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Facilitation of Saccadic Eye Movements by Postsaccadic
Electrical Stimulation in the Primate Caudate

Kae Nakamura and Okihide Hikosaka

Laboratory of Sensorimotor Research, National Eye Institute, National Institutes of Health, Bethesda, Maryland 20892-4435

Sensorimotor experience followed by positive feedback leads to motor learning. Although the striatum, an input channel of the basal
ganglia, has been implicated to play a key role in motor learning, little is known about how reward information modulates the neuronal
processes in the striatum that causes behavioral changes. Here, we report that direct manipulation of the neuronal signal in the primate
caudate yields behavioral changes comparable with those induced by natural reward. Electrical stimulation in the oculomotor region of
the caudate immediately after saccades to a fixed direction led to selective facilitation of saccades in that direction. The facilitation
remained even after stimulation was stopped, indicating a plastic change. These effects were observed when stimulation was applied after,
not before, saccades. We propose that the caudate plays a causal role in behavioral changes by integrating selective sensorimotor and

reward information in a temporally specific manner.
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Introduction

The striatum, a part of the basal ganglia, is a key brain structure
for sensorimotor learning (Packard and Knowlton, 2002; White
and McDonald, 2002; Everitt and Robbins, 2005). Changes in the
activity in the striatum is correlated with reinforcement motor
learning in animals (Jog et al., 1999; Hassani et al., 2001; Miyachi
et al., 2002; Schultz et al., 2003; Barnes et al., 2005; Williams and
Eskandar, 2006) and humans (Haruno et al., 2004; O’Doherty et
al., 2004; Lehericy et al., 2005; Haruno and Kawato, 2006). The
possible cellular mechanisms of reinforcement learning in the
striatum have been extensively studied in vitro (Calabresi et al.,
1996; Wickens et al., 1996; Partridge et al., 2000; Lovinger et al.,
2003; Mahon et al., 2004) and in vivo (Charpier and Deniau,
1997; Charpier et al., 1999; Reynolds and Wickens, 2000, 2002).
These studies demonstrate that repetitive excitation of corticos-
triatal pathways together with dopamine input induce long-term
potentiation (LTP) or long-term depression (LTD) of the striatal
projection neurons.

Despite these lines of evidence, it is not clear how reward
information affects the neuronal processes in the striatum lead-
ing to specific behavioral changes. This is attributable in part to
the difficulty to pinpointing where and when reward signal is
provided, because natural rewards such as liquid or food may
affect multiple brain areas over time. One way to address this
question is to manipulate neuronal activity locally in the region of
interest at a specific time, and then evaluate the resulting behav-
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ioral changes. Such an approach has been originally introduced as
brain self-stimulation to the medial forebrain bundle (Olds and
Milner, 1954). Typically, animals learn to perform a response to
receive a brief electrical stimulation to their brains. The signifi-
cance of these findings is that it allows us to bypass normal phys-
iological input pathways and get direct access to a specific neuro-
nal circuit. The manipulation of the neuronal signal in turn yields
behavioral changes, which are comparable with those driven by
natural reward (for review, see Olds and Fobes, 1981). In the
striatum, positive reinforcement effects have been reported in
rats (Wurtz and Olds, 1963; Levine et al., 1971), cats (Justesen et
al., 1963; White and Hiroi, 1998), and monkeys (Bursten and
Delgado, 1958; Plotnik et al., 1972; Phillips et al., 1976). In this
study, we applied a similar procedure in the caudate, a part of the
striatum, in monkeys. As a behavioral measure, we studied pri-
mate saccadic eye movement by taking advantage of its measur-
able motor output and its relatively well understood neuronal
circuitry.

We previously showed that monkeys’ saccadic reaction times
as well as the activity of neurons in the oculomotor region in the
caudate are strongly modulated by the expected amount of liquid
reward (Kawagoe et al., 1998; Lauwereyns et al., 2002a,b; Wa-
tanabe et al., 2003b). Therefore, we predicted that electrical stim-
ulation in the caudate would produce behavioral and neural ef-
fects that are equivalent to those produced by liquid reward.
Indeed, we found that stimulation after saccades in a fixed direc-
tion induced a sustained facilitation of saccades in that direction,
which were comparable with natural reward-induced behavioral
changes. Notably, the stimulation did not simply act as a nonspe-
cific “enhancer” of the stimulation site, but promoted a particu-
lar sensorimotor process that preceded the stimulation.

Materials and Methods

We used four hemispheres of two adult female rhesus monkeys (Macaca
mulatta; laboratory designations S and L). Both animals had been im-
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planted with scleral search coils for measuring eye position and a post for
holding the head. The recording chambers were placed over the fronto-
parietal cortices. All aspects of the behavioral experiment, including pre-
sentation of stimuli, monitoring of eye movements, monitoring of neu-
ronal activity, and delivery of reward and electrical stimulation were
under the control of a QNX-based real-time experimentation data acqui-
sition system (REX). Eye position was monitored by means of a scleral
search coil system with 1 ms resolution. Stimuli generated by an active
matrix LCD projector (PJ550; ViewSonic, Walnut, CA) were rear-
projected on a frontoparallel screen 25 cm from the monkey’s eyes. Elec-
trical stimulation was controlled by Grass Square pulse stimulator
(model S88K; Grass-Telefactor, West Warwick, RI). Drops of water or
juice were delivered as reward through a spigot under control of a sole-
noid valve after successful completion of each trial. Magnetic resonance
images were obtained to determine the position of the electrode aimed at
the caudate. All procedures were approved by the Institute Animal Care
and Use Committee and complied with Public Health Service Policy on
the humane care and use of laboratory animals.

Mapping of the caudate nucleus. The purpose of the experiment was to
examine the effect of electrical stimulation in the caudate on saccadic eye
movements. We therefore mapped saccade-related regions in the caudate
by single-unit recordings while the animal performed saccade tasks be-
fore all stimulation experiments. The anteroposterior extent of the re-
cording sites was from 8 mm anterior to 8 mm posterior to the anterior
commiissure, which corresponded to anterior 10-26 mm (monkey S)
and 7-23 mm (monkey L) in Horsley—Clarke coordinates.

To search saccade-related regions, we tested the visually guided sac-
cade task with asymmetric reward schedule (supplemental Fig. 1, avail-
able at www.jneurosci.org as supplemental material), because caudate
neurons are sensitive to the biased reward condition (Takikawa et al.,
2002). In addition, before each stimulation experiment, we required that
caudate neurons near the tip of the electrode were task-related. Note that
this asymmetric reward schedule was used only for searching saccade-
related regions. Details of the task have been explained previously (Lau-
wereyns et al., 2002b). Briefly, after the monkey fixated on a central
fixation point for 1200 ms, a peripheral target was presented either to the
right or left, to which the animal made a saccade. A liquid reward was
delivered if the saccade was correct. In one block of experiment consist-
ing of 2028 trials (10—14 trials for each direction), the amount of reward
was always large (0.4 ml) in one direction of the target and small (0 or
0.01 ml) in the other direction. Even for small reward trials, the animal
had to make a correct saccade; otherwise, the same trial was repeated
until the saccade was made correctly. In the next block, the direction of
reward bias was reversed. These two kinds of blocks with opposite reward
schedules were alternated two or three times. Task-related activity, in-
cluding visual, presaccadic, and pretarget anticipatory activity, were
found mainly in the body of the caudate nucleus, 0—6 mm posterior to
the anterior commissure and 2—-3 mm deeper than the upper edge of the
caudate nucleus in accordance with previous reports (Hikosaka et al.,
1989b,¢c, 1993). As reported previously, many of these activities were
strongly modulated by the reward condition (i.e., large or small reward)
(Kawagoe et al., 1998; Watanabe et al., 2003b) or by the rewarded posi-
tion (Lauwereyns et al., 2002b; Takikawa et al., 2002). Electrical stimula-
tion was applied mainly in these areas. We performed only one experi-
ment at any particular stimulation site, so that each site corresponded to
a unique location within the caudate. To see the extent of the effect of
electrical stimulation, we tested six series of electrical stimulations at two
to four different depths along with the same electrode tracks; the distance
between stimulation sites ranged from 1 to 4 mm. The data obtained
from the experiments performed outside the caudate task-related regions
were not included in the population analyses.

Behavioral task and electrical stimulation. One experiment consisted of
three sessions (Fig. 1A). In each session, the animal performed typically
100 trials of visually guided saccades to the left or right (Fig. 1A). After
locating an electrode in the task-related region in the caudate and ascer-
taining task-related neuronal activity, the “prestimulation control” ses-
sion began (Fig. 1A, first row). The monkey performed 100 trials of
visually guided saccade to the target (a 1.2° dot) presented on either right
or left, 20° from the fixation point. The direction of the target was ran-
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Figure1.  Experimental design. 4, The schedule of the experiment. In this example, a record-
ing/stimulation electrode is located in the oculomotor region in the left caudate. In each exper-
iment, the monkey performed three sessions of a visually guided saccade task: prestimulation
control, stimulation after saccades, and follow-up test. Each session consisted of 100 trials in
which the saccade target was presented randomly on the right or left. Only during the “stimu-
lation after saccades” session was electrical stimulation applied to the caudate after saccades in
a fixed direction (e.g., to the right or contraversive as shown in the top panel). In another
experiment, the stimulation was applied after saccades to the other direction (e.g., to the left or
ipsiversive as shown in the bottom panel). In each panel, the schematic horizontal eye position
is shown, upward indicating rightward (or contraversive) and downward indicating leftward
(or ipsiversive). B, Time events. After the animal fixated on the central fixation point for 1200
ms, a target appeared either in the right or left to which the monkey made a saccade. On a
stimulation trial, after the monkey fixated on the target for 100 ms, electrical stimulation was
applied for either 400 or 800 ms (current, up to 50 wA; pulse duration, 0.5 ms; frequency, 100
Hz). Aliquid reward (0.1 ml) was given twice per trial: 500 ms after fixation onset and 200 ms
afterthe end of the stimulation. On a nonstimulation trial, the animal kept fixating on the target
for the same period of time as stimulation period (i.e., 400 or 800 ms plus 100 ms) to obtain the
same amount of reward.

domized within a subblock of four trials: two trials for each direction.
Thus, one block of 100 trials consisted of 50 saccades to the right and 50
saccades to the left. No electrical stimulation was applied during this
session, and this session was used as a control for the following two
sessions. Second, in the “stimulation” session, the monkey performed the
same visually guided saccade task, but electrical stimulation was applied
through the electrode only after correct saccades in a fixed direction,
either contraversive or ipsiversive with respect to the location of the
electrode. Typically, we applied electrical stimulation after every saccade
to the fixed direction (32 experiments for post-contraversive, 39 experi-
ments for post-ipsiversive stimulations). We refer to this procedure as
100% stimulation schedule. In other experiments (12 for post-
contraversive, 7 for post-ipsiversive saccade stimulation), electrical stim-
ulation was applied after 50% of saccades to the fixed direction associated
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Table 1. Number (percentage) of experiments that showed significant change in the reaction times (p < 0.05, Mann-Whitney U test)

Presaccade Stim

Stimulation timing Pretarget Posttarget Postsaccade Stim
Reaction time change Decrease Increase Decrease Increase Decrease Increase
1. Contraversive saccades are associated with stimulation
1-1. During stimulation
n=>58 n=15 n=44
Contra Sac Stim 15 (26%) 9(16%) 8(53%) 4(27%) 16 (36%) 2(5%)
Contra Sac No Stim 3(5%) 8 (14%) 1(7%) 5(33%)
Ipsi Sac No Stim 4(71%) 14 (24%) 0(7%) 5(33%) 5(11%) 10(23%)
1-2. Follow up
n=145 n=15 n=44
Contra Sac No Stim 1(2%) 12 (27%) 1(7%) 5(33%) 12 (27%) 1(2%)
Ipsi Sac No Stim 4(9%) 0(0%) 0(0%) 6 (40%) 6 (14%) 10 (23%)
2. Ipsiversive saccades are associated with stimulation
2-1. During stimulation
n=>5 n=15 n =46
Ipsi Sac Stim 5(9%) 29 (54%) 2(15%) 8 (62%) 13 (28%) 3(7%)
Ipsi Sac No Stim 8(15%) 4(7%) 1(8%) 0(0%)
Contra Sac No Stim 5(9%) 5(9%) 1(8%) 4(31%) 0(0%) 17 (37%)
2-2. Follow up
n=39 n=15 n =46
Ipsi Sac No Stim 4(10%) 4(10%) 2(13%) 0(0%) 9(20%) 2 (4%)
Contra Sac No Stim 4(10%) 7(18%) 1(7%) 2(13%) 2 (4%) 14 (30%)

'Stim” and "No Stim” indicate trials associated with or not associated with stimulation, respectively. 'Contra Sac’ and 'Ipsi Sac” indicate saccades toward contralateral or ipsilateral side to the electrode, respectively.

stimulation. We refer to this procedure as 50% stimulation schedule.
There was no significant difference in the reaction time changes between
the 100 and 50% stimulation schedules (after contraversive saccade stim-
ulation, p = 0.83; after ipsiversive saccade stimulation, p = 0.84). Hence
the data obtained with both schedules were analyzed together in Figure 3
(for separate analyses, see Table 1). In the last session, “follow-up test,”
the monkey performed the same visually guided saccade task (100 trials)
without stimulation. The purpose of this session was to examine the
persistent effect after stimulation was stopped. Each session typically
took ~15 min, and the interval between sessions was ~3—5 min.

Detailed timing of electrical stimulation and other events of a trial are
demonstrated in Figure 1B. Each trial began with the presentation of a
central fixation point (0.5°). After the animal maintained fixation on the
spot for 1200 ms, the fixation point turned off, and a target, a white small
dot (1.2°), appeared on either right or left, 20° from the fixation point, to
which the animal made a saccade. On the postsaccade stimulation trials,
electrical stimulation was applied after maintaining fixation on the target
for 100 ms. We used a train of biphasic pulses (pulse duration: 0.5 ms, 100
Hz) for the stimulation based on a previous study (Plotnik et al., 1972).
The current intensity was usually 50 wA. The duration of the train of
pulses was either 400 ms (n = 11 for post-contraversive, n = 6 for
post-ipsiversive saccade stimulations) or 800 ms (n = 33 for post-
contraversive, n = 40 for post-ipsiversive saccade stimulations). There
were no significant differences between 400 and 800 ms postsaccadic
stimulations (p = 0.71 for post-contraversive; p = 0.70 for post-
ipsiversive saccade). Hence the data obtained with both schedules were
analyzed together (Fig. 3). Electrical stimulation with 50 wA occasionally
evoked saccades, as reported in cats (Kitama et al., 1991). In such cases,
we reduced the intensity of current to 10-30 uA so that the stimulation
caused no direct motor effects.

An equal amount of liquid reward (0.1 ml) was given twice (Fig. 1 B)
on both stimulation and nonstimulation trials. The first was 500 ms after
the monkey attained fixation. The second was after the fixation of the
target for the same period of stimulation time (i.e., 400 or 800 ms) with
an additional delay of 200 ms.

To test whether the effects of caudate stimulation depend on the tim-
ing of stimulation relative to the target onset or saccade, we also tested
electrical stimulation before the saccade. We used two presaccadic stim-

ulation schedules: “pretarget stimulation” and “posttarget stimulation”
(Fig. 5A). In the pretarget stimulation, the stimulation was applied for
400 ms (n = 23 for pre-contraversive; n = 21 for pre-ipsiversive) or 800
ms (n = 35 for pre-contraversive; n = 33 for pre-ipsiversive) such that it
ended simultaneously with the offset of the fixation point. In the post-
target stimulation, the stimulation started simultaneously with the target
onset and ended with the onset of the saccade. In both cases, the stimu-
lation was applied before 50% of saccades directed to the fixed direction
(therefore 25% of all trials) to address whether the behavioral change was
a result of a direct stimulation effect or reflected the formation of asso-
ciations between saccade and stimulation. The schedule of the presac-
cadic stimulation experiment was the same as the schedule of the post-
saccadic stimulation experiment (Fig. 1 A).

Data analysis. As a behavioral measure, we focused on changes in the
saccadic reaction times relative to the median reaction time of the pre-
stimulation control session. The reaction time was measured from the
target onset to the saccade onset. Incorrect trials such as no fixation (eye
position was not on the fixation point for 1500 ms after its onset), fixa-
tion break (eye position was not maintained within 2° around the fixa-
tion point until target onset), wrong saccade (saccade did not reach the
point within 5° around the target), and slow response (saccade did not
start within 500 ms after target onset) were uncommon and excluded
from the analyses.

To examine the changes in the saccade reaction time by caudate stim-
ulation, we normalized the reaction time on a given trial by subtracting
the median saccadic reaction time during the prestimulation control
session from the given reaction time, which was defined as “reaction time
change.” For the data obtained in each experiment (as shown in Figs. 1
and 5), the reaction time changes during the stimulation and follow-up
sessions were compared with those during prestimulation control by
Mann-Whitney U test.

To examine the time course of the reaction time changes, we first
divided each session (consisting of 100 trials) into 10 periods (consisting
of 5 trials in each direction) and averaged the reaction time changes for
each period. We then averaged the mean reaction time changes across
experiments (as shown in Fig. 4A).

To examine the residual effects of single caudate stimulation on the
reaction times in the subsequent trials, we classified each trial depending
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on the number of trials since the last trial that
was associated with caudate stimulation. We
then computed the mean and the SE of the re-
action time changes for each class of trials (as
shown in Fig. 4B), and performed a Kruskal—
Wallis test with Bonferroni’s correction (p <
0.01 = 0.05/5) to examine whether the mean
reaction time for each class of trials was differ-
ent from zero.
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line). The reaction times of ipsiversive sac-
cades also remained significantly longer
during the follow-up test (median, 144 ms;
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We performed a total of 44 postsaccadic stimulation experi-
ments for contraversive saccades [Fig. 3A—D, 100% schedule: n =
32 (all for monkey S), indicated by black lines and circles; 50%
schedule: n = 12 (3 for monkey S, 9 for monkey L), gray lines and
circles]. As shown in Figure 3, A and B, the reaction times of
contraversive saccades decreased significantly in 16 of these ex-
periments (13 of 33 for monkey S, 3 of 11 for monkey L) (p <
0.05, Mann—Whitney U test), with an average decrease of 18.8 ms
(range, 9.8—34.7 ms). The reaction times increased in two exper-
iments. We also commonly observed a persistent effect during
the follow-up test. Among the 16 experiments that showed sig-

Figure 2.
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Postsaccadic caudate stimulation facilitates saccades. In these examples, electrical stimulation was applied to the
left caudate after all contraversive (rightward) saccades (A-D) or all ipsiversive (leftward) saccades (E-H). In A, C, E, and G, the
reaction time change of each trial (compared with the median reaction time for the prestimulation control) is plotted against the
trial number. The black dots represent the prestimulation control session (Control); red open circles, trials followed by stimulation
(Stim+); red dots, trials not followed by stimulation during the stimulation session (Stim—); blue dots, the follow-up test
(Follow). B, D, F, and H show the cumulative frequency histograms of the reaction time changes. The black, red, and blue lines
indicate prestimulation control, stimulation, and follow-up test sessions, respectively.

nificant shortening in the reaction times during the stimulation
session, the reaction times remained significantly decreased in 8
experiments during the follow-up test session ( p < 0.05, Mann—
Whitney U test, compared with prestimulation control). Al-
though shortening in the reaction times tended to be larger in the
100% schedule (solid circles) than in the 50% schedule (gray
circles), the difference did not reach a significant level ( p = 0.28,
Mann—Whitney U test).

The reaction times of ipsiversive saccades, which were not
followed by stimulation, tended to be prolonged, although the
effect was less consistent. Of 44 experiments, the reaction times
increased in 10 experiments and decreased in 5 experiments (Fig.
3C,D). As observed in contraversive saccades, the prolongation of



Nakamura and Hikosaka e Caudate Stimulation Facilitates Saccades

Post-Contraversive Saccade Stimulation

Ipsiversive saccade
£300 c

Contraversive saccade

£300 A

stimulation (ms
]
stimulation (ms

n
o
o
n
o
o
L]

i
o n=44

RT-During
L]
[ _J
RT-During

100 fi-44 100

100 200 300 100 200 300
RT-Prestim control (ms)

RT-Prestim control (ms)

40 40

£ 20 g2

g 0 g 0

=t  —

£2-20 £.20

o (S

= -40 = -40

o 4 n=15

- -60

Control  Stim  Follow Control  Stim  Follow
—e— post-all saccade stimulation
—o— post-half saccade stimulation

Figure3.

J. Neurosci., December 13, 2006 « 26(50):12885—12895 « 12889

Post-Ipsiversive Saccade Stimulation

—_

) Contraversive saccade © Ipsiversive saccade
E300 £300
= E c G
S © 9o
3 T 6
= =
E o3 E ods S
%200 ©200 2498
=)} o ] L]
= - o = (4
= =3
a . o
& 6 & 46
100 L= 100 La =
100 200 300 100 200 300
RT-Prestim control (ms) RT-Prestim control (ms)
40 40
2 20 F : 2 2 H
— = _
s 0 &_ 3 g ﬁa .
(=] o .
c c %
8 20 820 %
(8] [&]
= -40 = -40
e n=17 & n=16
Control  Stim  Follow Control Stim Follow

Population analyses of post-contraversive saccade stimulations (A—D) (n = 44; monkey S, n = 35; monkey L, n = 9) and post-ipsiversive saccade stimulations (E=H ) (n = 46; monkey

S, n = 38; monkey L, n = 8). A, Median reaction times of contraversive saccades during the stimulation session (ordinate) plotted against the median reaction times during the prestimulation
control (abscissa). Each data point corresponds to a single experiment. The filled and open symbols indicate significant and nonsignificant changes, respectively (Mann—Whitney U test, p << 0.05).
The black or gray circles/lines indicate the experiments in which all (100% schedule) or one-half (50% schedule) of the trials in the fixed direction of saccades were followed by stimulation,
respectively. B, Time course of the changes in the median reaction times for contraversive saccades. Control, Prestimulation control session; Stim, stimulation session; Follow, follow-up session.
Negative and positive values indicate decrease and increase in the median reaction times compared with the prestimulation control. Data from one experiment are connected by lines. The data from
the experiments that showed significant changes in the reaction times (increase or decrease) during the stimulation session are shown. C, D, Changes in the median reaction times of ipsiversive
saccades for post-contraversive saccade stimulation. The format is the same as in A and B. E-H, Effects of post-ipsiversive saccades stimulation. The format is the same as in A-D.

ipsiversive reaction times tended to persist after stimulation had
stopped. Among the 10 experiments that showed significant pro-
longation in the reaction times during the stimulation session,
the reaction times remained significantly prolonged in five exper-
iments during the follow-up test session (Mann—Whitney U test,
p < 0.05). Unlike facilitation in contraversive saccades, such pro-
longation in the reaction times for ipsiversive saccades was ob-
served in the 100% stimulation schedule but not in the 50%
schedule.

The facilitatory effect is selective to the direction of saccades
associated with stimulation

Our findings so far indicate that contraversive eye movements are
facilitated when followed by caudate stimulation. To investigate
whether this effect is specific to the side of the stimulated caudate
or the direction of saccades paired with stimulation, we con-
ducted experiments in which ipsiversive saccades were followed
by stimulation (Fig. 1 A, bottom row). In the example shown in
Figure 2, E-H, the reaction times of ipsiversive saccades were
shortened, whereas those of contraversive saccades were pro-
longed (Fig. 2E-H). Among a total of 46 experiments (36 for
monkey S; 10 for monkey L), the reaction times of ipsiversive
saccades became significantly shorter in 13 experiments and
longer in 3 experiments (10 of 36 for monkey S; 3 of 10 for
monkey L) (Fig. 3G). The reaction times of contraversive sac-
cades, which were not associated with stimulation, showed sig-
nificant prolongation in 17 experiments, whereas none showed a

significant shortening (Fig. 3E). These effects tended to remain
for both directions of saccades even after the termination of stim-
ulation (Fig. 3F,H). Such a persistent effect did not reach a sig-
nificant level for the 50% stimulation schedule (p = 0.42 for
shortening of the reaction times of ipsiversive saccades; p = 0.5
for prolongation of the reaction times of the contraversive
saccades).

These findings indicate that the saccades in a single direction
can be facilitated by stimulation of either the ipsilateral or con-
tralateral caudate, so long as the stimulation is fixed to follow
saccades in that direction. The changes in saccade reaction times
brought about by caudate stimulation are not fixed relative to the
side of the caudate being stimulated, but depend on the specific
saccade direction that is paired with caudate stimulation.

Time course of the facilitatory effects of

postsaccadic stimulation

To evaluate further how rapidly caudate stimulation leads to sig-
nificant changes in behavior, we examined a time course of reac-
tion time changes. The results are shown in Figure 4A for the
prestimulation control (Control), stimulation (Stim), and
follow-up (Follow-up) sessions. Included in this population
analysis were 11 experiments in which the reaction times of con-
traversive saccades were significantly shortened. We found that
the facilitation of contraversive saccades by caudate stimulation
occurred soon after stimulation was started. The change was sig-
nificant even after a single trial of stimulation (p < 0.0001).
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However, we did not observe additional
gradual shortening in reaction times as the
cumulative number of stimulations in-
creased (Spearman rank correlation, p =
—0.13, p = 0.37). In contrast, the reaction
time change during the follow-up session
was slow. Even after stimulation was
stopped, the reaction time remained short
during the follow-up session. The correla-
tion between the cumulative number of
trials and the reaction time did not reach a
significant level (Spearman rank correla-
tion, p = 0.07, p = 0.6). The reaction time
change for ipsiversive saccades occurred
differently (Fig. 4A, bottom row). As the
cumulative number of stimulations in-
creased, the reaction time of ipsiversive
saccades became gradually longer (p =
0.42, p = 0.02). The reaction times re-
mained prolonged during the follow-up
session.

We also asked how long the facilitatory
effect of a single stimulation persisted.
Since the target was presented pseudoran-
domly between the right and left direc-
tions and the stimulation was associated
with saccades in one direction, a given trial
was preceded by a certain number of trials
that were not associated with stimulation.
In Figure 4, we computed the mean and SE
of the saccade reaction time changes
against the number of trials since the last
trial associated with stimulation. Because
of the pseudorandom schedule (i.e., ran-
domized directions within four trials; two
for rightward or leftward saccades) (see
Materials and Methods), the maximum
number of trials since the last stimulation
was five in the 100% stimulation schedule.
The reaction times of contraversive sac-
cades, which were associated with stimula-
tion, showed significant shortening up to
three trials after the last stimulation ap-
plied (Kruskal-Wallis test with Bonferro-
ni’s correction, the significance criteria,
p < 0.01 = 0.05/5). The effect faded away
gradually as a function of the number of
trials since the last stimulation (Spearman
rank correlation, p = 0.9, p = 0.01).

To summarize, the effect of postsac-
cadic stimulation is rapid as well as persis-
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Figure4. Trial-by-trial changesin the saccade reaction times during the post-contraversive saccade stimulation. 4, Changesin
the reaction times of contraversive saccades (top row) and ipsiversive saccades (bottom row) during control (left column),
stimulation (middle), and follow-up (right) sessions. Each session was divided into 10 periods (5 trials for each direction in a
period), and the reaction time changes (relative to the median reaction time in the control session) were averaged for each period.
The data were further averaged across experiments, and the mean and SE are shown. The data were obtained from 11 post-
contraversive saccade stimulations with the 100% stimulation schedule in which a significant shortening in the contraversive
saccade reaction times during the stimulation session was observed. Note that, during the stimulation session, the reaction times
of contraversive saccades, which were associated with caudate stimulation, were shortened significantly soon after the stimula-
tion session started. This facilitation of saccades remained during the follow-up session. Ipsiversive saccades, which were not
associated with the stimulation, showed the opposite changes. Asteriskindicates a significant difference from zero (Mann—Whitney Utest,
p < 0.05). B, The reaction times (mean and SE) of contraversive saccades during the post-contraversive saccade stimulation session are
plotted as a function of the number of trials since the last trials associated with caudate stimulation. Note that the facilitatory effect
remained for three trials since the last stimulation was applied. The result is based on the same data sets as in A. Asterisk indicates a
significant difference from zero (Kruskal-Wiallis test with Bonferroni's correction, the significance criteria, p << 0.01 = 0.05/5).

ulation applied before saccade generation as separate sets of ex-

tent. During the stimulation session, the stimulation facilitated
contraversive saccade quickly and the effect decayed gradually.
However, once the stimulation is stopped, the effect persisted for
along time.

Facilitatory effect depends on the timing of stimulation

The results so far indicate that the electrical stimulation in the
caudate after saccades to the specific direction facilitates the sac-
cades to that direction. We then asked whether the timing of
stimulation relative to the saccade is critical for the effects. To
address this issue, in the same saccade-related regions in the cau-
date of the same animals, we tested the effects of electrical stim-

periments. We tested two different timings. In the presaccade no.
1 or pretarget stimulation (Fig. 5A, left), electrical stimulation
was applied for 400 ms (n = 23 for pre-contraversive; n = 21 for
pre-ipsiversive) or 800 ms (n = 35 for pre-contraversive; n = 33
for pre-ipsiversive) such that it ended simultaneously with the
offset of the fixation point. In the presaccade no. 2 or posttarget
stimulation (Fig. 5A, middle), electrical stimulation started at
target onset and lasted until saccade onset. The stimulation was
given on 50% of trials for a fixed direction of saccades to address
whether the behavioral change was a result of direct stimulation
effect or reflected the formation of associations between saccade
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Figure 5.  Effects of caudate stimulation depend on its timing. A, Schematics of three different timings of stimulation. B, €,
Representative effects of the presaccade no. 1 stimulation, applied before the appearance of a target in the contralateral (B) or
ipsilateral (C) side to the electrode. The results are shown in the same format as in Figure 2. During the stimulation session (Stim),
the stimulation was applied before 50% of the contraversive saccades. The red open circles represent trials followed by stimula-
tion; red dots, trials not followed by stimulation. Note that, when preceded by caudate stimulation, the reaction times of contra-
versive saccades became shortened (B), whereas those of ipsiversive saccades became prolonged (€). No significant persistent

effect was observed during the follow-up test (blue dots and lines).

and stimulation. To have comparable stimulation probability
rate, we mainly focused on the comparison between presaccadic
stimulation and postsaccadic stimulation with the 50% schedule.

In the representative of the presaccade no. 1, or pretarget stim-
ulation experiment shown in Figure 5, when stimulation was
applied before contraversive saccades (Fig. 5B), the reaction
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times of the contraversive saccades became
significantly shorter (Fig. 5B, top row, red
open circles and thick red line) (p <
0.0001, Mann—Whitney U test). For the
50% of contraversive saccades that were
not preceded by stimulation, the reaction
times did not change significantly (Fig. 5B,
top row, red dots and thin red lines) ( p =
0.84). The reaction times of ipsiversive
saccades showed no change (p > 0.05,
Mann—-Whitney U test). When stimula-
tion was applied before ipsiversive sac-
cades (Fig. 5C), the reaction times of ipsi-
versive saccades were significantly
prolonged, only when they were preceded
by the stimulation ( p < 0.0001) (Fig. 5C,
bottom row). The reaction times of con-
traversive saccades showed no change
(p > 0.05, Mann—Whitney U test).

Table 1 summarizes the results of all
presaccade  stimulation  experiments.
Among 58 pretarget contraversive saccade
stimulation experiments (monkey S, n =
38; monkey L, n = 20), a significant de-
crease in the contraversive saccades was
observed in 15 (monkey S, n = 7; monkey
L, n = 8) experiments. Thus, the stimula-
tion before contraversive saccades tended
to decrease their reaction times, but it did
not reach a significant level (x> = 0.89;
df = 2; p = 0.64). In contrast, among 54
pretarget ipsiversive saccade stimulation
experiments (monkey S, n = 36; monkey
L, n = 18), a significant increase in the
ipsiversive saccades was observed in 29
(monkey S, n = 24; monkey L, n = 5) ex-
periments. Thus, the stimulation before
ipsiversive saccades significantly increased
their reaction times (y* = 9.8; df = 2p=
0.0076). Posttarget stimulation showed
similar effects. This was different from the
results of the postsaccadic stimulation in
which the reaction times tended to de-
crease for the saccades that were associated
with the stimulation. In other words, the
effects of presaccadic stimulation de-
pended on the side of stimulation relative
to the saccades, whereas the effects of post-
saccadic stimulation depended on the di-
rection of saccades associated with
stimulation.

We also found that presaccadic stimu-
lation induced no significant persistent ef-
fect (during the follow-up test). This is
shown as an example in Figure 5 for pre-
contraversive saccade stimulation (Fig. 5B,
top row) (p = 0.66) and pre-ipsiversive

saccade stimulation (Fig. 5C, bottom row) (p = 0.43). Similar
results were obtained in other presaccadic stimulation experi-
ments (Fig. 6). The reaction times during the follow-up control
remained significantly shorter in the postsaccadic stimulation
period (Fig. 6C) ( p < 0.05), but returned to the control level in
the presaccadic stimulation (pretarget stimulation: Fig. 6A, p =
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0.77; posttarget stimulation: Fig. 6B, p =
0.29). Thelack of persistent effects was also

evident by the fact that the reaction times stimulation
of 50% of saccades to the direction associ- £ 20

ated with stimulation, but not preceded by~ 8

electrical stimulation, did not change sig- 5

nificantly during the stimulation block G 2°

(Fig. 6 A, B, broken lines, “No stim”). These E -40
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Stimulation sites

Figure 7A shows the locations of task-
related neurons and stimulation sites in
the caudate. To examine whether the effect
is localized within the caudate, we per-
formed six series of postsaccadic stimula-
tion experiments at three different depths
along the same penetration: the upper and lower borders of the
caudate, and the central part of the caudate where task-related
neurons were recorded. As shown in Figure 7B, shortening in the
reaction times was observed when stimulation was applied at the
central part of the caudate, but not at the upper or lower border of
the caudate. In contrast, stimulation close to task-related neurons
(Fig. 7A, open circles) did not always cause significant effects. We
could not find a consistent relationship between the types of
neuronal activity recorded at the stimulation sites and the pres-
ence of stimulation effects. To examine whether the effective
stimulation sites tended to be localized within the caudate, we
computed the distance of all pairs of stimulation sites that in-
duced significant shortening (Fig. 7A, pink bars), prolongation
(cyan bars), or nonsignificant effects (black bars). There was no
significant difference in the degree of scattering of stimulation
sites of any particular effects ( p = 0.6, Kruskal-Wallis test).

shown by the broken lines.

Discussion

Postsaccadic stimulation facilitated saccades

Electrical stimulation in the caudate after saccades in a unique
direction induced a short-term and long-lasting facilitation of
saccades in that direction. The facilitation of saccades was not a
direct motor effect of stimulation because the stimulation was
applied after saccades. Instead, saccade facilitation can be re-
garded as memory effects in the saccadic system. Such effects
appear to be equivalent to those induced by a positive reinforce-
ment signal, or natural reward. When the monkey performed the
biased-reward saccade task, a visually guided saccade task in
which only one target position is associated with a large reward
throughout a block, the reaction times of saccades toward the
particular target associated with a large reward become shorter
while the reaction times of saccades toward the target associated
with a small or no reward become shorter (for review, see Hiko-
saka et al., 2006).

Similarities between the effects of electrical stimulation and
natural reward were also evident when stimulation/reward posi-
tion contingency was switched. In the biased-reward saccade
task, the reward position contingency was constant within a block
but was reversed between blocks with no instruction. When an
unexpected delivery of reward was detected (i.e., at the transition
from a small to large reward block), the saccade reaction time for
that direction became shorter quickly; when an unexpected lack
of reward was detected (i.e., at the transition from a large to small

Stim Follow up Control Stim Follow up Control Stim Follow up

* P<0.05

The persistent effect of caudate stimulation depends on the timing of stimulation. A, Presaccade no. 1 or pretarget
stimulation (monkey S, n = 7; monkey L, n = 8). B, Presaccade no. 2 or posttarget stimulation (monkey S, n = 6; monkey L, n =
2). (, Postsaccade stimulation (black, 100%; monkey S, n = 11) (gray, 50% schedule; monkey S, n = 2; monkey L, n = 3). For
each schedule, the mean and SE of the reaction time changes are shown for the stimulation session (Stim) and the follow-up
session (Follow-up). Experiments in which the reaction times of contraversive saccades associated stimulation showed significant
decrease are analyzed. In Aand B, in addition, the reaction times of contraversive saccades not associated with the stimulation are
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Figure 7. A, Recording and stimulation sites in monkey S (left) and monkey L (right) are

projected onto coronal sections with 2 mm intervals traced from magnetic resonance images.
The numbers on the left indicate distance (in millimeters) posterior to the anterior commissure.
The open circles denote the locations of neurons that showed any type of task-related activity
during the performance of the biased-reward saccade task (see Materials and Methods). The
bars denote the locations of electrical stimulation. Reaction time changes of contraversive sac-
cades by post-contraversive saccadic stimulation are color coded: pink, significant decrease;
cyan, significant increase; black, no significant changes. B, The effect of electrical stimulation
was localized in the caudate. Stimulation was applied at three different depths in a single
electrode track: upper border (triangle), central part (circle), and lower border (square) of the
caudate. The mean and SE of the reaction time changes are shown for each depth from the
upper border of the caudate. The results are based on one set of three stimulation experiments
performed along the same penetration (monkey L, 6 mm posterior to the anterior commissure).

reward block), the saccade reaction time for that direction be-
came longer, but slowly (Watanabe and Hikosaka, 2005). We
found a similar asymmetry in the change of the saccade reaction
time using the postsaccadic electrical stimulation in the caudate.
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Shortening of the saccade reaction time was quick after the stim-
ulation started, whereas the saccade reaction time remained short
even after the stimulation was stopped.

These results suggest that a common neural mechanism un-
derlies the reaction time changes induced by natural reward and
those induced by caudate stimulation. In the biased-reward sac-
cade task, changes in caudate neuronal activity correlate with the
changes in the saccade reaction times (Watanabe and Hikosaka,
2005). Therefore, the electrical stimulation in the caudate may
induce similar changes in caudate neuronal activity, which then
would induce asymmetric changes in saccade reaction times.

Saccade direction specificity

Electrical stimulation in the caudate could facilitate neuronal
processes locally but nonspecifically, regardless of the direction of
saccades associated with the stimulation. Thus, stimulation after
ipsiversive saccades should still cause a shortening in the reaction
time of contraversive saccades, because the activity of a majority
of caudate projection neurons are contralateral-preferred (Hiko-
saka et al., 1989a,b). We found, instead, that the post-ipsiversive
saccade stimulation caused a shortening in the reaction times of
ipsiversive saccades. This result indicates that the effects of post-
saccadic stimulation depend on the association of saccades to a
particular direction and the subsequent electrical stimulation.
This supports the hypothesis that the synaptic efficacy of cortico-
striatal projections that carry unique spatial and motor informa-
tion is strengthened at the level of the striatum (Reynolds and
Wickens, 2002).

A question remains as to the interchangeability of the caudate
stimulation effects. Stimulation after contraversive saccades led
to the shortening or prolongation of the reaction times of con-
tralateral and ipsilateral saccades, respectively, whereas stimula-
tion after ipsiversive saccades led to the shortening or prolonga-
tion of the reaction times of ipsilateral and contralateral saccades,
respectively. This might suggest that the caudate has a potential to
control saccades in both directions. It is noteworthy in this re-
spect that the preferred direction of single caudate projection
neurons could change flexibly depending on the direction of ex-
pected reward (Kawagoe et al., 1998; Ding and Hikosaka, 2006).
Such flexible modulation may be supported by the bilateral cor-
ticostriatal connections (Carpenter, 1981; Royce, 1982). Either
natural reward or caudate stimulation may be capable of guiding
caudate projection neurons to be tuned to whichever direction or
position that is associated with reward or stimulation.

It is worth noting that this saccade direction selectivity of
stimulation effects may also depend on the task context or the
stimulation sites. For example, Williams and Eskandar (2006)
reported behavioral changes produced by electrical stimulation
in the caudate. In this study, caudate stimulation promotes an
association between visual stimulus, regardless of its location,
and motor response, whereas in our study caudate stimulation
promoted an association between visual stimulus location and
motor response. The difference might also be attributable to the
regional difference within the caudate. Williams and Eskandar
(2006) focused on the head (anterior part) of the caudate, which
receives projections from the frontal association cortex (Selemon
and Goldman-Rakic, 1985; Yeterian and Pandya, 1991) including
the dorsolateral prefrontal cortex, where different kinds of infor-
mation are integrated for controlling purposeful behavior (Miller
and Cohen, 2001). We focused on the body (more posterior part)
of the caudate, which receives cortical inputs mainly from the
oculomotor areas, especially the frontal eye field and the supple-
mentary eye field (Shook et al., 1991; Parthasarathy et al., 1992)
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where the saccadic goal in space is determined (Bruce and Gold-
berg, 1985).

Timing specificity

Saccade direction selectivity and persistent effects, which were
characteristics of the postsaccadic stimulation, were not observed
with the presaccadic stimulation. The saccades that were associ-
ated with stimulation and were directed to the side of stimulation
(ipsiversive saccades) were facilitated with the postsaccadic stim-
ulation, but were delayed with the presaccadic stimulation. Un-
like the postsaccadic stimulation, the presaccadic stimulation in-
duced no persistent effect. These results suggest that the effect of
the postsaccadic stimulation took the form of memory, whereas
the presaccadic stimulation yielded direct and instantaneous mo-
tor effects.

Our result on the timing specific persistent effect is consistent
with the finding by Williams and Eskandar (2006) showing that
caudate stimulation was effective in improving learning of visu-
al-motor associations when the stimulation was delivered after
motor response, but not during the presentation of the visual
stimulus. The cellular mechanisms that support this timing spec-
ificity remained to be clarified. It is possible that the temporal
contingency between cortical stimulation and activity of striatal
output neurons may affect the direction of the change in the
membrane potential, LTP and LTD (Fino et al., 2005).

Mechanisms of the effect of postsaccadic stimulation

An important question is where and how electrical stimulation
exerts its action to induce lasting changes in saccade reaction
time. One plausible possibility is that plastic changes in neuronal
processing occur in the caudate (Major and White, 1978). The
locally modifiable elements may include axon terminals of ex-
trinsic origin (dopaminergic terminals from the substantia nigra
pars compacta and glutamatergic terminals from the cerebral
cortex) and neurons in the caudate, namely striatal projection
neurons or interneurons. Similarities in the effects of electrical
stimulation and natural reward could indicate common mecha-
nisms, namely release of dopamine. Involvement of dopamine in
the change of the corticostriatal synaptic efficacy has been re-
ported (Phillips et al., 1979; Wickens et al., 1996; Canales et al.,
2002; Reynolds and Wickens, 2002). In support of this dopamine
hypothesis is our previous finding that the reward-dependent
modulation of the saccadic reaction times are attenuated after an
injection of a dopamine D, antagonist in the oculomotor region
of caudate and was enhanced after an injection of a dopamine D,
antagonist (Nakamura and Hikosaka, 2006).

However, direct stimulation of dopaminergic terminal fibers
is unlikely for the changes in saccade reaction times, because
those axons are fine and are likely to have high activation thresh-
olds. Previous studies have shown that the effect of a combination
of presynaptic and postsynaptic activity, in addition to changes in
dopamine release, induces LTD or LTP (for review, see Reynolds
and Wickens, 2002). In our experiments, electrical stimulation in
the caudate may depolarize the caudate projection neurons
and/or stimulate glutamatergic corticostriatal terminals. If these
events are combined with an increase in dopamine release caused
by task-related activation of dopamine neurons (Kawagoe et al.,
2004), caudate neurons may undergo facilitatory plastic changes.

Another possibility is that the observed effects of caudate
stimulation are attributable to transsynaptic effects. The stimula-
tion may affect dopamine neurons in the substantia nigra pars
compacta directly (Gerfen, 1985) or indirectly through the sub-
stantia nigra pars reticulata (Tepper et al., 1995), subthalamic
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nucleus (Parent and Smith, 1987; Iribe et al., 1999), or globus
pallidus (Bevan et al., 1996; Paladini et al., 1999). This line of
thought is consistent with the induction of LTP by simultaneous
activation of dopamine neurons and caudate projection neurons
(Reynolds et al., 2001). Alternatively, electrical stimulation of the
caudate, which has direct connection to the substantia nigra pars
reticulata (Tulloch et al., 1978; Hedreen and DeLong, 1991; Par-
ent and Hazrati, 1994), might induce a plastic change in GABA
receptor expression in pars reticulata neurons (Katz et al., 2005).
The outcome by this process could be robust because the substan-
tia nigra pars reticulata is a major output of the basal ganglia for
oculomotor control (Hikosaka et al., 2000). Yet another possibil-
ity is that caudate stimulation might activate cortical neurons
antidromically (Selemon and Goldman-Rakic, 1985; Yeterian
and Pandya, 1991; Parthasarathy et al., 1992), which then induce
plastic effects inside the cortical area such as the frontal eye field.

Our recent studies, however, support the first hypothesis that
a plastic change occurs, at least partly, within the caudate. The
changes in saccade reaction times in the biased saccade task cor-
relate with changes in caudate neuronal activity, especially at the
transition between large and small reward blocks (Watanabe et
al., 2003a). The reward-dependent modulation of the saccadic
reaction times are attenuated after an injection of a dopamine D,
antagonist in the oculomotor region of caudate and was en-
hanced after an injection of a dopamine D, antagonist (Naka-
mura and Hikosaka, 2006).

In conclusion, the present results suggest that the electrical
stimulation in the caudate induces behavioral changes compara-
ble with those induced by natural reward. This supports the hy-
pothesis that the linkage of sensorimotor and reward signals takes
place, at least partly, in the caudate. We further found that the
behavioral changes are induced in spatially and temporally spe-
cific manner in the caudate, by taking advantage of electrical
stimulation, which allowed us to access to the reward mechanism
directly.
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