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Classical conditioning of the eyeblink reflex is elicited by paired
presentation of a conditioned stimulus and an unconditioned
stimulus and represents a basic form of cerebellum-dependent
motor learning. Purkinje cells and the deep nuclei receive conver-
gent information of conditioned stimulus and unconditioned stim-
ulus through the mossy fiber and climbing fiber projections,
respectively. To explore the relative importance of these neural
circuits and the underlying mechanism in associative eyeblink
learning, we adopted a novel gene-manipulating technique,
termed reversible neurotransmission blocking (RNB). In this tech-
nology, cerebellar granule cells specifically expressed neurotrans-
mission-blocking tetanus toxin in a doxycycline (DOX)-dependent
manner. Extracellular recording of Purkinje cells in awake RNB mice
revealed that DOX treatment and withdrawal reversibly turned off
and on simple spikes elicited by granule cell inputs, respectively,
without interference with complex spikes evoked by climbing fiber
inputs. Blockade of granule cell inputs to Purkinje cells abolished
eyeblink conditioned responses (CRs) in a DOX-dependent manner.
Importantly, when granule cell inputs recovered by removal of
DOX, normal CRs were immediately produced in the DOX-treated,
CR-negative RNB mice from the beginning of reconditioning. This
learning process in RNB mice during DOX treatment was com-
pletely abolished by bilateral lesion of the interpositus nucleus
before eyeblink conditioning. These results indicate that the con-
vergent information at the interpositus nucleus is critical for
acquisition and storage of learning in intimate association with the
Purkinje cell circuit for expression of CRs in eyeblink conditioning.

eyeblink conditioning | interpositus nucleus | Purkinje cell |
reversible neurotransmission blockade | synaptic plasticity

lassical conditioning of the eyeblink reflex is elicited by

paired presentation of conditioned stimulus (CS) with re-
inforcing unconditioned stimulus (US) (1-4). This associative
motor learning is a basic form of cerebellum-dependent leaning.
In eyeblink conditioning, the CS pathway includes the pontine
nucleus and mossy fibers, whereas the US pathway includes the
inferior olive and the climbing fibers (1-5). The mossy fibers
project directly to the interpositus nucleus and indirectly to the
cerebellar cortex via granule cells (1-5). The CS and US signals
are thus conveyed to both the cerebellar cortex and the inter-
positus nucleus (Fig. 1a). The localization and underlying mech-
anisms of eyeblink conditioning have been extensively studied by
different approaches including gene targeting (6-11), lesioning
(12-15), mutant analysis (16), and pharmacological inactivation
analyses (17-23). On the basis of these studies, one model
proposes an essential role of the cerebellar Purkinje cell circuit
in memory traces (24-26). According to this model, convergence
of the CS and US signals induces long-term depression at the
parallel fiber—Purkinje cell synapses. Because Purkinje cells are
inhibitory, long-term depression causes a disinhibition of the
interpositus nucleus and an increased input in the downstream
motor pathways. The other model proposes that the memory
trace is located in the interpositus nucleus and that conditioned
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responses (CRs) are properly evoked in response to CS by a
timing signal from Purkinje cells (1, 3, 27, 28). Eyeblink condi-
tioning involves multiple learning processes, at least acquisition,
expression, and storage of motor learning. Once the expression
process of memory traces is impaired, it becomes difficult to
define the key neural circuits responsible for expression, forma-
tion, and storage of memory traces.

In this investigation, we adopted a novel reversible neuro-
transmission blocking (RNB) technique to explore the role of
Purkinje cells and the interpositus nucleus in associative eyeblink
conditioning. In the RNB transgenic mice, the tetanus toxin light
chain is restrictedly expressed in granule cells under the control
of a tetracycline-controlled reverse transactivator (rtTA) (29).
Tetanus toxin specifically cleaves synaptic vesicle VAMP?2 (30),
resulting in blockade of transmitter release from synaptic vesicles
(Fig. 10) (29). Consequently, granule cell inputs to Purkinje cells
are blocked and reversibly recovered by administration and
omission, respectively, of doxycycline (DOX) (29). These RNB
mice were thus used based on the following rationale: when
granule cell inputs to Purkinje cells are selectively blocked, the
CS signal is not transmitted to Purkinje cells but still conveyed
to the interpositus nucleus via the direct mossy fiber pathway
(Fig. 1a). The reversible blockade of granule cell transmission
can thus delineate distinct roles of the direct mossy fiber-
mediated information and the indirect granule cell-mediated
information in acquisition, expression, and storage of CRs in
associative eyeblink conditioning.

Results

Specific and Reversible Blockade of Granule Cell Transmission. Our
previous study showed that tetanus toxin was fully induced in
RNB mice 5 days after DOX treatment and remained at maximal
levels thereafter (29). This study showed that the tetanus toxin
expression completely disappeared in RNB mice when DOX was
withdrawn for 14 days and that the toxin was restrictedly
expressed in granule cells and specifically cleaved VAMP2
among neuronal proteins. In addition, the DOX-treated RNB
mice showed no abnormal motor behaviors such as ataxia or
tremor under the ordinary condition, nor was there any alter-
ation in the cerebellar architecture with respect to the cell
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Fig. 1. Scheme of the cerebellar circuitry and the RNB technique. (a) The
mossy fibers project directly to the interpositus nucleus and indirectly to
Purkinje cells. The climbing fibers project to both Purkinje cells and the
interpositus nucleus. Purkinje cells are the sole inhibitory output system from
the cerebellar cortex. Feedback projections of several inhibitory interneurons
are omitted in this diagram. Red X, blockade of granule cell transmission;
yellow plus signs, excitatory; red minus signs, inhibitory. (b) In RNB mice, the
expression of rtTA is confined to granule cells by the granule cell-specific
GABAA receptor ab-subunit promoter. DOX-bound rtTA induces restrictedly
the expression of tetanus toxin in granule cells, which in turn cleaves VAMP2
and blocks glutamatergic transmission. TRE, tetracycline-responsive element;
CMV, cytomegalovirus promoter.

number, shape, or anatomical arrangement after DOX treat-
ment of the RNB mice. Our previous study also showed that
KCl-evoked depolarization greatly reduced but did not com-
pletely prevent glutamate release in cerebellar slices of DOX-
treated RNB mice (29). This residual release was most likely due
to concomitantly enhanced glutamate release from other cere-
bellar cell types. We therefore more precisely examined how
efficiently and selectively DOX treatment blocks granule cell
transmission by electrophysiological recording (31). WT and
RNB mice were treated or not with DOX for 14 days. We then
performed extracellular recording of Purkinje cells at the sim-
plex lobe of the cerebellum of awake animals, which area has
been implicated in eyeblink CRs (3). After every recording, the
recording site at the Purkinje cell layer was confirmed by the
injection of fluorescent dye from the recording electrode (Fig.
2g). In WT mice, relatively regular firing of simple spikes and
occasional complex spikes was evoked by neurotransmissions
from granule cells and climbing fibers to Purkinje cells, respec-
tively (Fig. 2a). The DOX-untreated RNB mice comparably
exhibited both simple spikes and complex spikes (Fig. 2 a, e, and
f). Remarkably, simple spikes were completely abolished in
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DOX-treated RNB mice [P < 0.001, cells of DOX-treated (n =
6) vs. DOX-untreated (n = 6) mice] (Fig. 2a and ¢). When DOX
was withdrawn for 14 days after 14-day DOX treatment, these
simple spikes reversibly recovered to their normal levels in
DOX-withdrawn mice (P > 0.99) (Fig. 2 a and ¢). Importantly,
complex spikes remained unchanged in RNB mice, irrespective
of administration and omission of DOX [P > 0.99, cells of WT
(n = 7) vs. RNB (n = 6) mice] (Fig. 2 a and f). There was no
difference in the firing patterns and frequencies of either simple
spikes or complex spikes or in the peaks of interspike intervals
of simple spikes between WT mice (7.4 = 0.4 msec; cells, n = 7)
and DOX-untreated (8.2 = 0.7 msec; cells, n = 6)/DOX-
withdrawn (10.2 = 1.2 msec; cells, n = 5) RNB mice (P > 0.82)
(Fig. 2 b—f). Furthermore, simple spikes were never observed
even when a tone stimulus was given to DOX-treated RNB mice
(data not shown). The results indicate that the RNB mice
reversibly lost granule cell inputs to Purkinje cells in a DOX-
dependent manner without interference with the responsiveness
of Purkinje cells to climbing fiber inputs.

Effects of Reversible Blockade of Granule Cell Transmission on Eye-
blink Conditioning. We examined how reversible blockade of
granule cell transmission influences the acquisition, expression,
and storage of associative eyeblink conditioning. We first tested
the effect of blocking granule cell transmission on the execution
of eyeblink conditioning. Eyeblink conditioning comprised
seven daily sessions in which a tone was paired with a periorbital
electrical US. Animals were pretreated with DOX for 14 days.
Eyeblink conditioning and CR measurement were then per-
formed from day 1 to day 7 during the continuous administration
of DOX (the first conditioning). WT mice showed a gradually
increasing and significant number of CRs during eyeblink con-
ditioning (n = 9, session, F' = 479, P < 0.0001) (Fig. 3 a and b).
Similarly, the RNB mice, when not treated with DOX, showed
a comparable increase in the number of CRs during the 7-day
conditioning (n = 8, session, F = 414, P < 0.0001) (Fig. 3b). In
marked contrast, DOX-treated RNB mice failed to evoke CRs
during the 7 days of conditioning, and the difference from WT
mice was significant (RNB, n = 12; WT, n = 6; genotype, F =
19.4, P < 0.001; session and genotype interaction F = 4.36, P <
0.01) [Fig. 3 a and ¢ and supporting information (SI) Fig. 5].
These results indicate that the CS signal to Purkinje cells is
indispensable for learned responses in eyeblink conditioning.
We then tested whether the RNB mice form any learning
processes during DOX treatment. DOX was withdrawn from
DOX-treated, conditioned RNB mice from day 8 to day 24. CRs
were then measured on the last 4 consecutive days by the second
conditioning (Fig. 3 a and ¢ and SI Fig. 5). The learned WT mice
showed significant CRs from the beginning of the second
conditioning (P < 0.0001, day 1 vs. day 21). Importantly, the
DOX-withdrawn RNB mice exhibited comparable levels of CRs
when granule cell inputs to Purkinje cells fully recovered by the
removal of DOX (genotype, F = 0.086, P > 0.77; session, F =
1.75, P > 0.18; genotype and session interaction, F = 0.249, P >
0.86). This was evident from a block-by-block analysis of DOX-
withdrawn RNB mice, indicating a normal performance of CRs
throughout the course of a single conditioning session on day 21
(Fig. 3d) (genotype, F = 0.726, P > 0.40; block and genotype
interaction, F = 0.312, P > 0.97). Moreover, the DOX-
withdrawn RNB mice, like WT mice, showed well timed onset
and peak of the CRs relative to US in the second conditioning
(Fig. 3a). In the experiment shown in Fig. 3c, we also examined
two additional transgenic lines as controls, one (TeNT mouse)
encoding the tetanus toxin gene alone and the other (Tet mouse)
encoding the rtTA gene alone. There was no difference in the
ability to evoke CRs between the WT mice and these two
transgenic lines (Fig. 3c¢) (TeNT, n = 6; Tet, n = 11; the first
conditioning, genotype, F = 0.445, P > 0.64, and the second
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Fig. 2.

Action potential firing of Purkinje cells in awake WT and RNB transgenic mice. (a) Spontaneous activities of Purkinje cells consisted of simple spikes and

complex spikes (red asterisks) in WT, DOX-untreated, and DOX-withdrawn RNB mice, but no simple spikes were evoked in DOX-treated RNB mice. (b) Traces of
simple spikes shown in a were superimposed. (c) Interspike interval histogram of simple spikes shown in b. (d) Traces of five complex spikes were superimposed.
(e and f) Mean = SEM of firing rates of simple spikes () and complex spikes ( f) are shown with columns and bars, respectively. ***, P<0.001 (comparison between
DOX-treated RNB mice and all five other animals by the Scheffé test). (g) The extracellular recording site (red) was confirmed at the Purkinje cell layer by
fluorescent Nissl staining. ML, molecular layer; PL, Purkinje cell layer; GL, granule cell layer.

conditioning, genotype, F = 0.369, P > 0.69). Furthermore, the
reversibility of CR blockade was reproduced in RNB transgenic
mice by repeated cycles of DOX treatment and withdrawal (data
not shown). The results thus indicate that the failure of DOX-
treated RNB mice to express CRs depends on the expression of
tetanus toxin that results in blockade of granule cell transmission
to Purkinje cells. Collectively, these results explicitly demon-
strate that the memory of eyeblink CRs is acquired and saved
despite the absence of the CS signals to Purkinje cells and also
indicate that the normal granule cell transmission is necessary
for expression of the stored memory of eyeblink conditioning.

Abolition of CRs by Bilateral Lesioning of the Interpositus Nucleus. To
address whether the latent CRs are formed in the cerebellar deep
nuclei of DOX-treated RNB mice, we lesioned the interpositus
nucleus electrolytically or not (sham-operated) and 7 days later
performed the CR analysis according to the same procedure as
described in Fig. 3. DOX-withdrawn RNB mice with their
interpositus nucleus bilaterally lesioned, unlike sham-operated
mice, showed loss of CRs at the second conditioning (Fig. 4a)
(operation, F = 40.2, P < 0.0001; session, F = 1.91, P > 0.16).
Upon coronal section analysis, lesions were confirmed to be
located at the anterior interpositus nucleus region critical for
eyeblink CRs (Fig. 4 b—e). These results thus indicate that the
interpositus nucleus is essential for the latent acquisition and
storage of CRs during blockade of granule cell inputs to Purkinje
cells.
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Discussion

The present investigation indicates that the reversible expression
of tetanus toxin in granule cells turned on and off the mossy fiber
inputs to Purkinje cells without interfering with inputs to the
interpositus nucleus. This blockade of granule cell inputs abol-
ished expression of eyeblink CRs in a DOX-dependent manner.
Remarkably, when granule cell inputs to Purkinje cells recov-
ered, once conditioned, CR-negative RNB mice immediately
evoked normal CRs from the beginning of the second condi-
tioning. This learned process required the intact circuit of the
interpositus nucleus. The present investigation thus demon-
strates that the basic memory trace is formed and stored by
convergent information of CS and US at the interpositus nucleus
and that the expression of this memory requires the transmission
of the CS and US signals at the Purkinje cell circuit in eyeblink
conditioning.

Previous electrophysiological recording in isolated/slice prep-
arations or in anesthetized animals indicated that Purkinje cells
fire spontaneously in the absence of synaptic input (32-34). In
contrast to these findings, blockade of granule cell transmission
abolished firing of simple spikes in the DOX-treated awake
animals. In the cerebellar cortical circuitry, basket, stellate, and
Golgi interneurons receive granule cell transmission and could
influence the responsiveness of Purkinje cells (5). However,
these interneurons are all inhibitory and would facilitate firing
of simple spikes by blockade of granule cell transmission. No
such facilitation of simple spike firing was observed in the
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Fig. 3. Conditioned eyeblink responses. (a) The representative EMG amplitudes of CRs of WT and RNB mice on days 1, 7, and 21 are indicated. (b and c) Data of CRs
of DOX-untreated WT and RNB mice (b) and those of CRs of four lines of mice with DOX treatment and withdrawal (c) are expressed as percent CRs averaged over all
animals in each group for each conditioning day. In b, n = 9 (WT) and 8 (RNB); in ¢, n = 6 (WT), 12 (RNB), 11 (Tet), and 6 (TeNT). Data are presented as the mean = SEM.
*, P <0.05; **, P<0.01; ***, P < 0.001 (DOX-treated WT mice vs. DOX-treated RNB mice). (d) Mean = SEM of percent CRs for DOX-withdrawn WT and RNB mice as

a function of conditioning block on day 21. Each block consisted of nine paired CS-US trials and one CS only at the 10th trial.

DOX-treated RNB mice. The cerebellar nuclei also send inhib-
itory projections to the inferior olive (Fig. 1a). It is thus possible
that blockade of granule cell transmission leads to a reduction in
inhibition in the cerebellar nuclei, which could in turn result in
inhibition in the inferior olive via the nuclear—olivary inhibitory
pathway (35). However, we observed no change in either the
pattern or the frequency of complex spikes elicited by the
climbing fiber input. Furthermore, there was no difference in
responsiveness of electromyogram (EMG) to US between DOX-
treated RNB mice and WT mice (Fig. 3a). Although the
difference in the firing mechanism of Purkinje cells between this
study and other studies remains elusive, the present investigation
indicates that the CS signal to Purkinje cells is reversibly blocked
in a DOX-dependent manner without interfering with the US
signal.

Accumulated evidence has indicated that both Purkinje cells and
interpositus nucleus circuits play a critical role in the execution and
proper timing of CRs in associative eyeblink motor learning (6-23).
The CS and US signals are conveyed to both the Purkinje cell and
the interpositus nucleus circuits, and the convergent information of
these two signals is capable of inducing neural plasticity at both
circuits (2, 26, 36, 37). In the Purkinje cell circuit, long-term
depression is induced at the parallel fiber—Purkinje cell synapses by
the conjunctive stimulation of parallel fibers and climbing fibers and
suppresses the tonic inhibition of Purkinje cells in the interpositus
nucleus circuit. Long-term depression thus causes an increased CS
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input in the downstream motor pathways. In this investigation, the
reversible blocking manipulation explicitly demonstrates that the
memory trace of CRs is acquired and stored in the interpositus
nucleus in the absence of granule cell transmission to Purkinje cells.
The critical role of the interpositus nucleus for acquisition and
storage of learning is consistent with many other studies (refs. 3, 12,
13, 38, and 39, but see also refs. 22 and 24). In DOX-treated RNB
mice, blockade of granule cell transmission relieves the tonic
Purkinje cell inhibition, and the interpositus nucleus circuit would
induce neural plasticity in response to the convergent information
of the CS and US signals. This neural plasticity could thus allow
prompt induction of CRs to the coincident CS and US information
once granule cell transmission recovers by removal of DOX. It
should, however, be pointed out that lesioning of the cerebellar
cortex and mutation of Purkinje cell degeneration still evoked
eyeblink CRs, although this response was low and had a short
latency with respect to CS (15, 16). In DOX-treated RNB mice,
climbing fiber inputs remain intact. Furthermore, the frequency of
complex spikes has been reported to be enhanced by US (40). The
climbing fiber inputs could thus allow Purkinje cells to partially
suppress the interpositus nucleus activity and abolish expression of
CRs in DOX-treated RNB mice. In this context, it has been
reported that expression of CRs requires certain levels of depolar-
ization of the interpositus nucleus neurons before conditioning-
induced disinhibition of Purkinje cell inputs (21, 41). The expression
of CRs could thus be more sensitive to the Purkinje cell-mediated
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Fig. 4. Abolition of CRs by bilateral interpositus nucleus lesion. Seven
lesioned and seven sham-operated animals were confirmed to be lesioned and
intact in the interpositus nucleus after histological analysis and were used for
data analysis. (a) Data are presented as the mean = SEM. **%, P < 0.001
(sham-operated vs. lesioned). (b—e) Histological analysis of bilateral interposi-
tus nucleus lesions. Typical examples of coronal sections stained with anti-glial
fibrillary acidic protein antibody from sham-operated (b) and lesioned (c) RNB
mice are shown. Enclosures of the left and right interpositus nucleus regions
in care expanded in d and e, respectively, indicating gliosis in the interpositus
nucleus region ~30 days after electrolytic lesioning. Sim, simplex lobe; 3, 4, 5,
and 10, lobe numbers; IntDL, dorsolateral interpositus nucleus; Alnt, anterior
interpositus nucleus.

inhibition in the interpositus nucleus than the acquisition and
storage of CRs. Furthermore, multiple synaptic plasticity has been
reported to occur at different local circuits in the cerebellum (42).
The neural plasticity in these synapses could contribute to prompt
induction of CRs to the coincident CS and US information once
granule cell transmission recovers by removal of DOX. Therefore,
it is likely that the associative eyeblink learning involves an elabo-
rate and integrative plasticity mechanism.

Materials and Methods

Animals. RNB mice and their WT littermates were obtained by
mating TeNT and Tet transgenic mice (29) and were used for all
experiments unless otherwise stated. DOX was administered in
pellets containing 6 mg/g DOX and in drinking water containing
2 mg/ml DOX and 10% sucrose (29). After electrophysiological
and behavioral analyses, the genotypes of the mice were deter-
mined by using tail biopsies and Southern blotting. The analyses
were performed by operators who were blind to the genotype of
the mice. All animal experiments were approved by the animal
committees under the guidelines of Osaka Bioscience Institute
and Kyoto University.
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Single-Unit Recording. Surgery and recording were performed
according to the procedures described previously (31). Under
ketamine and xylazine anesthesia, a head holder was fixed to the
skull of a mouse and a small hole (<1.0 mm) was drilled in the
occipital bone above the simplex lobe (6.0 mm posterior and 2.0
mm lateral from bregma). Recording was conducted in awake
animals with a glass micropipette filled with 2 M NaCl (3-5 M
Q). The electrode tip was moved downward by using a micro-
manipulator. The signal was recorded, amplified, low-pass-
filtered at 10 kHz, high-pass-filtered at 100 Hz, and analyzed
offline with the MatLab system (MathWorks, Natick, MA). The
sampling rate for analysis was 20 kHz. Simple spikes were
identified by their amplitude, and complex spikes were identified
visually by their characteristic wave form. The recording site was
identified by electrophoresis of Alexa Fluor 594 (Invitrogen,
Carlsbad, CA) followed by fluorescent Nissl staining of cere-
bellar sections.

Eyeblink Conditioning. Surgery and eyeblink conditioning were
conducted according to the procedure described previously (11).
Briefly, two of the four wires were used to record EMG in the
orbicuralis oculi muscle, and the remaining two were used to
deliver electrical shocks. A tone with 452-msec duration (1 kHz,
85 dB) was used as a CS, and then an electrical shock of 100-msec
duration (100-Hz square pulses) was given as an US. The US
intensity was determined as the minimal current amplitude
required for eliciting a constant amplitude of unconditioned
eyeblink responses. A daily conditioning consisted of 100 trials
grouped in 10 blocks. Each block included nine CS-US paired
trials and one CS alone at the 10th trial. Data analysis of CRs was
conducted according to the procedure described previously (11).
The recorded EMG signal was band-pass-filtered between 0.15
and 1.0 kHz and sampled at 10 kHz by using NI-DAQ (National
Instruments, Austin, TX) by MatLab software. The maximum
amplitude of EMG signals during the time period of = 1 msec
was denoted as the EMG amplitude at . The EMG amplitude
was thus a function of time and trial number. EMG amplitude
data for the 300-msec period before CS onset during 100 trials
were then averaged over time and trials, and SD was calculated.
The average value plus the SD value was defined as the
threshold. In each trial, EMG amplitude data for the 300-msec
period before CS onset above the threshold were averaged over
time and termed the Pre value. In the same way, the Startle value
was calculated for a 30-msec period after the CS onset, and the
CR value was calculated for the period of 2-202 msec before the
US onset in CS-US paired trails. The time window was subse-
quently extended by 102 msec for the CR value calculation in the
CS-only trials. If the Pre value exceeded 1% of threshold or the
Startle value exceeded 30% of threshold, the trial was excluded.
If the CR value exceeded 1% of threshold and exceeded twice
the Pre value, it was regarded as a successful CR trial. The ratio
of successful CR to valid trials was calculated and denoted as a
percentage (CR%), which was presented as the mean = SEM.

Lesion Analysis. The mice received bilateral electrolytic lesions in
the interpositus nucleus (5.9 mm posterior, 1.5 mm lateral, and
3.0 mm ventral from bregma; 1.0-mA anodal current for 10 sec)
and had 7 days of recovery before eyeblink conditioning. After
the behavioral analysis, anesthetized mice were perfused with
PBS followed by 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.3). The brains were sectioned (60 um) and stained
with anti-glial fibrillary acidic protein.

Statistical Analysis. Analysis of interspike intervals and firing rates
was carried out by one-way ANOVA followed by the Scheffé post
hoc test. Analysis of eyeblink CRs was performed by a two-way
or repeated ANOVA. A post hoc comparison was made with the
Scheffé test.
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