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Abstract

In addition to their trophic functions,
neurotrophins are also implicated in
synaptic modulation and learning and
memory. Although gene knockout
techniques have been used widely in
studying the roles of neurotrophins at
molecular and cellular levels, behavioral
studies using neurotrophin knockouts are
limited by the early-onset lethality and
various sensory deficits associated with the
gene knockout mice. In the present study,
we found that in a spontaneous mutant
mouse, waggler, the expression of
brain-derived neurotrophic factor (BDNF)
was selectively absent in the cerebellar
granule cells. The cytoarchitecture of the
waggler cerebellum appeared to be normal
at the light microscope level. The mutant
mice exhibited no sensory deficits to
auditory stimuli or heat-induced pain.
However, they were massively impaired in
classic eye-blink conditioning. These results
suggest that BDNF may have a role in
normal cerebellar neuronal function, which,
in turn, is essential for classic eye-blink
conditioning.

Introduction

Neurotrophins are a class of molecules that
regulate both developing and adult nervous sys-
tems. During early development, neurotrophins

promote neuronal proliferation, differentiation,
maturation, and survival. In the adult brain, neuro-
trophins and synaptic transmission exhibit mutual
regulation. Acute application of neurotrophins en-
hances synaptic transmission (Lohof et al. 1993;
Knipper et al. 1994; Lessmann et al. 1994; Kang
and Schuman 1995; Levine et al. 1995; Moises et al.
1995) and long-term potentiation (Figurov et al.
1996), whereas induction of long-term potentia-
tion increases brain-derived neurotrophic factor
(BDNF) and neurotrophin-3 (NT3) expression in
vitro (Patterson et al. 1992; Dragunow et al. 1993)
and in vivo (Springer et al. 1994). Furthermore,
null mutation of the BDNF gene impairs both basal
synaptic transmission and long-term potentiation
in the hippocampus (Korte et al. 1995; Patterson et
al. 1996), and some of the deficits can be rescued
by culturing the slices with BDNF (Korte et al.
1996; Patterson et al. 1996). These results strongly
suggest an acute function of neurotrophins in syn-
aptic function in adult brain. Parallel with its roles
in synaptic modulation, neurotrophins also affect
behavioral learning. Although intraventricular
nerve growth factor (NGF) infusion improves spa-
tial memory in aged rats (Markowska et al. 1994,
1996), administrations of anti-NGF antibodies im-
pair passive avoidance learning (Ricceri et al.
1994).

Various neurotrophin and tyrosine kinase (Trk)-
receptor knockout mice provided animal models
to study functions of neurotrophins in neuronal
development and synaptic modulation. But they
are not as useful in behavioral studies because mu-
tant mice have severe sensory deficits and die dur-
ing early postnatal development (Crowley et al.
1994; Enfors et al. 1994a,b; Jones et al. 1994; Klein
et al. 1994; Smeyne et al. 1994). A recently discov-2Corresponding author.
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ered spontaneous mutant mouse stargazer, with
localized BDNF deficit in the cerebellum (Qiao et
al. 1996), provided a feasible model to study the
function of BDNF in the cerebellum (Chen et al.
1996b). In the present study, we found that an-
other mutant mouse allelic to stargazer (Sweet et
al. 1991; Sweet 1993), waggler, also exhibited se-
lective deficit in cerebellar granule cell BDNF ex-
pression without apparent abnormality in cerebel-
lar cytoarchitecture. Unlike stargazer, the waggler
mutant arises from C57BL/6 inbred strain, there-
fore allowing us to study potential roles of BDNF in
cerebellar functions and learning with minimal in-
terference from strain differences.

Materials and Methods

SUBJECTS

waggler mutant mice with C57BL6/J genetic
background and wild-type littermates (+/+ or
+/wag), originally from Jackson laboratory, were
bred and maintained in a University of Southern
California vivarium. The adult male animals used in
the experiments were individually housed with ad
lib access to food and water.

HISTOLOGY AND IN SITU HYBRIDIZATION

The adult mutant and wild-type mice were
overdosed with sodium pentobarbital and transcar-
dially perfused with 0.9% saline, followed by 10%
buffered formalin. The brains were removed and
postfixed for at least 24 hr at 4°C. The tissue was
then sectioned at 40 µm and the slices were
mounted onto subbed slides and stained with cre-
syl violet.

The procedures for in situ hybridization were
the same as in Qiao et al. (1996). In brief, brains
from both wild-type and mutant adult mice were
excised after decapitation, frozen on dry ice, sliced
on a cryostat at 16 µm, and mounted on subbed
slides. The mutant and wild-type brain sections
were mounted on the same slides and processed
identically for optimal comparison. The sections
were fixed with 4% p-formaldehyde in 0.1 M PBS
for 30 min and pretreated with 0.25% acetic anhy-
dride and 0.1 M triethanolamine for 10 min. Then,
the tissue sections were incubated overnight at
50°C with 35S-labeled riboprobe (5 × 106 cpm/ml)
prepared from a pGEM-4Z plasmid containing a
460-bp insert of rat BDNF cDNA clone (Phillips et
al. 1990). The hybridization solution also contains

50% formamide, 10% dextran sulfate, 300 mM NaCl,
0.5 mg/ml yeast RNA, 10 µM dithiothreitol, 0.02%
Ficoll, 0.02% polyvinyl pyrrolidone, 0.02% bovine
serum albumin, 1 mM EDTA, and 10 mM Tris-HCl
(pH 8.0). After hybridization, the sections were
rinsed in 4× SSC, digested with 20 µg/ml RNase A
at 37°C for 30 min, and washed through descend-
ing concentrations of 1× SSC to 0.1× SSC at 60–
70°C. Finally, the slides were dehydrated in etha-
nol, dried, and exposed to X-ray film (Kodak X-
OMAT, Rochester, NY) for 3–5 days.

SENSORY TEST

To record tone-induced neuronal responses,
mice were anesthetized intraperitoneally (IP) with
ketamine (80 mg/kg) and xylazine (20 mg/kg), and
mounted onto a stereotaxic device. An epoxylite-
coated electrode (50-µm tip exposure) was low-
ered to the primary auditory cortex (Franklin and
Paxinos 1997), and extracellular multiple unit ac-
tivity was amplified and sent to a window discrimi-
nator, from which spikes above the noise envelop
were identified. Then, the spikes were counted in
4-msec bins and stored by a computer. The tone
used in this test was the same as the one used in
the behavioral training.

To test nociception, wagglers (n = 5) and wild
types (n = 5) were restrained in a plastic cylinder
(4-cm inner diam.), the tail was put on a hot plate
(51°C), and the onset latency of tail flick was re-
corded three times with 1 min intervals.

TONE FEAR CONDITIONING

The procedure was modified from Kim et al.
(1997). On day 1 of fear conditioning, each mouse
was placed in the experimental chamber
(11.5 × 11.5 × 11.5 in.; Coulbourn Instruments,
Inc., PA) with the floor consisting of 26 stainless
steel rods (3/16-in. diam.). After 3 min in the cham-
ber, the mice received three tone and foot-shock
pairings (tone: 20 sec, 85 dB, 2 kHz; foot shock: 1
sec, 0.5 mA; intertrial interval 1 min apart). One
minute after the final foot shock, the mice were
returned to their home cages. Each chamber was
wiped with 5% ammonium hydroxide solution be-
fore training. On day 3, fear conditioning to the
tone was assessed in a observation chamber that
was completely different from the one used during
conditioning. After 1 min in the new chamber, the
same tone was presented for an 8-min test. Fear
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conditioning was measured as the percentage of
freezing response. Freezing is defined as the ab-
sence of all visible movement of the body and vi-
brissae aside from movement necessitated by res-
piration. The freezing was scored every 2 sec, and
the data were converted into percentage of freez-
ing time for every minute of observation.

SURGERY

The surgical procedure was described previ-
ously (L. Chen et al. 1996a). Under anesthesia (ket-
amine, 80 mg/kg, and xylazine, 20 mg/kg, IP), ani-
mals were implanted with four electrodes (Teflon-
coated stainless steel, 0.003 in. bare, 0.0045 in.
coated, A-M Systems, Inc., Everett, WA) subcutane-
ously to the left upper eyelid to record differential
electromyograph (EMG) from obicularis oculi, and
to deliver periorbital shock. A four-pin strip con-
nector to which the wires were soldered was ce-
mented to the animal’s skull with dental acrylic.

DELAY EYE-BLINK CONDITIONING

The training procedure was a slight modifica-
tion of that of Chen et al. (1996a). Training took
place in a small Plexiglas cylinder (3.75-in. diam.)
placed inside a sound- and light-attenuating cham-
ber (Ralph Gerbrands Co., Arlington, MA). Back-
ground noise inside the chamber was ∼65 dB. The
daily conditioning session consisted of 100 trials
grouped into blocks of 10 trials [conditioned stimu-
lus (CS), 4 CS-unconditioned stimuli (USs), US, 4
CS–USs, in sequence] with randomized intertrial
intervals (ITIs) between 20 and 40 sec. The CS was
a 352-msec tone (1000 Hz, 80 dB, 5 msec rise/fall
time), and the US was a coterminating 100-msec
shock (100 Hz biphasic square pulses delivered
with a Grass SD9 stimulator). The initial US inten-
sity was 20 V with 5-V increments every subse-
quent day to compensate for US habituation.

After 1 day of habituation, animals underwent
6 days of classic eye-blink conditioning, followed
by 4 days of extinction (CS alone) training.

EMG ANALYSIS

For conditioned response (CR) analysis, the
eyelid EMG signal was amplified, digitized, and
stored by a computer for off-line analysis. The EMG
sampling threshold was adjusted so that the base-
line activity was ∼0.5 U/bin.

The CR period, the time window within which
the digitized unit activity was used to score a CR,
was defined as the period from 84 msec after the
CS onset to the US onset (total of 168 msec) in
paired CS–US trials, or to the termination of the CS
(total of 268 msec) in CS-alone trials. The pre-CS
period was defined as the 252-msec period before
the onset of the CS.

The digitized EMG activity was analyzed trial
by trial, and ‘‘bad’’ trials were excluded using the
following criteria: (1) During the 252-msec pre-CS
period, the average unit count per bin is higher
than 2 (suggesting a high eyelid activity before the
CS onset), or (2) the standard deviation (S.D.) of
unit counts per bin is greater than the average unit
counts per bin during the pre-CS period (suggest-
ing an unstable EMG activity before the CS onset),
or (3) the average unit count within 28 msec (7
bins) after the CS onset is 1 S.D. greater than the
average of pre-CS activity (suggesting a short-la-
tency startle response to the CS). The number of
trials rejected was 10 ± 3 per session for each wild-
type mouse and 6.4 ± 0.8 per session for waggler,
with no statistically significant difference (P > 0.1).

The CR was defined as the average unit activity
of any consecutive 7 bins during the CR period that
was higher than ‘‘average + S.D. + 1’’ of the pre-CS
unit activity. The CR onset latency was computed
as the first time during the CR period, starting at
which the average unit count of consecutive 7 bins
(28 msec), was higher than average + S.D. + 1 of
the pre-CS unit activity. The peak latency was cal-
culated as the time during the CR period starting at
which the average unit count of consecutive 7 bins
(28 msec) was the highest and was higher than
average + S.D. + 1 of the pre-CS unit activity. The
unconditioned response (UR) amplitude was de-
fined as the difference between average unit activ-
ity during the UR period (100-msec period 50 msec
after the termination of the US) and averaged unit
of the pre-CS period.

Results

BDNF mRNA EXPRESSION IS ABSENT
IN CEREBELLAR GRANULE CELLS

Figure 1 presents the expression patterns of
the BDNF mRNA. In normal adult brains, BDNF
was highly expressed in the hippocampus, the
neocortex, and the cerebellar cortex (mainly in the
granule cells). In the mutant brain, the BDNF ex-
pression was normal in the hippocampus and the
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neocortex but virtually absent in cerebellar granule
cells. The basal BDNF expression in the cerebellar
molecular layer and deep nuclei was low in both
mutant and wild-type mice and did not allow a
comparison between them. BDNF is expressed
transiently in the cerebellar deep nuclei around
postnatal day 5 (Rocamora et al. 1993), when the
phenotypes of the waggler mouse are not yet evi-
dent. We also examined the gross brain morphol-
ogy by cresyl violet staining of the brain sections.
Consistent with previous results from gene knock-
out studies (Jones et al. 1994), the mutant cerebel-
lum appeared qualitatively normal (Fig. 2). In the
cerebellar cortex, the laminar structure appeared
well developed with normal molecular, Purkinje,
and granule layers. In the cerebellar deep nuclei,
cells appeared normal in their densities, shapes,
and sizes. Several other brain regions involved in
eye-blink conditioning were also examined (Fig. 3),
including cerebellar nuclei, inferior olive, pontine
gray, red nucleus, cochlear nuclei, and hippocam-

pus. No noticeable difference was detected in any
of these regions.

CS AND US PERCEPTIONS ARE NORMAL
IN WAGGLER

Because most neurotrophin knockout mice
have sensory deficits, and some spontaneous
ataxic mutant mice have inner ear defects (Lyon
and Searle 1989), we tested the auditory and so-
matosensory responses in waggler mutant mice.
When the tails of the mice were placed on a 51°C
hot plate, both wild-type (n = 5) and mutant mice
(n = 5) exhibited the characteristic tail flicks. The
latency to tail flicks was measured three times with
1-min intervals. Both groups showed slight, but not
significant, sensitization to the repeated measures.
When the averaged latencies were compared (Fig.
4), no difference was found between the wild-type
and the mutant mice [F(1, 8) = 0.003, P > 0.5].
Therefore, waggler mutant mice seem not to have
the somatosensory deficits exhibited by the BDNF
gene knockout mice. Furthermore, the uncondi-
tioned responses to the same US were not different
between waggler and the wild-type mice (see Fig.
6, below), indicating that the specific US percep-
tion is normal in the mutant.

Figure 5 shows a 10-trial summary of the ex-
tracellular neuronal responses recorded from the
auditory cortex of the wild-type and mutant mice.
The auditory stimulus was a 352-msec tone (1000
Hz, 80 dB, 5-msec rise/fall time), which was iden-
tical to the CS used in the behavioral training. Both
the wild-type and the mutant mice showed re-
sponses with comparable patterns and amplitudes.

The normal hearing in the waggler mutant
was also verified behaviorally with tone fear con-

Figure 1: Expression patterns of BDNF mRNA in adult
brains of wild-type (A) and waggler mice (B). The only
noticeable difference is the absence of BDNF mRNA in
the waggler cerebellar granule cell layer.

Figure 2: Sagittal sections of the cerebellar cor-
tex (A, wild-type; B, waggler; 40× objectives) and
coronal sections of the cerebellar interpositus
nucleus (C, wild-type; D, waggler; 20×).
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ditioning. Despite the apparent ataxia, waggler
mice showed a similar amount of freezing to the
wild-type after three foot shocks [F(1,13) = 1.31,
P > 0.1] during the training session. Two days
later, the tone test was conducted in a new
context. During the first minutes without tone,
no freezing was observed in either group.
When the tone was presented, the mice in both
groups exhibited profound freezing. The percent
freezing times were similar between the mutant
and the wild-type groups during the first minute
after the tone onset [F(1, 13) = 0.42,P > 0.5],
which indicates normal hearing of the mutant
mice.

EYE-BLINK CONDITIONING IS SEVERELY IMPAIRED

Despite the normal sensory responses, the mu-
tant mice were severely impaired in eye-blink con-
ditioning. As evaluated using CR percentage of the
paired trials (Fig. 6), wild-type mice exhibited a
significant level of learning during the 6 days of
paired training [linear trend analysis, F(1,
5) = 26.81, P < 0.005], whereas waggler mice only
showed a marginal level of learning [F(1, 5) = 5.69,
P =0.063]. The wild-type mice learned to a higher
asymptotic level at a faster learning rate than the
mutant mice [two-way ANOVA: group effect, F(1,
10) = 26.84, P < 0.001; group × day interaction,
F(5, 50) = 4.78, P < 0.005]. The impairment did
not appear to be caused by performance deficits,
as the unconditioned response amplitudes (Fig. 6)
were not statistically different between the two
groups [two-way ANOVA: group effect, F(1,

10) = 3.62, P > 0.05; group × day interaction F(5,
50) = 1.28, P > 0.05].

When the learning was evaluated using CS-
alone trials (Fig. 7), the impairment was also evi-
dent in waggler mice [F(1, 10) = 14.20, P < 0.005].
However, the mutant did show a mild increase in
percent CRs [F(5, 25) = 2.88, P <0.05]. The CRs
were extinguished to a similar level in both groups
after repeated presentations of the tone CS [day
effect: wild type, F(3, 15) = 8.84, P < 0.005; wag-
gler, F(3, 15) = 4.33, P < 0.05]. No significant dif-
ference between the two groups was found during
the extinction training, which might be attribut-
able to the large variability.

The histograms of the onset and peak CR la-
tencies are presented in Figure 8. The onset la-
tency of the wild-type mice exhibited a pattern
similar to those observed before (Shibuki et al.

Figure 4: Onset latencies of heat-induced tail flicks as
an index of pain perception. It took a similar amount of
time for both wild-type (solid bar) and waggler (open
bar) mice to feel the 51°C hot plate-induced pain and to
start tail flicks.

Figure 3: Coronal brain sections of the
wild-type and waggler mice. (A) Cerebel-
lar deep nuclei (5× objectives); (B) infe-
rior olive (10×); (C) basal pontine gray
(5×); (D) red nucleus (10×); (E) cochlear
nuclei (5×); (F), hippocampus (5×).
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1996; Bao et al. 1998). A large number of CR onset
latencies fell into the bin covering the 57- to 84-
msec period (Fig 8A,C). The overall pattern re-
sembled a normal distribution skewed toward the
CS onset, indicating that the responses were trig-
gered by the CS. The peaks of wild-type CRs had a
bimodal pattern as seen before (Shibuki et al. 1996;
also in C57BL6/J and BALB/c mice, S. Bao, L. Chen,
and R.F. Thompson, unpubl.). For the mutant
mice, however, both the onset and peak latencies
were delayed. The distributions were also flatter in
waggler than in wild-type mice. To rule out the
effects caused by the large difference between the
total numbers of CRs of the wild-type and the mu-
tant groups, the frequencies of occurrence were
also plotted in Figure 8 B and D. The differences
are clear and statistically significant [two-way
ANOVA on the group × latencies interaction: onset
latency, F(8, 80) = 7.45, P < 0.000001; peak la-
tency, F(8, 80) = 3.49, P < 0.005]. (The peak of
eyelid EMG is not necessarily the peak of behav-
ioral eye-blink. The peaks of behavioral eye-blink
CRs in rabbits usually appear around the onset of
the US).

Discussion

Our results demonstrated impaired eye-blink
learning in mice with a localized BDNF deficiency.
Unlike the BDNF gene knockout mice (Ernfors et
al. 1994a; Jones et al. 1994), waggler mice do not
exhibit sensory nucleus degeneration. They also do

not have sensory or performance deficits pertain-
ing to classic eye-blink conditioning. Although
waggler mice show ataxia- and forebrain (but not
cerebellar)-generalized spike-wave epilepsy, these
features probably do not account for the learning
impairments, as eye-blink conditioning is normal in
tottering mice, another type of mutant mice with

Figure 6: Percent CR (top) and UR (bottom) amplitudes
exhibited by wild-type (d) and waggler (j) mice. The
percent CRs were calculated using CS–US paired trials.

Figure 5: (A,B) The 10-trial summary of tone-induced neuronal responses recorded from auditory cortex of wild-type (A)
and waggler (B) mice. (C) Tone fear conditioning. Wild-type (d) and waggler (j) showed no difference in freezing
percentage after three foot shocks or during the first minute of the tone test.
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ataxia and similar epilepsy but without cerebellar
BDNF deficiency (S. Bao, L. Chen, X. Qiao, and R.F.
Thompson, unpubl.).

Neurotrophins and their receptors are ex-
pressed differentially in the central nervous system
(Maisonpierre et al. 1990; Friedman et al. 1991;
Ringstedt et al. 1993; Rocamora et al. 1993; Escan-
don et al. 1994). Generally, NT-3 expression de-
creases, whereas BDNF expression increases dur-
ing development (Maisonpierre et al. 1990). In the
rat cerebellum, NT-3 expression peaks ∼2 weeks
postnatally and tapers down later, whereas BDNF
expression peaks at postnatal day 20 and remains
high throughout adulthood (Rocamora et al. 1993).

A similar pattern is also observed in the mouse
(Hofer et al. 1990; Qiao et al. 1996). In rats of
postnatal day 20, granule cells have finished migra-
tion from the outer to the inner granule cell layer,
and the maturation of the mossy fiber–granule cell
synapses and the parallel fiber–Purkinje cell syn-
apses is in progress (Altman 1972). Thus, BDNF
may be more important in synaptic formation and/
or maturation rather than in neuronal survival or
differentiation. This notion is supported by the fact
that waggler mice (also see Jones et al. 1994 for
BDNF gene knockouts; Qiao et al. 1996 for star-
gazer mutant) develop qualitatively normal cer-
ebellar laminar structure despite the lack of BDNF
expression. The BDNF knockout mice show nor-
mal hippocampal morphology but deficient hippo-
campal basal synaptic transmission and long-term
potentiation (Korte et al. 1995; Patterson et al.
1996). The similar deficits in basal synaptic trans-
mission or synaptic plasticity may occur in the cer-
ebellar cortical synapses in waggler mice, and con-
sequently impair classic eye-blink conditioning.

Although it is enticing to attribute the motor
learning deficits to the BDNF failure, further stud-
ies are necessary to test the hypothesis directly.
The waggler mutant was first discovered in Jack-
son Laboratory (Sweet et al. 1991) and later was
found to be allelic to stargazer mice (Sweet 1993),
another ataxic mutant (Noebels et al. 1990). Al-
though the mutation has been mapped on Chro-
mosome 15 between D15Mit30 and the parvalbu-

Figure 7: Percent CRs of the wild-type (d) and waggler
(j) mice during acquisition and extinction phases. The
percent CRs were calculated using CS-alone trials.

Figure 8: The onset (A,B) and peak (C,D) latencies exhibited by wild-type (solid bars) and waggler (open bars) mice. Both
numbers of occurrence (A,C) and occurring frequencies (B,D) are presented.
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min gene (Letts et al. 1997), it is not known yet
how this mutation causes the failure of BDNF ex-
pression. It is possible that the absence of BDNF
and the impaired eye-blink conditioning are sepa-
rate results of the waggler mutation and indepen-
dent of each other. A decisive experiment would
be to rescue the learning by putting BDNF back
into the cerebellum.

The timing of the classically conditioned eye-
blink responses is altered in cerebellum-lesioned
rabbits (Logan 1991; Perrett et al. 1993) and in
some cerebellar mutant mice (Chen et al. 1996a).
In waggler mutant mice, CR onset and peak laten-
cies are also changed. Unlike early-onset CRs of
Purkinje cell degeneration (pcd) mutant mice, the
CRs exhibited by waggler mice are delayed. This is
consistent with the fact that the Purkinje cells, the
major inhibitory input to the cerebellar deep nu-
clei, are present in the waggler mutant but not in
the pcd mutant.

The present results are in agreement with
those of a developmental study (Stanton et al.
1992) showing that the learning capacity of rats in
classic eye-blink conditioning increases dramati-
cally during postnatal days 18–24, which is coinci-
dent with synapse maturation and BDNF expres-
sion of the cerebellar cortex (Altman 1972; Ro-
camora et al. 1993) but not with the transient
BDNF expression in the cerebellar deep nuclei dur-
ing postnatal days 5–15 (Rocamora et al. 1993).
These results suggest that the cerebellar cortical
synaptic transmission is important for eye-blink
conditioning.

An alternative view is that the cerebellar deep
nuclei are also affected by the cerebellar cortical
BDNF deficiency, as the two regions have recipro-
cal projections. Although our light microscopic ob-
servations indicate that the morphology of the mu-
tant cerebellar deep nuclei is normal in all aspects
examined, further electrophysiological and elec-
tron microscopic examinations of the cerebellar
deep nuclei of the waggler mutant are essential for
a conclusion on this issue.

In the past two decades, evidence has accumu-
lated pinpointing the cerebellum as the site of
memory formation and storage for eye-blink con-
ditioning (for review, see Thompson et al. 1997).
The cerebellar cortex is necessary for optimal
learning, although in most studies, cortical lesions
only result in partial impairment (Yeo et al. 1985;
Lavond et al. 1987; Lavond and Steinmetz 1989;
Perrett et al. 1993; Chen et al. 1996a). Within the
cerebellar cortex, it is hypothesized that the climb-

ing fibers carry the US information and modify the
parallel fiber–Purkinje cell synapses that convey
the CS information from mossy fiber to cerebellar
deep nuclei (Marr 1969; Albus 1971; Ito 1984;
Thompson et al. 1997). Recent studies using gene
knockout mice support this hypothesis. Compared
to normal mice, gene knockout mice with multiple
climbing fiber innervation learn faster (Chen et al.
1995), whereas mice with impaired parallel fiber–
Purkinje cell long-term depression learn slower
and to a lower asymptotic level in classic eye-blink
conditioning (Aiba et al. 1994; Shibuki et al. 1996).
However, a clear correlation between the cerebel-
lar electrophysiology and learning has been ham-
pered by the fact that the genetic deficiencies in
conventional gene knockout mice are global,
rather than localized. The present results indicate
that the waggler mutant mouse may be a suitable
model for studying the functions of BDNF in adult
cerebellum.

In summary, we demonstrated that eye-blink
conditioning is severely impaired in waggler, a mu-
tant mouse with a localized cerebellar BDNF defi-
ciency. The results support the hypothesis that the
cerebellum is essential for classic eye-blink condi-
tioning. The results also suggest that normal BDNF
expression may be important for adult cerebellar
functions and behavioral learning.
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