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Abstract

The basal ganglia have long been considered crucial for associative learning, but whether they also are in-
volved in another type of learning, error-based motor learning, is not clear. Error-based learning has been con-
sidered the province of the cerebellum. However, learning to use a robotic arm and saccade adaptation,
which use error-based learning, are facilitated by motivation, which is a function of the basal ganglia.
Additionally, patients with Parkinson’s disease, a basal ganglia deficit, show slower saccade adaptation than
age matched controls. To further investigate whether the basal ganglia actually influence error-based learning,
we reversibly inactivated the oculomotor portion of the substantia nigra pars reticulata (SNr) in two monkeys
and tested saccade adaptation. Here, we show that nigral inactivation affected saccade adaptation. In particu-
lar, the inactivation facilitated the amplitude decrease adaptation of ipsiversive saccades. Consistent with pre-
vious studies, no effect was seen on the amplitude of the ipsiversive saccades when we did not induce
adaptation. Therefore, the facilitated adaptation was not caused by inactivation directly modulating ipsiversive
saccades. On the other hand, the kinematics of corrective saccades, which represent error processing, were
changed after the inactivation. Thus, our data suggest that the oculomotor SNr assists saccade adaptation by
strengthening the error signal. This effect indicates the basal ganglia influence error-based motor learning, a
previously unrecognized function.
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ignificance Statement

Error-based motor learning, such as learning to use a robotic arm or make accurate saccades, has been re-
garded as a cerebellar function. In contrast, the basal ganglia are thought to be involved in associative learn-
ing, such as associations between reward and stimulus objects, but whether they also are involved in error-
based motor learning is not clear. Here, we address this question by showing that inactivation of the oculo-
motor basal ganglia influences the saccade motor learning, a well-established error-based motor learning
\model. This result suggests a previously unrecognized function of the basal ganglia. /

Introduction

The basal ganglia are thought to be involved in associa-
tive learning, such as associations between reward and
stimulus objects (Doya, 2000; Shmuelof and Krakauer,
2011). In contrast, error-based learning, such as used for
correcting inaccurate movements, has been regarded as
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a cerebellar function. However, we recently observed that
the rate of saccade adaptation, a cerebellar dependent
form of error-based learning (Hopp and Fuchs, 2004;
Iwamoto and Kaku, 2010; Kojima, 2019; Soetedjo et al.,
2019), could be facilitated by motivation (Kojima and
Soetedjo, 2017a). Similarly, learning to use a robotic arm,
another form of error-based learning, is also facilitated by
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motivation (Nikooyan and Ahmed, 2015). Since motivation
is associated with basal ganglia processes underlying re-
ward associative learning, these findings suggest that the
basal ganglia may also influence error-based learning.
Indeed, patients with Parkinson’s disease, which is a dis-
order of the basal ganglia, show slower saccade adapta-
tion than age-matched normal controls (MacAskill et al.,
2002; Abouaf et al., 2012).

Here, we examined whether the output of the basal
ganglia actually influences error-based learning by using
saccadic eye movements. Saccades supply a useful
model for error-based motor learning for two reasons
(Hopp and Fuchs, 2004; Ilwamoto and Kaku, 2010;
Kojima, 2019; Soetedjo et al., 2019): first, their subcortical
neural circuitry is well studied (Scudder et al., 2002); and
second, there is an established behavioral paradigm that
causes an adaptation of saccade size by providing an ap-
parent visual error (McLaughlin, 1967).

Previous studies have implicated the superior colliculus
(SC) as the source of the error signal that drives saccade
adaptation (Kojima, 2019; Soetedjo et al., 2019). First,
there are disynaptic routes from the SC to the oculomotor
cerebellum (oculomotor vermis; OMV). The climbing fibers
that cause complex spikes in OMV Purkinje cells originate
in the part of the inferior olive (I0; Yamada and Noda,
1987; Kralj-Hans et al., 2007) that receives a projection
from the SC (Harting, 1977; Huerta and Harting, 1984).
Second, SC stimulation can act as a surrogate error signal
to drive adaptation, presumably by evoking complex
spikes in the OMV (Kaku et al., 2009; Soetedjo et al.,
2009). Third, elimination of the error signal by inactivating
the rostral SC impairs saccade adaptation (Kojima and
Soetedjo, 2018). Finally, visual activity in rostral SC neu-
rons encodes the sensitivity of the motor error used for
saccade adaptation, i.e., when this SC activity is strong-
est, the speed of adaptation is fastest (Kojima and
Soetedjo, 2017b). All these studies taken together sug-
gest that the SC provides an error signal to the OMV by
way of the 10 to drive saccade adaptation.

The substantia nigra pars reticulata (SNr) is an output
station of the basal ganglia involved with the saccadic
system (Hikosaka et al., 2000) that projects to and influen-
ces the SC by direct inhibition (Behan et al., 1987;
Bickford and Hall, 1992). SNr neurons exhibit tonic activ-
ity during fixation, and they pause for visual stimuli and for
visually-guided saccades in the contraversive direction
(Hikosaka et al., 2000). During saccade initiation, there is
a pause in the tonic activity of a portion of the SNr. This
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produces a decrease in nigrotectal inhibition allowing excita-
tory inputs to increase collicular activity, leading to a contra-
versive saccade (Hikosaka et al., 2000). Consequently, to
test whether the basal ganglia can influence error-based
learning, in the present study we examined the effects of in-
activating the SNr when monkeys were adapting their sac-
cades. Since inactivation of the SNr produces little direct
effect on visually-guided ipsiversive saccades (Hikosaka and
Wurtz, 1985), we primarily examined whether inactivating the
SNr affects adaptation of ipsiversive saccades, where the re-
sults would not be confused by the direct effects of SNr inac-
tivation on contraversive saccades. Furthermore, using this
approach, we concentrated our examination on target steps
that produce a motor error signal used for adaptation on the
side of the SC that receives the predominant ipsilateral SNr
input.

Materials and Methods

All experiments were performed in accordance with the
Guide for the Care and Use of Laboratory Animals and ex-
ceeded the minimal requirements recommended by the
Institute of Laboratory Animal Resources and the Association
for Assessment and Accreditation of Laboratory Animal Care
International. All the procedures were evaluated and ap-
proved by the local Animal Care and Use Committee of the
University.

Surgery and training

Two male Macaca mulatta monkeys (E, Z) participated
in this study. We implanted each monkey with fixtures to
prevent head movements, a scleral search coil (Judge et
al., 1980) to measure eye position in space, two recording
chambers that were aimed at each side of the SNr and
one recording chamber that was aimed at the SC.

After the monkeys had recovered from the surgery, we
trained them to track a small visual target in a dimly lit,
sound-attenuating booth. The target was a 0.3° laser spot
projected onto a tangent screen via two computer-con-
trolled orthogonal mirror galvanometers. The screen was
65 cm from the monkey’s eyes. The monkey sat in a pri-
mate chair with its head restrained. We measured eye po-
sition with the electromagnetic search coil method (Fuchs
and Robinson, 1966). We rewarded the monkeys with ap-
plesauce for keeping their gaze within =2° windows
around the horizontal and vertical positions of the target
spot for at least 0.5 s. Once they had learned to fixate the
target spot, we trained them to make visually-guided sac-
cades to a stepping spot that moved to random locations
on the tangent screen within a =18° radius of straight-
ahead while training. We delivered the applesauce reward
(~0.16 ml per dollop, ~200 ml/h) by a pump (Masterflex
tubing pump, Cole-Parmer) every 2 s regardless of the
amplitude, direction or timing of the saccade, as long as it
landed within the =2° window surrounding the target. The
targeting saccade was required to occur within 0.6 s of
the target step and the subsequent fixation had to be
maintained for at least 0.3 s.

After the monkey reliably tracked the jumping target
spot, we started recording experiments to find the region
of SNr whose neurons exhibit tonic activity during fixation,
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Table 1: Summary of the conditions in all nine injection experiments

Experiment # Monkey SNr (Lt/Rt) Muscimol (ul) Adapt/noAdapt Direction(°)

Spontaneous saccade vector Time to start ada (min)
Amplitude(®) From inj From in booth

1 E R 0.8 Adapt
2 E R 0.6 Adapt
3 E L 0.6 noAdapt
4 E L 0.8 Adapt
5 V4 L 1 Adapt
6 z L 1 Adapt
7 Z L 1 Adapt
8 VA L 1.1 noAdapt
) z L 0.8 Adapt

178 53 19 70
174 5 18 58
36 5.1 18 44
16 55 20 100
17 4 17 29
356 25 17 30
352 3.8 17 29
351 5 17 28
No spontaneous saccade 17 28

and pauses for visual stimuli and for saccades in the
contraversive direction (Hikosaka and Wurtz, 1983a).
We used a glass-coated tungsten micro-electrode
(Alpha-Omega) guided by a 21-gauge hypodermic can-
nula. We tested visually-guided saccades to three tar-
get amplitudes (5°, 10°, 15°) for six directions (right,
right up, left up, left, left down, and right down). As in a
previous study (Hikosaka and Wurtz, 1983a), neurons
typically exhibited a broad response field, pausing for
all three tested amplitudes with all three contraversive
directions. Because of this broad response field tuning,
our injection could affect a broad sector of saccade
vectors.

Muscimol injection procedure

We injected muscimol, a GABA4 agonist (5 ug/ul, MP
Biomedicals) dissolved in a saline solution through a
36-gauge stainless steel tube. On the day preceding
each injection, we made electrode penetrations to lo-
cate the SNr by recording its characteristic activity
(Hikosaka and Wurtz, 1983a). On the day of the injec-
tion, we advanced the injection tube tip to 0.2 mm
below the depth of the preceding electrode penetration
because the tube is thicker than the electrode, and so
does not penetrate as effectively as an electrode. After
we collected a “preinjection” block of saccades (see
Experimental procedures), we injected the muscimol by
using brief pulses of air pressure (PV830 Pneumatic
PicoPump, WPI).

We confirmed the location of the injection tube both
physiologically and histologically. As reported previously
(Hikosaka and Wurtz, 1985), spontaneous saccades con-
traversive to the injection side appeared about half an
hour after the injection. The spontaneous saccades oc-
curred in eight experiments (experiments #1-8; Table 1).
Their occurrence most likely is caused by hyperactivity
within the ipsilateral SC, which is disinhibited by SNr inac-
tivation (Hikosaka and Wurtz, 1985). In one experiment
(experiment #9; Table 1), the spontaneous saccades did
not appear, suggesting that the muscimol injection failed
to inactivate the appropriate region of the SNr. Probably,
the tip of injection tube was not properly located in the
oculomotor SNr. We analyzed this experiment as a con-
trol. We did not use saline injections as controls because
saline injection sites could not be confirmed by the induc-
tion of spontaneous saccades.

March/April 2021, 8(2) ENEURO.0519-20.2021

Experimental procedures

In each injection experiment, we first collected at least
10 min of preinjection data (Fig. 1B). During this block, the
monkey made visually-guided saccades to targets, which
stepped by 4°, 10°, or 12° to the right or left. The three tar-
get steps occurred at random, so the starting position of
each saccade was not predictable. After we had collected
the preinjection data, we injected muscimol. The amount
of injection for each experiment is indicated in Table 1.
We collected at least 15min of “postinjection” data.
Animals continued participation in the same tasks during
and after the injection.

After collecting the postinjection data, we started the
adaptation. In this “adaptation” block, we caused adapta-
tion of the 10° or 12° saccades in both directions by pre-
senting an intrasaccadic backward target step of 4° to
produce a decrease in saccade size. To keep the vector
of the postsaccadic visual error constant at 4° during the
entire adaptation session, we used a modified version of
the McLaughlin (1967) paradigm (Robinson et al., 2003;
Kojima et al., 2015; Kojima and Soetedjo, 2017b). As the
monkey made a saccade toward the target, we measured
the eye position at the end of the saccade (determined
when eye velocity fell to 20°/s) and moved the target
backward relative to that end eye position by 4°.

The muscimol injection did not affect the gain (for the
definition, see below, Data analysis) of ipsiversive sac-
cades in all eight inactivation experiments. We compared
the median gains of the first 25 preinjection saccades and
the last 25 postinjection saccades in each experiment
(Wilcoxon rank-sum test; Fig. 1C). We took the last 25
postinjection saccades because the muscimol effect is
more stable later than immediately after the injection
(Kojima et al., 2010b). On the other hand, the injection did
change the gain of contraversive saccades in three injection
experiments (experiments #3, 4, 8). Because such gain
changes for contraversive saccades would mask the gain
change induced by adaptation, we focused on presenting
adaptation data for ipsiversive saccades, although, for the
sake of completeness, we present adaptation data for con-
traversive saccades as well.

To make sure that the muscimol itself did not affect the
saccade gain, we also examined the effect of muscimol
alone for the duration used during adaptation, i.e., ~1 h
(experiments #3 and 8; Table 1). Similar to the actual ad-
aptation experiments, we collected preinjection data, in-
jected muscimol, and then collected postinjection data. In
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Figure 1. Experimental procedure. A, Experimental design. The effect of SNr inactivation on ipsiversive saccade adaptation. SNr

projection to ipsilateral (fat arrow) and contralateral (dashed arrow) SC. Brown arrow in the ipsilateral rostral SC represents the 4°
contraversive vector that we used as the visual error to drive adaptation. Blue arrow in the contralateral caudal SC represents the ip-
siversive vector (10° or 12°) of the initial saccade. B, Diagram of the task. 10°, 12°, 4° are horizontal. C, Effect of muscimol on the ip-
siversive saccade gain. Box plots represent the first and last 25 saccades of the preinjection and postinjection period, but before
adaptation session, respectively. D, Development of spontaneous saccades induced by the SNr inactivation contraversive to the in-
jection site (pink arrows) occurring at 30, 60, and 90 min after an injection into the right SNr (experiment #1). By 90 min, spontaneous
saccades were quite frequent and interfered with the targeting saccades (green arrows) so we stopped the experiment. Blue and
brown arrows represent adapted and corrective saccades, respectively.

these two experiments, instead of starting the adaptation,
we continued the preinjection task (4°, 10°, or 12° to the
right or left; Fig. 1B). In this “no-adaptation” block, we
turned off the target for 150 ms after the saccades to elim-
inate any visual error that could cause a gain change.

Two days after an injection, the dysmetria and the
spontaneous saccades had completely disappeared. We
then collected behavioral control data for adaptation (“no-
injection”) on each of the next 3 d. Because of the high
degree of variability in adaptation from day to day (Hopp
and Fuchs, 2004), we collected three no-injection experi-
ments for each injection experiment to make sure the dif-
ference between no-injection and injection experiments
was not because of the adaption variability. We started
the no-injection adaptation trials (for experiments #1, 2, 4,
5, 6, 7, 9) or no-injection no-adaptation trails (for experi-
ments #3, 8) after the monkey had made about the same
number of preinjection, during injection, and postinjection
trials for the same amount of time as in an injection

March/April 2021, 8(2) ENEURO.0519-20.2021

experiment. The adaptation was induced using the same
saccade vectors as in the injection experiment.

Data analysis

We digitized eye and target position signals at 1 kHz and
sampled unit activity at 50 kHz using Power 1401 data acqui-
sition/controller hardware (Cambridge Electronic Design). We
saved data to a hard disk for later analysis. During the experi-
ment, Spike2 (Cambridge Electronic Design) controlled target
movement and the monkey’s reward via the Power 1401
hardware.

We used Spike2 to analyze the saved data. It detected
saccades when eye velocity exceeded 75°/s within 50—
800 ms after a target jump. The program marked saccade
onset and end when the eye velocity vector exceeded or
fell below a 20°/s threshold, respectively. The program
measured several saccade attributes including amplitude,
peak velocity and duration, as well as the distance to the
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target at the beginning of each saccade. We exported
saccade attributes and target positions to MATLAB
(MathWorks) to analyze their relationships. We eliminated
saccades whose initial eye positions differed from those
of the initial target positions by >5°.

The total number of trials during adaptation differed
from experiment to experiment. All datasets contained at
least 472 ipsiversive saccade trials during adaptation;
therefore, we analyzed only the first 472 trials in all injec-
tion and no-injection experiments. For contraversive sac-
cade, we analyzed 373 trials.

To document the amplitude of the initial saccade to be
adapted (10° or 12° target steps), we calculated the vector
gain of each saccade. To normalize trial-to-trial differen-
ces of initial eye position before a saccade, the target
step size was computed relative to the initial eye position:

Vector Gain(n)

\/ (HEi(n) — HEe(n))? + (VEi(n) — VEe(n))?

)

\/ (HEi(n) — HTe(n))? + (VEi(n) — VTe(n))*

where (n) is n'" trial, HEi is horizontal initial eye position,
HEe is horizontal eye end position, VEi is vertical initial
eye position, VEe is vertical eye end position, HTe is hori-
zontal target end position, and VTe is vertical target end
position.

To document the adaptation, the vector gain was nor-
malized by the median of vector gain of the initial 25 adap-
tation trials of the experiment:

Gain(n) = 1 — (Median vector gain(1 — 25)
—Vector Gain(n)).

We calculated the gain of corrective saccades in the
same way.

To compare the progression of adaptation between the
injection and no-injection experiments, we fitted the
course of each adaptation with an exponential function
(Straube et al., 1997; Kojima and Soetedjo, 2018):

fexponential(”) =ax eXp(—b X n)+c.

We tested whether an injection experiment and a no-in-
jection experiment produced different exponential fits by
means of an overall F test for regression (Motulsky and
Christopoulos, 2004). Briefly, in the null hypothesis one
exponential fits all the data points from both the injection
and no-injection datasets. The alternative hypothesis is
that the fits are different. We calculated the F ratio.

F — ratio = ((SSnu// — SSalt) /SSalt) /
((DFnu// — DFalt) /DFa/t) ,

where SSnull is the percent difference of the sum-of-
squares of errors from the null hypothesis fit. SSalt is the
percent difference of the sum of the two sums-of-squares
of errors from the two alternative hypotheses fits, i.e., in-
jection data versus combined data points (injection and
no-injection control) and no-injection control versus
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combined data points. DFnull and DFalt are the percent
difference in their degrees of freedom, respectively. If the
null hypothesis is true, the F ratio is 1.0. We then com-
puted a p value from the F distribution. When p < 0.05, we
consider that the data from the injection and each no-in-
jection experiment were significantly different.

We also calculated the amount of gain change in the in-
jection and each no-injection experiment:

Amount of gain change = foxponentiat(472) — Foxponentiar- (1)

To evaluate the injection effect on the change in sac-
cade parameters, that is, gain, reaction time, and peak
velocity, we used a mixed-effect model (MATLAB func-
tion fitime; Biostatistics Consulting service of the
University; Kleinbaum et al., 1987). For adaptation ex-
periments, we combined all six datasets (six injections
and eighteen no-injections) and fitted with a linear
mixed-effect model:

log(saccade parameter) = by + byinjection + bytrial
+ bz injection x trial + random effect monkey
+random effect dataset+random effect condition.

For no-adaptation experiments, we combined both da-
tasets (two injections and six no-injections for no-adap-
tion datasets) and fitted with a linear mixed-effect model:

log(saccade parameter) = b, + biinjection + b,trial
+ bsinjection x trial + random effect monkey
+random effect condition,

where injection is 1, if the muscimol was injected, and 0, if
it was a no-injection control experiment. The random ef-
fect condition is “injection” or “no-injection.” We exam-
ined the coefficient of the injection x ftrial variable and
determined the exponential of the value, that is, €3, This
was interpreted as the ratio of time trends comparing an
injected experiment to a no-injection experiment. For
example, suppose the value of e”®3(472-1) was 0.96 for
the gain of the adaptation experiments. This can be in-
terpreted as: “gain change for the injection experiments
for 472 trials was 4% faster than in the no-injection
experiments.”

To display the course of change during adaptation in
the saccades across all datasets, we computed the trial
population average (MATLAB function mean). We calcu-
lated the logarithm of the reaction times and peak velocity
because their distribution usually was not Gaussian, but
had a long tail.

Trial population average(n)

=m’ Z(saccadeparameter(n)),

m=1

where m is number of experiments (6 for adaptation injec-
tion experiments, 18 for adaptation no-injection, 2 for no-
adaptation injection, 6 for no-adaptation no-injection). To
smooth the course of the change, we calculated the mov-
ing average over a sliding window of 50 trials (MATLAB
function movmean).
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Population average = moving average
(trial population average)

In all the statistical analyses, when p < 0.05, we consid-
ered the data from the injection and no-injection experi-
ments to be significantly different.

SC recording

In one monkey (E; experiments #1-4), we recorded the
rostral SC activity before and after the SNr inactivation.
Once we collected a preinjection block of saccades (Fig.
1B), we drove an electrode into the intermediate layer of
the SC and isolated neurons. We recorded from SC neu-
rons ipsilateral to the SNr injection site because most of
the SNr projection to the SC is ipsilateral (Jayaraman et
al., 1977; Beckstead et al., 1981; Hikosaka and Wurtz,
1983b). We isolated a SC neuron while the monkey made
saccades to target steps with pseudorandom vectors. To
identify the neuron’s optimal vector, we first examined the
burst associated with target steps and saccades angled
every 10°, and then determined the angle halfway be-
tween target step directions where the burst was the
weakest (Sparks and Mays, 1980; Munoz and Wurtz,
1995). In the optimal direction, we then examined the
burst for amplitudes that varied in 0.5° increments and de-
termined the optimal amplitude with the strongest burst
(Soetedjo et al., 2002a,b; Kojima and Soetedjo, 2017b).
Because stimulation of the rostral SC induces greater ad-
aptation than stimulation of the caudal SC (Kaku et al.,
2009; Soetedjo et al., 2009), we focused on the rostral
SC, whose neurons respond best to small target and/or
saccade amplitudes. Once we had identified the neuron’s
optimal vector, we collected activity for visually-guided
saccades along the optimal vector (Fig. 1B, preinjection
next to SC recording). Once we had collected the prein-
jection data, we drove the pipette to the SNr and injected
while maintaining the isolation of the SC neuron. We then
collected the SC activity for the same saccades that we
collected before the injection. In 2 experiments (experi-
ments #1, 3), we lost isolation of the unit, so we discontin-
ued the recording and started the next block (Fig. 1B,
postinjection = preadaptation 10°, 12°, 4°).

We digitized the sampled unit activity at 50 kHz
using Power1401 data acquisition/controller hard-
ware (CambridgeElectronicDesign). A voltage threshold
detected each action potential and the program saved
its time of occurrence. The marked events were care-
fully checked by eye (Kojima and Soetedjo, 2017b).

Neuroanatomy

In one monkey (E), we injected biotinylated dextran
amine (BDA; 10,000 MW, Invitrogen, Thermo Fisher
Scientific) into the right rostral SC through a 35-gauge
stainless steel tube. The tube was insulated by epoxylite
except for its beveled tip to allow electrical stimulation. To
prepare for the injection, we plotted the topographic map
of the rostral SC (Robinson, 1972; Sparks and Mays,
1980; Munoz and Wurtz, 1995) by recording unit activity
and using electrical stimulation. On the day preceding
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each injection, we made electrode penetrations into the
SC to reveal the optimal vector of that locus (Sparks and
Mays, 1980; Munoz and Wurtz, 1995; Soetedjo et al.,
2002a,b; Kojima and Soetedjo, 2017b) by recording and
stimulation (50 pA, 500 Hz, 50-ms trains of 0.1-ms catho-
dal pulses). On the day of the injection, we advanced the
tip of the injectrode until we heard neuronal bursts related
to pseudo-random (in direction and size) target steps
and/or the targeting saccades (Kojima and Soetedjo,
2018). We then stimulated to evoke saccades and took
the site’s preferred vector as the average vector of five
evoked saccades. At a site where stimulation evoked a
1.7° saccade in a 144° direction (left and up), we injected
120 nl of 10% BDA by using brief pulses of air pressure
(PV830 Pneumatic PicoPump, WPI).

Twenty-two days after the BDA injection, the animal
was perfused with 4% paraformaldehyde in 0.1 m, pH 7.2
phosphate buffer (PB). Serial sections of the brain were
cut in the frontal plane using a Vibratome (Leica) at a
thickness of 100 um. To visualize the BDA, sections were
first incubated in avidin conjugated to horseradish peroxi-
dase diluted 1:500 in PB with 0.03% Triton X-100 for 24 h
at 4°C. They were then reacted with the chromagen, dia-
minobenzidine HCI (DAB). This process consisted of an
incubation in 0.5% DAB in 0.1 M, pH 7.2 PB, with 0.005%
cobalt chloride and 0.01% nickel ammonium sulfate. The
reaction was catalyzed by the addition of 0.005% hydro-
gen peroxide and stopped by rinses in PB. Sections were
then mounted onto gelatinized slides, counterstained with
cresyl violet, dehydrated, cleared and coverslipped.
Alternatively, they were counterstained using the cyto-
chrome oxidase method (Wong-Riley, 1989). Images of
the labeling were taken with a Nikon Eclipse E600 micro-
scope equipped with a DS-Ri1 digital camera. Nikon
Elements software controlled the image acquisition and
Adobe Photoshop was used to adjust the color and con-
trast of the images to more closely match the appearance
of the material to the eye.

Results

We tested the consequences of unilateral muscimol in-
jections into the SNr. Figure 1A illustrates our experimen-
tal design. Because most of the SNr projection to the SC
is ipsilateral (Jayaraman et al., 1977; Beckstead et al.,
1981; Hikosaka and Wourtz, 1983b), SNr inactivation
mainly affects the ipsiversive SC, which encodes error
signals and corrective saccades during the adaptation
paradigm (right SC; leftward saccade, brown arrow). The
other side of the SC, which, in our experiment, encodes
the initial saccades (left SC, rightward saccade, blue
arrow), is less affected by the injection because of the
much smaller crossed nigrotectal pathway. As indicated
in Figure 1A, bottom, an initial saccade is made to the lo-
cation of the initial target. When the target is moved de-
creasing the target distance by 4°, the result is a target
error signal that results in a second, corrective saccade.
During adaptation, the gain of the initial saccade is de-
creased, so we will refer to these eye movements as
adapting saccades in the remaining text.
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Table 1 shows the details of each experiment, including
the participating monkey, the side of the injection, the
amount of drug injected, the behavioral paradigm em-
ployed, and the time between the injection and (1) the
start of the adaptation session and (2) when the monkey
started working in the booth. Each muscimol injection ex-
periment consisted of four blocks: preinjection, during in-
jection, postinjection, and adaptation or no-adaptation
(Fig. 1B). While the preinjection, during injection, postin-
jection, and no-adaptation blocks were taking place, the
monkey made visually-guided saccades to target steps of
4°,10°, or 12° to the right and left. During the adaptation
block, we induced a gain decrease adaptation of 10° and
12° saccades to the right and left by creating a 4° visual
error with a backward intrasaccadic target step. In seven
experiments, we examined saccade adaptation after a
muscimol injection (Fig. 1B; Table 1, experiments #1, 2,
4-7, 9). In two control experiments, we examined the
long-term effect of muscimol on saccades that did not
undergo adaptation (experiments #3, 8). In four experi-
ments (experiments #1-4), we recorded rostral SC activity
before and after the SNr inactivation. Each injection ex-
periment was followed on subsequent days by three no-
injection control experiments. Therefore, one dataset con-
sists of four experiments, that is, one injection and three
no-injection experiments.

In agreement with previous reports (Hikosaka and
Wurtz, 1985), muscimol injections into the SNr in this
study produced little effect on the gain of ipsiversive sac-
cades (Fig. 1C; Wilcoxon rank-sum test, p > 0.05 in all
eight inactivation experiments).

We confirmed the injection site behaviorally and histo-
logically. As reported previously (Hikosaka and Wurtz,
1985), spontaneous saccades contraversive to the injec-
tion side appeared during fixation about a half hour after
the SNr injection (Fig. 1D, 30 min, pink arrows). This is be-
cause inactivation of the SNr disinhibits the ipsilateral SC,
which provides the saccade commands for contraversive
saccades (Hikosaka and Wurtz, 1985; Fig. 1A). We con-
sidered the appearance of these spontaneous saccades
as an indication that the muscimol injection had suc-
cessfully inactivated the appropriate region of the SNr.
The spontaneous saccades occurred in eight experi-
ments (experiments #1-8; Table 1). Despite the appear-
ance of spontaneous saccades that gradually increased
in frequency after the injection, monkeys still could
make targeting saccades and corrective saccades (Fig.
1D, 60 min). Therefore, adaptation could be induced.
However, by 90 min, spontaneous contraversive sac-
cades became so frequent that they interfered with the
targeting saccades (Fig. 1D, 90 min, green arrows). At
that point, adaptation became impractical, and we
stopped the experiment. The average vector of the
spontaneous saccade during the adaptation session for
each experiment is indicated in Table 1. The amplitude
of spontaneous saccades increased gradually (1.1°/
30 min on average). The average amplitude of the spon-
taneous saccades in all eight experiments was 4.5°,
suggesting that our injection inactivated the ~4° area of
the SNr.
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Figure 2. Histologic confirmation of the injection area (Monkey
E). An example of an image from a cytochrome oxidase-stained
section containing the substantia nigra is shown in the inset,
upper left. The boxed area is shown at higher magnification in
the rest of the figure. Several nigrotectal neurons that were ret-
rogradely labeled from a BDA injection in the rostral SC are indi-
cated by blue arrows. An injectrode track (green arrowheads) is
located adjacent to this population. BP, basis pedunculus; SNr,
substantia nigra pars reticulata; ST, subthalamic nucleus.

In one experiment, we injected muscimol and examined
saccade adaptation, but the spontaneous saccades did
not appear, indicating that the injection failed to inactivate
the oculomotor SNr (experiment #9). We analyzed this ex-
periment as an additional control.

In one animal, we confirmed the injection site histologi-
cally. Figure 2 shows the muscimol injection pipette track
(green arrow heads) in the SNr. In addition, to confirm that
the injection area in the SNr was the eye movement region
that projects to the rostral SC, we injected BDA at a physi-
ologically specified location (see Materials and Methods)
in the rostral SC of Monkey E. Figure 2 shows BDA la-
beled SNr neurons (blue arrows) near the injection pipet
track (green arrow heads) indicating the muscimol was
delivered near the appropriate nigrotectal neurons that af-
fect small amplitude saccades.

Effect of muscimol injections on saccade adaptation

Figure 3A shows the effect of a SNr inactivation on the
course of the gain change for a representative dataset
during adaptation (experiment #6). The exponential fits of
the course of adaptation after the injection (Fig. 3A, black
line) showed a faster gain decrease than did the no-injec-
tion adaptations (Fig. 3A,B, blue line). The total gain
change was larger in the injection than no-injection ex-
periments in all six datasets (Fig. 3C). For all datasets, the
fits for the injection experiment were significantly different
from any of the three associated no-injection experiments
(Fig. 3C, under bar graph; F test, p < 0.05).

To display the course of gain change across all six data-
sets (six injection experiments and 18 no-injection experi-
ments), we computed the population average (Fig. 3D).
The average gain change of the injection experiments was
greater than that of the no-injection experiments. For
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Figure 3. Gain change during adaptation. A, Time course of the adaptation in a representative injection experiment (dataset #6).
Gray dots represent individual adapting saccades and a black line is the exponential fit for the data. Three colored lines are expo-
nential fits for the three associated no-injection control experiments shown in B. (Note that the pink and blue lines are overlapped.)
Goodness of fit (? and sse) is indicated at bottom of the plot. B, Three associated no-injection control experiments (dataset #6).
Gray dots represent individual saccades and colored lines are exponential fits to the data. C, Amount of gain change for all six data-
sets. Black bars indicate the amount of gain change in injection experiments; colored bars indicate the three no-injection control ex-
periments associated with each injection; p values at bottom of bar graph indicate that the exponential fits for the injection and
associated control datasets are significantly different in all datasets. D, Population average of adapting saccades across all datasets
(six injection experiments and 18 no-injection experiments). Black line is injection experiments and light brown line is no-injection
experiments. The tinted shadows indicate SEM for injection and no-injection experiments, respectively. Result from the mixed effect
model (MEM) is indicated at bottom of the plot.

Table 2. Summary of the mixed effect model findings

Mixed-effect model % p % p % p
Ipsi Adapt Injection b1 —64.32 0.808 —-3.42E+25 1.1E-835 -7.76E+09 0.119
Trial b2 6.29 0.0E+00 —3.01 1.8E-21 4.16 9.9E-22
Injectiontrial b3 3.89 2.3E-34 -3.18 49E-07 297 6.7E-04
No adapt Injection b1 100.00 3.6E-04 —4.76E+15 1.2E-29 96.9 0.546
Trial b2 0.73 4.1E-03 —2.48 1.3E-06 —4.32 7.6E-07
Injectiontrial b3 0.76 0.138 1.24 0.217 —4.48 1.0E-02
Contra  Adapt Injection b1 82.29 0.369 91.46 0.621 —5.44E+19 4.2E-16
Trial b2 3.41 7.7TE-T7 -2.07 3.0E-06 1.43 8.4E-03
Injectiontrial b3 -2.79 1.1E-13 10.43 9.6E-36 —4.70 2.4E-05
No adapt  Injection b1 —-1.26E+03 0.244 -1.36E+13 58E-05 91.1 0.629
Trial b2 1.67 2.9E-12 —2.64 1.5E-05 4.33 5.2E-08
Injectiontrial b3 —-0.94 0.052 9.19 1.5E-15 —-9.37 3.6E-08
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Figure 4. Gain change of 10° and 12° saccades during no-ad-
aptation control experiments. A, Population average of both
datasets (experiments #3, 8: two injection experiments and six
no-injection experiments). Same organization as in Figure 3D.
B, Amount of gain change. Same organization as in Figure 3C.

group statistics, we used a mixed-effect model to test this
effect (Table 2). It indicated that the gain change in injec-
tion experiments was 4% faster than that in the
no-injection experiments (mixed-effect model b3, p=
2.3 x 107%%. Thus, inactivation of the SNr facilitated sac-
cade adaptation.

No-adaptation control experiments

To rule out the possibility that the muscimol might grad-
ually affect ipsiversive saccade gain for the many sac-
cades required for adaptation, we examined saccade
gain without adaptation in two control experiments (ex-
periments #3, 8; Table 1; Fig. 1B). Figure 4A shows the
population average of the gain change during the no-ad-
aptation block across two datasets (two injection experi-
ments and six no-injection experiments). The group test
indicated that the gain change of injection experiments
was only 0.8% greater than no-injection experiments, and
was not significantly different from controls (mixed-effect
model b3, p =0.14). Furthermore, the group test indicated
that the gain of injection experiment was nearly 100%
lower than no-injection experiments when they are in the
same trial (mixed-effect model b1, p=3.6 x 107%). The
trial-by-trial gain change in trials with the same injection
status was only 0.7% (mixed-effect model b2, p=
4.1 x107%). In addition, the exponential fits for the injec-
tion experiment were not significantly different from any
of the three associated no-injection experiments (Fig. 48,
under bar graph of amount of gain change; F test,
p >0.05). Thus, inactivation of the SNr significantly al-
tered the gain, but did not significantly alter the gain
change during no-adaptation sessions.

Failed inactivation control dataset

Figure 5 shows the gain change during the one experi-
ment in which the muscimol injection did not produce
spontaneous saccades, i.e., failed to inactivate the oculo-
motor portion of the SNr. In contrast to the successful in-
jections (Fig. 3), the adaptation after this injection (black
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Figure 5. Gain change during adaptation in the failed inactiva-
tion experiment. Same organization as in Figure 3A-C. A, Gain
change in an injection experiment (top) and no injection experi-
ments (bottom). B, Amount of gain change.

line) showed a slower gain decrease than the no-injection
adaptations (Fig. 5A, pink, blue, and green lines). In addi-
tion, the amount of gain change was smaller in the injec-
tion than in the no-injection experiments (Fig. 5B). The
exponential fits for this injection experiment were signifi-
cantly different from any of the three associated no-injec-
tion experiments (Fig. 5B, statistics beneath bar graph; F
test; see Materials and Methods). A group test (mixed-ef-
fect model) also indicated that the gain change of injec-
tion experiments was 3% slower than in the no-injection
experiments (p=7.6 x 10~7). Thus, adaptation was not
facilitated when the pipette was inserted into a location
where the oculomotor output of the SNr was not
inactivated.

Changes in reaction time and peak velocity during
adaptation

Figure 6 examines possible changes in the reaction
time and peak velocity of adapting saccades. Each plot
displays the population average of all 6 datasets (experi-
ments #1, 2, 4-7; Table 1). The saccadic reaction time in
injection experiments was longer at the beginning and in-
creased faster during adaptation than in no-injection ex-
periments (Fig. 6A). The mixed-effect model test of all six
datasets indicated that the increase of reaction time in in-
jection experiments was 3% faster than in no-injection ex-
periments (p=4.9 x 10~"). The velocity also changed.
Peak saccadic velocity in injection experiments was
slightly higher at the beginning and decreased faster dur-
ing the adaptation than did the velocity of the no-injection
experiments (Fig. 68). Note that the effect of this decrease
was that there was no difference between the peak veloc-
ity of the injection and no-injection data at the end of the
trials. The mixed-effect model of all six datasets indicated
that the decrease in the peak velocity in injection experi-
ments was 3% faster than the decrease in the no-injection
experiments (p=6.7 x 1074).
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Figure 6. Reaction time and peak velocity of adapting saccades. Same organization as in Figure 3D. A, Reaction time of adaptation
datasets. B, Peak velocity of adaptation datasets. C, Reaction time of no-adaptation datasets. D, Peak velocity of no-adaptation

datasets.

Figure 6C,D shows the population average of the no-
adaptation datasets (experiments #3, 8; Table 1). The re-
action time in the injection experiments was longer at the
beginning than in the no-injection experiments. Both the
injection and no-injection reaction times increased slightly
over the ftrials, but their increases were not significantly
different from each other (Fig. 6C, mixed-effect model,
p=0.22). The population averages for peak velocity
showed similar small increases over the trials in both the

injection and no-injection experiments (Fig. 6D), and only
slightly diverged in the last 100 trials. Although it is not ob-
vious in the plot of the population averages, the mixed ef-
fect model indicated that the peak velocity for the
injection experiments increased 4% more than for the no
injection experiments (p =0.01). This apparent paradox is
because the mixed-effect model considers individual fac-
tors, such as dataset and monkey, while the plot of popu-
lation average does not.

A B Peak velocity c

m L

E300f 25 = 24 15

g i a4 %200 ‘M'as £

= o ©

c o o1

.9 200 W 23 > 22

© [ = i

©

) o 0.8

& i 22 o 21

MEM: 6%, p=9.5 x 10716 MEM: 5%, p=1.4 x 10° MEM: 0.8%, p=1.4 x 104
2.1 100 20 06
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400

Saccade Number (Adaptation block)

Saccade Number (Adaptation block)

Saccade Number (Adaptation block)

Figure 7. Corrective saccades during adaptation. Same organization as in Figure 3D. A, Reaction time of corrective saccades in ad-
aptation datasets. B, Peak velocity of corrective saccades in adaptation datasets. C, Gain of corrective saccades in adaptation

datasets.
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Figure 8. Contraversive saccade effects. A, The effect of SNr inactivation on contraversive saccades. Same organization as in
Figure 1A. B-E, Population average. Same organization as in Figure 3D. B, Gain of adaptation datasets. C, Gain of no-adaptation
datasets. D, Reaction time of adaptation (right) and no-adaptation (left) datasets. E, Peak velocity of adaptation (right) and no-adap-

tation (left) datasets.

We also analyzed changes in the reaction time and
peak velocity of corrective saccades during adaptation.
Figure 7 displays the population average of these param-
eters in all six adaptation datasets (experiments #1, 2,
4-7; Table 1). Note that there are no corrective saccades in
the no-adaptation datasets (experiments #3, 8; Table 1). The
reaction times of corrective saccades during adaptation de-
creased in injection experiments, but they did not change
during no-injection experiments (Fig. 7A). The mixed-effect
model indicated that the decrease in the reaction times in in-
jection experiments was 6% greater than that of the un-
changing no-injection experiments (p=9.5x 107'6). The
peak corrective saccade velocity in injection experiments
was higher at the beginning and increased somewhat during
the last 200 adaptation trials, whereas in the no-injection ex-
periments, it decreased slightly over the trials (Fig. 7B). The
mixed-effect model indicated that the peak velocity in the in-
jection experiments was 5% greater than in the no-injection
experiments (p=1.4 x 1079).

Because we kept the visual error constant at 4° during
adaptation in all experiments by stepping from the sac-
cade end, instead of the initial target (Materials and
Methods), we expected that the corrective saccade am-
plitude would not change during adaptation, and that
there would be no difference between injection and no-in-
jection experiments. To confirm this expectation, we com-
puted the population average of corrective saccade gain

March/April 2021, 8(2) ENEURO.0519-20.2021

(Fig. 7C). It increased only slightly during the last 100 trials
in the injection experiments. The mixed effect model indi-
cated the increase was only 0.8% greater than that of the
no-injection experiments (p=1.4 x 10~%).

Contraversive saccades

Figure 8A illustrates the effect of SNr inactivation on con-
traversive saccades where 10° and 12° saccades are made to
the left and the target was shifted to the right to induce adap-
tation. The SNr inactivation mainly affects the right SC, which
encodes the initial leftward saccades (blue arrow). Figure 8B
shows the population average of the gain change during
the adaptation across 6 adaptation datasets. The adap-
tation of the injection experiments was slower than that
of the no-injection experiments (mixed-effect model,
3%, p=1.1 x 107 '%). In the no-adaptation datasets, the
gain change was not significantly different in injection
and no-injection experiments (Fig. 8C, mixed-effect
model, p =0.052). Saccadic reaction time decreased in
the injection experiments in both adaptation (mixed-
effect model, 10%, p=9.6 x 107%6) and no-adaptation
(mixed-effect model, 9%, p=1.5 x 107 '°) trials, while it
slightly increased in no-injection experiments (Fig. 8D).
Peak saccadic velocity was somewhat variable, but it
increased in the injection experiments in both adapta-
tion (mixed-effect model, 5%, p=2.4 x 10~°) and no-
adaptation (mixed-effect model, 9%, p=3.6 x 10 %)
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Figure 9. SC activity before and after SNr inactivation. A, Visual response of a rostral SC neuron to a 2° target step inclined at 10°
before (black) and after (green) SNr inactivation. The eye and target traces are horizontal components. Gray dots show times of sac-
cade onsets. The visual burst associated with the target onset increased after inactivation (yellow arrow). B, Trajectories of the
spontaneous saccades caused by SNr inactivation (gray: first 75 individual saccades; black: average, 3° in amplitude inclined at
17°). Red line indicates the preferred vector of the SC neuron, i.e., 2° at 10°. C, Visual response of another SC neuron to a 4° target
step inclined at 100° before (black) and after (green) SNr inactivation. The eye and target traces are vertical components. The visual
burst did not change after inactivation (yellow arrow). D, Trajectory of the spontaneous saccades after SNr inactivation (gray: first 75
individual saccades; black: average (4° in amplitude inclined at 175°). Red line indicates the preferred vector of the recorded SC

neuron (4° at 100°).

trials, while it slightly decreased in the no-injection ex-
periments (Fig. 8E).

SC activity before and after the SNr inactivation

To determine the influence of SNr inactivation on SC
error signal, we inactivated the SNr and compared the vis-
ual activity of SC neurons before and after the inactiva-
tion. Figure 9A compares the visual activity in the left
rostral SC before (black) and after (green) left SNr inacti-
vation (experiment #4). Consistent with a previous study
(Hikosaka and Wurtz, 1985), the SNr injection did not af-
fect the amplitude of contraversive saccades (Fig. 9A, top
panel; pre: 1.99 = 0.66°, post: 2.08 £0.79°, Wilcoxon
rank-sum test p > 0.05). However, the injection did cause
a significant decrease in their latency (pre: 248 + 42 ms,
post: 199 =34 ms, Wilcoxon rank-sum test p <0.05).
Importantly, the injection produced an increase in the
cell’s visual activity [Fig. 9A, bottom panel, green (post) vs
black (pre), yellow arrow]. After the injection, the average
activity between 50 and 100ms after the target step
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(vertical dotted line) was significantly greater (118 = 35
spikes/s) than observed before the injection (92 =34
spikes/s; Wilcoxon rank-sum test p < 0.05).

Approximately 30 min after the injection, contraversive
spontaneous saccades appeared (Fig. 9B, gray lines),
which confirmed that the inactivation had been success-
ful. The average vector of the spontaneous saccades (Fig.
9B, black line, 3° in amplitude inclined at 17°) was similar
to the recorded SC neuron’s preferred vector (Fig. 9B, red
line, 2° in amplitude inclined at 10°). Thus, in this experi-
ment, the plotted vector of this neuron was within the
range of the spontaneous saccades, suggesting that the
inactivated SNr area is likely connected to the recorded
SC neuron (Hikosaka and Wurtz, 1983b) and causes its in-
creased visual activity.

Figure 9C,D shows data from another experiment (ex-
periment #2), in which the plotted vector of the SC neuron
was out of the range of the spontaneous saccades pro-
duced by SNr inactivation (Fig. 9D). Therefore, we pre-
sume that this inactivated SNr area did not project to the
recorded SC neuron (Hikosaka and Wurtz, 1983b). In this
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experiment, SNr inactivation did not significantly change
either the amplitude of the optimal saccade (pre:
5.60 = 0.46°, post: 5.98 = 1.18°, Wilcoxon rank-sum test
p > 0.05; Fig. 9C, top panel) or its latency (pre: 217 = 35°,
post: 244 =59°, Wilcoxon rank-sum test p > 0.05).
Appropriately, the unit’s visual activity did not increase
after this ineffective SNr inactivation (Fig. 9C, bottom
panel, yellow arrow). Comparison of the average activity
seen 50-100 ms after the target step in trials before (40 = 30
spikes/s) and after the injection (27 = 22 spikes/s) showed
no significant difference (Wilcoxon rank-sum test
p >0.05). Thus, SNr inactivation did not increase the
visual activity if the SNr site did not project to the re-
corded SC neuron. These data support our hypothesis
that the SNr modulates the SC visual sensitivity.
Moreover, the modulation is vector specific.

Discussion

This study demonstrates that inactivation of the SNr fa-
cilitates saccade adaptation, a type of error-based motor
learning. After inactivation, the adaptation rate was signifi-
cantly greater than normal in all of our datasets (Fig. 3). As
reported previously (Hikosaka and Wurtz, 1985), musci-
mol inactivation of the SNr only modestly effects visually-
guided saccades. In particular, the gain of the ipsiversive
saccades that were to undergo adaptation in our experi-
ments was unaffected in any of our inactivation experi-
ments (Fig. 1C). Thus, our data suggest that the facilitated
adaptation after SNr inactivation (Fig. 3) was not caused
by muscimol directly modulating the action of SNr on ipsi-
versive saccades, but rather that it affected the adapta-
tion process. Indeed, we saw changes in collicular neuron
activity at the appropriate retinotopic location.

Possible concerns about our conclusions
Muscimol could produce direct changes in saccade
characteristics

Although most of the SNr projection to the SC is ipsilateral
(~85%), a small projection is contralateral (Jayaraman et al.,
1977; Beckstead et al., 1981; Hikosaka and Wurtz, 1983b).
Also, microstimulation of the SNr decreases the activity on
both sides of the SC (Basso and Liu, 2007; Liu and Basso,
2008). Thus, SNr inactivation could possibly affect not only
contralateral saccades, but ipsiversive saccades as well.
However, we did not see evidence of such ipsilateral effects.

To establish that SNr inactivation affects adaptation, it
is important that muscimol does not affect the initial ipsi-
versive saccade gain directly. In all 8 experiments (experi-
ments #1-8), muscimol caused no significant change in
the gain of 10° and 12° ipsiversive saccades (Fig. 1C).
This finding is consistent with a previous study showing
that SNr inactivation had no effect on 10° ipsiversive sac-
cades (Hikosaka and Wurtz, 1985). However, the gain of
ipsiversive saccades did decrease slightly after the injec-
tion (Figs. 1C, 4). To normalize this modest change across
all experiments, we calculated the gain during adaptation
relative to the median gain of the first 25 trials in each ex-
periment. Also, the no-adaptation control experiments
(Fig. 4) revealed that the slight gain change of ipsiversive
saccades in injection experiments was not significantly
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different from no-injection experiments for the duration of
the adaptation session. Thus, the faster gain change after
SNr inactivation could not be attributed to a direct effect
of muscimol on the metrics of ipsiversive saccades, and
so must be an effect on the adaptation process.

Potential muscimol spread to other parts of the basal
ganglia

Because the substantia nigra pars compacta (SNc) and
subthalamic nucleus (STN) lie near the SNr, it is possible
that the muscimol spread to those areas. However, the
SNc and STN are located upstream of the SNr (Hikosaka
et al.,, 2000), so any muscimol effects on these areas
would not be transmitted through the inactivated SNr.
Moreover, it is unlikely that the spread of muscimol to
these areas affects the gain change because our control
experiments showed no significant difference in the injec-
tion experiments (Fig. 4).

Gain change in no-injection control adaptations

As can be seen in Figure 3C, the gain changes in the
no-injection control adaptation trial (colored bars) are
smaller for experiments #1, 2, and 4 (Monkey E) than for
experiments #5, 6, and 7 (Monkey Z). One possible expla-
nation for this difference is that, for Monkey E, we started
the postinjection adaptation paradigm (black bar) after the
animal had already worked about one full hour (Table 1)
because we used this monkey to collect the data pre-
sented in Figure 9. In contrast, for Monkey Z, we started
adaptation only 30min after it started working. The
amount of adaptation in the control experiments for
Monkey Z was comparable to that reported by others
(Straube et al., 1997; Hopp and Fuchs, 2004; Kojima et
al., 2015). Also, when we started adaptation 30 min after
Monkey E started working, the amount of adaptation was
comparable to that of the previous studies (Straube et al.,
1997; Hopp and Fuchs, 2004; Kojima et al., 2015). We
started the no-injection adaptation trials (for experiments
#1,2,4,5,6,7,9) or no-adaptation trails (for experiments
#3, 8) after the monkey had made about the same number
of preinjection, during injection, and postinjection trials for
the same amount of time as in an injection experiment.
Thus, the greater gain change after SNr inactivation was
not because of a small amount of no-injection adaptation.

Muscimol could affect visual and saccade related activity
in the ipsilateral SC

Neurons in the rostral ipsilateral SC discharge not only
for the visual error produced by a target step, but also
burst for the corresponding saccade to the step (Kojima
and Soetedjo, 2017b; Figs. 1A, brown arrow, 9). A previ-
ous study showed that the visual activity, which is in-
duced by the constant visual error that drives saccade
adaptation, decreased as the adaptation speed de-
creased. However, the bursts accompanying corrective
saccade bursts did not (Kojima and Soetedjo, 2017b).
This result suggests that the visual activity in the interme-
diate layer of the SC drives adaptation, not the corrective
saccade bursts. Indeed, the timing of visual activity in the
SC (Munoz and Wurtz, 1995; Sparks et al., 2000) and the
enhancement of complex spike activity in the OMV during
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Figure 10. Schematic of connections from the SNr to the OMV
underlying saccade adaptation effects. Red X marks indicate
that the input from the SNr to the SC that is eliminated after a
muscimol injection into the SNr. Orange and green arrows indi-
cate the increase and decrease that occur in each structure
after the SNr inactivation, respectively. Orange and green ar-
rows in parentheses indicate the change does not affect the
gain of initial saccade. SNr, substantia nigra pars reticulata; SC,
superior colliculus; 10, inferior olive; NRTP, nucleus reticularis
tegmenti pontis; OMV, oculomotor vermis; mf, mossy fibers; cf,
climbing fibers.

adaptation (Soetedjo and Fuchs, 2006; Soetedjo et al.,
2008a,b) occur at about the same time, i.e., ~80-100 ms
after a target and adaptation step, respectively.
Consequently, the corrective saccade-related burst is too
late for the complex spikes to induce a plastic change in
the OMV. Therefore, muscimol’s effect on this later sac-
cade-related activity might not cause any effect on sac-
cade adaptation. Additional experiments, such as
recording of SNr activity during adaptation, could provide
insight into a possible role of the visual and saccade-re-
lated activity of the SNr for saccade adaptation.

A possible nigral influence on cerebellar plasticity

How might SNr inactivation facilitate saccade adapta-
tion? Since the SNr has a number of outputs, including ni-
grothalamic pathways that lead to the frontal eye fields,
this cannot be absolutely specified. However, as shown in
Figure 9, we did see changes in collicular activity that sug-
gest a role for collicular output in this process. Figure 10
provides one possibility using a simplified block dia-
gram to demonstrate the neural activity changes after
right SNr inactivation and its effect on the plastic
change in the cerebellum during gain decrease sac-
cade adaptation. For ipsiversive saccade adaptation,
the left SC produces a motor command for rightward
initial saccades that reaches the oculomotor cerebel-
lum (OMV; Fig. 10, blue pathway) via the nucleus retic-
ularis tegmenti pontis (NRTP). During adaptation, the
SC motor command signal for the initial saccade does
not change or changes inconsistently (Frens and Van
Opstal, 1997; Takeichi et al., 2007; Quessy et al.,
2010), suggesting that the adaptation site of the plas-
tic change is downstream of the SC.
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Previous studies (Kaku et al., 2009; Soetedjo et al.,
2009; Kojima and Soetedjo, 2017b, 2018) indicated that
for adaptation of leftward visual error, the right SC’s visual
sensory activity provides an error signal to the OMV via
the 10 (Fig. 10, red pathway) to drive the adaptation. As
suggested by a cerebellar learning theory (Marr, 1969;
Albus, 1971; Ito, 2005), this error signal increases com-
plex spike activity, which induces plastic changes that re-
duce simple spike activity (Soetedjo and Fuchs, 2006;
Soetedjo et al., 2008a,b; Kojima et al., 2010a) in the OMV.
This decrease in simple spike activity decreases the sac-
cade gain through downstream structures (Kojima, 2019;
Soetedjo et al., 2019). In this study, we suppressed the
SNr activity (red X sign). This increases the potency of the
ipsilateral SC error signal (orange upward arrow) because
the SNr no longer inhibits the ipsiversive SC (Fig. 9;
Hikosaka et al., 2000). The increase of SC activity pre-
sumably increases the complex spike activity in the OMV
(orange upward arrow) and facilitates the plastic changes
in the OMV. These changes, in turn, facilitate the changes
in the activity of downstream structures to speed up sac-
cade adaptation.

In support of this suggestion, the SNr inactivation
changed the kinematics of corrective saccades, which
represent the error signal that drives saccade adaptation.
Their reaction time was shorter and their peak velocity
was higher in the injection experiments than in the no-in-
jection experiments (Fig. 7A,B). Because the gain of cor-
rective saccade amplitude did not change during
adaptation (Fig. 7C), the changes in reaction time and
peak velocity were not caused by amplitude changes in
these saccades.

Interpreting the reaction time and peak velocity of the
adapting saccades (Fig. 6) may not be straight forward
because the amplitude changed during adaptation. The
peak velocity of saccades in the injection experiments de-
creased more than the peak velocity of saccades in the
no-injection experiments (Fig. 6B). This is consistent with
the greater gain decrease observed in the injection experi-
ments (Fig. 3). Because the peak velocity increased when
gain did not change during the no-adaptation experi-
ments (Fig. 6D), the decrease in peak velocity during ad-
aptation was not brought about by fatigue induced by
repetition of the task, but was instead because of the am-
plitude decrease. Saccade reaction time was longer in the
injection experiments whether the amplitude changed or
not (Fig. 6A,C). This extension of reaction time with little
change in the peak velocity after inactivation is consistent
with the findings of previous SNr inactivation studies
(Hikosaka and Wurtz, 1985).

A possible role for commissural connections

In addition to the direct SNr projection to the SC, com-
missural inhibition between the two sides of the SC needs
to be considered (Olivier et al., 1998). The tectotectal pro-
jection includes both excitatory and inhibitory elements
(Behan, 1985; Munoz and Istvan, 1998; Takahashi et al.,
2010) and SNr is known to target both GABAergic and
non-GABAergic neurons within the SC (Kaneda et al.,
2008), but it is not known whether tectotectal neurons are
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targeted. Because commissural excitation is most likely
used for vertical saccades (Takahashi et al., 2010), we will
only consider commissural inhibition for the horizontal
saccades that we used in this study. Thus, it is possible
that inactivation of the SNr disinhibits the ipsilateral SC
via the direct projection and then increases inhibition of
the contralateral SC via the commissural projection (Fig.
10, green downward arrow). For ipsiversive saccades, the
SNr inactivation would then simultaneously upregulate
contralateral SC activity via the crossed nigrotectal pro-
jection and inhibit contralateral SC activity via the com-
missural pathway (small orange upward arrow). The
increase in the reaction time of ipsiversive saccades (Fig.
6C) suggests the indirect effect via commissural inhibition
is stronger than the direct effect of the crossed nigrotectal
projection. Nevertheless, this increase is not enough to af-
fect the initial saccade gain (Fig. 1C). For contraversive
saccades, the activity of the ipsilateral SC is upregulated
when ipsilateral SNr input is suppressed (orange upward
arrow), while at the same time it is downregulated via indi-
rect commissural inhibition (green downward arrow). The
decrease in the reaction time of the contraversive sac-
cade (Fig. 8D) suggests the direct effect of the ipsilateral
nigrotectal projection is stronger than that of the commis-
sural projection.

Commissural inhibition might also contribute to the
slower adaptation of contraversive saccades (Fig. 8B).
The gain of initial contraversive saccades in the injection
datasets was not significantly different from the no-injec-
tion datasets (Fig. 8C), so it is possible to evaluate the
effects of inactivation on the rate of adaptation in contra-
versive saccades. SNr inactivation could decrease the
error signal in the contralateral SC via the commissural in-
hibition (Fig. 10, green downward arrow) leading to slower
plastic changes in the OMV that in turn induce slower ad-
aptation. Note that the combined effects of the SNr inacti-
vation via direct projection and the commissural inhibition
is weak with respect to saccades in either direction, since
it has no significant influence on the gain. This weak influ-
ence might, nevertheless, be enough to affect the error
signal that drives adaptation. Indeed, the adaptation can
be induced by subthreshold SC stimulation (Kaku et al.,
2009; Soetedjo et al., 2009) and the change in the SC ac-
tivity for the error signal is only ~10 spikes/s during adap-
tation (Kojima and Soetedjo, 2017b).

A role for motivation in error-based motor learning

The effects of saccade adaptation seen in the present
data are consistent with the results of previous studies.
First, patients with Parkinson’s disease show slower sac-
cade adaptation than age matched controls (MacAskill et
al., 2002; Abouaf et al., 2012). The SNr is hyperactive in
Parkinson’s disease patients (Wichmann et al., 1999;
Wichmann and DelLong, 2003). Therefore, the slowing of
adaptation in these patients is consistent with our finding
that a hypoactive SNr produced by muscimol injections
made adaptation faster. Second, our results also are con-
sistent with reward motivation studies. Learning to use a
robotic arm was facilitated by motivation in humans
(Nikooyan and Ahmed, 2015), and saccade adaptation
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was facilitated by reward motivation in monkeys (Kojima
and Soetedjo, 2017a). Motivation increases the activity of
dopamine neurons, which leads, in turn, to decreases in
SNr activity (Hikosaka et al., 2000; Yasuda et al., 2012).
Note that in the previous behavioral study, which tested
the motivation effects on saccade adaptation (Kojima and
Soetedjo, 2017a), motivation affected the saccade motor
command signal because the reaction time of adapting
saccades shortened. The reaction time of corrective sac-
cades, however, was not shortened. In contrast, the pres-
ent inactivation study attempted to affect the error signal
selectively (Fig. 1A), so the reaction times of the corrective
saccades were shortened (Fig. 7), but those of the adapt-
ing saccades were not shortened (Fig. 6). Thus, it is possi-
ble that the neural mechanism of adaptations facilitated
by the reward association and SNr inactivation could be
different.

Artificially manipulating motivation level by reward as-
sociation is one way to examine the motivational effects
on the saccade adaptation. In this case, reward is associ-
ated with saccades in one direction and the adaptation ef-
fects are compared between rewarded saccades and
unrewarded saccades (Kojima and Soetedjo, 2017a).
There is another way to examine motivation effects during
saccade adaptation. As the adaptation task is repeated,
the adaptation speed decreases and reaction time in-
creases, suggesting that motivation decays during adap-
tation. During this natural decay of motivation, the SC
activity for the error signal is delayed and decreases
(Kojima and Soetedjo, 2017b). The present study exam-
ined whether the SNr is involved in this error signal pro-
cess, not the reward association for the saccade motor
command signal, but together these two studies suggest
the nigrotectal projection may produce motivation-related
modification of collicular signals used for saccade adap-
tation. Nevertheless, this study does not provide direct
evidence of whether motivation affects saccade adapta-
tion through the SNr. To do so would require an examina-
tion of the inputs and internal processing within the SNr
during saccade adaptation. Future studies are required to
understand the mechanisms going on within each of the
elements of the circuit.

Recently, an anatomic study showed the existence of
subcortical pathways that interconnect the lateral cerebel-
lum and the basal ganglia (Bostan and Strick, 2018).
Ascending cerebellar projections from the dentate nucleus
access the putamen by way of the intralaminar thalamus. It
has been suggested that it is through this pathway that
modifications in cerebellar activity produce dystonia, a dis-
order of the basal ganglia (Tewari et al., 2017). Descending
basal ganglia projections from the STN access the lateral
cerebellum by way of the pontine nuclei and the pedunculo-
pontine nucleus (Bostan and Strick, 2018). This input poten-
tially affects the simple spike activity of Purkinje cells
through mossy fiber projections. Our study suggests a path-
way from the SNr to the OMV via the SC. This input could
potentially affect the complex spike activity of Purkinje cells.
Thus, our results suggest a previously unrecognized
function of the basal ganglia, in which it influences the error-
based learning process in the cerebellum. Additional
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experiments demonstrating the presence of such a circuit,
and the examining the activity within the components of the
circuit during saccade adaptation will be required to test this
hypothesis.
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