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We developed a new protocol that induces long-term adaptation of horizontal optokinetic response (HOKR) eye movement by hours of
spaced training and examined the role of protein synthesis in the cerebellar cortex in the formation of memory of adaptation. Mice were
trained to view 800 cycles of screen oscillation either by 1 h of massed training or by 2.5 h to 8 d of training with 0.5 h to 1 d space intervals.
The HOKR gains increased similarly by 20 –30% at the end of training; however, the gains increased by 1 h of massed training recovered
within 24 h, whereas the gains increased by spaced training were sustained over 24 h. Bilateral floccular lidocaine microinfusions
immediately after the end of training recovered the gains increased by 1 h of massed training but did not affect the gains increased by 4 h
of spaced training, suggesting that the memory trace of adaptation was transferred from the flocculus to the vestibular nuclei within 4 h
of spaced training. Blockade of floccular protein synthesis, examined by bilateral floccular microinfusions of anisomycin or actinomycin
D 1– 4 h before the training, impaired the gains increased by 4 h of spaced training but did not affect the gains increased by 1 h of massed
training. These findings suggest that the transfer of the memory trace of adaptation occurs within 4 h of spaced training, and proteins
synthesized in the flocculus during training period may play an important role in memory transfer.

Introduction
The memory acquired through spaced learning, i.e., repetitions
of learning with appropriate intervals, remains longer than the
memory acquired through massed learning. The spacing effect,
originally referred by Ebbinghaus (1885), is widely recognized in
both the nondeclarative and declarative memory throughout the
animal kingdom (Squire and Kandel, 2000). The spacing effect is
considered to be closely related to memory consolidation; how-
ever, the physiological studies of the underlying neural mecha-
nisms are few, particularly on the mammalian brain. Here, using
the spacing effect, we developed a new eye movement training
paradigm for mice that induces a long-term adaptation in the
horizontal optokinetic response (HOKR) eye movement within
4 h of training, and we examined the role of protein synthesis in
the cerebellar cortex in the formation of motor memory.

The HOKR is a compensatory eye movement to the horizontal
motion of the visual field, and its gain is quantified by comparing

the evoked eye movement and external surrounding motion. The
neural circuitry of the HOKR is composed of the accessory optic
tract, cerebellar flocculus, vestibular nuclei, and extraocular mus-
cular motor nuclei. Despite its simple neural circuitry, the HOKR
is under learning control (Ito, 1984). Hours of massed training
with a sustained exposure to a sufficient amount of retinal slip,
i.e., image motion on the retina, adaptively induce an increase in
HOKR gains, which recovers within 24 h, in rabbits (Collewijn
and Grootendorst, 1979; Nagao, 1983) and mice (Katoh et al.,
1998, 2000; Shutoh et al., 2002, 2003, 2006). Results of lesion
(Nagao, 1983; Katoh et al., 1998), unit recording (Nagao, 1988),
and pharmacological and gene knock-out (Katoh et al., 2000;
Shutoh et al., 2002, 2003, 2006) experiments consistently suggest
that the flocculus and long-term depression (LTD) of parallel
fiber-Purkinje cell synapses (Ito et al., 1982; Ito, 1989, 2001) play
a key role in the HOKR adaptation induced by hours of massed
training. Moreover, our recent study on mice suggested that a
long-term HOKR gain increase, which remains for �24 h, is
induced when 1 h of massed training is repeated for several days
and, concomitantly, the memory trace of adaptation is trans-
ferred from the flocculus to the vestibular nuclei (Shutoh et al.,
2006). Here, to further reveal the neural mechanisms underlying
the transfer of memory trace of adaptation, we first examined the
duration of memory of HOKR adaptation induced by training at
various spacing intervals and developed a new protocol that in-
duces adaptation of long-term memory by only 4 h of spaced
training in mice. We then confirmed that the transfer of memory
trace of adaptation occurs within 4 h of spaced training by phar-
macological shutdown experiments using lidocaine. Finally, we
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examined the role of protein synthesis in the transfer of memory
trace of adaptation using protein synthesis inhibitors (anisomy-
cin or actinomycin D). The results suggest that the protein syn-
thesis localized in the cerebellar cortex during the training period
may play an important role in the transfer of memory trace that
underlies the memory consolidation.

Materials and Methods
Eye movement measurements. The experimental protocols followed the
principles of laboratory animal care (National Institutes of Health pub-
lication no. 86-23, revised in 1996) and were approved by the Research
Ethics Section of RIKEN. C57BL/6J male mice (12–16 weeks old) ob-
tained from Clea Japan were used in all experiments. All efforts were
made to minimize the number of mice used and their suffering through-
out the course of experiments. Under isoflurane (Escain, Mylan Japan)
anesthesia and aseptic conditions, a platform for head fixation was made
on the cranial bone of a mouse using synthetic resin (Superbond C&B,
Sun Medical) and one 15 mm stainless bolt. After recovery from surgery,
the mouse was mounted on the table surrounded by a checked-pattern
cylindrical (diameter, 60 cm) screen (check size, 4°) with its head fixed
and its body loosely restrained in a plastic tube at the center of a cylin-
drical screen. Eye movements were recorded using an infrared TV cam-
era (Nagao, 1990; Katoh et al., 1998). The frontal view of the right eye was
monitored using a CCD TV camera (SSC-M350; SONY), which was fixed
above the mouse, through a cold mirror. The right eye was illuminated by
an infrared (wavelength, 920 nm) LED and displayed on a 13-inch LCD
monitor (magnification, �55). The area of the pupil was determined
from the difference in brightness between the pupil and the iris. The
real-time position of the eye was measured by calculating the central
position of the pupil using an IMAQ (version 6, LabVIEW, National
Instruments)-equipped system (Sakatani and Isa, 2004) and stored in a
personal computer. Pupil size was kept constant by exposing the mouse
to white noise sounds. The mean effective diameter of the mouse eyeball
was estimated to be 2.3 mm. The spatial resolution of the TV camera
system was 0.25°. The HOKR was examined by 50 cycles of sinusoidal
screen oscillation by 15° (peak-to-peak) at 0.22 Hz (maximum screen
velocity, 10.4°/s) on the horizontal plane in the light. Over 10 cycles of the
evoked eye movements, free from blinks and saccades, were selected for
averaging. No correction methods were used to delete quick eye move-
ments. Mean amplitudes and phases were calculated on the averaged eye
position traces by a modified Fourier analysis (Jastreboff, 1979). HOKR
gain was defined as the ratio of the peak-to-peak amplitude of eye move-
ments to that of screen oscillation.

HOKR training protocols. The mice were trained to view 800 cycles of
0.22 Hz, 15° screen oscillation using five different training protocols (Fig.
1). In the massed training (M), mice received 800 cycles of 1 h continuous
screen oscillation. In the spaced training (S0.5 h), mice received 200 cycles
(15 min) of continuous screen oscillation at 0.5 h intervals four times. In
S1 h training, mice received 200 cycles (15 min) of continuous screen
oscillation at 1 h intervals four times. In S1d-1 training, the mice received
200 cycles (15 min) of continuous screen oscillation at 1 d intervals four
times. In S1d-2 training, the mice received 100 cycles (7.5 min) of contin-
uous screen oscillation at 1 d intervals eight times. Note that it took 1 h
for M, 2.5 h for S0.5 h and 4 h for S1 h to complete training. Throughout
these five sets of training protocols, the mice were kept in the dark in their
home cages except for the sessions of training until they finished training.
The HOKR gains were measured on the eye position traces of the initial
and final 50 cycles of screen oscillation during each training session and
by 50 cycles of screen oscillation from 24 h to 14 d after the end of S1d-1

training. These mice were reared in their home cages under normal light
condition (12 h light/dark) after the end of training.

Lesion experiments. Under isoflurane anesthesia, tiny holes (diameter, 0.5
mm) were made on the bilateral temporal bones over the paraflocculus.
Bilateral flocculi were lesioned by injecting high-frequency electrical cur-
rents (500 kHz, 3–5 mA) for 20 s through a small probe (RFG-4A, Radionics)
positioned within the flocculus through the holes made on the temporal
bones in six mice. Three days after lesioning, these mice were trained using
the spaced training at 1 h intervals (S1 h). One week later, four of them were

again trained using the spaced training at 1 d intervals (S1d-1). At the end of
experiments, under deep general anesthesia induced by intraperitoneal ad-
ministration of 60 mg/body weight sodium pentobarbital (Nembutal,
Dainippon-Sumitomo Pharma), all the mice were perfused with PBS and
4% paraformaldehyde. The extents of lesions were examined histologically
on Nissl-stained, 20-�m-thick coronal sections.

Pharmacological experiments. The effects of flocculus shutdown were
compared in 17 mice. They received massed training (M, n � 11) or spaced
training at 1 h intervals (S1 h, n � 6). At the end of the training, 0.4 �l of 2.5%
lidocaine chloride (Sigma-Aldrich) dissolved in standard Ringer’s solution
was infused into the bilateral flocculi (0.2 �l for each side) using two 1 �l
microsyringes (80135, Hamilton) mounted on standard micromanipula-
tors. Infusion was finished within 10 min. The HOKR was measured 0.5, 1,
and 1.5 h after infusions. Except for the session for the training and
measurements of HOKR, the mice were kept in the dark in their home
cages. Infusions of lidocaine were also examined in six additional
mice that received S0.5 h training.

The role of protein synthesis in HOKR adaptation was examined by infu-
sion of 0.8 �l (0.4 �l for each side) of anisomycin (125 �g/�l, Sigma-
Aldrich) dissolved in Ringer’s solution at pH 7 by referring to Nader et al.
(2000) on the study of rat amygdala. The drugs were infused into the bilateral
flocculi similarly as lidocaine 4 h before the initiation of massed training (M,
n � 6) or 1 h before the initiation of spaced training at 1 h intervals (S1 h, n �
6). As a control, the same amount of Ringer’s solution was infused into the
bilateral flocculi before the same training sessions (M, n � 5; S1 h, n � 5). In
6 mice, HOKR gains were measured 6 h and 24 h after infusions of anisomy-
cin without any training. We also infused 0.8 �l (0.4 �l for each side) of
actinomycin D (6.25 �g/�l, Sigma-Aldrich) dissolved in Ringer’s solution
into the bilateral flocculi (n � 6) 1 h before the initiation of S1 h training by
referring to Lin et al. (2003) on the study of rat amygdala.

After the end of experiments, 1% fluorescein isothiocyanate hydro-
chloride (FITC, Research Organics) dissolved in dimethyl sulfoxide
(Merck Japan) was infused into the bilateral flocculi similarly as infusions
of lidocaine, anisomycin, or actinomycin D to estimate the extent of drug
diffusion. The mice were perfused under pentobarbital anesthesia (60 mg
/kg body weight, Nembutal, Dainippon Sumitomo Pharma). Drug dif-
fusions were examined histologically on coronal sections under a fluo-
rescence microscope (BX50, Olympus).

Histological inspections of the flocculus after anisomycin infusions
were carried out in seven mice. For four mice, 0.4 �l of anisomycin and

Figure 1. Massed and spaced training protocols for HOKR adaptation. Mice received 800
cycles of 0.22 Hz, 15° screen oscillation by massed (M) training or spaced training at intervals of
0.5 h (S0.5 h), 1 h (S1 h), and 24 h (S1d-1 and S1d-2). Total time of 2.5 h, 4 h, 4 d, and 8 d for S0.5 h,
S1 h, S1d-1, and S1d-2, respectively, is required to complete each training protocol. Except for
sessions of training, the mice were kept in the dark.
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the same amount of Ringer’s solution was infused into the right and left
flocculi, respectively. The other three mice were used for noninfusion
control. They were kept in the dark without any training and then per-
fused under the pentobarbital anesthesia 24 h after infusions. The total
number of Purkinje cells and the general cortical structure were compared
on Nissl-stained coronal sections (thickness, 12 �m) for the anisomycin-
infused, Ringer’s solution-infused, and nonin-
fused flocculi. The significance of the data
obtained in the whole series of experiments was
evaluated using Statview (version 5, SAS
Institute).

Results
Spacing effect in HOKR adaptation
To examine the spacing effect in HOKR
adaptation, we trained C57BL/6J mice to
view 800 cycles of 0.22 Hz, 15° screen os-
cillation in the head-fixed position using
five different training protocols (Fig. 1).
One group of mice received 800 cycles of
massed training in 1 h (M, n � 11),
whereas the three spaced training groups
received 4 � 200 cycles of training at 0.5 h
(S0.5 h, n � 5), 1 h (S1 h, n � 9), and 1 d
(S1d-1, n � 7) intervals, and the remaining
group received 100 cycles of training at 1 d
intervals for 8 d (S1d-2, n � 5). These mice
were kept in the dark during intervals and
thus they received no additional visual in-
puts. We first measured the HOKR gain
and then trained the mice to induce adap-
tation in gain. The HOKR gains (mean �
SE) at the start of training were similar
among the five groups (from 0.28 � 0.01
to 0.32 � 0.02, p � 0.25, one-factorial
ANOVA) (Table 1). The HOKR gain in-
crease (%) is normalized to the mean gain
at the start of training. Figure 2 shows a
comparison of the gain increase among
five training protocols. The gain increase
fluctuated among training sessions, and a
tendency of small gain increase was often
observed in the spacing intervals (Fig.
2B,C). At the end of five training sessions,
the HOKR gains increased similarly by
22.1–31.2%. The retention of memory of
adaptation was examined 24 h after the
end of the training sessions. The HOKR
gain increased by 1 h of massed training
(Fig. 2A,F) decreased by one-half (p�0.02,
paired t test), whereas the gain increased by
all four spaced training protocols (S0.5 h–S1d-2), remained unchanged
for 24 h (Fig. 2B–F, p � 0.5–0.9, paired t test). Thus, the spacing
effect is clearly observed in the retention of HOKR adaptation.

We examined the recovery of HOKR adaptation for the five
mice that received S1d-1 training every 3 d up to 14 d after the end
of training. These mice were reared under normal light condition
(12 h, light/dark) without any other optokinetic training after the
end of S1d-1 training, except for the brief time for the measurements
of HOKR. The gain increase remained for 10 d after the end of S1d-1

training (16.2–24.1%, p � 0.05, Dunnett’s test; compared with the
gains before the training), and a tendency of small gain increase
(10.6 � 3.3%, p � 0.05) was observed 14 d after the end of S1d-1

training, which was similar to our previous study using 5 d of 600

cycles of 0.17 Hz-15° screen oscillation at 1 d intervals (Shutoh et al.,
2006). The HOKR phases were not affected by any of the five training
protocols, and are not discussed in this article.

Effects of floccular lesions on spaced training-induced
HOKR adaptation
We previously reported that the HOKR adaptation induced by
1 h (600 cycles) of massed training with 0.17 Hz, 15° screen os-
cillation is abolished by bilateral cerebellar flocculus lesions in
mice (Katoh et al., 1998; Shutoh et al., 2006). To confirm these
findings in the HOKR adaptation induced by the spaced training,
we carried out lesion experiments. We made bilateral floccular
lesions in six mice by the electric coagulation method 3 d before

Figure 2. HOKR adaptation induced by massed and spaced training protocols. Mice were trained using 800 cycles of 0.22 Hz, 15° screen
oscillation using five different protocols (Fig. 1). A, Eight hundred cycles of massed training (M, n � 11). B, Spaced training with 4 � 200
cycles at 0.5 h intervals (S0.5 h, n�5). C, Spaced training with 4�200 cycles at 1 h intervals (S1 h, n�9). D, Spaced training with 4�200
cycles at 1 d intervals (S1d-1, n � 7). E, Spaced training with 8 � 100 cycles at 1 d intervals (S1d-2, n � 5). F, Comparison of gain increase
immediately after (open columns) and 24 h after (filled columns) the end of training among the five protocols. The HOKR gain increase (%)
is normalized to the mean gain at the start of training. Error bars indicate SE; *p � 0.05; ns, p � 0.05 (paired t test).

Table 1. Mean HOKR gain (SE) to 0.22 Hz, 15° (peak-to-peak) screen oscillation at
the start of 5 training sessions

Training M (n � 11) S0.5 h (n � 5) S1 h (n � 9) S1d-1 (n � 7) S1d-2 (n � 5)

Gain (SE) 0.30 (0.01) 0.28 (0.01) 0.28 (0.02) 0.32 (0.02) 0.32 (0.02)

The gains at the start of training were similar among the 5 groups (p � 0.25, one-factorial ANOVA).
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the training. In these mice, �75% of the
paraflocculus and flocculus region was
destroyed bilaterally, whereas the vestibu-
lar nerve and nuclei remained intact (Fig.
3A). We used data obtained with normal
mice shown in Figure 2, C and D, as the
control as in our previous studies (Katoh
et al., 1998; Shutoh et al., 2006). The
HOKR gain at 0.22 Hz-15° screen oscilla-
tion after floccular lesions (0.24 � 0.01,
n � 10) was small (p � 0.01, Student’s t
test) compared with the control group
(0.30 � 0.01, n � 16). We trained the mice
using 4 � 200 cycles of 0.22 Hz, 15° screen
oscillation at 1 h (S1 h) or 1 d (S1d-1) inter-
vals. The HOKR gain decreased slightly
after S1 h (�7.1 � 5.0% n � 6) (Fig. 3B) or
S1d-1 (�8.5 � 4.5% n � 4) (Fig. 3C) train-
ing. These gain changes were both statis-
tically significant compared with the data
for the control group shown in Figure 1, C
and D (p � 0.01, Student’s t test). Thus,
the flocculus is necessary for the HOKR
adaptation induced by spaced training
through S1 h and S1d-1.

Effects of reversible flocculus shutdown
on HOKR adaptation after training
On the basis of findings of our previous
study (Shutoh et al., 2006) in which the
effects of pharmacological floccular shut-
down on HOKR adaptation were exam-
ined, we suggested that the memory trace
of HOKR adaptation induced by 1 h (600
cycles) of 0.17 Hz, 5° screen oscillation
training is located in the flocculus and that
the memory trace is transferred to the ves-
tibular nuclei after repetition of 1 h of
training for 3 d. In the present study, we
found that the duration of memory for
adaptation induced by S0.5 h and S1 h

spaced training protocols is longer than
that of 1 h of M training. It took 2.5 and
4 h for S0.5 h and S1 h training protocols to
be completed, respectively (Fig. 1). Thus,
it is possible that the memory trace of ad-
aptation is transferred from the flocculus
to the vestibular nuclei within 2.5 to 4 h
during these spaced training protocols.
Then, we examined the location of the
memory trace of adaptation induced by the
spaced training (S1 h) by bilateral pharma-
cological floccular shutdown immediately
after the end of training sessions.

We compared the effects of lidocaine
infusions on the HOKR adaptation be-
tween M and S1 h training protocols. The
mean HOKR gains before training were
similar between M (0.30 � 0.01, n � 11)
and S1 h (0.29 � 0.02, n � 6; p � 0.2,
Student’s t test) training sessions, and the
gain increase induced by these training
protocols were also similar (23.7 � 1.9%

Figure 3. Effects of bilateral floccular lesions on HOKR adaptation induced by spaced training. A, Photograph of coronal section
of right paraflocculus (PFL) and flocculus (FL) after lesioning. Scale bar, 500 �m. B, HOKR gain increase after 4 � 200 cycles of
screen oscillation at 1 h intervals (S1 h) for lesioned mice (filled column, n � 6). Control data (open column, n � 9) are those shown
in Figure 2C. C, Similar to B but after 4 � 200 cycles of screen oscillation at 1 d intervals (S1d, n � 4). Control data (n � 7) are those
shown in Figure 2 D. **p � 0.01 (Student’s t test). Error bars indicate SE.

Figure 4. Effects of reversible shutdown of bilateral flocculi on adaptation induced by 800 cycles of massed training (M) and
spaced training using 4 � 200 cycles at 1 h intervals (S1 h). A, Extension of lidocaine diffusion estimated by FITC infusion. FL,
Flocculus. PFL, paraflocculus. Scale bar, 500 �m. B, Example of eye position traces before training (gray curve), at the end of
training (blue curve), and 1 h after infusion of lidocaine (red curve) during M training. Averaged eye position traces from 16 to 25
cycles obtained from the same mouse are shown. C, Similar to B but for those during S1 h training. Averaged eye position traces from
16 to 27 cycles obtained from the same mouse are shown. Scale bars, 1 s and 5°. D–F, Time course of HOKR adaptation and effects
of floccular lidocaine infusions for M (D), S1 h (E), and S0.5 h (F ) training. G, Comparison of gain increase at the end of M training,
0.5 h, 1 h, and 1.5 h after lidocaine (Lid) infusions (n � 6 –11). H, I, Similar to G but for those of S1 h training (H, n � 6) and S0.5 h

training (I, n � 6). *p � 0.05 (Dunnett’s test). Error bars indicate SE.
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for M vs 27.9 � 5.7% for S1 h, p � 0.3, Student’s t test). We infused
0.4 �l (0.2 �l for each side) of 2.5% lidocaine into the bilateral
flocculi immediately after the end of training. The infused lido-
caine covered the entire flocculus 1 h after infusion, and this was
confirmed by 0.4 �l (0.2 �l for each side) infusions of FITC
carried out similarly as lidocaine infusions (Fig. 4A). We did not
observe any nystagmus-like or slow-drift eye movements when
we examined the HOKR 30 min after the end of infusions. The
mean number of eye position traces free from saccades in 50
cycles of screen oscillation did not differ before and after infu-
sions (20 � 1 vs 22 � 1, n � 23 infusions; p � 0.1, paired t test).
The gain increase induced by M training decreased 0.5 and 1 h
after infusions (p � 0.05, Dunnett’s test) (Fig. 4B,D,G), and
recovered to the level of end of training 1.5 h after infusions (p �
0.05). We consider that the recovery at 1.5 h may be due to the
decline of anesthetic action of lidocaine. By contrast, the gain
increase induced by S1 h training was not affected 0.5–1.5 h after
infusions (p � 0.05) (Fig. 4C,E,H). These findings indicate that
the memory trace of adaptation induced by M training was main-
tained within the flocculus at the end of training, but that induced
by S1 h training was no longer located there at the end of training.
We also examined the effects of flocculus shutdown on the
HOKR adaptation induced by S0.5 h training and obtained similar
results as those for S1 h training (Fig. 4F, I). Thus, the transfer of
memory trace of adaptation occurs rather fast, within 2.5– 4 h of
training, when space intervals are inserted.

Effects of floccular protein synthesis blockade on
HOKR adaptation
We then examined pharmacologically whether the de novo floc-
cular protein synthesis plays a role in the HOKR adaptation in-
duced by M and S1 h training protocols. We infused 0.8 �l (0.4 �l
for each side) of anisomycin (125 �g/�l) or control Ringer’s
solution into the bilateral flocculi by referring to the experiments
on rat fear conditioning (Nader et al., 2000; Debiec et al., 2002).
We measured the nonadapted HOKR gains at 1, 4, 6, and 24 h
after bilateral floccular anisomycin infusions. No differences
were observed on HOKR gains for 24 h after infusions, compared
with those before infusions (p � 0.05, Dunnett’s test) (Table 2).
The total number of floccular Purkinje cells, which were counted
histologically 24 h after infusions, was around 700, and no differ-
ences were observed among anisomycin-infused, Ringer’s
solution-infused, or noninfused flocculi (p � 0.05, Tukey–
Kramer test) (Table 3). Furthermore, the general cortical struc-
tures were not altered by infusions of anisomycin except for the
track of the infusion needle tip (Fig. 5A). The diffusion of drugs
was examined using 0.4 �l of FITC infusions similarly as in Figure

4A. The infused FITC diffused within the flocculus and did not
reach the brainstem region, both 1 and 5 h after infusions (data
not shown in figures).

M training started 4 h after the infusions of drugs, S1 h training
started 1 h after the infusions, and both finished 5 h after the
infusions. The HOKR gains at the start of training were similar
between Ringer’s solution (0.26 � 0.02, n � 12) and anisomycin
(0.27 � 0.02, n � 10) infusions. The gain increase induced by M
training was similar between Ringer’s solution (32.5 � 3.7%, n �
5) and anisomycin (22.5 � 5.4%, n � 6; p � 0.1, Student’s t test)
infusions (Fig. 5B,D,F) and was within the range of gain increase
shown in Figure 2. The increased gain declined 24 h after the end
of training in Ringer’s solution-infused mice (18.0 � 4.3% vs
32.5 � 3.7%, n � 5, p � 0.05, paired t test) but did not decline in
anisomycin-infused mice (22.5 � 5.4% vs 32.5 � 4.6%, n � 6,
p � 0.05) (Fig. 5F). Thus, anisomycin did not impair the adap-
tation induced by massed training but affected its retention.

In contrast, the gain increase induced by S1 h training in
anisomycin-infused mice (9.2 � 8.4%, n � 6) was significantly
smaller than that in Ringer’s solution-infused mice (37.5 � 8.0%,
n � 5; p � 0.05, Dunnett’s test) (Fig. 5C,E,G). However, the
HOKR gain increase measured 24 h after the end of S1 h training
was similar between anisomycin-infused (41.2 � 9.1%, n � 6)
and Ringer’s solution-infused (34.4 � 8.7%, n � 5, p � 0.05,
Dunnett’s test) (Fig. 5C,E) mice. Thus, anisomycin infusions in-
hibited the adaptation induced by S1 h training, but very little
affected the adaptation induced by M training. The inhibitory
effect of anisomycin on the adaptation induced by S1 h recovered
24 h after training.

We also infused 0.8 �l (0.4 �l for each side) of actinomycin D
(6.25 �g/�l) into the bilateral flocculi 1 h before S1 h training in 6
mice (Fig. 5E,G). The HOKR gains were not different before
(0.27 � 0.01) and after (0.26 � 0.01) the infusions. The gain
increase at the end of S1 h training in actinomycin D-infused mice
(9.1 � 5.6%, n � 6; p � 0.05, Dunnett’s test) was also small
compared with that in Ringer’s solution-infused mice (34.4 �
8.7%, n � 5). The depression of gain increase continued 24 h after
the end of training (2.7 � 4.7%, n � 6; p � 0.05), unlike aniso-
mycin infusions. Thus, the actinomycin D infusions impaired the
HOKR adaptation induced by S1 h training, without any recovery
24 h after training.

Discussion
We compared the duration of memory of HOKR adaptation in
five groups of mice that were trained by 800 cycles of screen
oscillation with or without intervals (Fig. 1). After the end of
training sessions, the HOKR gains increased similarly in all the
groups, and the spacing effect was demonstrated in term of the
retention of adapted gains after 24 h (Fig. 2). By using the spacing
effect, we developed a protocol that produces a long-term mem-
ory in HOKR adaptation by 4 h of spaced training. We confirmed
that the cerebellar flocculus is necessary for the adaptation in-
duced by 4 h of spaced training by lesion experiments (Fig. 3) and
that the memory trace of the adaptation is transferred from the
flocculus to vestibular nuclei within 2.5 to 4 h of spaced training
by pharmacological experiments (Fig. 4). We revealed that the
pharmacological blockade of floccular protein synthesis did not
affect the adaptation induced by 1 h of massed training, but it
impaired the adaptation induced by 4 h of spaced training (Fig.
5), suggesting that the de novo floccular protein synthesis may be
necessary for the transfer of the memory trace that underlies the
consolidation of motor memory. The retention of memory in-
duced by 1 h of massed training was affected by blockade of

Table 2. Mean HOKR gain (SE) to 0.22 Hz, 15° (peak-to-peak) screen oscillation
before and 1–24 h after floccular infusions of anisomycin

Before infusions (n � 18) 1 h (n � 6) 4 h (n � 6) 6 h (n � 6) 24 h (n � 6)

Gain (SE) 0.28 (0.01) 0.25 (0.01) 0.28 (0.03) 0.30 (0.01) 0.30 (0.02)

The gains after infusions were similar to those before infusions (p � 0.05, Dunnett’s test).

Table 3. Mean (SE) number of floccular Purkinje cells 24 h after floccular drug
infusions and noninfused control

Anisomycin
(n � 4)

Ringer’s solution
(n � 4)

Control
(n � 3)

Number of Purkinje cells (SE) 678 (22) 696 (22) 730 (47)

The numbers of floccular Purkinje cells were counted in the anisomycin-infused right side and Ringer’s solution-
infused left side on 25–30 Nissl-stained coronal serial sections (thickness, 12 �m) in four mice, and those for
noninfused control were counted similarly from three naive mice.
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floccular protein synthesis, which is not discussed further in this
article.

Neural mechanisms for memory trace transfer
The training history-dependent transfer of memory trace of adapta-
tion has been demonstrated by pharmacological shutdown experi-

ments in the HOKR in mice (Shutoh et al.,
2006) and horizontal vestibulo-ocular reflex
(HVOR) in cats (Kassardjian et al., 2005)
and monkeys (Anzai et al., 2010). One may
speculate that flocculus shutdown would
increase the spontaneous discharges of floc-
culus target vestibular nuclear neurons, alter
the general performance of the HOKR/
HVOR neural circuitry, and consequently
may affect HOKR/HVOR gains. However,
we consider that such a possibility is un-
likely, because effects of floccular lidocaine
infusions were specific to the gains changed
by adaptation (Nagao and Kitazawa, 2003;
Shutoh et al., 2006; Anzai et al., 2010), and
floccular CNQX infusions, which would
only mildly affect the spontaneous dis-
charges of Purkinje cells, induced similar ef-
fects on the adaptation as those of lidocaine
(Kassardjian et al., 2005). These studies con-
sistently suggest that the memory trace of
adaptation induced by 1–2 h of training is
located in the flocculus and that memory
trace is transferred to the vestibular nuclei
after days of training. However, the results
of the present study suggest that the mem-
ory transfer could occur within 2.5 to 4 h,
when appropriate intervals are inserted to
training.

Two possible mechanisms are listed
for the transfer of the memory trace of
adaptation. One is that the memory of ad-
aptation may be initially formed in the
floccular Purkinje cell synapses, which
may secondarily induce plastic changes in
the vestibular nuclei. Alternatively, the
memory of adaptation may be formed in-
dependently in parallel within the floccu-
lus and vestibular nuclei with different
time courses. Results of the present study
(Fig. 5) and those of the following four
studies consistently suggest that the met-
abolic or electrical activity of Purkinje
cells strongly influences the induction of
plasticity of the vestibular or cerebellar
nuclei that underlies memory transfer.
Floccular infusions of N G-monomethyl-
L-arginine, which blocks LTD/long-term
potentiation (LTP) of parallel fiber-
Purkinje cell (pf-PC) synapses, depress
both the acquisition and transfer of the
memory of HOKR adaptation in mice
(Shutoh et al., 2006). In mice genetically
devoid of the substrate for the cyclic
GMP-dependent protein kinase, which is
uniquely concentrated in Purkinje cells,
the acquisition of memory of HOKR ad-

aptation is normal, but the memory transfer is specifically atten-
uated (Endo et al., 2009). In mice in which feedforward
inhibitory inputs to Purkinje cells are removed genetically, the
transfer of memory trace of HVOR adaptation is specifically
impaired (Wulff et al., 2009). In rabbit eyeblink conditioning,
the consolidation of conditioned responses is inhibited by tem-

Figure 5. Effects of protein synthesis inhibition on adaptation induced by massed (M) and spaced (S1 h) training. Anisomycin or
control Ringer’s solution was infused 4 h before the initiation of M training and 1 h before the initiation of S1 h training. A,
Photographs of Nissl-stained flocculus. The left two photographs show examples 24 h after infusions of Ringer’s solution, and the
right two photographs show examples 24 h after anisomycin infusions. Arrows show positions of the tip of infusion needle. The
distance between the upper and lower photographs is 80 �m. Note that tissue damage by infusion was minimal, and the general
cortical structure was not affected by infusions. FL, Flocculus; L, lateral; M, medial; PFL, paraflocculus. Scale bar, 200 �m. B,
Averaged eye position traces obtained from the same mouse in M training. Black dotted, thick, and thin curves show eye position
traces at the start, end, and after 24 h of training, respectively, after infusion of Ringer’s solution. Red curves similarly show eye
position traces after anisomycin infusion. C, Similar to B but for the data obtained during S1 h training. Eye position traces for 10 –21
cycles were averaged in B and C. Scale bars, 1 s and 5°. D, E, Time course of HOKR adaptation and its retention after infusions of
Ringer’s solution (black circles), anisomycin (red circles), and actinomycin D (blue circles). F, Comparison of gain increase at the end
and 24 h after the end of M training. Unfilled and filled columns indicate data for Ringer’s solution (n � 5) and anisomycin (n �
6) infusions, respectively. G, Similar to F, but for the gain increase after S1 h training. Data obtained after actinomycin D infusions
(n � 6) were also shown by striped columns. *p � 0.05; ns, p � 0.05 (Dunnett’s test or Student’s t test). Error bars indicate SE.
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poral inactivation of the cerebellar cortex by muscimol infusion
immediately following each training session, whereas the inacti-
vation of cerebellar nuclei after training induced no inhibitory
effect (Attwell et al., 2002; Cooke et al., 2004; Kellett et al., 2010).

Pharmacological actions of anisomycin and actinomycin D
In the present study, the mice received massed training (M) 4 –5
h after floccular infusions of anisomycin and spaced training (S1

h) 1–5 h after infusions of anisomycin or actinomycin D. Because
inhibition of protein synthesis was demonstrated to reach maxi-
mum 1–5 h after infusions and then gradually decline (Rosen-
blum et al., 1993), the mice were trained at the time when the
protein synthesis inhibition was maximum in both training pro-
tocols. It is also suggested that anisomycin may induce other
depressant effects, e.g., facilitation of apoptosis, on neurons
(Rudy et al., 2006) (but see Canal et al., 2007). We, however,
consider that the nonspecific depressant effects of anisomycin
were unlikely to explain the results of the present study for several
reasons. First, anisomycin infused before the training did not
alter the nonadapted HOKR gains (Table 2), floccular structure
(Fig. 5), or number of floccular Purkinje cells (Table 3) for 24 h
after infusions. Second, inhibitory effects of anisomycin were ob-
served specifically in the adaptation induced by S1 h and not ob-
served in the adaptation induced by M (Fig. 5), although both
training protocols were carried out at similar period of time after
infusions. Third, it is reported that both anisomycin and actino-
mycin D induce no appreciable changes in the general excitability
of Purkinje cells, i.e., membrane resistance, resting membrane
potentials, parallel fiber-induced EPSPs, or climbing fiber-induced
Ca2� spikes (Karachot et al., 2000, 2001).Together, we consider that
a contribution of nonspecific depressant effects might be small in the
inhibitory actions of anisomycin and actinomycin D on the adapta-
tion induced by S1 h. Thus, we suggest that the floccular protein
synthesis inhibition caused by local drug application led to the re-
duced adaptation by S1 h. Results of in vitro experiments suggest that
the protein synthesis plays a role in LTD of pf-PC synapses, but
whether it is related to induction (Karachot et al., 2001) or consoli-
dation (Linden, 1996) is unclear.

A slight difference was recognized in the effects on adaptation
between anisomycin, a translation inhibitor, and actinomycin D,
a transcription inhibitor. The depressive actions of anisomycin
on memory transfer recovered 24 h after the training, while those
of actinomycin D remained for 24 h (Fig. 5). One possibility for
the different actions of these two drugs is the long-lasting
effects of actinomycin D, which not only inhibits transcription
but also binds to DNA. Another possibility is the necessity of
transcription-dependent protein synthesis for memory trans-
fer. A specific inhibition by transcription inhibitors (actino-
mycin D and �-amanitin) was reported in Aplysia long-term
behavioral sensitization (Castellucci et al., 1986; Sweatt and
Kandel, 1989). The initial trigger of the gene cascade that in-
duces long-term changes might not be activated in the pres-
ence of actinomycin D.

Role of protein synthesis in memory transfer
A number of pharmacological studies have suggested that pro-
tein synthesis is important in memory retention, but not nec-
essary for memory acquisition (e.g., Squire, 1987; Squire and
Kandel, 2000; Costa-Mattioli et al., 2009). Protein synthesis is
necessary specifically for the long-term facilitation of the
sensory-motor synapses and behavioral sensitization of gill-
withdrawal reflex in Aplysia (Castellucci et al., 1986; Mon-
tarolo et al., 1986; Schacher et al., 1988). In the fear conditioning

of rats, anisomycin infusion in amygdala did not affect the
acquisition of conditioned response but impaired its recon-
solidation when anisomycin was infused 24 h after the condi-
tioning (Nader et al., 2000; Debiec et al., 2002). Similar results
were obtained in the inhibitory avoidance task of rats after
hippocampal infusion of the amanitin (Katche et al., 2010). In
rabbit eyeblink conditioning, infusions of anisomycin into the
cerebellar interpositus nuclei depress both the acquisition and
retention of the conditioned response (Bracha et al., 1998;
Gomi et al., 1999). The role of protein synthesis has been
suggested in the memory acquisition induced by the spaced
training in the conditioning of the proboscis extension reflex
of honey bees (Menzel et al., 2001) and in the contextual learn-
ing of fear conditioning in rats (Scharf et al., 2002).

The results of present study suggest that protein synthesis in
the cerebellar cortex during the training period may play an im-
portant role for the induction of plasticity in the vestibular or
cerebellar nuclei. What links the protein synthesized in the cere-
bellar cortex with the plasticity in the vestibular or cerebellar
nuclei (Fig. 6)? One possibility is that proteins synthesized in
Purkinje cells during training may be transported to their axon
terminals and act postsynaptically on vestibular nuclear neurons.
The destruction of the inferior olive induces depressive effects on
the synaptic transmission in vestibular nuclei, which is assumed
to be mediated through axonal transport (Ito et al., 1979; Kara-
chot et al., 1987). Another possibility is that protein synthesis in
the cerebellar cortex may be related to the plasticity of electrical
properties of cerebellar Purkinje and other neurons. Protein syn-
thesis is suggested to be involved in the late phase of LTD/LTP
(Frey et al., 1988; Huang et al., 1996; Linden, 1996). Altered
excitability of cerebellar cortical neurons caused by the ab-
sence of the late LTD/LTP may induce some depressant effects
on the vestibular nuclear neurons that are closely connected
with the cerebellar cortex. The other possibility is that the
protein synthesis may be related to restructuring of cerebellar

Figure 6. Neural circuitry for mouse HOKR and memory trace of adaptation induced by
massed and spaced training. The optokinetic signals that drive the HOKR are mediated to the
vestibular nuclei (VN) directly through mossy fiber (mf ) collateral inputs from the accessory
optic tract (AOT) or indirectly through the axons of the flocculus (FL) Purkinje cells (PC). The
retinal slip signals, which are necessary for the induction of HOKR adaptation, are mediated to
the flocculus Purkinje cells through climbing fiber inputs (cf ). Our study reveals that the mem-
ory induced by massed training is maintained in FL, whereas that induced by spaced training is
maintained, most presumably, in VN. GC, Granule cells; IO, inferior olive; OMN, oculomotor
neurons; pf, parallel fibers.
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cortical neural circuitry. A decrease in the number of pf-PC
synapses has been suggested in the rabbit cerebellar hemi-
sphere after acquisition of eyeblink conditioning (Connor et
al., 2009) and in the mouse flocculus after long-term HOKR
adaptation (Nakadate et al., 2004). The reduced pf-PC syn-
apses may decrease the tonic inhibitory drive of Purkinje cells
on vestibular or cerebellar nuclear neurons. It has been sug-
gested that the intrinsic excitability (Nelson et al., 2003) or
responsiveness to mossy fiber inputs (Pugh and Raman, 2006;
McElvain et al., 2010) of nuclear neurons is regulated by the
inhibitory actions of Purkinje cells.
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