhibited periodic activity when the ani-
mals attempted to detect a single omission of isochronous repeti-
tive stimuli. Individual neurons responded differently to the
stimulus at the beginning and end of the sequence and were clas-
sified into three groups according to the direction of firing mod-
ulation for each stimulus. The thalamus appears to modify and
transmit signals, rather than simply relaying a faithful copy of
subcortical signals to the cerebral cortex.

Properties and generating mechanism of neuronal signals in
the central thalamus
Reactive-type neurons exhibited a transient activity for each
stimulus, which was gradually attenuated as the repetition pro-
gressed (Figs. 2A, 3C). The decrement of sensory gain for
repeated stimulus exposure resembled sensory adaptation, which
is a ubiquitous finding in the sensory system (Dean et al., 2008;
Netser et al., 2011). Since the central thalamus receives inputs
from the cortical and subcortical visual areas including the poste-
rior parietal cortex (Taktakishvili et al., 2002) and the superior
colliculus (SC; Benevento and Fallon, 1975), Reactive-type neu-
rons might reflect the properties of these sensory neurons.
Previous studies have shown that the amount of sensory adapta-
tion in visual responsive neurons in the frontal eye field and the
SC is proportional to the ISI (Mayo and Sommer, 2008), provid-
ing a possible neural code for time perception (Mayo and
Sommer, 2013). However, in our experimental condition, the fir-
ing modulation of Reactive-type neurons at the time of stimulus
omission was only small or even absent, and, by definition, they
showed reactive rather than predictive responses (Figs. 3C, 4B).
Therefore, the Reactive-type signal is unlikely to be useful in pre-
dicting stimulus timing and detecting unexpected stimulus omis-
sion in our experimental paradigm.

Conversely, Predictive-type neurons gradually increased the
magnitude of periodic firing modulation, that is, in the direction
opposite to sensory adaptation (Figs. 2B, 3C). The time course of
Predictive-type neuronal activity was similar to that reported
previously in the cerebellar dentate nucleus (Ohmae et al.,
2013), suggesting that Predictive-type signals might come from
the cerebellum. Indeed, the neuronal modulation in both struc-
tures was proportional to the ISI (Fig. 4B), and the activity
greatly decreased as the animals passively viewed the repetitive
stimulus in the nontarget condition (Fig. 6C; Ohmae et al.,
2013).

We also found a novel type of neuron in the central thala-
mus. Switch-type neurons exhibited a transient response to
each of the initial few stimuli in the sequence, but, after several
cycles, the direction of firing modulation reversed, and the ac-
tivity decreased for each repetitive stimulus (Figs. 2C, 3C). The
changes in the timing of peak activity occurred rather abruptly
and preceded the earliest stimulus omission in trials with all but
100 ms ISIs (Fig. 4D). Switch-type neurons decreased the firing
modulation in trials without a saccade target, where neither
temporal prediction nor saccade preparation were necessary
(Fig. 6C). Furthermore, the activity predicting the stimulus
onset was also reduced in the explicit deviant condition that
required saccade generation without a need for temporal pre-
diction (Fig. 7). These results suggest that the Switch-type activ-
ity before stimulus presentation might reflect the temporal
prediction of sensory events rather than the preparation of sac-
cades. Thus, individual Switch-type neurons appeared to repre-
sent the transition from a reactive to a predictive code for
stimulus timing. Because only Switch-type neurons showed a
significant correlation with saccade latency (Fig. 5B), this class

of neurons might carry more advanced signals in the system
that detects stimulus omission.

Based on the time courses of neuronal activity, we speculated
that the Switch-type signal could be generated by integrating the
other two types of signals. For example, the summation of a sine
wave of gradually decreasing amplitude and a cosine wave of
increasing amplitude can successfully reproduce a phase transi-
tion (Fig. 8A). To test this possibility, we attempted to generate a
Switch-type signal from the population activities of Reactive-type
and Predictive-type neurons. When considering neuronal activ-
ity during the initial five and the last three ISIs, a linear summa-
tion of the Reactive-type and the Predictive-type signals with
optimal weights (least squares) could explain 58% variation of
the Switch-type signal (Fig. 8C).

Several features of the Switch-type signal also supported the
hypothesis of integration. Similar to Reactive-type neurons, the
transient response to the initial few stimuli in the sequence
increased as a function of the ISI (Fig. 4B), while the timing of
the peak remained unchanged (Fig. 4C). Conversely, both
Switch-type and Predictive-type neurons showed suppressive
responses to the later stimuli in the sequence, and the magnitude
of modulation for each stimulus was also proportional to ISI
(Fig. 4B). In both populations, the timing of peak activity after
many cycles gradually advanced as the ISI lengthened, and was
aligned with stimulus onset for the 400 and 600 ms ISIs (Fig.
4C). Furthermore, both Switch-type and Predictive-type neurons
attenuated the periodic response in the nontarget trials (Fig. 6C).
In the present study, we were unable to determine the site of
integration of the two different signals, but because our previous
exploration in the cerebellum and the striatum failed to find the
Switch-type signals, this integration might occur within the tha-
lamocortical network (Fig. 8B).
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One might argue that our classification of neurons was arbi-
trary, and that the three types of neurons could be a continuum.
Although Predictive-type neurons appear to be distinct from the
other types of neurons, the difference between Switch-type and
Reactive-type neurons might depend on the number of Predictive-
type signals to be integrated. For example, the attenuated response
in Reactive-type neurons could be generated by integrating the
Predictive-type signals that gradually increased the magnitude of
suppressive response. In relation to this, a recent study has demon-
strated that the balance of excitatory and inhibitory signals in mu-
tual inhibitory circuitry can explain many features of temporal
prediction for rhythmic events (Egger et al., 2020). The three types
of neurons in the thalamus might reflect such interactions.

Possible roles of signals in the central thalamus for temporal
prediction
The central thalamus mutually connects with cortical areas rele-
vant to temporal information processing, such as the dorsome-
dial frontal cortex (Merchant et al., 2011), the dorsolateral
prefrontal cortex (Oshio et al., 2006), and the posterior parietal
cortex (Schneider and Ghose, 2012; Jazayeri and Shadlen, 2015).
Both Predictive-type and Switch-type neurons in the thalamus
may provide internal prediction signals of stimulus timing to
these cortical areas. These signals might be integrated with sen-
sory signals in the cortical network to generate the prediction
error signals for stimulus absence, which may directly trigger
movements during the missing oddball task. The signals from
the thalamus may also contribute to regulating the time course
of prediction signals in the cortex (Egger et al., 2019) or in the
striatum through the direct projections through the CL nucleus
(Ichinohe et al., 2000; Hoshi et al., 2005).

In our experimental paradigm, the monkeys needed to learn
the stimulus tempo in every trial because the ISI varied from trial
to trial. During the initial phase of each trial, the animals would
detect the stimulus just after its onset, but after several cycles,
they became possible to accurately predict the next stimulus tim-
ing. Thus, the internal representation of stimulus timing may ex-
hibit a phase transition, as seen in the time course of Switch-type
neuronal activity. The transition from reactive to predictive code
for stimulus timing resembles a gradual change in reaction time
when attempting to perform synchronized movements with a
regular rhythm (Takeya et al., 2017; Gámez et al., 2018). Like the
present perceptual task, a similar Switch-type signal could also
be observed during tasks requiring synchronized movements.

The present results suggest that the central thalamus may
play a role in integrating signals derived from multiple sources.
Predictive-type neurons likely transmit signals from the cerebel-
lum, while Switch-type neurons showed properties of both the
sensory and temporal prediction signals. It has been proposed
that the thalamus not only relays a copy of signals but also
actively integrates information from multiple areas. For example,
in the sensory system, the thalamus is known to integrate the
ascending subcortical sensory information with the descending
driver signal originating from the cortex to perform supralinear
summation (Groh et al., 2014; Sherman, 2016). In the motor sys-
tem, the thalamus receives inputs from the motor cortical areas
along with the subcortical signals arising from the cerebellum
and the basal ganglia, possibly playing a role in boosting motor
commands (Kakei et al., 2001; Kunimatsu and Tanaka, 2010;
Bosch-Bouju et al., 2013). Furthermore, a recent study in rodents
has shown that the maintenance of preparatory activity in the
motor thalamus requires direct inputs from the premotor cortex
(Guo et al., 2017). Although these previous findings prompted us

to infer that Switch-type signals may be generated within the tha-
lamocortical network, it is also possible that these signals are gen-
erated in subcortical structures that have never been explored
during the present task. These signals may be discovered in
future recording studies in the cerebral cortex.
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