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Endogenous Cannabinoid Signaling through the CB,
Receptor Is Essential for Cerebellum-Dependent Discrete
Motor Learning
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Department of Cellular Neuroscience, Graduate School of Medicine, Osaka University, Suita 565-0871, Japan, and 2Department of Cellular
Neurophysiology, Graduate School of Medical Science, Kanazawa University, Kanazawa 920-8640, Japan

Cannabinoids exert their psychomotor actions through the CB, cannabinoid receptor in the brain. Genetic deletion of CB, in mice causes
various symptoms, including changes in locomotor activity, increased ring catalepsy, supraspinal hypoalgesia, and impaired memory
extinction. Although the cerebellar cortex contains the highest level of CB,, severe cerebellum-related functional deficits have not been
reported in CB, knock-out mice. To clarify the roles of CB, in cerebellar function, we subjected CB, knock-out mice to a delay version of
classical eyeblink conditioning. This paradigm is a test for cerebellum-dependent discrete motor learning, in which conditioned stimulus
(CS) (352 ms tone) and unconditioned stimulus (US) (100 ms periorbital electrical shock) are coterminated. We found that delay eyeblink
conditioning performance was severely impaired in CB; knock-out mice. In contrast, they exhibited normal performance in a trace
version of eyeblink conditioning with 500 ms stimulus-free interval intervened between the CS offset and the US onset. This paradigm is
a test for hippocampus-dependent associative learning. Sensitivity of CB; knock-out mice to CS or US was normal, suggesting that
impaired delay eyeblink conditioning is attributable to defects in association of responses to CS and US. We also found that intraperito-
neal injection of the CB, antagonist SR141716A [N-piperidino-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-3-pyrazole carbox-
amide] to wild-type mice caused severe impairment in acquisition but not extinction of delay eyeblink conditioning. SR141716A treat-
ment had no effect on trace eyeblink conditioning with a 500 or 750 ms trace interval. These results indicate that endogenous cannabinoid
signaling through CB, is essential for cerebellum-dependent discrete motor learning, especially for its acquisition.
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Introduction
Inhalation of marijuana causes various psychomotor symptoms,
including hypoalgesia, modulation of locomotor activity and
control, and impairment of cognition and memory (Ameri,
1999). Receptors for A °-tetrahydrocannabinol, the psychoactive
component of marijuana, belong to the seven-transmembrane-
domain G-protein-coupled receptors and consist of two types,
namely the CB, and CB, cannabinoid receptors (Matsuda et al.,
1990; Munro et al., 1993; Howlett et al., 2002). Psychomotor
actions of marijuana are mostly mediated through the interaction
of A®-tetrahydrocannabinol with the CB, cannabinoid receptor
(Elphick and Egertova, 2001; Freund et al., 2003; Piomelli, 2003).
CB, is abundant in the axons and axon terminals of subsets of
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central neurons (Tsou et al., 1998; Egertova and Elphick, 2000;
Freund et al., 2003). It has been established that endogenous
ligands for the cannabinoid receptors (endocannabinoids) are
released from postsynaptic neurons, act retrogradely onto pre-
synaptic CB,, and cause short-term or long-term suppression of
transmitter release (Maejima et al., 2001a; Alger, 2002; Kreitzer
and Regehr, 2002; Wilson and Nicoll, 2002; Kano et al., 2003).
Endocannabinoids also control the excitability of neocortical
GABAergic interneurons in an autocrine manner (Bacci et al.,
2004).

At the behavioral level, CB; knock-out mice have been re-
ported to display various symptoms (Ledent et al., 1999; Steiner
etal., 1999; Zimmer etal., 1999; Marsicano et al., 2002), including
changes in locomotor activity (Steiner et al., 1999; Zimmer et al.,
1999), increased ring catalepsy (Zimmer et al., 1999), supraspinal
hypoalgesia (Zimmer et al., 1999), impaired extinction of aver-
sive memory (Marsicano et al., 2002) and spatial memory (Varvel
and Lichtman, 2002), and reduction of some aspects of anxiety
(Degroot and Nomikos, 2004). The diversity of the symptoms
reflects the wide distribution of CB, in the brain (Tsou et al.,
1998; Egertova and Elphick, 2000; Freund et al., 2003). However,
severe cerebellum-related functional deficits have not been re-
ported in CB,; knock-out mice, although the cerebellar cortex
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contains the highest level of CB, in the brain (Tsou et al., 1998;
Egertova and Elphick, 2000; Freund et al., 2003). Multiple forms
of endocannabinoid-mediated retrograde modulation are found
in both excitatory (Kreitzer and Regehr, 2001a; Maejima et al.,
2001b, 2005; Brown etal., 2003; Brenowitz and Regehr, 2005) and
inhibitory (Kreitzer and Regehr, 2001b; Diana et al., 2002; Yo-
shida et al., 2002) synapses in the cerebellar cortex. This apparent
discrepancy between the behavioral and morphological/electro-
physiological data led us to examine delay paradigm of classical
eyeblink conditioning, a form of cerebellum-dependent discrete
motor learning (McCormick and Thompson, 1984; Thompson
etal,, 1997), in CB, knock-out mice. Delay eyeblink conditioning
is impaired in several mouse models with lesions in cerebellar
circuitry, spontaneous degeneration of Purkinje cells (PCs)
(Chenetal., 1996, 1999), or gene deletions that result in defects in
cerebellar synaptic function (Aiba et al., 1994; Shibuki et al., 1996;
Kishimoto et al., 2001b,c, 2002; Miyata et al., 2001). Our present
results indicate that CB,-mediated endocannabinoid signaling is
specifically involved in discrete motor learning in the cerebellum.

Materials and Methods

Animals. Breeding pairs of CB, knock-out mice that have been back-
crossed to the C57BL/6] strain were kindly provided by A. Zimmer (Mo-
lecular Neurobiology, University of Bonn, Bonn, Germany) (Zimmer et
al., 1999). The CB, knock-out mice (CB 17/ 7) and their littermate con-
trols (CB,™™") were obtained by intercrossing heterozygous (CB,*"")
breeding pairs. After behavioral analyses, genotypes of the mice were
determined using tail biopsies and PCR amplification. For pharmacolog-
ical experiments, we obtained C57BL/6] mice from SLC (Hamamatsu,
Japan). All subjects were individually housed in a room and maintained
under a 12 hlight/dark cycle (lights off at 10:00 P.M.) with food and water
available ad libitum. All behavioral tests were performed by operators
who were blind to the genotype of the mice. During the course of the
present study, the care of the animals conformed to the guidelines estab-
lished by the Animal Investigation Committee of Osaka University,
Kanazawa University, and the United States National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Eyeblink classical conditioning. Mice underwent surgery at the age of
8-18 postnatal weeks, and eyeblink conditioning experiments started at
the age of 11-19 weeks (for experiments with CB, knock-out mice) or
9-16 weeks (for pharmacological experiments). Surgery was made ac-
cording to the procedure described previously (Kishimoto et al., 2001a,b,
2002). Mice were anesthetized with ketamine (80 mg/kg, i.p.; Sankyo,
Tokyo, Japan) and xylazine (20 mg/kg, i.p.; Bayer, Tokyo, Japan). Four
Teflon-coated stainless-steel wires (100 wm in diameter; A-M Systems,
Carlsborg, WA) were implanted subcutaneously under the left eyelid.
Two of the wires were used to record electromyogram (EMG) in the
orbicuralis oculi muscle, which is responsible for eyeblink, and the re-
maining two to deliver electrical shocks.

At least 3 d were allotted for recovery and 1 d for acclimation to the
conditioning chamber (~50 min, with no stimulus) after the surgery.
Tone with 352 ms duration (1 kHz, 80 dB) was used as conditioned
stimulus (CS), and electrical shock with 100 ms duration (100 Hz square
pulses) was as unconditioned stimulus (US). In the delay paradigm, the
US overlapped the CS in time such that the two stimuli terminate simul-
taneously. The delay conditioning experiment consisted of a 7 d acquisi-
tion phase and a 4 d extinction phase (Kishimoto et al., 2001b,c). In the
trace paradigm, the US started 500 or 750 ms after termination of the CS.
The trace conditioning experiment consisted of a 10 d acquisition phase
and a 4 d extinction phase (Kishimoto et al., 2001a, 2002, 2006). In
pseudoconditioning, CS and US were randomly presented with an inter-
stimulus interval ranging from 0 to 20 s. The US intensity was carefully
determined as the minimal current amplitude required for eliciting an
eyeblink response and constant amplitude of unconditioned response
(UR). The US intensity was adjusted daily for each animal. A daily train-
ing consisted of 100 trials grouped in 10 blocks. The acquisition sessions
consisted of 10 CS-only (every 10th trial) and 90 CS—-US paired trials. The
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extinction sessions consisted of 100 CS-only trials. The intertrial interval
was randomized between 20 and 40 s, with a mean of 30 s.

Spontaneous eyeblink frequency was measured during 100 “no stim-
ulus” trials in the first session for acclimation before the conditioning
experiment began. Startle response to a 352 ms tone was measured dur-
ing the first 100 trials of the first session of delay eyeblink conditioning.
UR amplitude was defined as the EMG amplitude at 50 ms after the US
onset.

All experiments were performed during the light phase of the light/
dark cycle in a container (10 cm in diameter) placed in a sound- and
light-attenuating chamber. Data were analyzed as described previously
(Kishimoto et al., 2001a,b, 2002).

Pharmacological blockade of CB, receptors. Male C56BL/6] mice (SLC)
were used in all pharmacological experiments. For pharmacological
blockade of CB,, the CB, antagonist SR141716A [N-piperidino-5-(4-
chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-3-pyrazole carboxam-
ide] (3 mg/kg, i.p.) was dissolved in solution (3 ml of 2.5% dimethylsulf-
oxide and 10% Cremophor in saline) and administered to mice 20 min
before the daily training. This dose of SR141716A were close to EDs,
values shown for other functions (Rinaldi-Carmona et al., 1995; Comp-
ton et al., 1996) and similar to those used in previous studies on learning
in mice (Marsicano et al., 2002; Suzuki et al., 2004). SR141716A was a
generous gift from Sanofi (Montpellier, France).

Rotarod and fixed-bar tests. The rotarod test and fixed-bar test were
performed as described previously (Kadotani et al., 1996). The rotarod
(Muromachi Kikai, Kyoto, Japan) consisted of a gritted metal roller (3
cm in diameter). Mice at the age of 10—18 postnatal weeks (for experi-
ments with CB, knock-out mice) or 8—15 postnatal weeks (for pharma-
cological experiments) were placed on the roller rotated at 25 rpm, and
the time it remained on the rotating roller was measured. A maximum of
60 s was allowed per mouse. In the fixed-bar test, the time the animal
remained on the wooden bar (5 mm in width and 40 cm above the
ground) was measured. A maximum of 60 s was allowed per mouse.

Statistical analysis. All data are presented as means = SEM. Data were
statistically analyzed by a two-tailed Student’s ¢ test using the Microsoft
(Seattle, WA) Excel program or by a two-way or repeated-measures
ANOVA using the SPSS 6.1 program (SPSS, Chicago, IL). A post hoc
comparison was made with the Scheffé’s test. The difference was consid-
ered significant when p was <0.05.

Results

Eyeblink conditioning experiments can be categorized into two
distinct types: delay and trace paradigms (Thompson and Kim,
1996). In the delay paradigm, there is a temporal overlap of US
with preceding CS, whereas in the trace paradigm, a stimulus-free
interval intervenes between the CS offset and the US onset. It has
been shown that delay eyeblink conditioning is dependent on the
cerebellum (McCormick and Thompson, 1984; Thompson et al.,
1997), whereas trace eyeblink conditioning with a long trace in-
terval requires the hippocampus and cerebellum in rabbits and
rats (Moyer et al., 1990; Weiss et al., 1999; Kishimoto et al., 2006).
In the present study, we applied these two paradigms to wild-type
and CB, knock-out mice.

Impaired acquisition of delay eyeblink conditioning in CB,
knock-out mice

We began by investigating delay eyeblink conditioning in wild-
type and CB, knock-out mice. A 100 ms periorbital shock (100
Hz square pulses) was used as US, and a 352 ms tone (1.0 kHz, 80
dB) was used as CS. In the delay paradigm, the tone CS preceded
the US and coterminated with the US, which yielded an inter-
stimulus interval of 252 ms (Fig. 1A) (Kishimoto et al., 2001b,c,
2002). The acquisition session continued for 7 consecutive days,
followed by the extinction session for 4 d. Figure 1 A shows aver-
aged percentage of successful trials of the conditioned response
(CR%) in wild-type and CB, knock-out mice during the 7 d
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(Fig. 1A, sp). Second, we found that there
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Figure 1.

(B, knock-out mice and their wild-type littermates at 11-19 weeks of age.

acquisition and 4 d extinction sessions. On a day before the train-
ing, spontaneous eyeblink frequency (Fig. 1 A, sp) was measured
in the conditioning chamber without CS or US. The CR% for
wild-type mice progressively increased to >70% during the 7 d
acquisition session. In contrast, the CR% for CB, knock-out mice
failed to increase during the 7 d acquisition session. Thus, CR%
for CB, knock-out mice was significantly lower than that for
wild-type mice (genotype, F(, 14, = 12.07, p = 0.0037; session and
genotype interaction, F4 o5y = 0.498, p = 0.808). After the acqui-
sition phase, extinction training with CS-only trials was per-
formed. In this extinction phase, a significant interaction effect
was revealed (F; 55 = 3.648, p = 0.020). These results clearly
indicate that acquisition of delay eyeblink conditioning is se-
verely impaired in CB, knock-out mice.

During eyeblink conditioning, animals learn the adaptive tim-
ing of CR expression. To illustrate the temporal pattern of CR,
EMGs were averaged over the valid trials for each day and each
mouse (Kishimoto et al., 2002). The averaged EMG data for each
mouse were then accumulated for each genotypic group, and the
resultant accumulated EMG was expressed by normalizing the
level during 100 ms before CS onset (Fig. 1 B). The accumulated
EMG amplitude on day 7 for CB, knock-out mice was signifi-
cantly lower than that for the wild-type mice because of the lower
CR%. Nevertheless, no difference was observed in the temporal
pattern of EMG between the two groups on day 7 (Fig. 1 B). The
accumulated EMGs of CS-only trials on day 11 demonstrate that
there was also no difference between the two groups after extinc-
tion learning.

Normal sensitivity to US and CS and normal performance of
eyeblink in CB, knock-out mice

We examined whether the sensitivity to CS and US and the per-
formance of eyeblink reflex differed between wild-type and CB,
knock-out mice (Kishimoto et al., 2002, 2006). First, we con-
firmed that there was no significant difference in spontaneous
eyeblink frequency between wild-type and CB, knock-out mice

Time after CS onset (ms)

Severeimpairment in cerebellum-dependent delay eyeblink conditioning in (B, knock-out mice. A, Development of
(R during delay eyeblink conditioning in wild-type (open circles; n = 8) and (B, knock-out (KO) (filled circles; n = 8) mice. Inthe
acquisition phase from day 1to day 7, daily session consists of 10 blocks of trials. Each block consists of nine CS—US paired trials and
one (S-only trial. In the following 4 d extinction phase, 100 CS-only presentations were given daily. Temporal relationship
between (S and US is depicted at the top. sp, Spontaneous eyeblink response. B, The averaged EMG amplitudes of eyeblink
response for wild-type (gray trace) and (B, knock-out (black trace) mice on day 7 (top) and day 11 (bottom). The top indicates
significantly lower EMG response to tone CS during acquisition phase in (B, knock-out mice. Experiments were performed with

1o 200 300 400 ition session (Fig. 2 B). No significant dif-

ference was detected between wild-type
and CB, knock-out mice (genotype,
Fi 14y = 0.222, p = 0.645; session and ge-
notype interaction, Fo5) = 0.345, p =
0.911). Next, to check nonassociative
cheek movement, we tested pseudocondi-
tioning with pseudorandomized presenta-
tions of CS and US (Fig. 2C). We found no
significant difference between the two ge-
notypic groups (genotype, F; 14y = 2.69,
p = 0.123; session and genotype interaction, F4 o) = 0.38, p =
0.89). These results clearly indicate that the sensitivity to CS and
US and the performance of eyeblink reflex are intact in CB,
knock-out mice.

Normal motor coordination in CB, knock-out mice

We examined motor coordination of mature mice at the age of
10-18 postnatal weeks by using the fixed-bar test and the rotarod
test (Fig. 2 D). There was no significant difference in the retention
time on the fixed bar between wild-type (50.29 = 7.18 s; n = 6)
and CB,; knock-out (52.01 * 4.23 s; n = 6) mice (p > 0.05).
There was also no significant difference in the retention time on
the rotating rod between wild-type and CB, knock-out mice dur-
ing 7 consecutive days of examination (Fig. 2 D) (genotype, F; ,, =
0.146, p = 0.709; session and genotype interaction, F4 g4) = 0.20,
p = 0.976, for the rotarod test).

Normal acquisition and extinction of trace eyeblink
conditioning in CB, knock-out mice

Next, we examined whether a trace version of eyeblink condition-
ing, a form of hippocampus-dependent associative learning
(Moyer etal., 1990; Weiss et al., 1999; Kishimoto et al., 2006), was
also impaired in CB, knock-out mice. In the trace paradigm, a
500 ms stimulus-free interval intervened between the offset of
352 ms tone CS and the onset of 100 ms US (Fig. 34, inset)
(Kishimoto et al., 2001a,c, 2002). The acquisition session contin-
ued for 10 consecutive days, followed by the extinction session for
4 d. Figure 3A (top) shows the daily averaged percentage of suc-
cessful CR trials in wild-type and CB, knock-out mice during the
14 d of testing. The CR% for both wild-type and CB, knock-out
mice increased progressively to >50% during the 10 d acquisi-
tion session. Thus, in contrast to the delay conditioning para-
digm, acquisition of CR for the trace paradigm is intact in CB,
knock-out mice (genotype, F, 3y = 0.0783, p = 0.784; session
and genotype interaction, Fs o,y = 0.253, p = 0.985). Further-
more, during the 4 d extinction session, the extinction effect was
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Figure 2.  Normal sensitivity to stimuli and normal motor coordination in (B, knock-out
mice. A, The minimum US intensity (milliamperes) required for eliciting a UR in delay eyeblink
conditioning. No difference was observed between wild-type (n = 8) and (B, knock-out (KO)
(n = 8) mice. B, Averaged UR amplitudes for wild-type (n = 8) and (BT knock-out (n = 8) mice
during delay eyeblink conditioning. In both genotypic groups, the UR amplitudes were nearly
constant throughout the 7 d acquisition phase. No difference was observed between wild-type
and (B1 knock-out mice. C, The eyeblink frequency during the pseudoconditioning did not
increase in either wild-type mice (n = 8) or (B, knock-out mice (n = 8). The (S and US were
pseudorandomly presented with an interstimulus interval ranging from 0 to 20 s. D, Rotarod
test. The stay time (seconds) of the mice on a rotating rod (25 rpm) is plotted versus the training
day. There was no significant difference between wild-type (n = 7) and (B, knock-out (n = 7)
mice. Experiments were performed with CB, knock-out mice and their wild-type littermates at
10-18 weeks of age.

normal in CB,; knock-out mice compared with wild-type mice
(genotype, F(, 13, = 0.267, p = 0.614; session and genotype inter-
action, F; s,y = 0.540, p = 0.658). To examine in more detail the
extinction of acquired CR, we calculated the frequency of the
CR% in every 10 trial block of the daily extinction session (Fig.
3A, bottom). Both wild-type and CB, knock-out mice exhibited a
monotonic decrease in CR within 1 d. There was no difference
between the two groups in terms of the intraday behavior in any
of the 4 d during extinction phase, indicating that intraday-level
extinction is normal in CB, knock-out mice.

Figure 3B shows the averaged EMG amplitudes of wild-type
and CB, knock-out mice on day 10 and day 14. The amplitude
and temporal structure for CB; knock-out mice was similar to
those for wild-type mice both at the peak of trace eyeblink con-
ditioning (day 10) and after extinction learning (day 14). These
results clearly indicate that both acquisition and extinction of
trace eyeblink conditioning are normal in CB, knock-out mice.

Impaired acquisition but normal extinction of delay eyeblink
conditioning in mice treated with the CB, antagonist SR141716A
The results from CB, knock-out mice strongly suggest the impor-
tance of CB, receptor in delay eyeblink conditioning. However, a
possibility remains that CB, deficiency may cause developmental
alteration in the cerebellum, which may influence delay eyeblink
conditioning. Furthermore, if the mice once exhibit impairment
of memory acquisition, their performance of memory extinction
cannot be evaluated. Therefore, we examined whether acute
pharmacological blockade of CB, caused similar impairment of
delay eyeblink conditioning (Fig. 4A) as in CB, knock-out mice.
After we monitored spontaneous eyeblink frequency (Fig. 4 B,
sp), we made an intraperitoneal injection of the CB, antagonist
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SR141716A or vehicle to mice 20 min before daily training during
acquisition phase. CR% for vehicle-injected mice progressively
increased to ~70% during the 7 d acquisition session. In contrast,
CR% for SR141716A-treated mice increased to ~40% during the
7 d acquisition session. Thus, CR% for SR141716A-treated mice
was significantly lower than that for vehicle-injected mice (treat-
ment, F, ;o) = 8.329, p = 0.0094; session and treatment interac-
tion, F(,5 133, = 1.118, p = 0.356). The accumulated EMG ampli-
tude on day 7 for SR141716A-treated mice was significantly lower
than that for vehicle-injected mice because of the lower CR%
(Fig. 4C). Nevertheless, no significant difference was noted in the
temporal pattern of EMG between the two groups (Fig. 4C).

We then examined whether acute pharmacological blockade
of CB, affected extinction of delay eyeblink conditioning. After
the 7 d acquisition session, mice underwent extinction training
with an intraperitoneal administration of SR141716A or vehicle
20 min before daily extinction training (Fig. 4D). In marked
contrast to impaired acquisition (Fig. 4 B), extinction occurred
normally in SR141716A-treated mice (Fig. 4 D) (treatment, F, ;) =
3.649, p = 0.0768; session and treatment interaction, F(; 55 =
0.443, p = 0.724). The accumulated EMG amplitude on day 11
for SR141716A-treated mice was similar to that for vehicle-
injected mice (Fig. 4 E). These results indicate that acute pharma-
cological blockade of CB, impairs acquisition but has no effect on
extinction of delay eyeblink conditioning in mice.

SR141716A treatment caused no sensory deficit or

motor discoordination

We examined whether SR141716A treatment caused any change
in sensory function or motor coordination in C57BL/6] mice
(Kishimoto et al., 2002, 2006). We found that there was no sig-
nificant difference in the frequency of startle response to the tone
CS between the SR141716A-treated and vehicle-injected mice
(vehicle-injected mice, 2.09 * 0.46%, n = 12; SR141716A-
treated mice, 2.31 * 0.53%, n = 11; p > 0.05). We tested
pseudoconditioning with pseudorandomized presentations of
CS and US (Fig. 5A) and found no significant difference between
the two groups (treatment, F(, ;) = 2.217, p = 0.162; session and
treatment interaction, Fs g4y = 0.596, p = 0.733). Furthermore,
we found that SR141716A treatment did not affect motor coor-
dination, as assessed by the fixed-bar test (vehicle-injected mice,
45.29 £ 6.96s,n = 7; SR141716A-treated mice, 47.0 & 5.47 s,n =
7; p > 0.05) and the rotarod test (treatment, F, ,,) = 0.027,
p = 0.873; session and treatment interaction, F4 g4y = 0.124,p =
0.993) (Fig. 5B). These results clearly indicate that acute pharma-
cological blockade of CB, receptors by SR141716A treatment
caused no detectable sensory deficit or motor discoordination in
mice.

Normal acquisition and extinction of trace eyeblink
conditioning in mice treated with SR141716A

We then examined whether acute pharmacological blockade of
CB, receptors had any effect on trace eyeblink conditioning. We
administered SR141716A or vehicle intraperitoneally to mice 20
min before daily acquisition training of trace eyeblink condition-
ing with a 500 ms stimulus-free interval (Fig. 6A). As shown in
Figure 6 B, CR% for SR141716A-treated mice increased progres-
sively to the same level as that for vehicle-injected mice during the
10 d acquisition session. The accumulated EMGs for the two
groups of mice were similar in their amplitudes and temporal
patterns (Fig. 6C). There was no significant difference in the ac-
quisition of the 500 ms trace eyeblink conditioning between the
vehicle-treated and SR141716A-treated mice (treatment, F; 4, =
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10 d acquisition session, mice underwent
extinction training with intraperitoneal
administration of SR141716A or vehicle
20 min before daily training. As shown in
Figure 7D (top), the same degree of extinc-
tion of the CR was observed in both
vehicle-injected mice and SR141716A-
treated mice (treatment, F, 4, = 0.010,
p = 0.923; session and treatment interac-
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tion, F(7 3,y = 0.149, p = 0.929). Further-
more, there was no difference between the
two groups in terms of the intraday behav-
ior in any of the 4 d during extinction
phase (Fig. 7D, bottom). The accumulated
EMG amplitude on day 14 for
SR141716A-treated mice was similar to
that for vehicle-injected mice (Fig. 7E).
These results provide unequivocal evi-
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Figure 3.
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Intact acquisition and extinction of hippocampus-dependent trace eyeblink conditioning in (B, knock-out mice. A,
Top, CR% in wild-type (open circles;n = 8) and (B, knock-out (KO) (filled circles; n = 7) mice were analyzed daily during the trace

dence that acute pharmacological block-
ade of CB, has no effect on both acquisi-
tion and extinction of trace eyeblink
conditioning.

conditioning paradigm. The trace conditioning experiment consisted of an acquisition phase (10 d) and an extinction phase (4 d).

In both acquisition and extinction phases, no difference was observed between wild-type and (B, knock-out mice. The temporal
relationship between CS and US is depicted at the top. sp, Spontaneous eyeblink response. A, Bottom, CR% with every 10 trial
block of the daily extinction session (day 11—14). (B, knock-out mice exhibited normal extinction. B, The averaged EMG ampli-
tude of eyeblink response for wild-type (gray trace) and (B, knock-out (black trace) mice on day 10 (top) and day 14 (bottom),
indicating no significant difference in EMG amplitude and the temporal pattern during both acquisition and extinction phases.
Experiments were performed with (B, knock-out mice and their wild-type littermates at 11-19 weeks of age.

2.044, p = 0.175; session and treatment interaction, F;q 149y =
0.498, p = 0.873).

We then examined whether acute pharmacological blockade
of CB, affected the extinction of trace eyeblink conditioning with
a 500 ms stimulus-free interval. After the 10 d acquisition session,
mice underwent extinction training with intraperitoneal admin-
istration of SR141716A or vehicle 20 min before the daily session.
As shown in Figure 6 D (top), extinction occurred normally in
SR141716A-treated mice (treatment, F(, 1,y = 0.020, p = 0.889;
session and treatment interaction, F;ss) = 2.021, p = 0.127).
The accumulated EMG amplitude on day 14 for SR141716A-
treated mice was similar to that for vehicle-injected mice (Fig.
6E). Furthermore, detailed examination of the daily extinction
session shows that there was no difference between the two
groups in terms of the intraday behavior in any of the 4 d during
the extinction phase (Fig. 6 D, bottom). These results indicate
that acute pharmacological blockade of CB, has no detectable
effect on acquisition and extinction of the 500 ms trace eyeblink
conditioning.

It is possible, however, that the contribution of CB, in trace
eyeblink conditioning could be detected with a more prolonged
trace interval. We therefore tested whether SR141716A treatment
affected trace eyeblink conditioning with a 750 ms stimulus-free
interval (Fig. 7A). During the acquisition phase, we administered
SR141716A or vehicle intraperitoneally to mice 20 min before
daily training. As shown in Figure 7B, CR% for both groups
increased progressively to ~50% during the 10 d acquisition ses-
sion (treatment, F; ;,) = 0.037, p = 0.848; session and treatment
interaction, F(,9 ; 49y = 0.289, p = 0.977). The accumulated EMGs
for the two groups of mice were also similar in their amplitudes
and temporal patterns (Fig. 7C).

Then, we examined whether SR141716A treatment affected
extinction of the 750 ms trace eyeblink conditioning. After the

Discussion

The present study provides clear evidence
that delay eyeblink conditioning is severely
impaired, whereas trace eyeblink condi-
tioning is intact, in CB, knock-out mice.
The sensitivity to CS and US and perfor-
mance of eyeblink were normal. Intraperi-
toneal injection of the CB, antagonist
SR141716A into wild-type mice impaired acquisition but not
extinction of delay eyeblink conditioning. SR141716A had no
effect on the acquisition and extinction of trace eyeblink condi-
tioning. These results indicate that CB,-mediated endocannabi-
noid signaling is essential for cerebellum-dependent discrete mo-
tor learning, especially for its acquisition.

Endocannabinoid-mediated retrograde suppression of
synaptic transmission

Endocannabinoids act as retrograde messengers at various re-
gions of the brain (Kreitzer and Regehr, 2001a; Ohno-Shosaku et
al., 2001; Wilson and Nicoll, 2001). In the cerebellum, endocan-
nabinoids are released from PCs, act retrogradely onto CB, re-
ceptors at excitatory terminals from parallel fibers (PFs) and
climbing fibers (CFs), and induce transient suppression of exci-
tatory transmission (Kreitzer and Regehr, 2001b; Maejima et al.,
2001b, 2005; Brown et al., 2003; Brenowitz and Regehr, 2005).
Endocannabinoids also activate CB, receptors at inhibitory ter-
minals from basket/stellate cells and induce transient suppres-
sion of inhibitory transmission (Kreitzer and Regehr, 2001b;
Diana et al., 2002; Yoshida et al., 2002). Endocannabinoid release
is triggered by either strong depolarization of PCs that results in
an elevation of the intracellular Ca** concentration to a micro-
molar range (Brenowitz and Regehr, 2003; Maejima et al., 2005)
or activation of metabotropic glutamate receptor subtype 1
(mGluR1) in PCs (Maejima et al., 2001b). Furthermore, sub-
threshold weak activation of mGluR1 can effectively trigger en-
docannabinoid release when combined with weak depolarization
of PCs that causes a submicromolar elevation of the intracellular
Ca®" concentration (Maejima et al., 2005). This phenomenon is
attributable to the Ca**-dependent enhancement of the activity
of phospholipase CB4 (Maejima et al., 2005), a key enzyme for
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Figure 4.  The (B, antagonist SR141716A impaired acquisition but not extinction of delay eye-

blink conditioning in mice. A, Temporal relationship between CS and US for the delay eyeblink condi-
tioning. B, C, The effect of (B, antagonist on the acquisition of delay conditioning was tested. B, (R%
during the delay conditioning were analyzed daily in wild-type (C57BL/6J) mice injected with vehicle
(Control; open circles; n = 11) and those with the (B, antagonist SR141716A (Treated; filled circles;
n = 10). SR141716A or vehicle was administered 20 min before daily training during acquisition
phase (bar). SR141716A-injected mice exhibited significantly lower CR% during 7 d acquisition ses-
sions. sp, Spontaneous eyeblink response. C, The averaged EMG amplitudes of eyeblink response for
the control (gray trace) and treated (black trace) mice on day 7, indicating significantly lower EMG
response to tone (Sin SR141716A-treated mice. D, E, The effect of (B, antagonist on the extinction of
delay conditioning was tested. D, During acquisition phase (day 1-7), both control (open circles;n =
8) and treated (filled circles; n = 8) groups underwent daily injection of vehicle 20 min before daily
training. From day 8 (the 1st session of extinction phase), SR141716A was administered to the treated
mouse group. There was no difference in CR% during extinction phase between the two groups of
mice. £, The averaged EMG amplitude of eyeblink response for control (gray trace) and SR141716A-
treated (black trace) mice on day 11, indicating no significant difference in EMG amplitude during
extinction phases. Experiments were performed with male (57BL6/J mice at 9—16 weeks of age.
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Figure5. SR141716A treatment caused no sensory deficit or motor discoordination. 4, The
eyeblink frequency during the pseudoconditioning did not increase in either control mice (n =
7) or treated mice (n = 7). The (S and US were pseudorandomly presented with an interstimu-
|us interval ranging from 0 to 20 s. B, Rotarod test. The stay time (seconds) of the mice on a
rotating rod (25 rpm) is plotted versus the training day. There was no significant difference
between control (open circles; n = 7) and treated (filled circles; n = 7) mice. Experiments were
performed with male C57BL6/J mice at 8—15 weeks of age.

endocannabinoid biosynthesis that is activated downstream of
mGluR1. Endocannabinoid-mediated associative short-term de-
pression of PF synapse has been reported to occur after conjunc-
tive activation of PF and CF inputs (Brenowitz and Regehr,
2005). This short-term plasticity requires mGluR1 activation and
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Ca’" elevation in PC dendrites (Brenowitz and Regehr, 2005)
and therefore is likely to involve the Ca*"-dependent enhance-
ment of phospholipase CB4 activity. Because CB, is enriched in
PFs as well as the inhibitory axon terminals (Kawamura et al.,
2006; Yoshida et al., 2006), endocannabinoid-mediated short-
term plasticity must be absent in CB; knock-out mice.

What would be the cellular mechanisms underlying motor
learning that depends on endocannabinoid signaling in the cere-
bellum? Because the aforementioned endocannabinoid-
mediated suppression can persist only for several tens of seconds
(Kreitzer and Regehr, 2001b; Diana et al., 2002; Yoshida et al.,
2002; Brown etal., 2003; Brenowitz and Regehr, 2005; Maejima et
al., 2005), this short-term plasticity in itself cannot encode a
memory trace for delay eyeblink conditioning. However, it is
possible that the endocannabinoid-mediated short-term plastic-
ity influences the induction of other forms of long-term synaptic
plasticity that underlie delay eyeblink conditioning. Alterna-
tively, endocannabinoid signaling itself may contribute to the
process of such long-term synaptic plasticity.

Cellular mechanism underlying deficits in discrete motor
learning in CB, knock-out mice

Many previous studies strongly suggest that long-term depres-
sion (LTD) of PF to PC synaptic transmission underlies discrete
motor learning in the cerebellum (Ito, 1989). Mice that have a
deficiency in LTD display impairment of delay eyeblink condi-
tioning. These mouse models include mutant mice deficient in
mGluR1 (Aibaetal., 1994; Kishimoto et al., 2002), phospholipase
CpB4 (Kishimoto et al., 2001¢; Miyata et al., 2001), and glutamate
receptor 62 subunit (Kishimoto et al., 2001b). We have shown
that both LTD and delay eyeblink conditioning are restored in the
mGluR1-rescue mice (Kishimoto et al., 2002) in which mGluR1«
have been introduced into the PCs of the mGluR1 knock-out
mice under the control of a PC-specific promoter (Ichise et al.,
2000). Importantly, trace eyeblink conditioning is impaired in
the mGluR1-rescue mice, presumably because mGluR1 in the
hippocampus or other brain regions is crucial for trace eyeblink
conditioning (Kishimoto et al., 2002). These results are consis-
tent with the notion that cerebellar LTD is a cellular substrate of
delay eyeblink conditioning (Thompson and Kim, 1996). Re-
cently, Safo and Regehr (2005) have found that cerebellar LTD
requires endocannabinoid production and CB, activation in
mice. They also reported deficient LTD in CB, knock-out mice
(Safo and Regehr, 2005). It is therefore highly likely that LTD
deficiency is a cause of impaired delay eyeblink conditioning in
CB1 knock-out mice.

In contrast to severe impairment of delay eyeblink condition-
ing, trace eyeblink conditioning was normal in CB, knock-out
mice. In rabbits and rats, trace eyeblink conditioning with a long
trace interval requires the hippocampus and cerebellum (Moyer
etal.,, 1990; Weiss et al., 1999). Our previous results indicate that
trace eyeblink conditioning is impaired in mice that have deficits
in hippocampal long-term potentiation (LTP) but have intact
cerebellar structure and LTD (Kishimoto et al., 2001a, 2002).
Conversely, trace eyeblink conditioning is normal, whereas delay
eyeblink conditioning is impaired, in mice that have a deficit in
cerebellar LTD (Kishimoto et al., 2001b,c). These results collec-
tively indicate that trace eyeblink conditioning requires intact
hippocampus, hippocampal LTP, and intact cerebellum but does
not require cerebellar LTD.
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Neither acquisition nor extinction of
trace eyeblink conditioning requires

CB, activation

Previous studies suggest that CB,-mediated
endocannabinoid = signaling suppresses
hippocampal LTP. LTP induced by mod-
erate stimuli is facilitated in slices from
CB, knock-out mice (Bohme et al., 2000)
and in slices from wild-type animals
treated with CB, antagonist (Slanina et al.,
2005), whereas LTP elicited by robust
stimuli is independent of CB, activation
(Chevaleyre and Castillo, 2004; Slanina et
al., 2005). Notably, several behavioral
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studies have demonstrated that genetic de-
letion or pharmacological blockade of CB,
impairs the extinction of fear conditioning
(Marsicano et al., 2002; Suzuki et al., 2004;
Chhatwal et al., 2005) or spatial learning
(Varvel and Lichtman, 2002). These re-
sults suggest that CB,-mediated endocan-
nabinoid signaling facilitates extinction of
hippocampus-dependent memories. Tonic
suppression of hippocampal LTP by endo-
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SR141716A affected neither acquisition nor extinction of 500 ms interval trace eyeblink conditioning. A, Temporal
relationship between CS and US for trace conditioning paradigm with a trace interval of 500 ms. B, €, The effect of (B, antagonist
on the acquisition of trace conditioning (trace interval of 500 ms) was tested. B, (R% during the trace conditioning were analyzed
daily in wild-type (C57BL/6J) mice injected with vehicle (Control; open circles; n = 8) and those with SR141716A (Treated; filled
circles; n = 8). SR141716A or vehicle was administered 20 min before the daily training during acquisition phase (bar). There was
no statistically significant difference in CR% between control and SR141716A-injected mice during acquisition phases. sp, Spon-
taneous eyeblink response. C, The averaged EMG amplitudes of eyeblink response for control (gray trace) and SR141716A-treated

cannabinoid signaling might underlie the
facilitation of memory extinction. In con-
trast, CB, knock-out mice exhibit normal
memory acquisition and extinction in an
appetitively motivated operant condition-
ing task in which food-deprived animals
receive a food reward on nose poking into
an illuminated hole (Holter et al., 2005). In
the present study, we found that genetic
deletion or pharmacological blockade of
CB; affected neither acquisition nor ex-
tinction of trace eyeblink conditioning.
Thus, the endocannabinoid signaling
through CB, appears to facilitate extinc-
tion in several, but not all, hippocampus-
dependent learning paradigms.

(black trace) mice on day 10, showing nearly the same amplitude of EMG response between control and treated mice. D, E, The

effect of (B, antagonist on the extinction of trace conditioning (trace interval of 500 ms) was investigated. D, During acquisition
phase (day 1-10), both control (open circles; n = 8) and treated (filled circles; n = 8) groups underwent daily injection of vehicle
20 min before daily training. From day 11 (the st session of extinction phase), SR141716A was administered to the treated group.
There was no difference in CR% during extinction phase between the two mouse groups. E, The averaged EMG amplitude of
eyeblink response for control (gray trace) and SR141716A-treated (black trace) mice on day 11, indicating no significant difference
in EMG amplitude during extinction phases. Experiments were performed with male C57BL6/J) mice at 9—16 weeks of age.

CB,-mediated endocannabinoid signaling is essential for
acquisition but not extinction of delay eyeblink conditioning
We showed that pharmacological blockade of CB, caused severe
impairment of acquisition but had no effect on extinction of
delay eyeblink conditioning. This result indicates that CB;-
mediated endocannabinoid signaling is specifically involved in
acquisition phase of delay eyeblink conditioning. Given that cer-
ebellar LTD is blocked by SR141716A and is deficient in CB,;
knock-out mice (Safo and Regehr, 2005), LTD is expected to be
blocked in mice injected with SR141716A. Therefore, these re-
sults collectively suggest that cerebellar LTD may be a cellular
basis for acquisition but not for extinction of delay eyeblink
conditioning.

Normal motor coordination despite
impairment in discrete motor learning
in CB, knock-out mice

Mature CB, knock-out mice at 10-18
weeks of age exhibit normal motor coordi-
nation in our measurements on the fixed-
bar test and rotarod test, whereas a recent
study has demonstrated impaired perfor-
mance of mature CB, knock-out mice on
the rotarod test (Bilkei-Gorzo et al., 2005). We assume that this
apparent discrepancy is attributable to the different methods for
rotarod test. We used a fixed speed of rotation (25 rpm), but
Bilkei-Gorzo et al. (2005) adopted an accelerating rod from 4 to
20 rpm at an acceleration rate of 1 rpm/s. Importantly, mice
deficient in mGluR1 (Aiba et al., 1994; Kishimoto et al., 2002),
phospholipase C4 (Kano et al., 1998; Kishimoto et al., 2001c¢),
or glutamate receptor 82 subunit (Kishimoto et al., 2001b) have
clear deficits on the rotarod test with a fixed-rotation velocity.
These mice also showed clear impairment of delay eyeblink con-
ditioning. Therefore, the CB, knock-out mouse is an exceptional
case in which severe impairment of delay eyeblink conditioning
and apparently normal motor coordination are observed in the
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same mouse strain. These phenotypes re- A
semble those of mutant mice deficient in

glial fibrillary acidic protein (Shibuki et al., °
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tein kinase Cry is impaired in motor coor- B
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