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Implications of Lateral Cerebellum in Proactive Control of
Saccades
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Although several lines of evidence establish the involvement of the medial and vestibular parts of the cerebellum in the adaptive control
of eye movements, the role of the lateral hemisphere of the cerebellum in eye movements remains unclear. Ascending projections from
the lateral cerebellum to the frontal and parietal association cortices via the thalamus are consistent with a role of these pathways in
higher-order oculomotor control. In support of this, previous functional imaging studies and recent analyses in subjects with cerebellar
lesions have indicated a role for the lateral cerebellum in volitional eye movements such as anti-saccades. To elucidate the underlying
mechanisms, we recorded from single neurons in the dentate nucleus of the cerebellum in monkeys performing anti-saccade/pro-saccade
tasks. We found that neurons in the posterior part of the dentate nucleus showed higher firing rates during the preparation of antisaccades compared with pro-saccades. When the animals made erroneous saccades to the visual stimuli in the anti-saccade trials, the
firing rate during the preparatory period decreased. Furthermore, local inactivation of the recording sites with muscimol moderately
increased the proportion of error trials, while successful anti-saccades were more variable and often had shorter latency during inactivation. Thus, our results show that neuronal activity in the cerebellar dentate nucleus causally regulates anti-saccade performance.
Neuronal signals from the lateral cerebellum to the frontal cortex might modulate the proactive control signals in the corticobasal ganglia
circuitry that inhibit early reactive responses and possibly optimize the speed and accuracy of anti-saccades.
Key words: anti-saccade; cerebellum; dentate nucleus; inactivation; primate; single neurons

Significance Statement
Although the lateral cerebellum is interconnected with the cortical eye fields via the thalamus and the pons, its role in eye
movements remains unclear. We found that neurons in the caudal part of the lateral (dentate) nucleus of the cerebellum showed
the increased firing rate during the preparation of anti-saccades. Inactivation of the recording sites modestly elevated the rate of
erroneous saccades to the visual stimuli in the anti-saccade trials, while successful anti-saccades during inactivation tended to
have a shorter latency. Our data indicate that neuronal signals in the lateral cerebellum may proactively regulate anti-saccade
generation through the pathways to the frontal cortex, and may inhibit early reactive responses and regulate the accuracy of
anti-saccades.

Introduction
The roles of the cerebellum in movement control have been extensively examined in oculomotor systems. In particular, many
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previous studies show that the floccular complex and the vermal
lobules (V–VII and IX–X) of the cerebellar cortex regulate signals
in the brainstem, playing an essential role in the adaptive control
of eye movements (for review, see Nagao, 2004; Shadmehr and
Krakauer, 2008; Lisberger, 2009; Iwamoto and Kaku, 2010;
Kheradmand and Zee, 2011). However, how the lateral hemisphere of the cerebellar cortex is involved in eye movements remains largely unknown. Anatomically, the lateral (dentate)
nucleus of the cerebellum receives signals from the hemispheres
of the cerebellar cortex, and in turn sends outputs to the medial
and lateral prefrontal cortex, the frontal eye field (FEF), and the
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bellar dentate nucleus exhibited increased
firing rate during anti-saccades compared
with pro-saccades. Moreover, local pharmacological inactivation of these neurons
moderately disrupted anti-saccade performance while pro-saccade performance
remained unchanged. These results suggest that the lateral cerebellum may play a
role in modulating the proactive, but not
reactive, control signals for saccades that
might be further processed in the corticobasal ganglia circuitry. Part of the present
results have been reported in abstract
form (Kunimatsu et al., 2014).

Materials and Methods
Animal preparation. Experiments were conducted in three Japanese monkeys (Macaca fuscata; weight range, 7– 8 kg; two females and one
male). All experimental protocols were approved by the Hokkaido University Animal
Care and Use Committee. The details of surgiFigure 1. Behavioral tasks and locations of task-related neurons. A, Trial type was indicated by the color of the FP. A white target cal procedures for implanting head holders,
spot appeared 16° eccentrically at the time of the FP offset. Animals were required to make a saccade toward (pro-saccade) or away eye coil, and recording cylinder were described
from (anti-saccade) the target within 350 or 400 ms. B, Recording sites reconstructed from histological sections in monkey G. previously (Tanaka, 2005; Kunimatsu and
Drawings of horizontal sections are arranged from the most dorsal to ventral portions of the dentate nucleus. The electrode Tanaka, 2010). All surgeries were performed
penetrations were perpendicular to the drawings. Size of symbols indicates the number of task-related neurons recorded from each using sterile procedures under general isoflusite. Blue diamonds indicate inactivation sites.
rane anesthesia. Analgesic agents were administered during each surgery and during the
following few days.
lateral intraparietal area via the thalamus (Lynch et al., 1994;
Visual stimuli and behavioral tasks. During training and experimental
Strick et al., 2009; Prevosto et al., 2010). In addition, previous
sessions, monkeys were seated quietly in a primate chair placed in a
studies showed that electrical stimulation applied to the lateral
darkened booth. Visual stimuli were presented on a 24 inch cathode-ray
cerebellum elicited both saccadic and smooth eye movements
tube monitor (refresh rate, 60 Hz) that was located 38 cm away from their
(Ron and Robinson, 1973), and that neurons in the Crus I and II
eyes and subtended 64 ⫻ 44° of visual angle. Our monkeys performed
of the cerebellar hemisphere (Mano et al., 1991) displayed a burst
two tasks called the pro-saccade and anti-saccade tasks (Fig. 1). During
of activity during saccades. More recently, Ashmore and Sommer
the pro-saccade task, the monkey made a saccade to a visible target.
(2013) showed that neurons in the dentate nucleus exhibited
During the anti-saccade task, the monkey made a saccade to a location
preparatory activity ⬃600 ms before self-initiated saccades, indithat was the same distance as the visible target but in the opposite direction. In both tasks, the fixation point (FP; 0.5° square spot) was initially
cating a role for the lateral cerebellum in oculomotor decisiongray for 800 ms, and the animals were required to maintain eye position
making (for review, see Raghavan et al., 2016).
within 2° of the FP. Then, the color of the FP was changed to red or green
These previous observations indicate that the cerebellar hemifor 800 ms to inform monkeys of the trial type (the “instruction period”).
sphere
is
involIn some experiments, the instruction period was either 2300 ms or a
ved in higher-order oculomotor control. Consistent with this,
random 1300 ⫾ 1000 ms to promote erroneous saccades (see below).
subjects with focal cerebellar lesions or degeneration showed defMonkeys were required to make pro-saccades in trials with a red FP,
icits in visual search (Machner et al., 2005), response inhibition
while they made anti-saccades in trials with a green FP. In both tasks, the
(Hübner et al., 2007), and the generation of sequential saccades
FP was extinguished at the end of the instruction period, and the target
(King et al., 2011; Filippopulos et al., 2013). Furthermore, recent
was presented 16° to the left or right of the FP. In the anti-saccade task,
studies in cerebellar patients have suggested a role for the cerethe target was relocated to the opposite side after 350 or 400 ms of its
bellum in anti-saccades (Hübner et al., 2007; Fielding et al., 2010;
initial appearance. The animals were required to move their eyes to the
Peterburs et al., 2015). In contrast to innate, reactive saccade to
“window” that surrounded the saccade goal within 350 or 400 ms followthe target, anti-saccade requires proactive control—the neural
ing the FP offset. The size of the window was 6° for anti-saccades and 3°
for pro-saccades. Correct performance was reinforced with a reward of a
process to suppress inappropriate response and to maintain bedrop of liquid at the end of each trial.
havioral goals in anticipation of future events (Munoz and EverRecording and inactivation procedures. To record from single neurons,
ling, 2004; Braver, 2012). In support of the findings in patients,
a
glass-coated
tungsten electrode (Alpha Omega Engineering) was lowfunctional imaging studies in healthy individuals have repeatedly
ered
into
the
dentate
nucleus of the cerebellum through a 23 gauge guide
detected enhanced activity in the lateral cerebellum, in addition
tube using a micromanipulator (MO-97S; Narishige). The location of
to the basal ganglia and the cortical eye fields, during antielectrode penetration was adjusted using a grid system (Crist Instrusaccades (Luna et al., 2001; Tu et al., 2006). Furthermore, some
ments), and the guide tube was advanced ⬍2 mm below the surface of the
cerebellar Purkinje cells in the Crus I and II of nonhuman pricerebellar tentorium. We amplified and filtered (0.3–10 kHz; Model
mates were reported to exhibit firing modulation before and after
1800; A-M Systems) signals obtained from the electrodes, and listened to
anti-saccades (Avila et al., 2013).
them on an audio speaker. Waveforms of action potentials from a single
These previous observations prompted us to explore neuronal
neuron were isolated using a real-time spike sorter with templatesignals in the lateral cerebellum in monkeys performing antimatching algorithms (ASD; Alpha Omega Engineering). We searched for
task-related neurons when monkeys performed a block of randomized
saccades. We found that neurons in the caudal part of the cere-
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anti-saccade/pro-saccade trials with an instruction period of 800 ms. For
many neurons, the instruction period was prolonged during recording
sessions so that the animals made more erroneous saccades in the antisaccade trials. During recording sessions, we initially selected neurons
with saccade-related firing rate changes by monitoring sounds from the
audio device, and then attempted to isolate single neurons. Thus, because
neurons were preselected on-line, we were unable to report the exact
proportion of saccade-related neurons among all recorded neurons in
the dentate nuclei. Typically, only three to five neurons in each penetration exhibited clear saccade-related firing modulation.
For the inactivation experiments, we manufactured an injectrode consisting of an epoxy-coated tungsten microelectrode (FHC Inc.) and a 50
cm silica tube (inner diameter, 40 m; Polymicro Technology). The silica
tube was connected to a 10 l Hamilton microsyringe that was set to a
micropump (NanoJet; Chemyx) for the remote drug infusion. We inserted the injectrode through the guide tube and recorded single or
multiunit activity. Then a small amount of GABAA agonist (muscimol; 5
g/l dissolved in saline) was pressure injected using the micropump
around the sites where the task-related neurons were previously recorded
(1 l in volume for two sites along the penetration, ⬎500 m apart).
Previous studies estimated that the spread of 1 l muscimol in the brain
tissue was ⬃1.0 to 2.0 mm in radius (Partsalis et al., 1995; Arikan et al.,
2002; Goodkin and Thach, 2003). The inactivation effects were assessed
by comparing eye movements before and 15–90 min after muscimol
infusion. We also injected saline as a control in separate experiments to
ensure that the effect was not caused by a volume effect.
Histological procedures. Recording sites in monkey G were reconstructed from the histological sections. At the end of the experiments,
several electrolytic lesions were made at or near the sites where the taskrelated neurons were recorded. Lesions were made by passing a direct
current through the recording electrodes (10 –20 A, tip negative) for
30 – 40 s. The animal was then deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and perfused with 0.1 M phosphate buffer followed by 3.5% formalin. The brain was cut into transverse sections at
50 m thicknesses using a freezing microtome, and each section was
stained with cresyl violet. We reconstructed the location of each taskrelated neuron according to the depth and the coordinates of electrode
penetrations, and the relative locations of the marking lesions.
Data acquisition and analyses. We measured the neuronal activity during the following three time periods: (1) the 300 ms interval immediately
before the instruction (baseline period); (2) the 400 ms interval starting
from 300 ms before target onset (instruction period); and (3) the 100 ms
interval before saccade initiation (saccade period). We defined neurons
as task related when they showed different firing rates among the three
measuring intervals according to one-way ANOVA, and when post hoc
multiple comparisons (Scheffé’s method) detected a significant difference in activity during the baseline or other periods in either task
( p ⬍ 0.05). The time course of neuronal activity for each condition was
qualitatively examined by constructing the spike density function using a
Gaussian kernel ( ⫽ 15 ms).
For the inactivation experiment, we computed the rate of error trials
before and after muscimol injection for each condition. The error rates
were computed only for trials in which monkeys maintained fixation
until the FP disappeared, and the rate of error trials was evaluated before
and during inactivation ( 2 test). Saccade latency was defined as the time
from target onset to the time of saccade initiation. Saccade accuracy was
quantified by measuring the distance between the saccade endpoint
and the location of the visual stimulus. For the analyses of saccade latency
and accuracy, we included data from error trials in which saccades landed
within 8° of the correct locations.
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spectively, for monkeys G, B, and X). More than half neurons
(53%, 28 of 53) were located within the ventral 60% of the dentate nucleus in each electrode penetration, while this proportion
differed among animals (57%, 46%, and 50% for monkeys G, B,
and X, respectively). Since we did not find a clear difference in
neuronal activity between the ventral and dorsal groups, the data
were combined for the analyses.

Results

Comparison of task-related activity between paradigms
Figure 2A shows a representative neuron exhibiting a greater activity for anti-saccades than pro-saccades. To quantify the modulation of the preparatory activity for individual neurons, we
measured the firing rates during a 400 ms interval starting from
300 ms before the FP offset (Fig. 2A, black bar). Because the
saccade target appeared at the time of the FP offset, no directional
information was available for monkeys during the instruction
period. We therefore combined the data for trials in both directions. Among 53 neurons, 40 neurons (75%) exhibited different
firing rates in the baseline and the instructional periods ( p ⬍
0.05, multiple comparisons with Scheffé’s method). Of these, 31
neurons (58%) displayed significantly different firing rates
during the instructional period (preparatory activity) for prosaccades and anti-saccades (Wilcoxon rank-sum test, p ⬍ 0.05;
Fig. 2B, filled circles). For the population as a whole, the preparatory activity during anti-saccade trials was significantly greater
than that during the pro-saccade trials (paired t test, p ⬍ 0.001).
The time courses of the population activity plotted in Figure 2C
show that the task-dependent firing modulation emerged ⬃400
ms following the instruction and was evident at the time of target
onset. Some neurons showed a significant correlation between
the average firing rate during the preparatory period and saccade
latencies (n ⫽ 10, 14, 11, and 10, of 53 neurons for ipsiversive
pro-saccades, anti-saccades, contraversive pro-saccades, antisaccades, respectively; p ⬍ 0.05); however, the regression slopes
derived from individual neurons in any condition did not differ
from zero in the population (one-sample t test, p ⬎ 0.3).
To compare neural activity just before saccade initiation between the tasks, the firing rates were also measured during a 100
ms interval before saccades (Fig. 2E, black bar). Figure 2D plots
the firing rates for anti-saccades as a function of those for prosaccades in ipsilateral (circle) and contralateral (triangle) directions. Among 53 neurons, 20 (38%) neurons displayed different
firing rates between tasks for ipsiversive saccades, while 23 neurons (43%) displayed different firing for contraversive saccades
(Wilcoxon rank-sum test, p ⬍ 0.05; Fig. 2D, filled symbols). The
population activity was statistically different during anti-saccades
compared with during pro-saccades in both directions (paired t
test, p ⬍ 0.001). The time courses of population activity (Fig. 2E)
also demonstrated that firing rates during anti-saccades were
higher than during pro-saccades. However, these neurons exhibited no directional bias in both paradigms (unpaired t test, p ⫽
0.61 and 0.48, respectively, for pro-saccade and anti-saccade).
Two-way ANOVA for the population of neurons detected a significant effect of saccade paradigm ( p ⬍ 0.05) but no directional
modulation ( p ⫽ 0.40) or interaction between them ( p ⫽ 0.85).
Thus, neurons in the dentate nucleus showed increased firing
rates during anti-saccades regardless of saccade direction.

In monkeys performing the anti-saccade/pro-saccade tasks, we
searched for neurons in the posterior part of the cerebellar dentate nucleus (Fig. 1B) that discharged before saccades. Among 64
dentate neurons examined formally, 53 exhibited a significant
firing modulation during either or both of the instruction and the
saccade periods (Materials and Methods; n ⫽ 25, 24, and 4, re-

Neuronal activity in error trials
Monkeys sometime made erroneous saccades to the visual stimuli in the anti-saccade task. To examine neuronal activity in these
error trials, we introduced the two saccade tasks with a longer
instruction period (2300 ms or random 1300 ⫾ 1000 ms) in two
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Figure2. Neuronalactivityinthedentatenucleusduringanti-saccade(Anti)/pro-saccade(Pro)tasks.A,Arepresentativeneuronshowingdifferentfiringrateduringthetasks.ColoroftheFPdifferedbetween
the tasks during the 800 ms period delimited by two vertical lines. The yellow symbol on each raster line indicates the time of saccade. B, Each data point compares the firing rate of individual neurons during
anti-saccadeswiththatduringpro-saccades.Neuronalactivitywasmeasuredfora400msintervalstartingfrom300msbeforetheFPoffset(blackbarsinAandC).Toexaminetheactivityduringtheinstruction
period,dataforsaccadesinbothdirectionswerecombined.Filledsymbolsindicatethedatashowingasignificantdifference(Wilcoxonranksumtest,p⬍0.05).C,Timecoursesofthepopulationactivityduring
the instruction period. The shaded areas indicate ⫾SEM. D, Activities around the time of saccades were compared between anti-saccade trials and pro-saccade trials. The firing rate was measured for a 100 ms
intervalbeforesaccades(blackbarinE).Circlesandtrianglesindicateipsiversive(Ipsi)andcontraversive(Contra)saccades,respectively.E,Timecoursesofthepopulationactivityalignedwithsaccadeinitiation.
Solid and dashed traces indicate the data for ipsiversive and contraversive saccades, respectively. The shaded areas indicate ⫾SEM of the data for ipsiversive saccades. div, Division.
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Effects of local inactivation
To explore the causal role of neuronal activity, the recording sites
were reversibly inactivated by injecting a small amount of muscimol (5 g/l; 1 l for two sites along the penetration) in three
monkeys. The drug was injected unilaterally in each experiment.
Figure 4A shows the traces of eye position before and during
inactivation. Although the monkey performed the tasks perfectly
before inactivation, it generated many erroneous saccades toward
the contralateral target in anti-saccade trials during inactivation
(36%;  2 test, p ⬍ 0.01). In error trials, the animal made a saccade
away from the target even before the target was relocated to the
correct anti-saccade goal (Fig. 4A, open triangle). Figure 4B summarizes the changes in error rate following muscimol injection.
Among 11 experiments, 7 exhibited significant changes in error
rate for anti-saccades (3 ipsiversive, 2 contraversive, 2 bidirectional deficits), but none showed a significant change for prosaccades. Injections of saline (2 l) into five effective sites failed to
alter error rates in either task (changes in error rate ranged from
⫺4.6 to 9.0%; mean ⫾ SD, 1.2 ⫾ 3.3%), indicating that the effects
of muscimol injection were not attributed to a volume effect.
Although inactivation of the cerebellum significantly altered
anti-saccade performance, the inactivation effect was smaller
than that observed previously during thalamic inactivation (twoway ANOVA, p ⬍ 0.001; Kunimatsu and Tanaka, 2010).
We also found that inactivation of the dentate nucleus altered
the reaction time and accuracy of anti-saccades. Figure 5A
compares the reaction time (top panels) and accuracy (bottom
panels) of successful trials before and during inactivation. Inactivation of the dentate nucleus shortened the latency (paired t
test, p ⫽ 0.03) and worsened the accuracy ( p ⫽ 0.04) of contraversive anti-saccades (Fig. 5A, top panels, red dots), while both
the latency and accuracy of ipsiversive anti-saccades as well as
those of pro-saccades (Fig. 5A, blue crosses) in both directions
remained unchanged. Furthermore, changes in the latency and
accuracy of contraversive but not ipsiversive anti-saccades correlated with each other (Fig. 5B; Pearson’s r ⫽ ⫺0.66 and 0.35,
respectively, for contraversive and ipsiversive saccades). Inactivation did not alter saccade velocity, acceleration, and duration, or
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Figure 4. Inactivation effects on the rate of error trials. A, Traces of eye position before and
during inactivation of the left dentate nucleus. Data are aligned with the target onset. Red
traces indicate error trials. The open triangles indicate the time of target relocation in the
anti-saccade (Anti) task. Note that the animal redirected her eyes to the goal immediately
following erroneous pro-saccades (Pro). B, Changes in error rate for all injection experiments.
Filled symbols indicate the data showing a significant difference ( 2 test, p ⬍ 0.01). Dashed
lines indicate the means of the data of the previous inactivation experiments performed in the
oculomotor thalamus (Kunimatsu and Tanaka, 2010). Ipsi, Ipsilateral; Contra, contralateral.

the coefficient of variation of latencies in any condition, except
for contraversive anti-saccade deceleration (paired t test, p ⫽
0.04; Table 1). These results suggest that inactivation of the dentate nucleus in our experiments did not alter neuronal activity in
the oculomotor-related regions in the interposed and the fastigial
nuclei that directly control saccade dynamics (Robinson and
Fuchs, 2001; Iwamoto and Kaku, 2010).

Discussion
In this study, we found that neurons in the cerebellar dentate
nucleus showed increased firing rate during the preparation of
anti-saccades. This activity was attenuated in error trials, while
the same neurons exhibited a transient activity around the time of
erroneous pro-saccades (Fig. 3). Furthermore, inactivation of the
recording sites increased the occurrence of erroneous prosaccades in the anti-saccade trials, and altered the latency and
accuracy of successful anti-saccades but not pro-saccades.
Thus, to the best of our knowledge, the present study provides
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-2.0
such as the supplementary eye field (SEF),
n = 11 sites
n = 11 sites
-3.0
-3.0
the anterior cingulate cortex, and differ-100 -50 0 50 100
-100 -50 0 50 100
ent aspects of the prefrontal cortex, need
to be elucidated in future studies.
Δ reaction time (ms)
Δ reaction time (ms)
During pharmacological inactivation
Figure 5. Inactivation effects on saccade parameters. A, Comparison of reaction time (top) and accuracy (bottom) before and of the recording sites, we found a reducduring inactivation. Left and right columns indicate contraversive (Contra) and ipsiversive (Ipsi) saccades, respectively. On each tion of anti-saccade latency (Fig. 5A). A
panel, red circles and blue crosses denote the data for anti-saccades (Anti) and pro-saccades (Pro), respectively. B, Correlation similar reduction of anti-saccade latency
between the changes in reaction time and accuracy. Numbers on each panel indicate Pearson’s correlation coefficient, and the was also reported during inactivation of
asterisk denotes the statistically significant correlation (Contra, Anti). Critical p values for correlation coefficient were 0.03 (Contra, the dorsolateral prefrontal cortex (Condy
Anti), 0.69 (Contra, Pro), 0.31 (Ipsi, Anti), and 0.57 (Ipsi, Pro). Regression line is shown only for a significant correlation.
et al., 2007) as well as in subjects with medial frontal lobe degeneration (Boxer et
al., 2006), suggesting a close functional linkage between the latTable 1. Changes in saccade parameters during inactivation
eral cerebellum and the frontal cortex. In behavioral tasks with
Pro-saccade
Anti-saccade
multiple processes such as anti-saccades, the brain often adopts
Ipsilateral
Contralateral Ipsilateral
Contralateral
proactive control strategies. In contrast to reactive control that is
⌬reaction time (ms)
19.1 ⫾ 34.2
5.2 ⫾ 34.2 ⫺2.0 ⫾ 35.8 ⫺19.6 ⫾ 26.1*
triggered externally, proactive control relies on internal decision in
⌬CV of reaction time ⫺0.01 ⫾ 0.04 ⫺0.01 ⫾ 0.06 ⫺0.01 ⫾ 0.04 ⫺0.02 ⫾ 0.04
anticipation of future events that require a variety of processes such
⌬Accuracy (°)
0.2 ⫾ 0.5
0.1 ⫾ 0.2
0.4 ⫾ 1.2
0.4 ⫾ 0.5*
as response selection, motor preparation, and the maintenance of
⌬Peak velocity (°/s) ⫺7.4 ⫾ 34.8 ⫺7.6 ⫾ 42.9 ⫺9.4 ⫾ 45.5 ⫺8.9 ⫾ 39.5
the behavioral goal (Braver, 2012). One such strategy is to globally
⌬Acceleration (°/s/s) ⫺6.8 ⫾ 21.0 ⫺0.3 ⫾ 26.5 ⫺10.4 ⫾ 30.2 ⫺11.1 ⫾ 32.2
suppress any reactive response to reduce inappropriate impulsive
⌬Deceleration (°/s/s) ⫺10.6 ⫾ 25.9 ⫺12.9 ⫾ 22.8 ⫺9.0 ⫾ 22.6 ⫺13.5 ⫾ 18.9*
⌬Duration (ms)
0.8 ⫾ 1.9
1.4 ⫾ 1.9
2.6 ⫾ 5.8
1.2 ⫾ 5.3
choice (Frank et al., 2007; Isoda and Hikosaka, 2008; Chen et al.,
2010). Recent studies have also suggested that proactive inhibition
Values are reported as the mean ⫾ SD. CV, Coefficient of variation.
has another component for specific movements (Abegg et al., 2012),
*p ⬍ 0.05, paired t test.
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Relation to the previous studies in the basal ganglia and
the thalamus
Figure 6A compares the time courses of neuronal activity around
the time of saccades among the cerebellum, the oculomotor thalamus, and the basal ganglia (globus pallidus) taken from previous
studies in our laboratory (Kunimatsu and Tanaka, 2010; Yoshida
and Tanaka, 2016). Neurons in all these areas exhibited greater
activity for anti-saccades than pro-saccades. Activity in the cerebellar dentate nucleus started earliest, peaked well before saccade
initiation, and declined abruptly during saccades. These results
were consistent with the notion that signals from the lateral cerebellum might regulate saccade planning through pathways to
the prefrontal cortex. For neurons previously recorded from the
ventrolateral, ventroanterior, and intralaminar nuclei of the thalamus, the data were divided according to the presence or absence
of the instruction period activity (Fig. 5C; Kunimatsu and
Tanaka, 2010, their Fig. 8A). Neurons without a significant instruction period activity displayed a brisk burst of activity that
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and that global and specific inhibition might be regulated by different basal ganglia pathways (for review, see Aron, 2011; Jahanshahi et
al., 2015; Yoshida and Tanaka, 2016). Because response inhibition
also requires an intact cerebellum (Brunamonti et al., 2014), the
increased error rate and reduced anti-saccade latency during
inactivation of the dentate nucleus might result from the impairment of proactive control.
We also found that the reduction of anti-saccade latency during inactivation often accompanied the increased variation of
anti-saccade endpoints (Fig. 5B). This was in contrast to a previous finding in the basal ganglia where inactivation of the globus
pallidus increased the directional error but did not alter the latency or accuracy of anti-saccades (Yoshida and Tanaka, 2009).
Optimizing the speed and accuracy of movements is another
strategy of deliberate motor control, and its neuronal correlates
in the cerebral cortex were recently investigated (Heitz and
Schall, 2012; Hanks et al., 2014). Because the cerebellum is essential for accurate movements, signals from the lateral cerebellum
to the frontal cortex might mediate the trade-off between latency
and accuracy of anti-saccades.
For deliberate control, error detection and behavioral adjustment compose a key functional element (Jocham and Ullsperger,
2009). The cerebello-thalamo-cortical pathways are thought to
play a role in error detection in the stop-signal reaction time task
(Ide and Li, 2011; Zhang and Li, 2012). For anti-saccades, recent
studies showed that error-related scalp potentials just after erroneous pro-saccades were significantly reduced in subjects with
focal cerebellar lesions (Peterburs et al., 2013) and that the magnitude of the cortical potentials correlated with the gray matter
volume of the lateral cerebellum in patients with cerebellar degeneration (Peterburs et al., 2015). In the present study, we found
a strong transient activity around the times of erroneous prosaccades, but a similar amount of activity was also found well
before correct anti-saccades (Fig. 3 D, E). The time courses of
neuronal activity indicated that the transient activity might be
related to the sudden appearance of saccade target rather than the
occurrence of erroneous saccades (Fig. 3D). Although these neuronal activities are likely to be reduced in patients with cerebellar
diseases, the difference in experimental conditions makes it difficult to further consider a possible relationship between neuronal activity and error-related potentials reported previously.
Exploring the cortical potentials in animals before and during
inactivation of the dentate nucleus would provide a critical test in
future studies.

50 spikes/s
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Figure 6. A, Comparison of the time courses of the population activity for neurons in the
dentate nucleus, oculomotor thalamus, and the globus pallidus externus (GPe). Data for antisaccades/pro-saccades are shown separately in different columns. On each column, the top
traces plot the population activity shown in Figure 2E. For neurons previously recorded from the
ventrolateral, ventroanterior, and intralaminar nuclei of the thalamus (Kunimatsu and Tanaka,
2010), the data are separately plotted for neurons with or without the instruction period activity. For neurons in the GPe (Yoshida and Tanaka, 2016), the data are shown for those exhibiting
the increased or decreased activity during saccades. For the cerebellum, solid and dashed traces
indicate the data for ipsiversive and contraversive saccades, respectively. For the other brain
regions, the data for contraversive saccades only are shown. B, A hypothetical diagram of neural
mechanism for the generation of anti-saccades. BG, Basal ganglia; Cb, cerebellum; SC, superior
colliculus.

peaked around the time of saccades, similarly to neurons in the
FEF (Everling and Munoz, 2000) and the SEF (Schlag-Rey et al.,
1997; Amador et al., 2004), suggesting a possible role in the generation of movement signals. In contrast, thalamic neurons with
a significant instruction period activity showed a similar time
course of activity to neurons in the cerebellum. Neurons in the
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basal ganglia also exhibited a strong preparatory activity but maximal firing modulation often followed saccade initiation (Ford
and Everling, 2009; Watanabe and Munoz, 2009; Yoshida and
Tanaka, 2009). These results suggest that preparatory activity in
the thalamus may reflect signals from the cerebellum or the basal
ganglia, while the saccade-related transient activity might reflect
inputs from the cerebral cortex or the brainstem (Goldberg et al.,
2013).
Figure 6B shows a hypothetical diagram of neural processing
for anti-saccades. In this diagram, the thalamus enhances motor
signals through the local circuitry with the frontal cortex. It has
been shown that the basal ganglia-recipient thalamic nuclei receive strong feedback from the cerebral cortex (Yamawaki and
Shepherd, 2015). In addition, the thalamus also relays signals
from the lateral cerebellum to the prefrontal cortex to modulate
the proactive signals. The basal ganglia may regulate the gain of
transmission in the thalamus and the superior colliculus through
their inhibitory projections. It is important to note that Figure 6B
is highly speculative. Nevertheless, the dual functional roles of the
oculomotor thalamus might account for the fact that inactivation
of the thalamus exhibited a severe anti-saccade deficit with both
increased error rate and deterioration of anti-saccade parameters
(Kunimatsu and Tanaka, 2010), while inactivation of the cerebellar nucleus caused a relatively mild anti-saccade deficit (Fig. 4).
This diagram might also fit data showing that inactivation of
the globus pallidus increased erroneous pro-saccades but did
not alter the latency or accuracy of anti-saccades (Yoshida and
Tanaka, 2009). Signals arising from the lateral cerebellum might
regulate the preparatory signals for anti-saccades that have been
reported in the lateral prefrontal cortex (Johnston and Everling,
2006) and/or the SEF (Amador et al., 2004). To verify these hypotheses, the time courses of neuronal activity in different areas
in the frontal cortices, thalamus and basal ganglia need to be
explored. Furthermore, either the on-line electrophysiological
testing of connections of the task-related neurons in the network,
or the pathway-specific manipulation of incoming signals during
single neuronal recordings using pharmacological, optogenetic,
or cryogenic inactivation techniques in future studies would
greatly help us to understand these processes.
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