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Systems/Circuits

Adaptive Acceleration of Visually Evoked Smooth Eye
Movements in Mice

Takashi Kodama and Sascha du Lac
Department of Otolaryngology-Head and Neck Surgery, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

The optokinetic response (OKR) consists of smooth eye movements following global motion of the visual surround, which suppress
image slip on the retina for visual acuity. The effective performance of the OKR is limited to rather slow and low-frequency visual stimuli,
although it can be adaptably improved by cerebellum-dependent mechanisms. To better understand circuit mechanisms constraining
OKR performance, we monitored how distinct kinematic features of the OKR change over the course of OKR adaptation, and found that
eye acceleration at stimulus onset primarily limited OKR performance but could be dramatically potentiated by visual experience. Eye
acceleration in the temporal-to-nasal direction depended more on the ipsilateral floccular complex of the cerebellum than did that in the
nasal-to-temporal direction. Gaze-holding following the OKR was also modified in parallel with eye-acceleration potentiation. Optoge-
netic manipulation revealed that synchronous excitation and inhibition of floccular complex Purkinje cells could effectively accelerate
eye movements in the nasotemporal and temporonasal directions, respectively. These results collectively delineate multiple motor
pathways subserving distinct aspects of the OKR in mice and constrain hypotheses regarding cellular mechanisms of the cerebellum-

dependent tuning of movement acceleration.
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ignificance Statement

Although visually evoked smooth eye movements, known as the optokinetic response (OKR), have been studied in various species
for decades, circuit mechanisms of oculomotor control and adaptation remain elusive. In the present study, we assessed kinemat-
ics of the mouse OKR through the course of adaptation training. Our analyses revealed that eye acceleration at visual-stimulus
onset primarily limited working velocity and frequency range of the OKR, yet could be dramatically potentiated during OKR
adaptation. Potentiation of eye acceleration exhibited different properties between the nasotemporal and temporonasal OKRs,
indicating distinct visuomotor circuits underlying the two. Lesions and optogenetic manipulation of the cerebellum provide
constraints on neural circuits mediating visually driven eye acceleration and its adaptation.

~

J

Introduction

Motor neurons can change their firing rates instantaneously and
robustly to rapidly initiate or accelerate movements. While the
same pool of motor neurons drive all eye movements, different
types of eye movements exhibit different acceleration capabili-
ties. The saccade, the fastest eye movement for rapid gaze shifts,
can accelerate eyes at >20,000°/s>, attaining >400°/s of eye ve-
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locity in tens of milliseconds (Leigh and Zee, 2006). The
vestibulo-ocular reflex (VOR), which counter-rotates the eyes for
gaze stabilization as the head moves, also shows excellent eye
acceleration (>2000°/s? Halmagyi et al., 1990), preventing im-
age blur on the retina during fast and high-frequency head move-
ments. In contrast, the optokinetic response (OKR), an eye
movement following global motion of visual surrounding, works
with a limited eye-acceleration capability (<100°/s* in rats; Har-
vey etal., 1997; for rabbits, see Collewijn, 1969), suppressing only
slow and low-frequency image slip on the retina. These different
types of eye movements are controlled via distinct premotor
pathways. The limited eye acceleration in the OKR indicates that
the premotor pathway for the OKR is less effective in instanta-
neous modulation of motor neuron firing than those for the
saccade and VOR.

What constrains the acceleration capability of the OKR pre-
motor pathway? Historical work with rabbits led to the prevailing
view that the OKR is primarily initiated by ON-type direction-
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selective ganglion cells (ON-DSGCs) in the retina (for review, see
Simpson, 1984; Schiller, 2010), which preferentially respond to
relatively slow visual stimulation (~3°/s in mice; Dhande et al.,
2013). For fast visual stimulation, which calls for high eye accel-
eration, ON-DSGCs send rather attenuated signals to down-
stream neurons, potentially limiting eye acceleration. It has been
reported, however, that the OKR can adaptively improve its per-
formance to fast and high-frequency visual stimulation (Col-
lewijn and Grootendorst, 1979; Nagao, 1983; Marsh and Baker,
1997), implying that eye-acceleration capability may have room
for potentiation. Previous studies demonstrated that OKR adap-
tation requires intact function of the cerebellum; in particular,
the flocculus and ventral paraflocculus (herein referred to as the
floccular complex; Nagao, 1983; Katoh et al., 1998; Shutoh et al.,
2006; Endo et al., 2009; Okamoto et al., 2011; Wada et al., 2014).
Given the direct innervation of Purkinje cells (PCs) in the floc-
cular complex onto brainstem premotor neurons that drive the
OKR, it is likely that cellular constraints of eye-acceleration capa-
bility reside in the motor side of the OKR pathway.

To investigate whether and how the cerebellar PCs and
downstream premotor neurons control and potentiate eye-
acceleration capability, and to pave the way for further cellular
analyses using modern molecular tools and genetics, we exam-
ined changes in eye acceleration in mouse OKRs over the course
of OKR adaptation. To isolate the eye-acceleration component of
the OKR, we used a brief constant-velocity visual stimulation
(=1 s; Tabata et al., 2010) to evoke the OKR, which also allowed
us at the same time to monitor changes in other kinematic fea-
tures, such as eye deceleration and gaze-holding (van Alphen et
al., 2001). We first characterized kinematic features of mouse
OKRs for comparison with other species. Subsequently, we mon-
itored changes in the kinematics features over the course of the
OKR adaptation training and examined eye-acceleration capabil-
ity of the floccular complex PCs using optogenetic excitation and
inhibition.

Materials and Methods

Mouse lines. C57BL /6] mice were purchased from the Jackson Labora-
tory. The Pcp2-Cre;Ai27 and Pcp2-Cre;Ai40 lines were generated by
crossing a Pcp2-Cre line (Barski et al., 2000; #004146, Jackson Labora-
tory) with Ai27 (Madisen et al., 2012; #012567, Jackson Laboratory) and
Ai40 lines (#021188, Jackson Laboratory), respectively. For OKR kine-
matics characterization, OKR adaptation, and flocculectomy, male 2—4-
month-old C57BL/6] mice were used. For optogenetic stimulation of
PCs, both male and female 2—8-month-old mice were used. All the ex-
perimental protocols for this study were approved by institute animal
care and use committees.

Implant of headpost and optical fiber. An acrylic headpost was im-
planted onto the skull under isoflurane anesthesia as described previ-
ously (Faulstich et al., 2004). For optogenetic excitation, a fiber optic
implant (200 um core diameter, 6 mm fiber length; Doric Lenses) was
guided toward the left floccular complex by monitoring photoevoked eye
movements, and cemented by dental acrylic. Mice were allowed to re-
cover for =3 d before the first eye-movement recordings.

Eye-movement recordings and visual and optogenetic stimulation. Meth-
ods for mouse eye-movement recording were described by Stahl et al.
(2000) and Faulstich et al. (2004). Briefly, mice with headposts were
restrained in a custom-built animal holder on a turntable surrounded by
an optokinetic drum displaying a vertical black-and-white stripe pattern
(stripe width, 5° visual angle). A miniature infrared video camera fixed
on the turntable recorded eye movements at a scan rate of 200 Hz. The
movements of the pupil in the 2D video image were transformed into eye
position (unit, degree) using the video-oculography method described
by Stahl et al. (2000). An eye drop of physostigmine salicylate (0.05—
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0.125%) was used to limit pupil dilation in all the eye-movement record-
ings. We observed no interfering effect of physostigmine to the OKR.

For visual stimulation of constant velocity, the optokinetic drum was
rotated at a constant velocity in the dark, then illuminated using a white
LED (Cree XLamp XR-E cool white) for specific durations. The switch-
ing of the illumination was accomplished in <200 ps. The drum position
followed a triangular waveform so that the direction of visual stimula-
tion alternated. The interstimulus intervals were 2.5 and 3.5 s for stimu-
lation of <1 and 1 s, respectively. The OKR in each direction was
recorded 2030 times. Visual stimuli were presented binocularly in all of
the experiments.

Stimulation light for both optogenetic excitation and inhibition was
generated using a blue LED (Cree XLamp XR-E blue; peak at 460 nm).
For optogenetic excitation, stimulation light was delivered to floccular
complex PCs via implanted optical fiber (46.3 mW/mm ? at the fiber tip).
For optogenetic inhibition, a small incision (~2 mm) was made on the
scalp over the left temporal bone under isoflurane anesthesia. Then,
under local anesthesia by lidocaine, an optical fiber (core diameter, 910
wm; Thorlabs; 183.8 mW/mm ? at the fiber tip) for photostimulation was
placed through the incision onto muscles covering the left temporal
bone. Before starting recording, the OKR and VOR were checked to
confirm wakefulness of animals.

Photostimulation of 0.5 s and 1 ms was applied every 5 and 1 s for
10-30 and 50 times, respectively, always in the dark. Stimulation and
recording were controlled by custom-written software in LabVIEW (Na-
tional Instruments).

OKR adaptation training. The training paradigm is described in Figure
2A. In the training under the free-moving condition, one or two mice
were placed in a transparent mouse cage (width, 18.5 cm; depth, 30 cm;
height, 13 cm; MicroVent system caging, Allentown), the top of which
was covered by a clear film (3M Highland 903). Normal bedding material
(made from corn cobs) was placed on the floor of the cage to ease each
animal’s stress. For bidirectional OKR adaptation, sinusoidal visual stim-
ulation (0.5 Hz * 15.7°/s) was used as training stimulation. For unidi-
rectional OKR adaptation, the velocity of an optokinetic drum was
sinusoidally modulated between 0 and 31.4°/s at 0.5 Hz, as shown in
Figure 4A. Half of the mice were trained in the clockwise direction and
the other half in the counterclockwise direction. There was no difference
in training performance between the two training directions, and results
were pooled. Mice were actively moving in the cage almost the entire
period of the training. For the training under the head-fixed condition, a
mouse was placed in the animal holder in the exact same way as for
eye-movement recording, and subjected to the training stimulation.

Flocculectomy. Under isoflurane anesthesia, the left temporal bone was
exposed rostral to the posterior semicircular canal and dorsal to the
horizontal canal. Then, a small craniotomy (~700 wm in diameter) was
made in the bony plate overlaying the paraflocculus. Great care was taken
not to damage the semicircular canals. Through the craniotomy, the
floccular complex was aspirated with a blunt 22 gauge needle. Then, the
incision was carefully sutured. The OKR was recorded 2 d after the sur-
gery. After the recording, mice were transcardially perfused with 0.1 m
PBS, followed by 4% paraformaldehyde in PBS, under deep anesthesia by
avertin (500 mg/kg of body weight). The brains were sectioned (50 um)
and stained by Nissl for histological confirmation of the lesion.

Extracellular recording. Under ketamine (50 mg/kg)/xylazine (8 mg/
kg) anesthesia, a glass electrode filled with 2% pontamine sky blue in 0.5
M sodium acetate (5~12 M) was inserted through a craniotomy made
on the interparietal bone or the temporal bone overlaying the parafloc-
culus in the same way as for flocculectomy. PCs were identified by the
presence of complex spikes. Photoevoked responses were indistinguish-
able between PCs recorded in the flocculus (n = 47) versus the parafloc-
culus (n = 31), which were combined for the analyses. Spike sorting and
data analyses were done with codes written in Igor Pro (Wavemetrics).
Values are shown as mean * SEM.

Eye-movement data analyses. Eye position measured by the video-
oculography (Stahl et al., 2000) was used as raw data in all the eye-
movement analyses, where 0° corresponded to the center of the eye orbit
(i.e., the resting eye position). We first manually inspected traces of eye
position and its derivative, eye velocity, to identify and mask recording
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periods containing successive saccades. Then we subjected the traces to
an automatic noise-removal process, which excluded from the following
analyses sporadic saccades (defined as eye movements of >200°/s) and
periods of poor eye-tracking detected as sudden moves of corneal reflec-
tion of reference infrared LED (>10 mm/s). A period of >500 ms was
excluded for each noise detected. To compute stimulus-triggered average
of eye position, stimulus-triggered average of eye velocity was first com-
puted from derivative of raw eye position (“raw eye velocity”), and then
integrated. The traces were offset so that the average eye position at the
stimulus onset was 0°. This method effectively isolated eye-position
changes by stimulus from those by saccades and slow centripetal eye drift,
without compromising temporal resolution. For analyses of eye-velocity
profiles, low-pass-filtered stimulus-triggered average of eye velocity was
computed by differentiating low-pass-filtered eye-position traces [finite
impulse response (FIR) filter: the end of the pass band, 1 Hz; start of the
reject band, 10 Hz; number of filter coefficients, 101, corresponding to
500 ms] and subsequent stimulus-triggered averaging. The low-pass fil-
ter attenuated high frequency noise produced by differentiation but
compromised temporal resolution at eye movement onset. The central
difference method was used for all the differentiation processes.

In rare cases (4 of 418 cases), an unidirectional eye-position drift was
discernible in stimulus-triggered average of eye position. In such cases,
the unidirectional drift was removed by offsetting the raw eye-velocity
trace so that the average eye velocity for the entire recording period
became 0°/s. Then the stimulus-triggered average of eye position was
computed. Note that neither OKR adaptation training, flocculectomy,
nor PC-specific optogenetic stimulation caused such a unidirectional eye
drift.

Onset latency was manually measured using stimulus-triggered av-
erage of eye position, which had the best temporal resolution and
signal-to-noise ratio that we could attain. Eye-movement onset was
defined as the first time point after the stimulus onset from which eye
position monotonically changed toward the direction of the visual
stimulation for =50 ms. Note that a transport delay in the video-
oculography system (delay between actual and detected movements
of pupil/corneal reflection) is estimated as 2.05-3.75 ms, which limits
temporal accuracy of the eye-movement analyses. When average eye
position and velocity at specific timings from stimulus onset was
measured, an average between the timing and 50 ms before was used
for measurement robustness. The time constant of eye deceleration at
stimulus offset (deceleration 7) was obtained by fitting a single expo-
nential curve to the stimulus-triggered average of eye velocity, from
stimulus offset to 2 s later. Traces that showed poor fitting to the
exponential function were manually identified and excluded from the
analyses (8 of 292 cases). Deceleration 7 was not estimated from the
OKRs of small velocity change (i.e., those evoked by 5°/s stimulation)
due to unreliable fitting. For flocculectomized animals, regression
analysis for deceleration 7 was performed with the average of
stimulus-triggered averages of eye velocity across animals. This
method was necessary because the average traces from individual
animals produced rather low velocity peaks and low signal-to-noise
ratio (Fig. 6B). The poststimulus eye movements toward the direction
opposite the stimulation (rebounding gaze drift) was measured by
integrating poststimulus eye velocity in the direction opposite that of
the stimulation for 2 s, using low-pass-filtered stimulus-triggered
average of eye velocity.

To compute eye-velocity amplitude and phase of the sinusoidal OKR
and VOR, a sinusoidal curve was fitted to an eye-velocity trace, which was
generated by differentiating a low-pass-filtered eye-position trace (the
same FIR filter already described). Noise was removed before the fitting
analysis, as already described. Frequency of fitting the sinusoidal curve
was fixed to that of the stimulation. Acceleration amplitude of the sinusoidal
OKR was analytically calculated as 277 * f* A, where fand A are stimulation
frequency and eye-velocity amplitude, respectively. Eye acceleration ( y)
plotted against stimulus acceleration (x) was fitted with an exponential func-
tion y = a * [1 — exp(—x/7)], where a and 7 were used as estimation of
maximum and dynamic range of eye acceleration, respectively.

All data analyses were done using Igor Pro. Values are shown as
mean * SEM.
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Statistical tests. To test whether the direction, duration, and velocity of
visual stimulation significantly affected OKR kinematic features (Fig.
1E-G,I-K), two-way ANOVA was used. Statistical significance of the
OKR adaptation training effect and flocculectomy was tested by paired ¢
test (Figs. 2C,D, 3C-F, 4D-G, 6C-G). Statistical significance of direction-
specific adaptation time courses was tested by two-way ANOVA (Fig.
5C-E). Difference in eye movements evoked by PC photoexcitation be-
tween the ipsilateral and contralateral eyes was tested by paired ¢ test
when both eyes were measured from an identical group of mice, and by
unpaired ¢ test when the eyes were recorded from different groups of
mice. In case of multiple comparison, p values were adjusted using the
Benjamini—-Hochberg’s false discovery rate. R (www.r-project.org) was
used for all the statistical tests. In all the figures, *p < 0.05, **p < 0.01,
Hxp < 0,001

Results

Five kinematic features in the mouse OKR

The OKR evoked by binocular visual stimuli in mice showed
characteristic kinematic features comparable to those reported in
other species, including humans, but with considerable quanti-
tative differences. In response to the constant-velocity stimula-
tion of 1 s (Fig. 1A-C), the OKR was initiated after an onset
latency (Fig. 1D,E), which was independent from stimulation
velocity and the direction of the OKR when stimulation velocity
was >15°s (p = 0.11 and 0.49, respectively). Significantly longer
latency was observed at stimulation of 5°/s (5°/s, 110.7 £ 7.5 ms;
15-90°/s, 81.4 = 1.9 ms, n = 7 mice, p < 0.05 in paired t test,
including both directions).

After the onset latency, the eye velocity rapidly increased until
~0.2 s after stimulus onset, representing eye acceleration (Fig.
1B, C). The OKR in the temporal-to-nasal direction (T-N OKR)
attained higher velocity than the OKR in the nasal-to-temporal
direction (N-T OKR) over the range of stimulation velocities
tested (p < 0.001; Fig. 1F). The asymmetry between the N-T and
T-N OKRs has been observed in lateral-eyed mammals that do
not possess the fovea in the retina, in particular in response to
monocular visual stimulation (rabbits: Collewijn, 1969; rats:
Harveyetal., 1997). The onset velocity peak in mice (measured at
0.2 s after stimulus onset) was greater than that in rabbits (<1°/s;
Collewijn, 1969), comparable to that in rats (~10°/s; Harvey et
al., 1997), but smaller than that in monkeys (>50°/s; Cohen et al.,
1977). Note that in foveate animals, such as monkeys, eye accel-
eration at stimulus onset is driven not only by the OKR, but also
by the ocular following response, which engages cerebral cortical
mechanisms (Takemura et al., 2007). The onset velocity peak
reached maximum at 30 and 15°/s of the stimulation for the T-N
(12.1 = 1.0°/s, n = 7 mice) and the N-T OKRs (7.9 = 0.5°/s,n =
7 mice), respectively, whereas the maximal gain (eye velocity di-
vided by stimulation velocity) was attained at the lowest stimula-
tion velocity tested (5°/s: 0.70 = 0.08 for the N-T OKR, 0.94 =
0.09 for the T-N OKR).

After eye acceleration at stimulus onset, the eye velocity was
maintained or even gradually decreased during stimulation (Fig.
1 B,C), which is in contrast to the buildup of eye velocity during
the stimulation reported in other species (rats: Hess et al., 1985;
rabbits: Collewijn, 1969; monkeys: Cohen et al., 1977; humans:
Fletcher et al., 1990). The T-N OKR showed greater velocity
decrease than the N-T OKR (Fig. 1G; p < 0.01). This poor or
absent velocity buildup may partly account for the cessation of
eye movements even during the stimulation, when the duration
of the stimulation was long (e.g., 20 s; Fig. 1H ). The OKR evoked
by prolonged visual stimulation was highly variable across trials
and animals, as previously reported (Beraneck and Cullen, 2007).

After the end of the 1 s stimulation, the eye velocity instanta-
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Figure1.  Kinematic features in mouse OKR evoked by 1's constant-velocity stimulation. A, A part of a raw eye-position trace (top black trace). The mouse was kept in the dark, and visual stimuli
were presented by illuminating an optokinetic drum for 1's (vertical yellow bars). The drum rotated at a constant velocity (30°/s), with alternate changes in direction (bottom blue trace). Gray parts
in the eye-position trace contain saccades and erroneous eye-tracking periods (see Material and Methods) that were excluded from the average position and velocity traces shown in B. Positive and
negative values in eye position correspond to temporal (T) and nasal (N) eye position, respectively. Eye position of 0° is resting eye position. Positive and negative values in velocity correspond to
movements toward the N-T and T-N directions, respectively. All the position and velocity traces in this paper follow this convention. Visual stimuli were binocularly presented in all the experiments
in this paper. B, Average eye-position and eye-velocity traces from the data shown in A. The yellow bar indicates the visual stimulation (#30°/s). C, Average of average eye-position (left) and
eye-velocity traces (right) from seven animals. Different line colors indicate stimulation velocities (purple, 5°/s; blue, 15°/s; green, 30°/s; yellow, 60°/s; red, 90°/s), which are also shown as numbers
to the right of the eye-position traces. Dotted lines indicate zero line. Gray envelop of each trace is SEM. D, Close-up of the OKR onset in the average eye-position trace shown in €, indicating slower
onset at stimulation of 5°/s. E-G, I-K, Onset latency (), eye velocity 0.2 s after the stimulation onset (F), eye-velocity change from 0.2 to 1 s after the stimulation onset (G), deceleration 7 (1, J),
and rebounding gaze drift (K') are plotted as a function of stimulation velocity (all butJ) or stimulation duration (/). Triangles and inverted triangles indicate measurements from the N-T and T-N
OKRs, respectively. The colors of the symbols correspond to stimulation velocities as in C. H, Eye-position trace showing the OKR (optokinetic nystagmus) evoked by a prolonged constant-velocity
stimulation (30°/s for 20 s). The nystagmus almost ceased in the last half of the stimulation. Error bars, SEM.

neously decreased (i.e., deceleration). Regression to a single ex-  eration 7in mice was so much smaller than in other species (e.g.,
ponential function yielded time constants of the eye deceleration =~ >5 s; in rabbits: Collewijn et al., 1980; monkeys: Cohen et al.,
(deceleration 7), which were consistently larger for the N-T than 1977; and humans: Fletcher et al., 1990) that we never observed
T-N OKRs at all the stimulation velocities tested (15-90°/s: N-T  optokinetic after-nystagmus. Deceleration 7 was not measured
OKR, 0.59 * 0.06 s; T-N OKR, 0.16 = 0.02 s, n = 7 mice, p < for the OKRs evoked by the stimulation of <200 ms because their
0.001; Fig. 1), and almost constant even when the duration ofthe ~ velocity always peaked after the end of the stimulation (50 ms:
stimulation was shorter, at least down to 200 ms (Fig. 1J). Decel-  146.3 = 30.6 ms for the N-T OKR, 145.0 = 26.5 ms for the T-N
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OKR; 100 ms: 136.9 * 6.2 ms for the N-T
OKR, 173.8 * 34.1 ms for the T-N OKR,
n = 8 mice).

After eye deceleration at stimulus off-
set, the eye position was maintained at an
eccentric position even in the dark (Fig.
1B,C), demonstrating excellent gaze-
holding capability of mice. However, at
higher stimulation velocity, the OKR was
followed by a slight eye-position drift to-
ward the direction opposite to the OKR
(herein referred to as rebounding gaze
drift), which was more evident after the
T-N OKR (Fig. 1K).

Together, the constant velocity stimu-
lation for 1 s revealed five features in the
OKR kinematics of mice: onset latency,
acceleration at stimulus onset, imperfect
velocity buildup during the stimulation,
rapid deceleration at stimulus offset, and
steady gaze-holding. The velocity buildup
and deceleration are presumed to reflect a
neural mechanism, so-called “velocity
storage,” by which visual and vestibular
signals compensate for each other and co-
operatively drive proper ocular responses
during and after prolonged head rotation
in the light (Raphan et al., 1979). Our re-
sults confirmed that velocity storage is
poorly developed in the oculomotor sys-
tem of mice (van Alphen et al., 2001;
Stahl, 2004).

The performance of the OKR is limited
by eye-acceleration capability

The physiological function of the OKR is
to suppress image slip on the retina (reti-
nal slip) for visual acuity, and OKR
performance is tuned for slow and low-
frequency retinal slip. In response to sinu-
soidally moving visual stimuli, which is
relatively more naturalistic than brief
constant-velocity stimuli, the best perfor-
mance (i.e., highest gain and smallest
phase lag) was attained at the stimulation
of the lowest velocity and frequency (0.1
Hz = 3.1°/s; Fig. 2C,D, pre). OKR perfor-
mance (gain and phase lag) deteriorated
when either velocity or frequency of the
stimulation increased, indicating that the
sinusoidal OKR operates with limited ac-
celeration capability. Note that, because
of the continuity and alternating direction
of the stimuli and movements, eye accel-
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Figure 2.  Changes in sinusoidal OKR after OKR adaptation training. A, OKR adaptation training paradigm, comprising
four 15 min training sessions where sinusoidal visual stimulation (0.5 Hz == 15.7°/s) was presented. After the pretraining
recording (pre), mice were placed in a transparent cage at the center of an optokinetic drum, and subjected to the training
stimulation with freely moving. Between the training sessions, mice rested for 1 h in their home cages in the dark (gray
filled boxes). After the fourth training session, the OKR was examined (day 1). Then mice were returned to the home cages
in the dark for ~17 h until the recording in the following day (day 2). Subsequently, mice were returned to the normal light
cycle, and recovery from the adaptation was tested 6 d after the day 2 recording (day 8). B, Average eye-velocity traces of
the OKR evoked by sinusoidal stimulation of 0.5 Hz == 15.7°/s (the same as the training stimulation) from a representative
animal. Thick continuous and thin dotted traces are eye and stimulus velocity, respectively. (, D, Average gain [eye-velocity
amplitude divided by stimulation-velocity amplitude ()] and phase (D) of the OKR plotted against different stimulus
conditions before (pre, black open circle), immediately after (day 1, filled orange circle), and ~17 h after the OKR
adaptation training (day 2, green diamond, n = 7 mice). Frequency, velocity amplitude, and acceleration amplitude of the
stimulation are indicated below the x-axis. Negative value of phase means that eye movements lagged behind the
stimulation. Statistical significance of the difference between pretraining values (open circle) and values at day 1 (orange
filled circle) or day 2 (green diamond) are shown by lines and asterisks of corresponding colors. E, Average eye-acceleration
amplitude plotted against stimulation-acceleration amplitude. Dotted lines are fitted exponential curves. Error bars, SEM.

eration in the sinusoidal OKR is not equivalent to the one mea-
sured using the constant-velocity stimuli, although the latter
constrains the former, as described later. From sinusoidal regres-
sion of the eye-velocity traces, we analytically estimated modula-
tion amplitude of eye acceleration in the sinusoidal OKR. As
stimulus acceleration increased, eye acceleration also increased
but saturated at 34.3 * 3.7°/s> (n = 7 mice, estimated by single
exponential fitting; Fig. 2E, pre). The dynamic range of the eye
acceleration (measured as 7 of the fitted exponential function,

meaning stimulus acceleration that attains 63.2% of the maximal
eye acceleration) was 45.7 = 6.7°/s>. These results demonstrate
that limited eye-acceleration capability of the sinusoidal OKR
precludes effective performance to fast and high-frequency visual
stimulation (Collewijn, 1969).

OKR acceleration can be adaptively modified
The OKR is a highly adaptable behavior. For example, when the
vestibular system that stabilizes gaze during fast and high-
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Figure 3.  Changes in OKR kinematic features after OKR adaptation training. A, Average eye-
position (top) and eye-velocity (bottom) traces of the OKR evoked by constant-velocity stimulation of
30°/sfor0.2's (yellow bars) from a representative animal. Red and blue traces are the OKRs evoked by
stimulation in the N—T and T-N directions, respectively. B, Average of average eye-position (top) and
eye-velocity (bottom) traces of the OKR evoked by the brief constant-velocity stimulation from seven
animalstrained. Light red or blue shading along the traces are SEM. InAand B, horizontal black dotted
lines are zero lines. Gray dotted lines are arbitrarily placed to clarify changes of peak velocity after the
training. C~F, Changes of onset latency (C), peak eye velocity (D), deceleration 7 (E), and rebounding
gaze drift (F) over the course of the adaptation training. These kinematic features were measured
from the OKR evoked by 0.2 s constant-velocity stimulation at 30°/s. Red triangles and blue inverted
triangles indicate measurements from the N—T and T-N OKRs, respectively. Statistical significance of
the difference from pretraining values are indicated by asterisks in corresponding colors. Horizontal
dotted lines are arbitrarily placed to dlarify changes from pretraining values. Error bars, SEM.

frequency head movements is impaired, the OKR adaptively en-
hances its performance to fast and high-frequency visual
stimulation, compensating for the vestibular dysfunction (An-
dreescu etal., 2005; Faulstich et al., 2006). OKR adaptation can be
robustly induced by repeatedly exposing subjects to visual stim-
ulation (Collewijn and Grootendorst, 1979; Nagao, 1983; Marsh
and Baker, 1997; Katoh et al., 1998). Mice freely moving in a
transparent cage were subjected to sinusoidally modulated visual
motion stimuli (0.5 Hz = 15.7°/s) for 60 min in total (15 min
stimulation X 4, with 1 h interval in the dark; Okamoto et al.,
2011; Aziz et al., 2014; Fig. 2A). This visual stimulation (“train-
ing”) protocol increased gain and reduced phase lag of the OKR
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in responses to fast and high-frequency stimulation. These plastic
changes largely persisted 17 h after the training (Fig. 2B-D, day 2;
n = 7 mice). The maximal eye acceleration analytically estimated
from the sinusoidal OKR was dramatically increased after the
training [from 34.3 + 3.7 to 136.6 * 17.4°/s” immediately after
the training (day 1), to 95.7 = 9.7°/s* at day 2; Fig. 2E]. The
dynamic range of eye acceleration expanded almost fourfold,
from 45.7 = 6.7 to 165.9 * 27.4 °/s* at day 1, and to 120.1 *
20.2°/s* at day 2. This potentiated eye-acceleration capability en-
ables the OKR to compensate more accurately for fast and high-
frequency visual stimulation.

Which OKR kinematic features are adaptively modified to
potentiate acceleration in the sinusoidal OKR? To monitor
changes in the OKR kinematics, we measured the OKR evoked by
a brief constant-velocity stimulation (200 ms, 30°/s) before and
after the OKR adaptation training (n = 7 mice; Fig. 3A, B). This
brief stimulation was chosen to minimize long-term changes of
the OKR by the stimulation itself. Onset latency of the OKR
showed no significant change after the training ( p = 0.67 for both
directions, paired ¢ test; Fig. 3C). In contrast, peak eye velocity
almost doubled immediately after the training in both the N-T
(from 6.7 = 0.5 to 13.3 £ 0.6°/s) and T-N OKRs (from 8.6 = 1.5
to 15.9 = 0.6°/s; Fig. 3D), and this increase largely persisted until
day 2 (N-T OKR, 12.1 = 0.7°/s; T-N OKR, 14.3 = 1.1%s), indi-
cating sustained potentiation of eye acceleration at stimulus on-
set. The peak timing of eye velocity did not change after the
training (at day 1: N-T OKR, from 189.3 = 16.6 to 187.1 £ 7.1
ms; T-N OKR, from 205.0 = 21.1 to 200.0 = 8.2 ms, p = 0.91).
After the training, deceleration 7 persistently decreased in the
N-T OKR (from 0.65 = 0.15t00.10 £ 0.01 satday 1,t0 0.15 =
0.03 s at day 2, p < 0.05), but not in the T-N OKR (from
0.12*+0.02t00.11 = 0.0l atday 1,t0 0.13 = 0.0l atday 2,p =
0.83; Fig. 3E). Intriguingly, the eye velocity decreased beyond
zero in both the N-T and T-N OKRs, reversing the direction
of the eye movement (Fig. 3A,B). In other words, after the
training, the OKR was followed not by steady gaze-holding at
an eccentric position, but by a marked rebounding gaze drift
toward the direction opposite that of the OKR (for both the
N-T and T-N OKRs, p < 0.05 in paired ¢ test; Fig. 3F). The
rebounding gaze drift following the T-N OKR (1.9 = 0.2°) was
greater than the one following the N-T OKR (1.1 * 0.2°),
which reduced but significantly persisted until day 2 (1.2 =
0.2° p < 0.05). All of the training effects were extinguished in
6 d when mice were returned to the normal light cycle (i.e.,
vision was allowed; Fig. 3D-F).

Opverall, the OKR adaptation training persistently facilitated
eye acceleration in both the N-T and T-N OKRs, and decelera-
tion selectively in N-T OKRs, accounting for the greater net
eye acceleration in the sinusoidal OKR after the training. The
rebounding gaze drift observed after the training indicates reduc-
tion in the low-frequency component of the OKR (i.e., gaze-
holding), and could also assist the OKR to high-frequency visual
stimulation.

The nasotemporal and temporonasal OKRs are
independently adaptable

Kinematic features of the OKR exhibit differences between the
N-T and T-N directions, reflecting distinct premotor path-
ways driving eye movements in ipsiversive versus contraver-
sive directions. Can the N-T and T-N OKRs be adapted
independently? To address this, mice were trained with the
unidirectional visual stimulation of sinusoidally modulated
velocity (0.5 Hz, 0-31.4°/s, n = 8 mice; Fig. 4A). The acceler-
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ation profile of the training stimulation
and the training protocol were kept
identical to the previous “bidirectional”
training experiment (Fig. 2A). Brief vi-
sual stimuli (200 ms, 30°/s) were used to
monitor changes in the OKR kinematics
(Fig. 4B,C).

In the OKR in the same direction as
the training stimulus (“trained direc-
tion”), both eye acceleration (measured
by peak eye velocity; Fig. 4D) and decel-

A 80 position

eration (measured by deceleration ; N-T
Fig. 4E) were significantly potentiated. ZIE#Q?S

After the training by T-N stimulation,
deceleration 7 of the T-N OKR slightly
but significantly decreased (0.14 = 0.02
to 0.11 * 0.01 s at day 1, p < 0.05), C
indicating that deceleration of the T-N

OKR is also modifiable, at least tran- trz-iri-rz\(led

siently. Remarkably, the training by the  (righteye) s----------
N-T stimulation significantly (but not

persistently) increased peak eye velocity

in the untrained T-N OKR (Fig. 4D,

left). On the other hand, the training

by the T-N stimulation significantly  Figure 4.

slowed deceleration (i.e., deceleration
7) in the untrained N-T OKR immedi-
ately after the training (Fig. 4E, right,
day 1). These two changes in the OKR in
the untrained direction indicate the
crosstalk of OKR adaptation from one
direction to the other.

Bidirectional adaptation effects of
the unidirectional training were the
most evident in rebounding gaze drift
(Fig. 4B,C,F). Immediately after the
training, regardless of the training direction, the OKR was
always followed by a significant rebounding gaze drift, al-
though the drift significantly persisted for 17 h only in the T-N
OKR after the training by T-N stimulation. Onset latency of
the OKR showed no change over the course of the training
(Fig. 4G).

Together, these results demonstrate that eye acceleration
and deceleration in the N-T and T-N OKRs could be adapted
independently, whereas the development of rebounding gaze
drift did not respect the direction of training stimulation. The
direction-specific crosstalk of the training effects indicates
asymmetry between adaptation mechanisms for the N-T and
T-N OKREs.

Adaptation of distinct OKR kinematic features follows
multiple time courses

To examine the time course of changes in OKR kinematics over
the course of adaptation, mice were trained under the head-fixed
condition (bidirectional training by stimulation of 0.5 Hz *
15.7°/s), and the OKR was probed with brief visual stimulation
(200 ms, 30°/s) after every 15 min training session, as well as
17 h after the last training session (Fig. 5A,B). Training-
evoked changes in peak eye velocity, deceleration 7, and re-
bounding gaze drift each followed distinct time courses. Peak
velocity in the T-N OKR increased faster than in the N-T OKR
(p < 0.05; Fig. 5C). After the training, the increase of peak
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The N-T and T-N OKRs are independently adaptable. 4, Training stimulation for unidirectional OKR adaptation.
Velocity of an optokinetic drum was sinusoidally modulated between 0 and 31.4°/s at 0.5 Hz (left bottom graph), which unidirec-
tionally moved the drum position (left top graph). When the training stimulation is counterclockwise, the N-T OKR in the left eye
and the T-N OKR in the right eye were trained by the stimulation, whereas the OKR toward the other direction was left untrained,
as illustrated in the right panel. The training paradigm except for the training stimulation was the same as shown in Figure 24. B,
€, Average of average eye-position (the first and third rows) and eye-velocity (the second and fourth rows) traces of the OKRs
evoked by 0.2 s constant-velocity stimulation at 30°/s (n = 8 mice). Traces were shown in the same way as in Figure 34, B. Band
C show results from the eyes that were trained by the N-T (4, left eye) and T-N (A, right eye) stimulation, respectively. D—G,
Changes of peak eye velocity (D), deceleration T (E), rebounding gaze drift (F), and onset latency (G) over the course of the
adaptation training. These kinematic features were measured from the OKRs evoked by 0.2 s constant-velocity stimulation at
30°/s. Graphs are organized in the same way as Figure 3(—F. Left and right graphs show results from the eye trained by the N-Tand
T-N stimulation, respectively.

velocity tended to be greater in the N-T OKR than in the T-N
OKR (N-T, 103.7 = 18.7%; T-N, 65.7 = 21.8%), although
this did not attain statistical significance (p = 0.11). Decreases
of deceleration 7 in the N-T OKR were completed after the
first 15 min training (Fig. 5D). The rebounding gaze drift
increased at an almost constant, but different, rate between the
N-T and T-N OKRs (p < 0.001) over the course of the train-
ing for both directions (Fig. 5E). The changes in peak velocity
and deceleration 7 persisted for 17 h after training, whereas the
rebounding gaze drift was almost completely abolished, as
observed in the training under the free-moving condition (Fig.
3D-F). These distinct time courses suggest that eye accelera-
tion, deceleration, and gaze-holding are differentially modifi-
able in the OKR circuit, and that adaptation mechanisms are
further differentiated between the N-T and T-N directions.

Unilateral flocculectomy differentially affects the OKR
kinematic features

Premotor nuclei driving the OKR [medial vestibular nucleus
(MVN) and nucleus prepositus hypoglossi (NPH)] are directly
innervated by PCs in the floccular complex of the cerebellum.
What role do floccular complex PCs specifically play in the OKR?
To address this question, we unilaterally lesioned the floccular
complex (Fig. 6A) and, using brief visual stimuli (200 ms, 30°/s,
n = 8 mice), examined how the OKR kinematics changed. Al-
though there were considerable variations across animals (Fig.
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age, which can temporally integrate erro-
neous oculomotor commands to drive
sustained eye movements, independently

/rest in the dark for 1 h

[2] [3] [4]

from floccular complex function (Zee et

0

al,, 1981). Onset latency showed no
change (Fig. 6G).

In summary, the N-T and T-N OKRs
in the ipsilateral and contralateral eyes
were differentially affected by unilateral
flocculectomy, all leading to the dimin-
ished OKR. In the ipsilateral eye, faster eye
deceleration and rebounding gaze drift
conjunctively decreased the N-T OKR,
whereas the T-N OKR was poorly initi-
ated (accelerated). In the N-T and T-N
OKRs of the contralateral eye, faster de-
celeration and rebounding gaze drift
primarily account for the smaller OKR,
respectively. These results suggest that the
floccular complex bilaterally influences all
of the mechanisms accounting for the
OKR kinematic features (except for onset
latency), but to different degree. In partic-
ular, acceleration of the T-N OKR pre-
dominantly depends on the ipsilateral
floccular complex.

day2

v

Synchronous excitation and inhibition
of PCs can accelerate eye movements
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Figure 5.

6C-G), the amplitude of the OKRs (measured as position change
at 2 s after the stimulation) was overall diminished (Fig. 6C), as
observed in other species (rabbits: Nagao, 1983; Barmack and
Pettorossi, 1985; monkeys: Takemori and Cohen, 1974; Zee et al.,
1981; Waespe et al., 1983). The most pronounced change in the
OKR kinematic features was in peak eye velocity of the T-N OKR
in the eye ipsilateral to the lesioned side, which decreased by
55.3 = 7.6% (5.4 £ 0.8°/s, p < 0.01 in paired t test; Fig. 6D). Peak
velocity in the other direction and in the other eye tended to
decrease, although this did not attain statistical significance. De-
celeration T estimated from average velocity traces across animals
was reduced in both directions and eyes (i.e., faster deceleration),
and this reduction was particularly prominent in the N-T OKRs
of both eyes (Fig. 6E). Rebounding gaze drift significantly devel-
oped in the N-T OKR of the ipsilateral eye and the T-N OKR of
the contralateral eye (Fig. 6F). In other words, the OKR toward
the lesioned side was followed by a return of gaze toward the
initial position, which may correspond to spontaneous conjugate
nystagmus with the slow phase toward the intact side (cats: Cour-
jon et al., 1982; rabbits: Barmack and Pettorossi, 1985) and gaze
paretic nystagmus (monkeys: Waespe et al., 1983) observed after
unilateral flocculectomy in other species. The lack of nystagmus
in mice may be accounted for by poorly developed velocity stor-

The changes in OKR kinematic features follow distinct time courses during OKR adaptation. A, Schematic illustration
of the training and recording schedule. The OKR to 0.2 s constant-velocity stimulation at 30°/s was measured after every 15 min
training session (1—4) as well as before the first training session (pre) and 17 h after the last training session (day 2). The training
was by sinusoidal stimulation of 0.5 Hz == 15.7°/s under the head-fixed condition. B, Average of average eye-position (top) and
eye-velocity (bottom) traces of the OKRs evoked by 0.2 s constant-velocity stimulation (30°/s) at different times in the training
(n =7 mice). Traces were shown in the same way as in Figure 3A, B. (~E, Changes of peak eye velocity (C), deceleration (D), and
rebounding gaze drift (E) over the course of the adaptation training. These kinematic features were measured from the OKRs
evoked by 0.2 s constant-velocity stimulation at 30°/s. Graphs are organized in the same way as Figure 3(—f.
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with high efficacy

Floccular complex PCs are essential for
OKR adaptation (Nagao, 1983; Katoh et al.,
1998; Shutoh et al., 2006; Endo et al., 2009;
Okamoto et al., 2011; Wada et al., 2014),
suggesting that they play a crucial role in
eye-acceleration potentiation for OKR ad-
aptation. How effectively can floccular com-
plex PCs accelerate eye movements? To
examine eye-acceleration capability of the
PCs, we selectively excited and inhibited
them using optogenetics and analyzed kinematics of the evoked eye
movements. PC-specific expression of channelrhodopsin-2 (ChR2;
fused with tdTomato) and ArchT (Han et al., 2011; fused with
EGFP) was attained using Pcp2-Cre;Ai27 and Pcp2-Cre;Ai40 lines,
respectively. For photoexcitation by ChR2, stimulation light was de-
livered through an implanted optical fiber aimed at the PC axonal
bundle from the left floccular complex, so that photostimulation
could excite as many floccular complex PCs as possible (Fig. 7A).
Successful photoexcitation of PCs was confirmed by extracellular
recording under ketamine/xylazine anesthesia. In all the PCs en-
countered in the floccular complex (n = 59), photostimulation by
continuous light (0.5 s) instantaneously increased the firing rate (by
124.5 = 6.3 Hz in average firing rate for the entire period of the
stimulation; baseline: 34.6 * 1.8 Hz; photostimulus: 159.1 = 5.8 Hz;
Fig. 7B, C). In some PCs, a transient firing pause, presumably result-
ing from overexcitation, was observed after photostimulation (Fig.
7B), although this was not evident in the averaged peristimulus his-
togram that represented population response of PCs (Fig. 7C).

In awake animals, the 0.5 s photoexcitation evoked smooth
binocular eye movements (Fig. 7D), which were directed toward
the side of stimulation (at peak: ipsilateral eye, 11.0 = 0.6° in the
N-T direction; contralateral eye, 7.8 = 0.9° in the T-N direction,
n = 12 animals; Fig. 7E) as well as downward in the ipsilateral eye
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(6.4 = 0.7°) and torsional and upward in
the contralateral eye (upward: 3.5 = 0.4°%
torsional: not measured), as found for
electrical stimulation of the floccular PCs
in rabbits (Nagao et al., 1985; Van der
Steen et al.,, 1994). In the horizontal
movements, eye velocity was instanta-
neously elevated at stimulus onset in both
eyes (peak time: ipsilateral eye, 50.0 = 1.6
ms; contralateral eye, 60.4 * 4.9 ms, mea-
sured from stimulus onset), but the ipsi-
lateral eye attained higher velocity peak
(ipsilateral eye, 39.3 * 2.1°/s; contralat-
eral eye, 20.0 = 1.9°/s, p < 0.001 in paired
f test), indicating greater acceleration in
the ipsilateral eye. During photostimu-
lation, eye velocity declined in the ipsi-
lateral eye, whereas that in the
contralateral eye was kept almost con-
stant (Fig. 7E). After photostimulation,
the evoked eye movements were fol-
lowed not by gaze-holding as with the
OKR, but instead by a smooth eye-
position drift back to the initial posi-
tion, which could be fitted by double
exponential function (time constants:
ipsilateral eye, 0.12 and 0.93 s; con-
tralateral eye, 0.11 and 1.10 s). These
time constants are slightly larger than
those obtained for direct excitation of
abducens motor neurons (<0.05 and
<0.7 s; Stahl et al., 2015), suggesting
limited recruitment of gaze-holding
mechanisms following floccular com-
plex PC excitation. Eye movements
could even be evoked by photostimula-
tion of 1 ms, which transiently increases
PC firing rate for ~15 ms (Fig. 7F,G),
effectively adding at most one synchro-
nized spike to the stream of spontane-
ous PC firing. As shown in Figure 7H,
the peak eye position and velocity of the
evoked eye movements were larger in
the ipsilateral eye (0.57 £ 0.06°, 8.1 =
1.3°/s,n = 10) than the contralateral eye
(0.29 = 0.02°, 3.5 £ 0.8°/s,n = 6, p <
0.05 in unpaired ¢t test). These results
demonstrated that synchronized firing
of floccular complex PCs can effectively
accelerate eye movements, which is
greater in N-T-directed movements of
the ipsilateral eye.

Photoinhibition of floccular complex PCs also drove eye
movements but with distinct kinematics from those by
photoexcitation. Because PC axonal photostimulation did not
work for photostimulation of ArchT, we instead used somato-
dendritic photostimulation using thick optical fiber (910 wm in
core diameter) subdermally placed toward the floccular complex.
The photoinhibition almost completely stopped the firing of
all the PCs extracellularly recorded (average firing rate for the
entire period of the stimulation: baseline, 25.3 * 2.3 Hz; pho-
tostimulus, 1.1 + 0.7 Hz; Fig. 8 A, B; n = 19). The PC silencing
was complete in <4 ms after stimulus onset (Fig. 8B, bottom
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Figure 6.  Changes in OKR kinematics after unilateral flocculectomy. A, Representative Nissl images of coronal cerebellar sec-

tions of lesioned (left) and intact side (right). Dotted line shows contour of presumed location of the lesioned floccular complex. The
image of the intact side is horizontally flipped for comparison with the flocculectomized side. Scale bar, 500 wm. B, The OKRs
evoked by 0.2 s constant-velocity stimulation at 30°/s before (black) and 2 d after unilateral flocculectomy (red). The left two and
right two columns show eye-position and eye-velocity traces, respectively. The sides of recorded eyes are indicated on the bottom.
The top row shows average traces from an example mouse. The bottom row is average of average traces from eight flocculecto-
mized mice, where gray shading along the traces are SEM. Yellow bars indicate visual stimulation. (-G, Difference of eye position
measured 2 s after the stimulation (C), peak eye velocity (D), deceleration 7 (E), rebounding gaze drift (F), and onset latency (G)
between before and 2 d after unilateral flocculectomy. Red triangles and blue inverted triangles indicate measurements from the
N-Tand T-N OKRs, respectively. Small black dots indicate measurements from individual animals. Note that deceleration Twas
estimated from average of average velocity traces shown in the bottom row of B.

left), indicating that the photoinhibition led to a synchronous
firing pause in a substantial population of floccular complex
PCs. Following the 0.5 s photostimulation, PC firing recov-
ered in ~100 ms (Fig. 8B, bottom right). One millisecond light
pulses did not evoke significant changes in PC firing (n = 10),
probably due to slower activation kinetics of ArchT than ChR2
(Han et al., 2011).

The 0.5 s photoinhibition of floccular complex PCs in awake
animals evoked smooth eye movements in directions opposite
those evoked by photoexcitation (T-N and upward direction in
the ipsilateral eye; Fig. 8C; the contralateral eye was not exam-
ined). The velocity of the evoked horizontal eye movements ex-
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Figure7. Eye movementsevoked by PC-specific excitation using optogenetics. A, Represen-
tative fluorescentimage of a coronal cerebellar section of an Pcp2-Cre;Ai27 mouse, showing the
flocculus (F), paraflocculus (PF), and the track of the implanted optical fiber (dotted yellow line).
Thettip of the optical fiber was placed on the PCaxonal bundles emerging from the parafloccular
region of the floccular complex. Scale bar, 500 m. B, An example of extracellular recording of
a PCwith axonal photostimulation via the implanted optical fiber. A continuous 0.5 s pulse of
blue light (blue rectangle) excited PCs, which was followed by a pause of firing. A complex spike
(*) verifies that the recording was from a PC. , Average peristimulus histogram showing firing
rate changes of PCs (n = 59) in response to 0.5 s light pulse. Bin, 2 ms. D, Schematic summary
of eye movements evoked by unilateral photoexcitation of floccular complex PCs. N, Nasal; T,
temporal; D, dorsal; V, ventral. E, Horizontal eye movements evoked by unilateral PC photoex-
citation with 0.5 s light pulse (blue bars). Left and right columns show movements of the
ipsilateral and contralateral eyes, respectively. The top two traces show average eye-position
and eye-velocity traces from a representative animal. The bottom two traces are average of
average eye-position and eye-velocity traces from 12 animals, where gray shading along traces
are SEM. F, Extracellular recording of a PC during photostimulation by a train of 1 ms light
pulses. Each 1 ms light pulse elicits at most one spike. G, Average peristimulus histogram

n=6
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hibited a peak immediately after stimulus onset (6.5 = 1.1%s;
peak time, 76.0 * 15.4 ms after stimulus onset, n = 5 animals),
which represents eye acceleration by synchronous pause of floc-
cular complex PCs. Eye acceleration evoked by synchronous in-
hibition of PCs was greater than that of synchronous excitation of
PCs with respect to amplitude per given PC firing-rate change
(average onset eye velocity for 0.5 s photostimulation divided by
average PC firing rate at corresponding time: 0.27 and 0.18°/s - Hz
for photoinhibition and excitation, respectively). The onset
eye-velocity peak is followed by a second peak or plateau phase
until the end of the stimulus, implying oculomotor commands
preferentially driven by prolonged inhibition of floccular
complex PCs. Remarkably, at stimulus offset, eye velocity de-
creased transiently but eye movements outlasted photoevoked
inhibition of PC firing until 440.0 £ 113.3 ms after the stim-
ulus offset, where eye position peaked at 4.2 + 0.6°. Moreover,
the decay time course of the eye position was much slower
than that by PC photoexcitation (Fig. 8C; time constants from
double exponential fitting to the average position trace: 1.85
and 4.17 s). These results indicate that the synchronous pause
of floccular complex PCs not only accelerates eye movements
but also drives gaze-holding mechanisms, as do visual stimuli
in the OKR.

Both synchronous excitation and inhibition of floccular com-
plex PCs could effectively accelerate eye movements, whereas PC
inhibition selectively activates gaze-holding mechanisms. Be-
cause unilateral flocculectomy preferentially impaired accelera-
tion of the T-N OKR in the ipsilateral eye, synchronous PC
inhibition driving T-N movements is likely to play a predomi-
nant role in T-N acceleration during the OKR in naive animals,
whereas acceleration commands for the N-T OKR would largely
originate outside of the floccular complex. OKR adaptation
training, however, may enhance synchronization of both excita-
tion and inhibition of the PCs at the onset of visual stimuli
through plasticity mechanisms in the cerebellar cortex (Gao et al.,
2012), potentiating eye acceleration in the N-T and T-N direc-
tion, respectively.

Discussion

OKR performance has been thought historically to be limited
by the velocity tuning of retinal ganglion cells, which respond
best to slowly moving visual stimuli (Oyster et al., 1972). Our
findings demonstrate to the contrary that OKR performance
in mice can be rapidly and sustainably improved by visuomo-
tor experience, primarily via potentiation of eye acceleration at stim-
ulus onset. Manipulations of cerebellar activity demonstrate that
floccular complex PCs are essential and functionally sufficient for
eye acceleration and suggest that synchronous modulation of PC
firing rates could account for the potentiation of eye acceleration.
Differential plasticity in nasotemporal versus temporonasal acceler-
ation and bidirectionally generalized plasticity in gaze-holding after
the unidirectional adaptation training imply multiple cerebellar and

<«

showing firing-rate changes of PCs (n = 25) in response to 1 ms light pulse. Firing rate tran-
siently increases for ~15 ms after the light pulse, which was not followed by firing inhibition or
pause. Bin, 2 ms. H, Horizontal eye movements evoked by unilateral PC photoexcitation with 1
ms light pulse (blue lines). The graphs are organized in the same way as in E. Average of average
eye-position and eye-velocity traces for the ipsilateral and contralateral eyes were made from
10 and 6 mice, respectively. For better temporal resolution of the onset response, eye-velocity
traces shown were not low-pass filtered. Note that eye-movement onset timing accuracy is
potentially compromised by a transport delay of the video-oculography system (range: 2.05—
3.75ms).
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sponsible for the OKR to slow visual stim-
ulation (~3°/s in mice; Dhande et al.,
2013), and their responses are severely at- 0
tenuated with faster stimulation. The 50
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however, was attained with stimuli mov-

ing at 15-30°/s (Fig. 1F; Tabata et al, 0
2010), which far exceeds the preferred ve-
locity range of ON-DSGCs. How can this
discrepancy be explained? One possibility
is that the onset response of ON-DSGCs
might have a wider velocity preference
than a steady-state response. At the onset
of visual stimulation, excitatory input
onto ON-DSGCs slightly precedes inhib-
itory input, shaping a short-lasting onset
response, which remains discernible even at higher stimulation
velocity (Sivyer et al., 2010). Another possibility, which is not
mutually exclusive, is that ON-OFF DSGCs contribute to eye
acceleration. ON—OFF DSGCs respond to a wider range of stim-
ulation velocities than ON-DSGCs, at least up to 100°/s in mice
(Weng et al., 2005). Mice lacking functional ON-bipolar cells in
the retina can initiate OKR at the onset of visual stimulation
(Sugita et al., 2013), suggesting contribution of ON-OFF DSGCs
to eye acceleration at stimulus onset. However, the visual cortex,
to which a majority of ON-OFF DSGCs send the signal via the
lateral geniculate nucleus (Wei and Feller, 2011), is unlikely to
contribute to acceleration in the OKR, because lesions of the
visual cortex have no influence to the initiation of the OKR in
rabbits (Hobbelen and Collewijn, 1971) and rats (Harvey et al.,
1997), which have a similar optokinetic system to mice. ON—OFF
DSGCs projecting to the nucleus of the optic tract (NOT), which
is also a primary projection target of ON-DSGSs (Dhande et al.,
2013; Fig. 9), may play a crucial role in OKR acceleration, partic-
ularly for visual stimulation of high velocity. By applying the brief
visual stimuli used in the present study to mouse lines in which
specific DSGCs and their downstream circuits are genetically
modified (Sanes and Masland, 2015; Tang et al., 2015), differen-
tial contribution of these DSGCs to the OKR would be elucidated.

Figure 8.

Mechanisms of eye acceleration in the OKR

What are the neural circuit substrates of eye acceleration in the
OKR? Unilateral flocculectomy revealed that eye acceleration
in the T-N OKR largely depends on the ipsilateral floccular
complex, indicating that acceleration commands in the T-N
direction originate from floccular complex PCs (the only cell
type that projects out of the cerebellar cortex). Floccular com-
plex PCs densely innervate somata of inhibitory premotor
neurons in the MVN of the same side, which in turn project to
the abducens nucleus in the same side (Sekirnjak et al., 2003;
Shin et al., 2011). Synchronous pauses in PC firing accelerates
T-N movements (Fig. 8), probably via disinhibition of inhib-
itory premotor neurons in the MVN and consequent inhibi-
tion of downstream abducens neurons, which is likely to be a
primary motor pathway for T-N OKR acceleration. Synchro-
nous PC pauses are physiologically elicited by synchronous

photostimulation C

simple spike rate

0 20 500
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Eye movements evoked by PC-specific inhibition using optogenetics. A, Extracellular recording of a PC with somato-
dendritic photostimulation via subdermally placed optical fiber. A continuous 0.5 s pulse of blue light (blue rectangle) silenced PC
firing. A complex spike (*) verifies that the recording was from a PC. B, Average peristimulus histogram showing firing-rate
changes of PCs (n = 19) in response to 0.5 s light pulse. Bottom, Firing-rate changes at onset (left) and offset (right) of photo-
stimulation are magpnified, where gray shading along traces are SEM. Bin, 2 ms. C, Horizontal eye position (left) and velocity (right)
evoked by unilateral PCphotoinhibition with 0.5 s light pulse (blue bars), measured in the eye psilateral to the stimulated side. The
graphs are organized in the same way as in Figure 7.

activities of inferior olive (IO) neurons, which innervate PCs
via climbing fibers. Impaired temporal coordination of climb-
ing fiber input in connexin36 knock-out mice may deteriorate
eye acceleration, accounting for the delayed turnaround of the
OKR when the stimulus direction reverses (Kistler et al., 2002;
Van Der Giessen et al., 2008).

In contrast to T-N OKR acceleration, N-T OKR acceleration
was relatively tolerant to unilateral flocculectomy, indicating that
acceleration commands in the N-T direction originate predom-
inantly outside of the floccular complex. We propose that sub-
cortical visual motion inputs to NPH neurons are critical for N-T
acceleration. Figure 9 shows circuits driving the OKR in response
to clockwise stimulation in which the left and right eyes move in
the T-N and N-T directions, respectively. Clockwise visual stim-
ulation predominantly activates DSGCs in the left retina, which
project to the right NOT and dorsal terminal nucleus (DTN) in
the pretectum (Dhande et al., 2013). The NOT/DTN relays the
visual signal to the premotor nuclei (NPH and MVN) primarily
via the precerebellar nuclei [the nucleus reticularis tegmenti pon-
tis (NRTP) and the caudal dorsal cap of the IO] and the floccular
complex. Importantly, there is direct excitatory projection from
the NOT and NRTP to the NPH in the same side, bypassing the
cerebellum (Cazin et al., 1984; Schmidt et al., 1995). This excit-
atory projection can drive N-T OKR acceleration even under
flocculectomized condition. The NPH includes neurons that are
excited in response to visual stimulation driving the N-T OKR in
the ipsilateral eye (Lannou et al., 1984), and electrical stimulation
of the NPH can drive N-T movements in the ipsilateral eye
(Yokota et al.,, 1992). The NPH plays a crucial role in gaze-
holding (Mettens et al., 1994; Major et al., 2004), which may
account for the difference in rebounding gaze drift between the
N-T and T-N OKRs (Fig. 1K).

The cerebellum is known to control timing of rapid accelera-
tion/deceleration of movements such as saccades and limb con-
trol (Flament and Hore, 1986; Dean, 1995; Takagi et al., 1998;
Timmann et al., 2008; Herzfeld et al., 2015), for which rapid
modulation of motor neuron firing is necessary. Synchronous
firing modulation of PCs may be a general mechanism for the
control of movement acceleration.
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Summarized OKR circuit from the retina to the lateral rectus. Circled letters in the MVN and NPH indicate neuronal types. A, MVN inhibitory premotor neuron. B, MVN excitatory premotor

neuron. C, NPH excitatory premotor neuron. D, NPH inhibitory premotor neuron. Green dots in the MVN indicate degree of floccular complex PC innervation. Looped arrows on NPH excitatory
premotor neuron (C) express positive feedback through excitatory recurrent network, implementing velocity-position neural integration for gaze-holding. For simplicity, only nuclei and cell types
likely to play major roles in the OKR to the clockwise visual stimulation are shown; commissural projections and pathways to the oculomotor nucleus and the medial rectus are omitted. Numbers on
lines indicate references anatomically and/or electrophysiologically reporting the projections. Note that references are preferentially selected for mice and the list of references is not comprehensive
due to limited space: 1, Dhande et al., 2013; 2, Terasawa et al., 1979; 3, Cazin et al., 1984; 4, Schmidt et al., 1995; 5, Blanks et al., 1983; 6, Schonewille et al., 2006; 7, Shin et al., 2011; 8, Escudero et
al., 1992;9, Lee et al., 2015. LR, lateral rectus; NOT, nucleus of optic tract; DTN, dorsal terminal nucleus; NRTP, nucleus reticularis tegmenti pontis; 10, inferior olive; PC, Purkinje cell; NPH, nucleus

prepositus hypoglossi; MVN, medial vestibular nucleus.

Mechanisms of eye acceleration potentiation

Among the five kinematic features in the OKR, eye accel-
eration at stimulus onset exhibited the most drastic and
persistent changes after OKR adaptation training, largely ac-
counting for the improved OKR performance to fast and
high-frequency stimulation. Given the acceleration capability
of floccular complex PCs and their necessity for OKR adapta-
tion, it is highly plausible that they are a primary driver of
acceleration potentiation. Simple spike rates of floccular com-
plex PCs increase and decrease during the N-T and T-N OKRs
in the ipsilateral eye, respectively (Goossens et al., 2004; Stahl
and Thumser, 2014; Katoh et al., 2015), and their modulation
during visual motion stimuli is enhanced through OKR train-
ing (Nagao, 1988). These reports together with results from
the optogenetic PC manipulations reported here (Figs. 7, 8)
support the idea that enhanced synchronous excitation and
inhibition of floccular complex PCs at visual-stimulus onset
account for eye-acceleration potentiation in the N-T and T-N
OKRs, as proposed for saccade adaptation (Herzfeld et al.,
2015). Potentiation of T-N OKR acceleration is faster than

that of N-T OKRs (Fig. 5C), perhaps because climbing fiber
inputs that drive synchronous PC inhibition can trigger plas-
ticity mechanisms in the cerebellar cortex so effectively that
even a single input can lead to behavioral changes (Medina
and Lisberger, 2008; Yang and Lisberger, 2014; Khilkevich et
al., 2016).

The floccular complex is not the only learning site respon-
sible for OKR adaptation because, once OKR adaptation is
fully established through long-term training, induced changes
can at least partly persist without intact function of the floc-
cular complex (Shutoh et al., 2006; Okamoto et al., 2011;
Wada et al., 2014). We hypothesize that potentiation of excit-
atory synapses from the NOT/NRTP to the NPH may mediate
OKR adaptation in the N-T direction, serving as a “memory
locus” downstream of the cerebellum. Given that the NRTP is
an origin of mossy fibers projecting to both the floccular com-
plex and the NPH, and that PCs in the floccular complex
directly innervate the NPH, the NRTP-NPH synapse might be
modified in a PC activity-dependent manner, as reported for
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mossy fiber-to-cerebellar nucleus neuron synapses (Pugh and
Raman, 2006; Zhang and Linden, 2006).

An intriguing difference between the N-T and T-N OKRs
is that the training by the N-T stimulation alone can tran-
siently potentiate onset acceleration of the T-N OKR (Fig.
4D). During unidirectional OKR adaptation, PCs in the floc-
cular complex ipsilateral to the eye trained by the N-T stimu-
lation (Fig. 9, right) are supposed to be tonically excited
(Goossens et al., 2004; Stahl and Thumser, 2014; Katoh et al.,
2015), which could plausibly trigger a persistent increase of
intrinsic excitability in downstream MVN premotor neurons
(Nelson et al., 2003) and thereby facilitate the T-N OKR.

Why is eye acceleration maintained so low in naive ani-
mals? The OKR is principally a negative-feedback system,
where eye acceleration corresponds to feedback gain. Gener-
ally, the low feedback gain is beneficial for stability of the
feedback system, and excessively high feedback gain leads to
oscillation. In fact, some mice showed small oscillatory eye
movements in the light after the OKR adaptation (data not
shown), as previously reported with goldfish (Marsh and
Baker, 1997). Stability of the OKR might be a driving force by
which potentiation of eye acceleration is canceled after the
training (Fig. 3D). Regulation of OKR acceleration by the floc-
cular complex is one of the simplest examples of adaptive gain
control in sensorimotor feedback systems in which the cere-
bellum optimizes the balance between movement accuracy
and stability.
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