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Highlights

« Macaque monkeys were trained to report the passage of 1 s following a visual cue by
making a self-timed saccade.

* A selective noradrenaline reuptake inhibitor (reboxetine) delayed self-timed but not
visually-triggered saccades.

* Reboxetine did not alter the proportion of impulsive, immediate saccades to the cue.

« Other parameters remained unchanged except for the accuracy of visually-triggered
saccades in the high dose condition.

Abstract

We recently found that when monkeys performed an oculomotor version of the time
production task, the trial-by-trial latency of self-timed saccades was negatively
correlated with pupil diameter just before the delay period (Suzuki et al., 2016). Since
pupil diameter has been shown to correlate with neuronal activity in the locus coeruleus,
the level of noradrenaline (NA) in the brain might regulate the subjective passage of
time. To examine this, we orally administered a selective noradrenaline reuptake
inhibitor (reboxetine, 0.4-0.8 mg) when animals made a self-initiated memory-guided
saccade > 1 s following the appearance of a brief visual cue. We found that reboxetine
delayed self-timed saccades, while the latency of visually-triggered saccades remained
unchanged. Because the changes in proportions and latencies of early impulsive
saccades were comparable between conditions with and without drug administration,
alteration of self-timing might not result from reduced impulsivity. We also assessed
other behavioral parameters (saccade accuracy, velocity, and latency variance), but
failed to find any drug effect except for the accuracy of visually-triggered saccades in
the high dose condition, indicating that reboxetine specifically altered self-timing under
our experimental conditions. Our results suggest that NA-related internal states may
causally regulate temporal information processing in the brain.
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Introduction
Time flies quickly when we are having fun but goes by slowly when we are bored.
Distortions of the sense of time have been demonstrated under a variety of experimental
conditions (Wittmann, 2009). However, how internal states such as attention, arousal
and affective state alter our time experience remains elusive. Since temporal
information processing relies on many different networks in the brain (Ivry and Schlerf,
2008; Merchant et al., 2013), a slight change in neuronal transmission throughout the
brain may have a substantial impact on the subjective passage of time. Neuromodulators
may play a key role because they are closely related to internal states and modulate the
functional links between global brain circuits (Corbetta et al., 2008; Brezina, 2010; Sara
and Bouret, 2012; Marder, 2014). For example, transient depletion of dopamine has
been reported to reduce functional connectivity in the cortico-striatal pathways during
set shifting in humans (Nagano-Saito et al., 2008), while serotonergic stimulation causes
a widespread decrease in resting state connectivity between many cortical and
subcortical areas except for the thalamus and the cerebellum (Schaefer et al., 2014;
Klaassens et al., 2017). Furthermore, recent functional imaging studies demonstrated
that systemic application of selective noradrenaline (NA) reuptake inhibitors led to a
global reorganization of functional connectivity in multiple cortical and subcortical
networks (van Wingen et al., 2014; Metzger et al., 2016; Guedj et al., 2016; van den
Brink et al., 2016) that was associated with improved behavioral performance (Grefkes
etal., 2010; Rae et al., 2017).

One way to probe the internal state is to measure pupil diameter (Laeng et al.,
2012; Sirois and Brisson, 2014). Previous studies have shown that pupil diameter is
strongly correlated with the level of NA signaling in the brain (Aston-Jones and Cohen,
2005; Murphy et al., 2014; Varazaani et al., 2015; Joshi et al., 2016). We recently found
in monkeys that the report of elapsed time in a time production task could be predicted
by pupil diameter early in the trial (Suzuki et al., 2016), suggesting that the level of
endogenous NA might influence the subjective passage of time.

NA is closely related to a variety of cognitive processes including arousal,
attention and mood (Chamberlain et al., 2006, Sara and Bouret, 2012). To date, only a
few studies suggested a role for NA in temporal information processing (Rammsayer et

al. 2010, Penney et al., 1996). However, its diverse functions regulating internal factors



led us to reason that NA may be involved in the neuronal processes that link internal
states and temporal information processing. In the current study, to elucidate the roles of
NA in temporal information processing, we trained monkeys to report the passage of 1 s,
and assessed the effects of systemic administration of reboxetine, a selective NA
reuptake inhibitor.

Experimental procedures

Animal preparation and surgical procedures

Three adult Japanese monkeys (Macaca fuscata, two males and one female, 6-8 kg, 6—
13 years old, monkeys B, D and F) were used. All experimental protocols were
evaluated and approved in advance by the Hokkaido University Animal Care and Use
Committee. In two separate surgeries, each animal was implanted with a head holder
and an eye coil under general isoflurane anesthesia using sterile techniques (Tanaka,
2005). Opiate and nonsteroidal analgesics were administered during the surgery and a
few days later. After the animals had fully recovered from the surgery, they were trained
on the oculomotor tasks. During the training and experimental sessions, monkeys sat in
a primate chair with their heads fixed to the chair in a darkened booth. Horizontal and
vertical eye position were recorded using the search coil technique (MEL-25, Enzanshi

Kogyo).

Visual stimuli and behavioral tasks

Experiments were controlled by a real-time data acquisition system (TEMPO,
Reflective Computing). Visual stimuli were presented on a 27-inch liquid crystal display
(XL2720Z, BenQ, refresh rate: 60-144 Hz) located 46 cm from the eyes (66 x 40° of
visual angle). In the self-timed saccade task (Fig. 1A), each trial began with the
appearance of a fixation point (FP, blue 0.7° square) located at the center of the screen.
Fixation was detected when eye position remained within 3° of the FP for 400 ms. After
an additional fixation period (800, 1050, or 1300 ms, randomly selected), a visual cue
(white 0.7° square) was presented 15° right or left of the FP for 100 ms. To obtain
reward, the animals were required to generate a memory-guided saccade to the cue
location after the mandatory delay interval (1000 ms) following the cue onset. Because

the FP disappeared only after the saccade, the animals needed to internally decide



saccade timing without any explicit Go signal. Saccades were detected online when eye
position deviated > 4-5° from the FP. Trials were aborted if monkeys did not maintain
fixation until the cue onset or failed to generate a saccade until 1700 ms following the
visual cue, although the latter trials were vanishingly rare (0.15%). Each correct trial
ended with a delivery of juice reward. Cue location remained unchanged throughout
each experimental session.

In 39 out of 43 experimental sessions, visually-guided saccade trials (Fig. 1B)
were randomly interleaved (20% of the trials). In this task, the FP differed in color (red
0.7° square) from the self-timed saccade task, and the animals were required to make an
immediate saccade (< 700 ms) to the target that appeared at the time of FP offset. We
used an unusually long time window for correct performance in order to include
possible delayed response following drug administration; however, visually-guided

saccades with latencies > 400 ms were rare (0.57%).

Drug administration

Approximately 1-1.5 h after the animals started to perform the task, a selective NA
reuptake inhibitor (reboxetine, Pfizer, 0.4 or 0.8 mg dissolved in 2 mL water with 0.1 g
sucrose) was administered orally. The dose was determined based on the therapeutic
dose for the treatment of depression (4 mg twice a day) and the previous functional
magnetic resonance imaging (fMRI) studies in humans (Grefkes et al., 2010; Metzger et
al., 2015). We compared the data between the pre-dose trials during a 30-min period
before drug administration and the post-dose trials during a 60-min period starting from
30 min after drug administration. In the non-drug control sessions, 0.1 g sucrose in 2
mL water only was administered. The order of drug conditions (control, 0.4 and 0.8 mg
reboxetine) was randomized except for monkey B. For this animal, most of the high
dose experiments were performed in earlier sessions while control experiments were
intermingled randomly throughout sessions. To avoid possible accumulating effects, we
never administered reboxetine on successive days. The experimenter was not blind to

the type of drug conditions.

Data acquisition and analysis
Eye position data were digitized at 16-bit resolution and sampled at 1 kHz along with

the event timestamps, and were saved in files during experiments for offline analyses



that were performed using MATLAB (Mathworks). Trials with goal non-directed
saccades (> 7° from cue/target location, 5.7%) were excluded from the analysis. In the
self-timed task, data with early impulsive saccades (< 600 ms from the cue onset) were
analyzed separately from the remaining trials (Fig. 2A, see Results; Suzuki et al., 2016).
In the visually-guided saccade task, trials with early anticipatory saccades (reaction time
< 70 ms, 0.06%) were excluded from further analysis. For within-session analysis, we
compared median saccade latency using a Wilcoxon rank sum test. For across-session
analysis, we used a paired t-test to compare the means of median latency, or a one-way
ANOVA to compare the difference in latency among conditions. We also computed the
effect size (Cohen’s d) defined as (ppost — upre)/Sqrt[((spost2 + Gprez)/z], where p and o
indicated the mean and standard deviation of saccade latency in each condition,

respectively.

Results
Figure 2A shows the distribution of saccade latency in a representative experiment. Two
distinct populations of latencies were observed for both the pre-dose (black lines) and
the post-dose data of 0.4 mg reboxetine (red). We defined the trials with short latencies
(< 600 ms) as "impulsive" trials and analyzed them separately. When we compared the
data from the remaining "self-timed" trials (Fig. 2B), saccade latency was clearly
delayed after administration of reboxetine (median [interquartile range] = 1060 [998,
1150] versus 1137 [1081, 1249] ms, n = 149 and 287 trials, Wilcoxon rank sum test, p <
10" Since impulsivity is linked with temporal information processing (Wittmann and
Paulus, 2008), changes in self-timing might be attributed to a decrease of impulsivity
following reboxetine application. However, we failed to find significant difference in
the occurrence of impulsive saccades before and after drug administration (5 test, p =
0.70) in this session. Although impulsive saccade latencies were prolonged following
drug application in this experiment (median [interquartile range] = 203 [193, 217]
versus 228 [211, 236] ms, n = 18 and 39 trials, Wilcoxon rank sum test, p < 0.01),
similar changes in impulsive saccade latencies were found even in the control sessions
with no reboxetine administration (see below).

These drug effects were consistent across sessions. Figure 3A plots the

distributions of self-timed saccade latencies during the post-dose period (relative to the



median of pre-dose data) for 43 sessions in three animals (black, blue and red lines
represent control, 0.4 mg and 0.8 mg reboxetine sessions, respectively). The distribution
of saccade latencies following reboxetine administration differed significantly from that
following only sucrose administration (control) in all six cases (two dose conditions for
three monkeys, Kolmogorov-Smirnov test, n = 374-2442 trials, p < 10 '). To quantify
the effects on self-timing, we compared the median latencies between the trials before
and after drug application in individual sessions (Fig. 3B). After reboxetine
administration, self-timed saccade latencies significantly altered in 18 out of 24
experiments, and in most cases (83%, 15/18) saccades were delayed (Wilcoxon rank
sum test, p < 0.05, 7/12 and 8/12 for 0.4 and 0.8 mg sessions, respectively; Table 1). In
contrast, following only sucrose administration (control), saccade latency remained
unchanged in most experiments (11/19), whereas saccades were delayed (3/19) or
facilitated (5/19) in a minority of sessions. In the population as a whole, self-timed
saccade latency significantly altered following reboxetine administration (two-tailed
paired t-test, p < 0.02 for both doses), but not in the control sessions (p = 0.43).

To further elucidate drug effects on timing, we compared changes in median
latency of self-timed saccades (Fig. 3C) with those of visually-guided saccades (Fig.
3D). For the self-timed trials, we found a significant difference among conditions
(one-way ANOVA, F,40=5.78, p < 0.01). Post hoc multiple comparisons indicated that
both reboxetine groups significantly differed from control (Tukey-Kramer test, p <
0.05), whereas the two dose groups did not differ from each other (p = 0.83). However,
for the visually-guided trials, we did not find any significant difference among dose
conditions (one-way ANOVA, F,35 = 1.43, p = 0.25), although one might see a weak
trend in Figure 3D.

Similar results were obtained when we compared the effect size (Cohen’s d, see
Experimental procedures) between conditions. For self-timed saccades, the effect size
averaged —0.09 = 0.39 (SD, n = 19; median = —0.06), 0.29 £ 0.31 (n = 12; median =
0.28) and 0.30 £ 0.34 (n = 12; median = 0.36) for the control, 0.4 and 0.8 mg reboxetine
conditions, respectively, and these values differed significantly (one-way ANOVA, F3 40
= 6.31, p < 0.01). Post hoc multiple comparisons showed significant differences
between the control and each of the two reboxetine conditions (Tukey-Kramer test, p <

0.02), but not between different doses (p = 1.0). For visually-guided saccades, the



values averaged 0.08 £ 0.46 (SD, n = 17; median = 0.16), 0.23 £ 0.37 (n = 11; median =
0.08) and 0.28 + 0.64 (n = 11; median = 0.10) for the control, 0.4 and 0.8 mg conditions,
respectively, and these values were not significantly different (one-way ANOVA, F35 =
0.62, p = 0.55). Thus, reboxetine delayed self-timed but not visually-guided saccades.

We also compared the changes in median latency separately for each animal.
Considering the small number of sessions for each dose condition (Table 1), we
combined the data for both reboxetine conditions and compared them with the control
(sucrose only) condition. For self-timed trials, the changes in median latency in the
reboxetine condition were significantly greater than those in the control condition for all
three monkeys (—1.3 + 20.3 ms versus 36.8 + 43.6 ms, —68.7 = 41.5 ms versus 0.0 +
28.6 ms, 7.6 + 46.5 ms versus 50.8 + 32.0 ms, for monkeys B, D and F, respectively,
two-tailed unpaired t-test, p < 0.05). In contrast, for visually-guided trials, we failed to
find a significant reboxetine effect in any of the animals (4.2 + 7.1 ms versus 10.2
10.9 ms, —5.7 £ 3.5 ms versus —4.1 + 5.3 ms, —0.8 = 7.1 ms versus 3.6 = 9.2 ms, for
monkeys B, D and F, respectively, p > 0.24). Thus, the effects of reboxetine on
self-timing were consistent among animals.

As most error trials were due to earlier self-timed saccades (e.g., Fig. 2A),
increased latencies might reduce error trials. In other words, the potential link between
latency and success rate may suggest the possibility that the changes in self-timing
could merely reflect the alteration of behavioral strategy to earn more reward. However,
we found that the changes in success rate among conditions were not consistent (mean +
SD: —4.2 £ 6.0%, 1.0 = 7.5%, 0.2 £ 6.2%, for control, 0.4 and 0.8 mg conditions,
respectively, one-way ANOVA, F;40 = 2.99, p = 0.06), while those in saccade latency
were very consistent as described above. Furthermore, even when we selected sessions
with no behavioral improvement (i.e., decreased correct rate during post-dose period; 15,
5 and 6 sessions), we still observed a significant difference in the amount of changes in
latency across conditions (mean = SD: —22.0 + 37.5 ms, 2.9 = 27.1 ms, 30.5 = 52.2 ms,
F.23 = 3.87, p < 0.05), whereas the changes in correct rate were comparable (mean *
SD: 6.0 = 5.2%, —5.4 = 2.5%, —4.5 £ 3.0%, F,,3 = 0.27, p = 0.77). Thus, the change in
latency was not necessarily concomitant with improved performance, indicating that the
change in self-timed latency was unlikely to be a byproduct of the alteration of

behavioral strategy to reduce error trials.



Reboxetine failed to alter the proportion and latency of impulsive saccades. For
most reboxetine experiments (10/12 for both doses), the proportion of impulsive
saccades remained unchanged (Fisher’s exact test, p > 0.05). For 21 experiments with
more than five impulsive trials (10, 5 and 6 sessions for control, 0.4 and 0.8 mg
conditions, respectively), the changes in the proportion of impulsive trials did not differ
between the control and the reboxetine conditions (unpaired t-test, t;9 = 0.23, p = 0.82).
For 12 experiments with more than five impulsive trials during both the pre- and
post-dose periods (5, 3 and 4 sessions for control, 0.4 and 0.8 mg conditions,
respectively), impulsive saccade latencies were generally prolonged during the
post-dose period, irrespective of the drug conditions (4/5, 3/3, 2/4, Wilcoxon rank sum
test, p < 0.05). The overall changes in median latencies of impulsive saccades did not
differ between the control and the reboxetine conditions (mean £ SD: 15.6 + 4.8 ms
versus 15.6 £ 6.2 ms, unpaired t-test, t1p = 0.01, p = 0.99). Thus, while the latencies of
impulsive saccades were often prolonged during the post-dose period in all conditions,
we found no significant effect of reboxetine on impulsivity in the present study.

To explore other possible effects of reboxetine, we also examined the
coefficient of variation (CV) of saccade latency, saccade peak velocity and accuracy
(distance between target and saccade endpoint). For these values, we computed the
difference between the pre/post-dose periods in each session, and compared them across
different conditions using one-way ANOVAs. For self-timed saccades, we failed to find
any significant difference among dose conditions for all three variables (Figs. 4A-C, left
panels, F; 40 = 0.80, 2.09 and 2.57, p > 0.05). For visually-guided saccades, changes in
CV of saccade latency and peak velocity did not differ among dose conditions (Figs. 4A
and B, right panels, F, 3= 1.18 and 2.98, p > 0.05), while those in accuracy showed a
significant difference (Fig. 4C, right panel, F,3 = 5.96, p < 0.01). Post hoc multiple
comparisons indicated that the value for the 0.8 mg condition was statistically greater
than those for the other two conditions (Tukey-Kramer test, p < 0.05). When we
compared these three parameters for impulsive saccades, we failed to find any
significant difference (unpaired t-test, 5 and 7 sessions with more than five impulsive
trials during both periods, p > 0.49). These results demonstrated a sharp contrast with
the consistent changes in self-timed saccade latency, suggesting that the effect of

reboxetine was relatively specific to self-timing under our experimental condition.



Discussion
In the current study we found that systemic application of a NA reuptake inhibitor
(reboxetine) delayed self-timed saccades in monkeys. Since NA reuptake inhibitors can
ameliorate impulsivity of attention deficit hyperactivity disorder (ADHD; Michelson et
al., 2002), decreased impulsivity might reduce earlier saccades, resulting in the delay of
self-timed saccades. However, changes in the proportion of early immediate saccades to
the cue were comparable between sessions with and without reboxetine, suggesting that
the alteration of self-timing following reboxetine administration did not result from
decreased impulsivity. Furthermore, reboxetine did not alter the latency of either
visually-guided saccades (Fig. 3D) or impulsive saccades, indicating that general
lengthening of sensorimotor processing for saccades could not account for the present
results. In addition, we also failed to find any significant change in the variance of
latency and the other saccade parameters, except for the accuracy of visually-guided
saccades after administration of 0.8 mg reboxetine (Fig. 4C). Thus, the delay of
self-timing was almost the only effect of reboxetine in our experimental condition.
Recent functional imaging studies have shown that NA reuptake inhibitors
induce reorganization of large-scale functional network in the brain in both humans and
monkeys (Grefkes 2010; Metzger 2016; Guedj 2016; Rae et al., 2017). Given that
temporal information processing relies on distributed networks involving multiple
cortical and subcortical regions (Lewis and Miall, 2003; Mauk and Buonomano, 2004;
Ivry and Schlerf, 2008, Merchant et al., 2013), alteration of self-timing following
reboxetine administration is not entirely surprising. Indeed, Rammsayer et al. (2010)
previously showed that reboxetine improved duration discrimination with a 1000-ms
standard interval in humans. Furthermore, Penney et al. (1996) found that both agonist
and antagonist of a2-adrenoceptor altered self-timing in the order of 10 s in rats.
Nevertheless, to the best of our knowledge, the present study is the first to quantitatively
demonstrate that a transient increase of NA signaling prolongs self-timing in the time
production task in the range of 1 s. We expect that the present results in eye movements
could be generalized to the conditions requiring other types of movements such as
manual response.

We recently found in monkeys that pupil size was negatively correlated with
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trial-by-trial latency of self-timed saccades, showing that larger pupil diameter predicted
shorter saccade latency (Suzuki et al., 2016). Because pupil diameter and neuronal
activity in the locus coeruleus (LC) exhibit a positive correlation (Aston-Jones and
Cohen, 2005; Murphy et al., 2014; Varazaani et al., 2015; Joshi et al., 2016), reboxetine
might be expected to increase endogenous NA and facilitate self-timing (Faber, 2017).
However, in this study we obtained the opposite results. There are several possible
reasons for this discrepancy.

First, the effects of NA signaling on self-timing might differ for different time
scales. While in the previous study we assessed the trial-by-trial correlation between
pupil size and self-timing, in the current study we compared data between the pre- and
post-dose periods. Although reboxetine may shift the global functional network from
one state to another, pupil size might only reflect moment-by-moment fluctuation of NA
signals in a given condition. In this regard, our previous findings that pupil diameter
correlated with self-timing relative to the behavioral goal imposed by the task-rule
rather than the absolute timing (Suzuki et al., 2016) might be relevant.

When we compare the data between the two periods, it should be noted that
some adaptive changes in behavioral strategy might occur. Specifically, in our
self-timed task, delayed saccades could result from a strategy to earn more reward.
Although our results contradict the view that the alteration of saccade latency resulted
from improved performance, we cannot fully exclude this possibility. For example, the
drug effects could be interpreted in terms of inhibitory control (Chamberlain et al.,
2006). We found that the latency of visually-guided saccades and the latency and
occurrence of impulsive saccades did not alter following administration of reboxetine,
and these results clearly ruled out the general increase of inhibitory control. However, it
is still possible that cognitive control specifically inhibiting internally-generated
movement might be involved.

Second, it has been shown that NA reuptake inhibitors elevate the dopamine
(DA) level in the prefrontal cortex, where DA transporters are only sparsely expressed
and therefore DA clearance from extracellular space also depends on NA transporters
(Carboni et.al., 1990; Bymaster et.al., 2002; Swanson et.al, 2006). Because implication
of DA in temporal processing has been established (Buhusi and Meck, 2005; Coull et al.,
2012; Parker et al., 2014; Soares et al., 2016; Kunimatsu and Tanaka, 2016), the present
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results of delayed self-timing might be partly mediated by the increased DA in the
prefrontal cortex. Because different neuromodulators often work cooperatively (Brezina,
2010; Marder, 2014), the possible enhancement of both NA and DA signals may be
important.

Finally, reboxetine might differently alter the phasic and tonic components of
NA signaling, which, respectively, are related to the event-evoked transient and baseline
activity of neurons in the LC (Aston-Jones and Cohen, 2005). Because these NA signals
are thought to mediate distinct functions, the discrepancy between the current and the
previous studies might be related to the different effects of reboxetine on the two types
of NA signals. For example, reboxetine might alter only the tonic signals, while pupil
size might reflect the phasic signals. We notice that these hypotheses are highly
speculative and will require further verification in future studies.

Although our results clearly demonstrated a close relationship between
neuromodulatory signaling and self-timing, systemic drug application limited the
inference on the underlying neural mechanisms. Nevertheless, because the role of the
cortico-basal ganglia circuitry in time production is well documented (Buhusi and Meck,
2005; Bartolo et al., 2014; Emmons et al., 2016; Kunimatsu and Tanaka, 2016), it is
possible that reboxetine alters neuronal processing in the relevant circuits. Although
direct NAergic projections to the basal ganglia are only sparse (Swanson and Hartman,
1975; Jones and Yong, 1985; Baldo et al., 2003), a previous fMRI study demonstrated
that NA reuptake inhibitors strongly modulated neural signals within the cortico-basal
ganglia pathways (Easton et al., 2007). Furthermore, Ohta et al. (2016) recently reported
that NA and adrenoceptor agonists altered the response gain of striatal neurons to
excitatory input. Another line of evidence also suggests a possible role of
cortico-cerebellar networks in the NA-dependent regulation of self-timing observed in
the present study. A number of studies have implicated the cerebellum in self-timing
(Ivry and Schlerf, 2008; Ashmore and Sommer, 2013), especially in its fine adjustment
(Ohmae et al., 2017). Moreover, the cerebellum has been found to receive massive
NAergic innervation (Bloom et. al., 1971; Olson and Fuxe 1971; Nystrém et al., 1972;
Yamamoto et al., 1977).

The present results indicate the potential involvement of NA in the processes

linking our internal states and self-timed movements. Nonetheless, we should note that
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possible increase of DA in the prefrontal cortex might have a substantial role in the
present findings. It is also true that the results could be interpreted in terms of adaptive
changes in behavioral strategy or higher order cognitive control rather than temporal
information processing as discussed above. Future studies with more sophisticated
behavioral paradigms and regionally specific manipulation of NA signals in

experimental animals will address these unresolved issues.
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Figure captions

Figure 1. Behavioral paradigms. A, Sequence of events in the self-timed saccade task.
During central fixation, a visual cue appeared for 100 ms. Monkeys were required to
generate a self-timed memory-guided saccade toward the cue location > 1000 ms
afterwards. The fixation point (FP) disappeared only after the saccade. B, In the
visually-guided saccade task, animals made an immediate saccade to the target in
response to the FP offset. Note that color of the FP differed between the tasks.

Figure 2. Effects of noradrenaline (NA) reuptake inhibitor (reboxetine, 0.4 mg) on
self-timing in a single experimental session. A, Distribution of saccade latency in the
self-timing task. Black and red lines denote the data for the pre-dose (n = 167) and
post-dose (n = 326) trials, respectively. The vertical dashed line represents the latency
border (600 ms) to discriminate impulsive from self-timed trials. Animals were
rewarded only for trials with latency > 1000 ms (vertical solid line). B, Cumulative
relative frequency of self-timed saccade latencies for the data shown in A. Median

saccade latencies differed significantly (Wilcoxon rank sum test, p < 10™%).

Figure 3. Summary of multiple experiments. A, Distribution of self-timed saccade
latency during the post-dose period for monkeys B (n = 6160), D (n = 1451) and F (n =
4923). For each session, latencies were subtracted from the median latency during the
pre-dose period. Different colors represent different doses of reboxetine (0.4 and 0.8
mg). Only sucrose was orally administered in the control sessions (black dashed lines).
B, Comparison of median latencies between the pre-dose and post-dose periods in
individual experiments. Filled symbols denote sessions exhibiting a significant
difference (Wilcoxon rank sum test, p < 0.01). For the population, reboxetine
significantly altered saccade latency (two-tailed paired t-test, p < 0.02 for both
reboxetine conditions). C,D, Comparison of the changes in median latency among
different conditions for self-timed (C, n = 43) and visually-guided (D, n = 39) trials. For
each condition, vertically aligned dots indicate data from the same animal. Note that
vertical scales differ between the tasks. A one-way ANOVA revealed a significant drug
effect on the latency of self-timed saccades only (C). Asterisks indicate the pairs with a
significant difference according to post-hoc multiple comparisons (Tukey-Kramer test,
*p <0.05 and **p < 0.01).
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Figure 4. Comparison of the changes in CV of saccade latency (A), peak velocity (B)
and saccade accuracy (C) across different conditions for each task. Each box-whisker
plot represents the median, quantiles, and the range of the data. X’s indicate the mean
values. Asterisk indicates a significant difference revealed by post hoc multiple

comparisons (Tukey-Kramer test, p < 0.05).
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Table 1. Summary of the results in the self-timed task for each monkey.

Reboxetine
Control 0.4 mg 0.8 mg
Monkey B
Session number 8 (inc 0, dec 0) 6 (inc 3, dec 0) 6 (inc 4, dec 2)
Trial number (pre) 174+ 13 178+ 7 171+ 20
(post) 346 + 26 347 +21 346 + 12
% success rate (pre) 83+9 79111 80+ 18
(post) 79+11 817 79+ 14
Monkey D
Session number 3(0,2) 2(0,1) 2(1,0)
Trial number (pre) 137+ 21 145 + 33 137 £ 25
(post) 232+ 35 227 + 38 202 £ 55
% success rate (pre) 93+5 86 + 10 87+1
(post) 82+3 808 87+1
Monkey F
Session number 8(3,3) 4(4,0) 4(3,0)
Trial number (pre) 168 + 6 172 +1 166 +9
(post) 302 £ 52 315+ 11 318+ 12
% success rate (pre) 93+4 936 94 +3
(post) 91+4 96 2 97 +2

Numbers in parentheses denote the number of sessions showing a significant change in saccade
latency following administration of reboxetine or only sucrose (Wilcoxon rank sum test, p <
0.05), summarizing separately for the cases with increased (inc) or decreased (dec) latency.
Each entry indicates mean = SD among sessions. Note the similar number of trials for each drug

condition.
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