Cell, Vol. 73, 377-388, Oclober 21, 1994, Copyright © 1984 by Cell Press

Deficient Cerebellar Long-Term Depression

and Impaired Motor Learning

in mGIluR1 Mutant Mice

Atsu Ajba,” Masanobu Kano,' Chong Chen,*
Mark E. Stanton,* Gregory D. Fox,* Karl Herrup,§
Theresa A. Zwingman,# and Susumu Tonegawa”
*Howard Hughes Medical Institute

Center for Learning and Memoary

and Department of Biclogy

Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

TDepartment of Physiology

Jichi Medical School

Minamikawachi-machi

Tochigi-ken 329-04

Japan

#Neurotoxicology Division

United States Environmental Protection Agency
and University of North Carolina at Chapel Hill
Research Triangle Park, North Carolina 27711
SAlzheimer Research Laboratories

Case Western Reserve Medical School

Cleveland, Ohio 44106

Summary

mGluR1 mutant mice are viable but show characteris-
tic cerebellar symptoms such as ataxic gait and inten-
tion tremor. The anatomy of the cerebellum is not
overtly disturbed. Excitatory synaptic transmission
from parallel fibers (PFs) to Purkinje cells and that from
climbing fibers (CFs) to Purkinje cells appear to be
functional, and voltage-gated Ca®* channels of Pur-
kinje cells are normal. Both PF and CF synapses dis-
play normal short-term synaptic plasticity to paired
stimuli. By marked contrast, long-term depression
(LTD) is clearly deficient and conditioned eyeblink re-
sponse is impaired. We conclude that mGIuR1 is re-
quired for the induction of LTD and that the ataxic be-
havior and impaired eyeblink conditioning of the
mGiuR1 mutant mice are primarily due to deficient
LTD.

Introduction

Persistent changes in synaptic strength, such as lang-term
potentiation (LTP) and long-term depression (LTD), are
thought to be a cellular basis of learning and memary. In
the cerebellum, LTD is found to occur in excitatory syn-
apses on Purkinje cells, the sole output neurons of the
cerebellar cortex. Each Purkinje cell has two distinct types
of excitatory synapses: many weak synapses from paraliel
fibers (PFs) and a single strong synapse from a climbing
fiber (CF; lto, 1984). LTD occurs in PF-Purkinje cell syn-
apses following repetitive activation of these synapses in
conjunction with CF inputs (lto et al.,, 1982 Ekerot and
Kano, 1985; Sakurai, 1987).

Induction of LTD requires Ca®" entry to Purkinje cells
through voltage-gated Ca®* channels that are activated

by CF activity (Sakurai, 1990; Hirano, 1990; Crepel and
Jaillard, 1991; Konnerth et al., 1992). In addition, LTD re-
quires factors that result from stimulation of PFs that use
glutamate as a transmitter (Ito, 1984). PF stimulation can
be replaced by application of glutamate or quisqualate,
but not aspartate or kainate, indicating that quisqualate-
selective subtypes of glutamate receptors are involved
(Kano and Kato, 1987, 1988). Later, it was revealed that
activation of both ionotropic a-amino-3-hydroxy-5-methyl-
d-isoxazolepropionate (AMPA) receptors and metabo-
tropic glutamate receptors (mGIuRs) are necessary for
LTD induction (Linden et al., 1991, Daniel et al., 1992).
Invalvement of mGluRs is further supported by two recent
reports. Hartell (1994) showed that LTD in slice prepara-
tion is abolished by (RS)-z-methyl-d4-carboxyphenylgly-
cine (MCPG), a selective mGIuR antagonist. Shigemoto et
al. (1994) demonstrated that antibodies against mGluR1, a
subtype of mGluRs thatis abundant in Purkinje cells (Masu
et al.. 1991; Shigemoto et al., 1982, Fotuhi et al., 1983),
block LTD induction in cell culture preparation.
Functional significance of cersbellar LTD In certain
types of motor learning has been suggested by studies
carried out using the lesion technique or the in vivo re-
cording technique of neural activity in behaving animals
(Ito, 1984, 1989, Thompson and Krupa, 1934). For exam-
ple, the memary trace for classical conditioning of eyeblink
responses seems to be stored in the cerebellum, either
in the cortex or deep nuclel, or both (Thompson, 1986),
The two excitatory inputs to the cerebellum, mossy fibers
and CFs, are shown to carry conditioned stimulus (CS)
and unconditioned stimulus (US), respectively. These two
types of inputs converge in both the cerebellar cortex and
the deep nuclei. In the cerebellar cortex, mossy fibers
make excitatory synaptic contacts on granule cells whose
bifurcated axons are PFs. Therefore, CS and US eventu-
ally converge on Purkinje cells. Since the induction of LTD
requires conjunctive activation of PFs (CS pathway) and
CFs (US pathway), it fulfills the condition for associative
learning. Thus, LTD is a good candidate for a cellular
mechanism of eyeblink conditioning. However, direct evi-
dence for causal relationship between LTD at the cellular
level and learning at the behavicral level is lacking. At-
tempts to link these two have been hindered by the diffi-
culty to manipulate LTD selectively without affecting other
brain functions. The recently developed gene-targeting
technique to produce mutant mice defective in a particular
gene product provides an opportunity for such a test. This
approach has been used with some success for relating
hippocampal LTP to spatial learning (Silva et al., 1992a,
1992b; Grant et al., 1992; Abeliovich et al., 1993a, 1993b).
In the present study, we have produced mice that lack
mGIuR1, The mice are viable but clearly ataxic. They show
characteristic cerebellar symptoms such as ataxic gaitand
intention tremor. The anatomy of the cerebellum is not
apparently disturbed. At the cellular level, excitatory syn-
aptic transmission from PFs to Purkinje cells and that from
CFs to Purkinje cells appear to be functional, and voltage-

By



Figure 1. Anatomy of the mGluR1 Mutant Cerebelium

Comparison of a parasagittal section of the wild-type cerebellar cortex (A) and & slightly more lateral section from the mutant (B) llustrates that
the size and cell density of this brain region are indistinguishable from the wild type, as is the pattern of cortical folding. This similarity is confirmed
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gated Ca®* channels of Purkinje cells are normal. More-
over, both PF and CF synapses display normal short-term
synaptic plasticity to paired stimuli. By marked contrast,
LTD is clearly deficient in the mutant mice. At the behav-
ioral level, we found that the conditioned eyeblink re-
sponse is impaired in the mutant mice. We thus conclude
that mGIluR1 is required for the induction of LTD and that
the ataxic behavior and impaired eyeblink conditioning of
the mGIuR1 mutant mice is mainly due to deficiant LTD.

Results

Anatomy of mGluR1 Mutant Cerebellum

In the cerebellum, mGIluR1 is most abundant in the Pur-
kinje cells, in which it is found at all levels of the dendritic
tree (Martin et al., 1992). Nevertheless, the cellular compo-
sition of the cerebellum is unaffected by the mGIuR1 muta-
tion as viewed in cresyl violet-stained material (Figures
1A-10). The size and cell structure of the cerebellum are
normal. We further examined the Purkinje cell dendrites
in the mutant animals. Two mutants and two wild-type
controls were processed for Golgi impregnation with a
modified Golgi-Cox stain (see Experimental Procedure).
In general, neuronal dendrites throughout the brain of the
mutants are well formed. Indeed, most gualitative features
of the mutant Purkinje cell dendritic tree wera unaltared
{Figure 1E). The size of the dendrites appear normal, and
the tertiary branchlets are studded with synaptic spines
(Figure 1G). However, two minor abnormalities were noted
in the mutants. There appears to be a moderate increase
in the percentage of multipolar cells (cells with more than
one dendrite emanating directly from the cell body) in the
mutants (11.1%, n = 369), compared with the wild-type
carebellar cortex (5.9%, n = 152; Figure 1F). In addition,
there might be a slight decrease in the overall complexity
of Purkinje dendritic branches in the mutant brain (data
not shown).

Excitatory Synaptic Transmission ls Functional

but Slightly Modified

A characteristic feature of the excitatory synaptic trans-
mission in cerebellar Purkinje cells is that it is exclusively
mediated by a non-N-methyl-D-aspartate (non-NMDA)
subtype of glutamate receptors (Kano and Kato, 1987,
Kano et al., 1988; Llano et al., 1991b). We verified that
this is also true for the mouse. Figure 2 presents sample
records of PF-mediated (PF-) and CF-mediated excitatory
postsynaptic currents (CF-EPSCs) of wild-type and mutant
Purkinje cells from experiments in which effects of an
NMDA blocker, bL-2-amino-5-phosphonopentanoate (APS;
100 uM), and a non-NMDA antagonist, 6-cyanc-7-nitro-
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Figure 2. EPSCs in the Wild-Type and Mutant Purkinje Cells

(A) PF-EPSCs In a wild-type (25 days old) mouse and a mutant (17
days old) mouse. (B} CF-EPSCs in a wild-type (8 days old) mouse
and & mutant (2 days old) mouse. Note that neither PF-EPSCs nor
CF-EPSCs ware blocked by a specific NMDA receptor antagonist, APS
(100 uM), but both were totally suppressed by a non-NMDA receptor
antagonist, CNCQX (10 pM). In all records, the perfusate was Mg™
free Ringer containing 10 pM glycine 1o maximize NMDA receptor
mediated currents. APS and CNOX were bath applied. Stimuli wers
repeatad at 0.5 Hz for PF-EPSCs and at 0.1 Hz for CF-EPSCs. Each
trace is the average of five consecutive EPSCs. Holding potential was
—80 mV except for the mutant in (B} (=70 mV).

guinoxaling-2,3-dion (CNQX; 10 uM), were examined. We
verified that both PF- and CF-EPSCs are mediated by non-
NMDA receptors in wild-type and mutant mice as pre-
viously shown for other animal species (Figure 2). These
results exclude the possibility of Ca® entry through NMDA,
receptor channels during excitatory synaptic transmission
in mouse Purkinje cells. Thus, the main pathway of Ca®
influx to Purkinje cells must be through voltage-gated Ca™
channels, which were demonstrated to be normal in mu-
tant neurons (see Figure 4).

PF-EPSCs in the mutant Purkinje cells appeared to be
similar to those in wild-type cells, except for a slight differ-
ence in the decay time course (Figure 2A). The average
decay time constant, which may be described by a single
exponential function (Llano et al., 1991b), is 11.4 £ 0.5
ms in wild-type (n = 16 from nine mice, 17-28 days old)
and 8.8 = 0.4 ms in mutant (n = 16 from ten mice, 17-
28 days old) Purkinje cells. This difference is significant
(p < 0.05, t-test). The values of access resistance during
recording of PF-EPSCs were 11.6 £ 0.3 MO (n = 16) for
the wild-type and 11.8 £ 0.3 M$2 (n = 16) for the mutant,
respectively, indicating that the recording conditions were
identical. Thus, the synaptic transmission between PF and

at higher magnification where the microarchitecture of the cerabellar cortex of the wild-type mouse (C) can be seen to be comparable in every
respect 1o that of the mGluR1 mutant (D). M, molecular layer; P, Purkinje cell layer; G, granule cell layer. The dendrites of the Purkinje cells were
examined using a modified Golgi-Cox stain. Most cells in the mGluR1 mutant hawve a well-branched, iso-planar dendritic tree (E), although|the
branching density of the cells appeared reduced from the wild type. Despite this, the tertiary branchlets of the mutant Purkinje cell dendrites are
studded with spines, the postsynaptic side of the PF-Purkinje cell synapse (G). An additional abnormality noted in the mutant animals was| the
presence of increased numbers of Purkinje cells with more than one dendrite issuing from the cell body (F). Scale bars indicate the following
lengths: (&) and (B}, 1 mm; {C) and (D, 100 um; (E} and (F), 100 um; (G}, 20 um.



Purkinje cell synapses is functional in mutant mice, but
there is a slight modification.

Similar results were also observed in CF-EPSCs (Figure
2B). The average decay time constant, which may also
be described by a single exponential function (Llano et
al., 1991b), is significantly shorter in the mutant Purkinje
cells (3.8 = 0.3 ms, n = 13 from ten mice, 7-17 days
old) in comparison with the wild-type cells (6.9 = 0.8 ms,
n = 7 from five mice, 7-17 days old; p < 0.01, t-test).
Again, the values of access resistance were identical for
the wild type (11.3 = 1.0 MQ, n = 7) and the mutant
(11.9 = 0.6 M2, n = 13). Since the decay time constant
reflects electrotonic length between the recording elec-
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Figure 3. Short-Term Synaplic Plasticity Is Normal in the Mutant Pur-
kinje Calls

(A) Paired-pulse facilitation of PF-EPSCs in the wild-lype (open circles,
n = B from sight mice) and mutant (closed circles, n = 7 from five
mice) Purkinje cells. The second response (expressed as percentage
of response 1o the first pulse, mean = SEM) is plotted as a function
of interpulse intervals. Stimulus pairs were applied at 0.5 Hz, Insets
show example of PF-EPSCs to pairs of stimull separated by 30 ms in
transverse ceraballar slices from wild-type (19 days old) and mutant (17
days old) mice. Each trace is the average of five consecutive EPSCs,
Holding potential was =60 mV,

(B) Paired-pulse depression of CF-EPSCs in the wild-type (open cir-
cles, n = 7 from three mice) and mutant (closed circles, n = B from
seven mice) Purkinje cells, which is illustrated similarty to (A). Stimulus
pairs wera applied at 0.1 Hz. Insets show examples of CF-EPSCs to
pairs of stimuli separated by 50 ms in sagittal cereballar slices from
wild-type (9 days old) and mutant (12 days old) mice. Each trace is
the average of five consecutive EPSCs. Holding potential was —20 m\V.

trede and the site of synapses, we suspect that this may
be related to the minor morphological modifications ob-
served in the mutant Purkinje dendritic trees (see Fig-
ure 1).

Shorl-Term Synaptic Plasticity Is Normal

Short-term historic effects, reflected as the response to
the second stimulus of a pulse pair, are one important
aspect of synaptic function. It has been reported that PF-
EPSCs display a facilitation, while CF-EPSCs display a
depression, to the second stimulus of a pulse pair (Kon-
nerth et al.,, 1980). In the mutant mice, PF-EPSCs and
CF-EPSCs show prominent paired-pulse facilitation and
depression, respectively (Figures 3A and 3B). The ampli-
tudes are not significantly different from those of the wild-
type mice at all interpulse intervals tested (Figures 3A and
3B). Thus, short-term synaptic plasticity is unimpaired at
both PF and CF synapses in the mutant mice. Paired-pulse
synaptic plasticity is presumably caused by increase or
decrease of transmitter release from presynaptic termi-
nals (Zucker, 1989; M. K. and K. Hashimoto, unpublished
data). Therefore, the present results strongly suggest that
presynaptic functions of both CF and PF synapses are
unimpaired in the mutant mice.

Voltage-Gated Ca®* Currents Are Normal

The induction of LTD requires transient elevation of intra-
cellular Ca* concentration mediated by the activation of
voltage-gated Ca® channels (Sakurai, 1990; Hirano, 1990;
Linden and Connor, 1991; Linden at al., 1991; Konnerth
et al., 1992). Hence, we tested whether Ca® currents in
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Figure 4. Voltage-Gated Ca* Currents Are Mormal in the Mutamnt Pur-
kinje Cells

(A) Whole-cell membrane currents elicited with 20 ms voltage steps
from a holding potential of —80 mV 1o various test potentials of —60 mV,
Omv, +10mV, +20 mV, and +30 mV, Slices cbtained from wild-type (&
days old) and mutant (5 days old) mice.

(B) Current-voltage relations for average peak Ca®™ currents in wild-
type (open circles, n = 7 from three mice) and mutant (closed circles,
n = T from three mice) Purkinje cells. Ermor bars display SEM. The
external Ringer solution contained 0.5 uM tetrodotoxin (TTX) and 75
mbd tetrasthltammenium (TEA) chloride to block Na™ and K* currents,
respectively. The concentration of MaCl was reduced to 50 mM to
keep the osmolarity constant. The pipette salution containad the fol-
lowing: 60 mM CsCl, 20 mM TEA-CI, 20 mM BAPTA, 30 mM Cs
o-gluconate, 30 mM HEPES, 4 md MgCl;, 4 mM ATP (pH 7.3, adjusted
with CsOH).
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Purkinje cells were normal in the mutant mice. Whole-cell
membrane currents in response to voltage steps were re-
corded from wild-type and mutant Purkinje cells in cerebel-
lar slices from young mice (5-6 days old). Young mice
were used because Purkinje cells at this age are almost
devoid of dendrites, and therefore, a good voltage control
of the cell membrane can be achieved.

Voltage-gated Ca® currents are similar in their kinetics
and amplitudes between wild-type and mutant Purkinje
cells (Figure 4A). The current-voltage relations of Ca®*
currents are virtually identical between the two groups
(Figure 4B). These results indicate that voltage-gated Ca®*
currents are normal in the mutant Purkinje cells.

LTD Is Deficient

To assess fully the effect of mGIuR1 gene delation on the
induction of cerebellar LTD, we used two different proto-
cols to induce LTD. The first protocol is conventional and
similar to the ones used previously to induce LTD in both
whole-animal and slice experiments (Ito et al., 1982; Ek-
erot and Kano, 1885; Sakurai, 1987). This protocol is com-
posed of 480 single PF stimuli in conjunction with a depo-
larizing pulse (for 50 ms from a holding potential of —60 mV
to 0 mV) repeated at 4 Hz (CJ-4Hz). The second protocol is
analogous to the one used by Hartell (1984) to demon-
strate that the mGIuR antagonist MCPG blocks LTD induc-
tion. This consists of 96 trains of PF stimuli (five pulses
at 100 Hz) in conjunction with a depolarizing pulse (for 50
ms from a holding potential of =60 mV to 0 mV) delivered
avary 2 s (CJ-train).

We substituted CF stimulation with postsynaptic depo-
larization, which has been shown to be effective for the
induction of LTD (Hirano, 1920; Crepel and Jaillard, 1991:
Linden and Connor, 1991; Linden et al., 1991; Konnerth
et al., 1992). This procedure ensures that mGIuR1 in the
Purkinje cells would be activated by glutamate released
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from PFs but not from CFs. In addition, this method elimi-
nates complications arising from white matter stimulation,
which may also activate the mossy fiber-granule cell-PF
pathway.

Whole-cell recording was made from Purkinje cells in
transverse cerebellar slices from 18- to 25-day-old mice.
PFs were stimulated in the middle molecular layer (pulse
width 0.1 ms, strength 1-10 V) about 200 pm away from
the recorded Purkinje cells. Conjunctive stimulation was
applied after stable recording of PF-EPSCs for 10 min.
Passive membrane properties of Purkinje cells were moni-
tored by applying 10 mV hyperpolarizing pulses. Series
resistance was monitored intermittently every 3 min and
was kept constant around 10-15 Mo

In the wild-type Purkinje cells, both protocols induced
significant LTD of PF-EPSCs (Figures 54 and 5C). The
amplitudes of depression measured during 25-35 min
after conditioning ranged from 46.0%-97.5% (76.5 =
5.6%, n = 9 from seven mice) for the CJ-4Hz, and from
60.6%—87.5% (77.2 £ 3.7%, n = 7 from four mice) for
the CJ-train (Figure 6). In contrast, neither the CJ-4Hz nor
the CJ-train protocol induced LTD in mutant slices (see
Figures 5B and 50). The amplitudes of depression mea-
sured during 25-35 min after conditioning ranged from
83.1%-116.7% (104.1 = 4.7%, n = 7 from five mice) for
the CJ-4Hz, and from 98.0%-127.4% (107.4 = 3.8%,
n = 8 from six mice) for the Cl-train (Figure 6). In mutant
slices, the average amplitudes tend to be potentiated
rather than depressed for both the CJ-4Hz and CJ-train
protocols. Thus, cerebellar LTD is clearly deficient in the
mGIuR1 mutant mice.

Motor Coordination Is Impaired

The mutant mice are viable but clearly ataxic. They show
characteristic cerebellar symptoms such as ataxic gait and
intention tremor. At rest, the mice sit guietly, but on initia-

Figure 5. LTD Is Deficient in Mutant Purkinje
Calls

{A) LTD was induced by a conventional con-
junction pretocal (CU-=4Hz) in a wild-type mouse
(19 days old). This protocol comprises 480 sin-
gle PF stimuli in conjunction with a depolarizing
puilse (for 50 ms from a holding potential of —80
mV 1o 0 mV) repeated at 4 Hz.

(B) The CJ-4Hz protocol failed to induce LTD
in a mutant mouse (20 days old). Test PF stimu-
lation was delivered at 0.5 Hz. Each point repre-
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Figure 6. Average Changes in PF-EPSC Amplitudes Following Two
Conjunction Protocols in Wild-Type and Mutant Purkinje Cedls

Summary of experiments in which the CJ-4Hz (upper panel) and CJ-
train (lower panel) protocols were applied to the wild-type (open circles)
and mutant (closed circles) Purkinje cells. The amplitude of PF-EPSC
is normalized to the baseline value before conditioning. Error bars
display SEM. Each point represents average of thirty consecutive PF-
EPSCs. Mumber of tested Purkinje cells are the following: n = 3 (seven
glices from seven mice) for wild-type CJ-4Hz, n = 7 (five slices from
five mice) for mutant CJ-4Hz, n = 7 (five slices from four mice) for
wild-type C-train, and n = 8 (seven slices from six mice) for mutant
Cl-train.

tion of movement, they begin to shake. In testing their
motor coordination, we subjected wild-type and mutant
mice to two motor tests, the rotorod and the inclined rod.
Mutant mice had difficulty staying on the rotorod, even if
it was stationary (Figure 7A). Once the rotorod began to
turn, mutant mice fell off immediately, while wild-type mice
managed to stay on the rod (Figure 7B). Similarly, on being
placed in the center of the inclined rod, mutant mice had
difficulty staying on it (Figure 7C).

The mutant mice walk with a wide base rolling motion
from side to side. Their motion typically ends with a large
amplitude tremor that involves the entire body. Analysis
of hind footprints showed that mutant mice cannot walk
along a straight line and that their feet tend to sweep along
the floor (Figure 8). The length of steps appears to be
shorter in mutant animals (Figure 8). These results further
suggest neuronal impairments in the cerebellum (Brunner
and Altman, 1973; Pellegrino and Altman, 1979).

Associative Learning of Eyeblink Response

Is Impaired

Introduced by Gormezano et al. (1962), rabbit eyeblink
conditioning has become a prevalent and extensively used
technigue in the study of classical conditioning. Others
have shown that reliable eyeblink conditioning could be
obtained with rats with paired but not with unpaired trials
(Hall, 1973, Disterhoft et al., 1977, Skelton, 1988; Schmaj-
iuk and Christiansen, 1990). As in the case of rabbits
(Thompson, 1986), the cerebellum iz alzo critically in-
volved with eyeblink conditioning in rats (Skelton, 1988;
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Figure 7. Mutant Mice Are Impaired in Motor Coordination

(A} Stationary rotorod test. Wild-type mice (n = &) were able to stay
and move around on the roller for an extended period of time; mutant
mica {n = §), although initially able to cling 1o the rod, fell off immedi-
ately once they initiated any movement (F[1, 58] = 102.5, p < 0.0001).
Maximal allowed time was 120 5.

{B) Running rotorod. Wild-type mice (n = &) managed to stay on the
roller for the entire 2 min by the fifth trial, mutant mice (n = &) fell
immediately after the roforod started rotating (F[1, 55] = 1568, p <
0.0001). The speed was 8 rpm.

{C) Inclined rod. Wild-type mice (n = 6) were able to remain and move
around on the rod; mutant mice (n = &) had difficulty staying on the
rod (F[1, 35] = 3523, p < 0.0001).

Stanton and Freeman, 1994). The mouse eyeblink condi-
tioning method utilized in this study is similar to the one
used in conditioning freely moving adult rats (Skelton,
1988; Stanton and Freeman, 1994). In this procedure,
mice were surgically implanted with two electrodes: one
for measuring eyelid slectromyographic (EMG) activity
and the other for delivering a brief electrical stimulation
in the vicinity of the eye.

We found that wild-type mice showed eyeblink condi-
tioning following pairings of an initially neutral tone with
a 5 ms perioccular shock (Figure 8). The general features
of the eyeblink response resembied that previously re-
ported for rats (Skelton, 1988) and rabbits (Schneiderman
et al., 1962). On some trials, mice showed responsas with
relatively short onset latencies (20-100 ms) like those de-
scribed as “startle responses” in adult rats (Skelton, 1988).
However, these responses were lower in amplitude and
longer in duration, and, unlike rats, they appeared to have
an associative component, in that they were less prevalent
in unpaired animals. In the paired group, conditioned re-
sponse (CR) amplitudes (not normalized) in the first train-
ing block of the first session did not seem to differ between
the wild-type (1.248 £+ 0.699 [mean + SEM], n = 10)
and mutant (1.52 + 0.5288 [mean + SEM],n = 10;p =
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Figure 8. Hind Footprint Pattern of Wild-Type and Mutant Mice

The mutant animal walks with a wide base rolling motion from side
to side. Motion typically ends with a large amplitude tremor that in-
volves the entire body. The mutant mouse is unable to walk along a
straight line. Walking staps appear 1o be shorter in the mutant mouse,
and their fest tend to sweep along the floor.

0.699, t-test) mice, nor did the amplitudes of unconditioned
responses (UR; wild type: 7.996 = 0.5483 [mean = SEM)|;
mutant: 9.22 = 1.1574 [mean = SEM]; p = 0.3514).
Similar results were cbserved in the unpaired groups (wild-
type CR: 0.26 = 0.1448 [mean + SEM], mutant CR:
0.4533 = 0.2815 [mean = SEM]; p = 0.5657, n = 6
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Figure 9. EMG Records of Associative Eyeblink Canditiening of Wild-
Type and Mutant Mice

Examples of eyeblink response to tone and shock in the initial (session
1} and well-trained (session 5) stages in wild-type (left panel) and mu-
tant (right panel) mice. Onsets of tone (C5) and shock (US) are indi-
cated in the bottom of the figure. The imterstimulus interval between the
CS and LIS was 280 ms. The last trace is a tone only trial. Conditioned
eyeblink response (CR) was elicited by tone.

each). Thus, CR baseline responses were not significantly
different between the wild-type and mutant mice and jn
both types of mice, the responses were lower in the un-
paired groups compared with the corresponding pa::;;
groups. For each mouse, we calculated the average
and UR amplitudes of the first session and took these as
the baseline CR and UR responses, respectively, of that
mouse. We then normalized amplitudes of the blocks|in
the subsequent sessions of each mouse against its corfe-
sponding baseline. |
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Figure 10. Mutant Mice Show Less Eyeblink Conditioning Than Wild-
Type Mice

(&) CR amplitudes expressed as parcent of the first averaged session
during C5-LIS paired trials in wild-type (n = 10) and mutant(h = 10
mice, Learning is evident in increasing amplitudes mmrmﬁninh blocks
in both groups (session 1 versus session 5: F[1, 395] = 1306, p <
0.0001) with a paired paradigm. Mutant CR amplitudes are significantly
less in the fifth session compared with the wild type (F[1, 385) = 16.8,
p < 0.0001). Each session containg ten blocks; each block ires
nine paired frials and one tone-only trial. The peak amplitudes were
measyured within a 100 ms window before the LIS onset in pained trials.
(B} Conditioned responses were observed in neither wild-tipe (n =
&) nor mutant (n = &) mice when they were trained with an unpaired
paradigm (see the Experimental Proceduras). CR amplitudes were
meaasured in tone-only trials.

(C) Average CR amplitudes in the fifth session are compared betwser
the paired and the unpaired paradigms. The training-rélated dRimpair
ment in mutant animals is evident in paired groups (s = 2.48, p =
0.023) but not in unpaired groups (see B).

(D) The CR amplitudes in both the wild-type and mutant mice afte

five sessions of paired training were extinguished to preconditianin

baselines when CS-only trials were presented. Each block contain

ten CS-only trials. The mutant CR amplitudes are Initially lass tha

the wild-type group (block 1: L, = 255, p = 0.022; bbq: 25ty o

209, p = 0.053). |
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The CR appeared only in the paired groups (Figura 104)
but not in the unpaired groups (Figure 10B), and it disap-
peared during extinction trials in which the CS alone was
repeatedly presented to trained animals (Figure 10D).
Thus, the CR is associative and pairing specific. Signifi-
cant conditioning occurred in the second session (blocks
11-20, Figure 10A) in wild-type and mutant animals. How-
ever, the two groups differed in their CR amplitudes in the
fifth session (blocks 41-50), in which the wild-type mice
surpassed the mutant group (p < 0.0001, also Figure 10C).
MNormalized CR amplitudes of wild-type animals seemed to
increase over the entire period of training sessions, while
those of mutant mice reached a plateau after the second
session.

MNeither wild-type nor mutant animals in unpaired groups
showed any noticeable conditioning (Figure 10B). Further-
more, the UR, i.e., eyeblink elicited by just a shock, did
not differ between the wild-type and mutant animals in
the two paired groups or in the unpaired groups (data not
shown). Thus, the eyeblink reflex did not seem to be modi-
fied by the gene knockout as UR amplitudes did not differ
between wild-type and mutant mice.

Discussion

Anatomical Alterations in the Mutant Cerebellum
Are Minor

At the light microscope level, few changes in cytoarchitec-
ture, cell density, or cell size have been observed in the
cerebellum of the mGIuR1 mutant mice (Figures 1A-1D).
Minor abnormalities observed are a moderate increase in
the overall percentage of multipolar Purkinje cells and a
small decrease in the overall extent of branching complex-
ity of their dendrites (Figures 1E-1G). Thus, the well-
studied developmental influence of the granule cell axon
on the Purkinje cell dendrite cannot be entirely mediated
by the mGluR1 protein. The quality and quantity of the
afferent input of a neuron is perhaps the most important
influence on the final shape of its dendritic arbor. Studies
of early postnatal interference with cerebellar granule cell
input using either X-rays (Altman, 1973; Crepel et al.,
1980; Woodward et al., 1975), drugs (Hartkop and Jones,
1977), or genetic lesions such as weaver or reeler (Cavi-
ness and Rakic, 1978; Rakic, 1975; Rakic and Sidman,
1973) have shown that many features of the size, shape,
and orientation of the Purkinje cell dendrite depend on
the presence of healthy granule cells. The changes in the
Golgi impregnation material from the mGIuR 1 mutant mice
described in this paper are far less dramatic than those
observed inthese earlier studies. Although they are subtie,
we cannot exclude the possibility that the morphological
changes are associated with the observed failure of LTD,
behavioral abnormalities, or both.

LTD Deficiency Is the Major Electrophysiclogical
Abnormality in the Mutant Cerebellum
Electrophysiological studies confirmed that basic neural
connections in the mGluR1 mutant cerebellum are largely
normal. Thus, excitatory synaptic transmission from both
PFs and CFs is functional, and their pharmacological na-

ture is identical to that of wild-type animals (Figure 2).
Short-term synaptic plasticity characterized by responses
to paired stimuli is essentially normal in both PF and CF
synapses (Figure 3), suggesting that presynaptic functions
are normal in the mutant mice. Moreover, voltage-gated
Ca* channels are normal (Figure 4). The only difference
we could detect is that the time courses of EPSCs are
faster in the mutant, which might be attributable to the
slight modification of the Purkinje cell dendritic tree (Fig-
ures 1E-1G). Thus, LTD deficiency is the most prominent
teature in the mutant cerebellum (Figures 5 and 6). These
results suggest that mGIuR1 is not essential for basic ex-
citatory synaptic transmission, but it is for the induction
of LTD. Our results obtained with slices of mGluR1 mutant
cerebellum confirm the conclusion of the recent study car-
ried out using anti-mGIluR1 antibody in cultured neurons
(Shigemoto et al., 1994).

mGluR1 at PF Synapses Is Required

for LTD Induction

In wild-type mice, both CJ-4Hz and CJ-train protocols in-
duced a stable LTD of PF-EPSCs (Figures 5 and €). In
contrast, neither protocol induced LTD in the mutant ani-
mals (Figures 5 and §), and the average amplitudes tended
to be potentiated rather than depressed (Figure 6). These
results suggest that activation of both AMPA receptors
and mGluR1 at PF synapses leads to LTD when paired
with depolarization of Purkinje cells. On the other hand,
activation of AMPA receptors alone in conjunction with
depaolarization does not depress, but slightly potentiates
PF-Purkinje cell synapses. This is consistent with the pre-
vious findings in cell culture preparations: iontophoretic
application of both AMPA and trans-1-aminocyclopen-
tane-1,3-dicarboxylic acid (trans-ACPD) induced LTD,
while AMPA alone caused slight potentiation when paired
with depolarization of Purkinje cells (Linden et al., 1991).

A recent study showed that slight potentiation rather
than depression is induced when the culture is given gluta-
mate depolarization conjunction in the presence of anti-
bodies against mGIuR1 (Shigemoto et al., 1994). This
study, however, did not address the issue of which of the
two types of Purkinje cell synapses requires mGIuR1 for
LTD induction. mGIluR1 is abundant not only in dandritic
spines where PF synapses are present, but also in cell
bodies and dendritic shafts where CFs make synaptic con-
tacts (Martin et al., 1992; Shigeamoto et al., 1984). Since
we demonstrated LTD deficiency of the mutant mice by
adopting depolarizing pulses rather than CF stimulation,
we can conclude that mGIuR1 at PF-Purkinje cell syn-
apses are essaential for LTD induction. Whether or not
mGIluR1 at the CF-Purkinje cell synapse is involved in
LTD induction remains to be seen.

What cellular processes mediate LTD induction follow-
ing activation of mGIUR1? It has been shown that mGIUR1
activation results in formation of 1,2-diacylglycersl (DG),
inositol trisphosphate, arachidonic acid, and cAMP (Masu
et al., 1991; Aramori and Nakanishi, 1992). Furthermora,
activation of protein kinase C by DG and Ca®** has been
shown to mediate LTD (Crepel and Krupa, 1988; Linden
and Connor, 1991). Whether some intracellular responses
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other than protein kinase C mediate LTD remains to be
investigated (for review see Linden, 1984).

LTD Deficiency and Cerebellar Symptoms in the
Mutant Mice

The mGluR1 mutant mice have symptoms that are typical
for cerebellar dysfunction. The anatomy of the cerabelium
is essentially normal, and basic excitatory synaptic trans-
mission is almost unimpaired, nevertheless LTD is defi-
cient. This suggests that LTD deficiency is a main cause
of cerebellar symptoms in the mutant mice. In other animal
models with cerebellar symptoms such as reeler, stag-
gerer, and nervous mice, the animals have clear morpho-
logical deficits (Sotelo, 1990). Therefore, the mGIUR1 mu-
tant mouse is an animal model in which cerebellar
symptoms are linked to LTD deficiency rather than just
abnormal morphology in the cerebellum.

It has been proposed that the role of the cerebellar cor-
tex is to combine simpler elements of movement into com-
plex coordinated acts (Thach et al., 1982). The PF, by
virtue of its connection through Purkinje cells to the deep
nuclei, appears optimally designed for conveying sensory
signals needed for such coordination at several joints. CF
signals may represent error control signals in the perfor-
mance of the motor systems. When the animal makes
“grrors” during movements, CFs would fire and depress
the transmission of PF signals responsible for error gener-
ation, through induction of LTD. Repetition of such trials
would lead to elimination of wiring of the cerebellum that
generates “errors” and, in parallel, improvements of motor
skills (Marr, 1969; Albus, 1971; Ito, 1984, 1989). According
to this hypothesis, mGIuR1 mutant mice lacking cerebellar
LTD would not improve motor skills during development,
and the cerebellar circuitry would remain naive and un-
learned.

LTD Deficiency and Impaired Eyeblink Conditioning
in the Mutant Mice

The essential memory trace circuit for long-term associa-
tive memory such as classical conditioning of sensory-
motor responses is thought to include the cerebellum and
its associated brain stem circuits (Thompson, 1986). Al-
though other sites such as the brain stem have also been
suggested (Welsh and Harvey, 1989, 1991; Bloedel,
1892), the cerebellum is thought to be the site of the forma-
tion and storage of this type of memory (see Thompson
and Krupa, 1994). For instance, lesions of one of the deep
carebellar nuclei (interpositus nucleus) prevent acquisi-
tion and abolish retention of the conditioned eyeblink re-
sponse (McCormick et al., 1982; Lincoln et al., 1982; Yeo
et al., 1985a; Steinmetz et al., 1992; Clark et al., 1982:
Krupa et al., 1993). Although the guestion of whether or
not the cerebellar cortex is essential is unresolved, it is
clear that it is critically important for normal learning of
the conditioned eyeblink response. Thus, if lesions ware
made before training, lesions limited to lobule HVI slowed
acquisition somewhat whereas larger lesions markedly im-
paired acquisition (Yeo et al., 1985b; Lavond et al., 1987,
Yeo and Hardiman, 1992; Perrett et al., 1993). Although
these lesion studies are effective in mapping neural cir-

cuitry involved in learning and identifying the site of mem-
ory traces, they do not illuminate synaptic mechanisms
responsible for learning and memory.

Although the associative nature of cerebellar LTD
makes it an attractive candidate for a synaptic mechanism
for associative learning of eyeblink response, direct evi-
dence is lacking. mGIluR1 mutant mice that exhibit cere-
bellar LTD deficit provided an excellent opportunity to test
this hypothesis. We thus adapted the eyeblink condition-
ing paradigm previously developed for rabbits (Thompson,
1986) and rats (Skelfton, 1988, Stanton and Freeman,
1884) 1o mice. We found that, like wild-type mice, mutant
mice are responsive to CS (tone) and US (shock). This
finding is in agreement with electrophysiological data (Fig-
ure 2) that showed that the excitatory synaptic transmis-
sion is essentially normal at both PF-Purkinje and CF-
Purkinje synapses. Thus, itis unlikely that, during eyeblink
conditioning, sensory inputs could not reach Purkinje
cells. Furthermore, execution of the unconditioned eye-
blink response (UR) per se is normal in both its amplitude
and shape (Figure 9). Thus, the mutant mice do not exhibit
obvious performance deficits; they seem to have an unaf-
fected motor reflex pathway.

We demonstrated that wild-type mice show eyeblink
conditioning that resembles the conditioning previously
found in rabbits (Thompson, 1986) or rats (Skelton, 1988).
Conditioned responses in these mice were associative,
in that they appeared only when the CS and US were
temporally paired and that they disappeared during extinc-
tion training involving repeated presentations of the CS
alone. Compared with wild-type mice, the training-related
growth in the CR amplitude was impaired in the mGIuR1
mutant mice, although some degree of eyeblink condition-
ing was present. This impairment was most evident toward
the end of training in our experiment (Figure 104). There
are two possible explanations for the observed impair-
ment: either the maximal level of learning (the asymptote)
is reduced by the mutation, or the rate of learning is re-
tarded. Further studies involving many more training ses-
sions are required to find out which of these two possibili-
ties is comrect.

Although the conditioned eyeblink response seemed to
be reduced in mutant mice compared with wild-type mice,
they clearly still can learn the task. This partial impairment
appears to be similar to that exhibited by animals with
restricted cortical lesions (Lavond and Steinmetz, 1989).
Thus, we conclude that mGluR1-mediated LTD in the PF-
Purkinje synapses is a cortical mechanism important for
the acquisition of the conditioned eysblink response, but
that it is not essential. Thus, the role of cortical LTD may
be to optimize the learning that is mediated by other brain
mechanisms. Perhaps learning-induced synaptic plastic-
ity in the interpositus nucleus plays an essential role, al-
though little is known about it (Racine at al., 1886). If such
a mechanism exists, our data suggest that mGIuR1 is not
its essential component.

It is significant that we observed impairment of the condi-
tioned ayeblink response in the mGIuR1 mutant mice de-
spite the fact that these mice exhibited virtually normal
morphology and synaptic function in the cerebellum. The
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LTD deficiency appears to be a major cerebellar featurs
that correlates with the learning impairment, Our resulis,
therefore, demonstrate that deficiency of cerebellar LTD
iz correlated with impairment of associative learning of
eyeblink response.

In the present study, we did not examine the inhibitory
synapses in the mutant cerebellum, It has recently been
revealed that inhibitory synapses also undergo long-term
change. For example, long-lasting rebound potentiation
is induced in GABAergic inhibitory synapses on Purkinje
cells following activation of CFs (Kano et al., 1992). It re-
mains to be seen whether inhibitory synapses are normal
and display long-term change in the mutant Purkinje cells
and whether they contribute to synaptic mechanisms for
associative learning.

Experimental Procedures

Production of mGIuR1 Mutant Mice

Mutani mice were produced as described in the accompanying paper
[Aiba et al., 1994 [this issue of Call]). Both wild-type and mutant mice
utilized were of 129/Sv x C57BLS genetic background and ware kept
in the same room at the animal facility of the Massachusetts Institute
of Technology with a 12 hr light-dark cycle.

Golgi Impregnation

Animals were sacrificed by CO; inhalation, and their brains were rap-
idly dissected. The tissue, freed of membranes, was immersed in &
vial containing 20 mi of a solution of 194 potassium dichromate, 1%
marcuric chloride, 0.45% potassium chromate in water. The vials wers
wrapped in aluminum foil and stored at room temperature for 8 weeks.
After rinsing, the impregnated tissue was bisected on the midline,
dahydrated, and embedded in 12% parlodian (Fisher). Blocks wers
hardened in chioroform vapors and sectioned on a sledge microtome
at 100 pm. The sactions were collectad in T0% ethanol, than rehy-
drated in tap water, developed in 5% MNa;50., rinsed, dehydrated,
cleared in terpinecl, and mounted on glass slides using Permount
maunting meédium. All photographs were done on & Leicea DM RE
microscope under either bright field or DIC optics.

Electrophysiology

Cerebellar slices were prepared from the wild-type and mutant mice
as described previously (Edwards et al.,, 1989; Llano et al., 1891g,
1981b; Kano and Konnaerth 1992). In bried, animals were decapitated
by cervical dislocation, and the carebellum was rapidly isolated and
placed in ice-cold bicarbonate-buffered standard saline (for composi-
tion, see below). Either sagittal or transverse cerabellar slices of 200
um thickness ware cut with a vibratome and kept at 34°C for at l=ast
1 hr in & chamber containing standard saline that was bubbled with
85% O and 5% CO:. One slice was then transferred to a recording
chamber in which it was continuously perfused with the oxygenated
standard saline. Recognition of layars within the cerebellar cortex and
identification of Purkinje cells were easily achieved on slices when
viewed using a 40x water immarsion objective attached to a Zeiss
upright microscope (Axioscope; Edwards ot al., 1889; Llano et al.,
1981a, 1991b). Cleaning of the surface of Purkinje cells and patch
clamping of individual cells were the same as previcusly described
(Edwards et al., 1989, Llano et al., 19912, 1991b). All experiments wers
performed using whole-cell configuration of the patch-clamp technique
wilh borosilicate pipeties (resistance of 2-4 MO when filled with an
intracellular solution; see below). lonic currents were recorded with
an EPC-9 patch-clamp amplifier (HEXA) and stored on a DAT data
recorder (Sony) for later analysis. The pipette access resistance was
compeansated as explained by Llano et al. {1891b). Stimulation and
cn-ling data acquisition were performed using the PULSE program on
a Macintosh computer (HEKA). The signals were filterad at 3 kHz and
digitized at 20 kHz. Fitting of the decay phases of EPSCs was done
with the PLULSE-FIT program (HEKA). For stimulation of CFs and PFg,
a glass pipette with 5=10 um tip clameter filed with standard saline

was used, Square pulses (duration, 0.1 ms; amplitude, 1-10 V) were
applied for focal stimulation.

The composition of standard saline was the following: 125 mM NaCl,
2.5 mM KCI, 2 mM CaCl:. 1 mM MgClz, 1.25 mM NaH:PD.. 26 mM
MNaHCOy,, and 20 mM glucose, which was bubbled confinuously with
a mixture of 95% O; and 5% CO;. Bicuculline (10 mM) was always
present in the saling to block spontanecus inhibitory postsynaptic cur-
rents (Konnerth et al,, 1990; Kano et al., 1992). For measuring voltage-
gated Ca®* currents, tetrodotoein (TTX; 0.5 uM) and tetrasthylammo-
nium (TEA; 75 mM) were included to block Na® and K currents, and
the concentration of MaClwas reduced to 50 mM to keep the osmaolarity
constant. The standard pipette solution contzined the following: 70
mi KCI, 80 mM K D-gluconate, 0.5 mM EGTA, 4 mM MgCl;, 4 mM
Na-ATP, 0.4 mM Na-GTP, and 30 mM HEPES (pH 7.3, adjusted with
KOH). In experiments for measuring voltage-gated Ca™ currents and
CF-EPSCs, a Cs-based pipette solution with the following composition
was used: 80 mM CsCl, 30 mM Cs D-gluconate, 20 mM TEA-CI, 20
mid BAPTA, 4 mM MgCl.. 4 mM ATP, and 30 mM HEPES, (pH 7.3,
adjusted with Cs0H). All experiments were carried out &t 2 bath tem-
perature of 32°C, except those for vollage-gated Ca®™ currents that
wara parfarmed at room tamperature,

Eyablink Conditioning

Mouse eyeblink conditioning was adapted from a method for condition-
ing freely moving adult and infant rats (Skelton, 1988, Stanton et al,,
1882; Stanton and Freeman, 1984). Mice were surgically implantad
with two electrodes: one for measuring eyelid eleciomyographic {(EMG)
activity and the other for delivering brief electrical stimulation in the
vicinity of the eye. Five 1o seven days were allowed for recovery from
surgery, and operated mice wese handled daily for three days prior
to training. Subjects were placed in & sound-attenuated enclosure
containing a speaker for delivering the auditory CS, and their elec-
trodes wers connaclad via a headstage and commutator 1 paripharal
devices and & personal computer that collects data and controls sxperi-
mantal events (Stanton and Freeman, 1984),

Animals were frained with delay conditioning or unpaired control
procedures. Delay conditioning frials involved pairings of a 285 ms
tone CS (intansity 75 db, frequency 2.8 KHz) and a 5 ms perioccular
shock as a US (intensity 4 mA), UR amplitudes ranged from 5=20 U,
In the unpaired controd condition, the CS and US were presanted in
a "paeudorandom” order such that no more than three presentations
of either stimulus cocurred consecutively, The paired and unpaired
groups received the same number of stimulus presentations at the
same average rate across each session. This unpaired group is an
important control because it indicates levels of sensilization, pseudo-
conditioning, andfor spontansous EMG activity that could lead one to
ovarestimate the amount of associalive learning in the paired con-
dition.

Animals were trained over five daily sessions, Each session con-
sisted of tan blocks of ten trials, In the paired condition, the first nine
triaks within each block involved pairings of the C3 and US, whereas
on the tenth trial, only the G5 was presented (CS-alone trial), Trials
wara separated by variable intertrial intervals (ITI) with a8 mean of 60
3 and a range of 36-84 5, In the unpaired groups, 100 CS-alone trials
warg mixed randamly with 100 US-alone trials in a pseudorandom
order with an average of 30 s between trials.

The amplituce of integrated EMG activity was recorded for 1 5 {Fig-
ure §). Aecording was intarrupted during the 5§ ms presentation of the
US. Trials in which significant activity (>0.5 U) occurred during the
pre-CS period ware excluded from analysis. To minimize the contribu-
tion of shor-latency responses to the CS (perhaps startle responses;
see Skellon, 1988) to the CR-amplitude measure, anly the final 100
ms of the CS period (prior 1o the US presentation) was used in determin-
ing CR amplitudes. In comparison with rats, both the wild-type and
miutant mice exhibited more animal to animal variability in EMG activity
and responsivenass to stimuli (C5 and US). For each mouse, we calcy-
lated the average CR and UR amplitudes of the first session and took
these a5 the baseline CR and UR responses, respectively, of that
mauss. We then normalized amplitudes of the blocks in the subse-
quent sessions of each mouse against its corresponding baseline,
Group-averaged CR amplitudes in the first session were 1,37 + 0.42
(mean =+ SEM, wild type) and 1.85 + 0.67 (mean = SEM, mutant)
with paired training. 0.17 = 0.06 (mean = SEM, wild type) and
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LTD deficiency appears to be a major cerebellar feature
that correlates with the learning impairment. Our results,
therefore, demonstrate that deficiency of cerebellar LTD
is correlated with impairment of associative learning of
eyaeblink response.

In the present study, we did not examine the inhibitory
synapses in the mutant cerebellum. It has recently been
revealed that inhibitory synapses also undergo long-term
change. For example, long-lasting rebound potentiation
is induced in GABAergic inhibitory synapses on Purkinje
cells following activation of CFs (Kano et al., 1992). It re-
mains to be seen whether inhibitory synapses are normal
and display long-term change in the mutant Purkinje cells
and whether they contribute to synaptic mechanisms for
associative learning.

Experimental Procedures

Production of mGluR1 Mutant Mice

Mutant mice were produced as described in the accompanying paper
{Aiba et al., 1994 [this issue of Call]). Both wild-type and mutant mice
utilized were of 129/Sy x C57BLE genetic background and were kept
in the same room &t the animal facility of the Massachuseits Institute
of Technology with a 12 hr light-dark cycle.

Golgi Impregnation

Animals were sacrificed by CO; inhalation, and their braing were rap-
idly dissected. The tissue, freed of membranes, was immersed in a
vial containing 20 mi of & solution of 1% potassium dichromate, 1%
marcuric chloride, 0.45% potassium chromate in water. The vials were
wrapped in aluminum foil and stored at room temparature for 8 weeks.
Afer rinsing, the impregnated tissue was bisected on the midline,
dehydrated, and embedded in 12% parlodian (Fisher). Blocks ware
hardened in chloroform vapors and sectioned on a sledge microtome
at 100 um. The sections were collected in 70% ethanol, then rehy-
drated in tap water, developed in 5% Na;50,, rinsed, dehydrated,
cleared in terpinedl, and mounted on glass slides using Permount
meunting medium. All photographs ware done on a Leica DM BB
microscope under either bright field or DIC optics.

Electrophysiclogy

Cerebellar slices were prepared from the wild-type and mutant mice
as described previously (Edwards et al., 1989; Llano et al., 1951a,
1981b; Kano and Konnerth 1892). In brief, animals were decapitated
by cervical dislocation, and the cerebelium was rapidly isolated and
placed in ice-cold bicarbonate-buffered standard saline (for composi-
tion, see below). Either sagittal or transverse cerebellar slices of 200
WM thickness were cut with a vibratome and kegt at 34°C for at least
1 hr in a chamber conteining standard saline thal was bubbled with
95% O and 5% CO:. One slice was then transferred to a recarding
chamber in which it was continuously perfused with the oxygenated
standard saline. Recognition of layers within the cerebellar corlex and
identification of Purkinje cells were easily achieved on slices when
viewed using a 40x water immersion objective attached to a Zeiss
upright microscope (Axicscope; Edwards et al., 1989, Llano et al.,
1881a, 1991b). Cleaning of the surface of Purkinje cells and paich
clamping of individual cells were the same as previcusly described
(Edwards et al., 1988; Liano et al., 18991a, 1891b). All expariments ware
performed using whole-cell configuration of the patch-clamp technique
with borosilicate pipeties (resistance of 2—4 MO when filled with an
intracellular solution; see below). lonic currents were recorded with
an EPC-0 patch-clamp amplifier (HEKA) and stored on a DAT data
recorder (Sony) for later analysis. The pipette access resislance was
compensated as explained by Llano et al. (1991b). Stimulation and
on-ling data acquisition were performed wsing the PULSE program on
a Macintosh computer (HEKA). The signals were filtered at 3 kHz and
digitized at 20 kHz. Fitting of the decay phases of EPSCs was done
with the PULSE-FIT program (HEKA). For stimulation of CFs and PFs,
a glass pipette with 5-10 um tip diameter filled with standard saline

was used. Square pulses [duration, 0.1 ms; amplitude, 1=10 V) were
applied for focal stimulation,

The compasition of standard saling was the following: 125 mM NaCl,
2.5 mM KCI, 2 mM CaCl;, 1 mM MgClz, 1.25 mM NaH:PQO., 26 mM
MNaHCOs, and 20 mM glucose, which was bubbled continuously with
a mixture of 85% O; and 5% CO.. Bicuculling (10 mM) was always
present in the saling 1o block spontanecus inhibitory postsynagptic cur-
rents (Konnerth et al., 1980; Kano et al.. 1992). For measuring voltage-
gated Ca™ currents, tetrodotosin (TTX: 0.5 uM) and tetrasthylamrmo-
nium (TEA; 75 mM) were included to block Na® and K" currents, and
the concentration of NaCl was reduced to 50 mM to keep the cemolarity
constant. The standard pipette solution contained the following: 70
mM KCI, 80 mM K D-gluconate, 0.5 mM EGTA, 4 mM MgCl;, 4 mM
Na-ATP, 0.4 mM Na-GTP, and 30 mM HEPES (pH 7.3, adjusted with
KIOH). In expariments for measuring voltage-gated Ca®™ currents and
CF-EPSCs, 2 Cs-based pipette solution with the following composition
was used: 80 mM CsCl, 30 mM Cs D-gluconate, 20 mM TEA-CI, 20
mM BAPTA, 4 mM MgCl;. 4 mM ATP, and 30 mM HEPES, (pH 7.3,
adjusted with C2OH). All experiments were carried out at a bath tem-
perature of 32°C, except those for voltage-gated Ca™ currents that
were performed at room temperature.

Eyeblink Conditioning

Mouse eyeblink conditioning was adapted from a method for condition-
ing freely moving adult and infant rats (Skellon, 1988; Stanton et al.,
1992; Stanton and Freeman, 1984). Mice were surgically implanted
with two electrodes: ane for measuring eyelid electomyographic (EMG)
activity and the other for delivering brief electrical stimulation in the
vicinity of the eye. Five to séven days were allowed for recovery from
surgery, and operated mice were handled daily for three days prior
to training, Subjects were placed in a sound-attenuated enclosure
containing a speaker for delivering the awditory C5, and their elec-
trodes were connected via a headstage and commutator to paripheral
devices and a personal computer that collects data and controls experi-
mental events (Stanton and Freaman, 1994).

Animals were trained with delay conditioning or unpaired control
procedures. Delay conditioning trials invelved pairings of a 285 ms
tone C5 (intensity 75 db, frequency 2.8 KHz) and a § ms perioccular
shock as a US (intensity 4 mA). UR amplitudes ranged from 5-20 U.
In the unpaired control condition, the CS and US were presented in
a “pseudorandom” order such that no more than three presantations
of either stimulus occurred consecutively. The paired and unpaired
groups received the same number of stimulus presentations at the
same average rafe across each session, This unpaired group is an
important control because it indicates bevals of sensitization, pseudo-
conditioning, and/or spontaneous EMG activity that could lead one to
overastimate the amount of associative learning in the paired con-
dition.

Animals wera trained over five daily sessions. Each session con-
sisted of ten blocks of ten trials, In the paired condition, the first nine
trials within each block involved pairings of the CS and US, whereas
on the tenth trial, only the C5 was presented (CS-alone trial). Trials
were separated by variable intertrial intervals (ITI) with a mean of 60
5 and a range of 36-54 . In the unpaired groups, 100 CS-alone trials
were mixed randomly with 100 US-alone trials in a8 pseudorandom
order with an average of 30 5 batwaen trials.

The amplitude of integrated EMG activity was recorded for 1 s (Fig-
ure 9). Recording was interrupted during the 5 ms presentation of the
US. Trials in which significant activity (>0.5 U) occurred during the
pre-C5 period were excluded from analysis. To minimize the contribu-
tion of short-latency responses to the C5 (perhaps startle responses;
see Skelton, 1888) to the CR-amplitude measure, only the final 100
ms of the CS period {prior to the US presentation) was used in determin-
ing CR amplitudes. In comparison with rats, both the wild-type and
mutant mice exhibited mone animal 1o animal variability in EMG activity
and responsivensass to stimuli (C5 and US). For each mouss, we calcu-
lated the average CR and UR amplitudes of the first session and took
these as the bassline CR and UR responses, respectively, of that
mouse. We then normalized amplitudes of the blocks in the subse-
quent sessions of each mouse against its corresponding baseline.
Group-averaged CR amplitudes in the first session were 1.37 = 0.42
(mean = SEM, wild type) and 1.85 = 0.87 (mean = SEM, mutant)
with paired training, 0.17 = 0.06 (mean = SEM, wild type) and
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0.28 = 0.132 (mean + SEM, mutant) with unpaired training; group-
averaged LR amplitudes were 7,40 + 0.54 (mean = SEM, wild type)
and B.31 = 1.11 (mean = SEM, mutant). A factor of 0.5 U {noise
level) was added to all amplitude measurements (block average) be-
fore normalization. The peak UR amplitudes ware measured after the
US onsat,

Motor Skill Test

The rotorod (Ugo Basile Biological Research Apparatus, Milan, ltaly)
consists of a gritted plastic roller (4 em diameter, 10 cm long) flanked
by two large round plates (50 cm diameter) to prevent animals from
ascaping. The roller is driven by a mator. A mouse was placed on the
roller, and the time it remained an the roller was measured, The n-
clined rod consists of a smoath plastic stick (1.5 cm diameter, 50 cm
leng, 30%). A mouse was placed in the midpoint of the rod, and the
time remaining on the rod was measured. Footprints were made with
Ink and water coler paper, Ink was applied 1o the hind paws of individual
mice, and they were induced to walk forward, leeving & record on the
Paper.

Acknowledgments

Wae wish to thank R. F. Thompson and J. J. Kim for discussion on
eyeblink conditioning, B, Williams for technical assistance in breeding
mice, J. Busser for technical assistance in preparation of the histologi-
cal material, D, Gerber, L. 5. Graziadel, H. L. Hings, T. iwasato, K. D.
Poss, and T. Sasaoka for critical reading of the manuscript, and the
members of Tenegawa lab for helpful discussions and encourage-
ment, This work was supported by the Howard Hughes Medical Insti-
tute at the Massachusetts Institute of Technology (3. T., A, A, and
C. C.), the Shionogl Institlute for Medical Science (5. T.), National
Institutes of Health grants RO1 NS32825 (8. T.) and NS20581 (K. H.),
grants from Japaness Ministry of Education, Science, and Culture
(05454677, 05260221, 05267242 (M. K.). Ushara Foundation (M, K.),
and the Ciba-Geigy Foundation for the Promotion of Science (M. K.).
This manuscript has been reviewed by the Health Effects Research
Laboratery, United States Environmental Protection Agency, and ap-
proved for publication. Mention of trade names or commercial products
does not constitute endorsemeant or recommendation for use,

Received September 16, 1984, revised October 4, 1994,
References

Abeliovich, A., Chen, C., Goda, Y., Silva, A. J., Stevens, C. F., and
Tonegawa, 3. (1993a). Modified hippocampal long-term potentiation
In PKCy mutant mice. Cell 75, 125312682,

Abeliovich, A., Paylor, R., Chen, C., Kim, J. J.. Wehner, J. M., and
Tonegawa, 5. (1993b). PKCy mutant mice exhibit mild deficits in spatial
and contextual learning. Cell 75, 1263-1271.

Aiba, A., Chen, C., Herrup, K., Rosenmund, C., Stevens, C. F., and
Toregawa, 3. (1994). Reduced hippocampal long-term potentiation
and context-specific deficit in associative learning in mGIuR1 mutant
mice. Cell 79, this issue.

Albusg, J. 8, (1971}, A theory of cerebellar function. Math. Bioscl. 10,
26-61,

Altman, J. (1873). Experimenial reorganization of the cerebellar cortex,
IV. Parzllel fiber recrientation following regeneration of the external
germinal layer. J. Comp. Neural. 149, 181=181,

Arammori, 1., and Nakanishi, . (1992). Signal transduction and pharma-
cological characteristics of a metabotropic glutamate recegtor,
mEIuR1, in transfected CHO cells. Neuron &, 757=-T65,

Bloedel, J. R. [1992). Functional heterogeneity with structural homoge-
nesty: how does the cerebellum operate? Behav, Brain Sci, 75, 666-
678,

Brunner, R. L., and Altman, J. (1973). Locomaotor deficits in adult rats
with moderate to massive retardation of ceraballar development during
infancy. Behav. Biol. 8, 168-188.

Caviness, V., and Rakic, P. (1978). Mechanism of cortical develop-
mant: a view from mutant mice, Annw, Rev, Neurosci. 7, 287-328.
Clark, R.E., Zhang. A_ A, and Levond, D, G, (1992), Aeversible lesions

of the cerebsallar interpositus nucleus during acquisition and retention
of a classically conditioned behaviar, Behav. Neurcsci, 706, 879-888
Crepel, F., and Jaillard, D. {1991). Pairing of pre- and postsynaptic
activities in cersbellar Purkinje cells induces long-term changes in
synaptic afficacy: an in vitro stedy. J. Physiol. 432, 123-141.
Crapel, F., and Krupa, M. {1988). Activation of protein kingse C induces
& long-tarm deprassion of glutarmate sensitivity of carabellar Purkinje
cells: an in vitro study. Brain Fes. 458, 397-401.
Crapal, F., Delhaye-Bouchaud, M., Dupont, J. L., and Sotelo, G. (1880,
Dendritic and axonic fislds of Purkinje cells in developing and X-radiated
ral cerabellum: a comparative study using intracellular staining with
horseradish peroxidase. Neuroscience 5, 333-348.

Daniel, H., Hemart, N., Jaillard, D., and Crapal, F. (1992), Coactiv

vitro. Exp. Brain Res, 90, 327-331.

Disterhatt, J. F., Kwan, H. H., and Lo, W. D. {1877). Nictitating
brane: classical conditioning and extinction in the albing rat,
Res, 737, 127=143.

Edwaras, F. A,, Konnerth, A., Sakmann, B., and Takzahashi, T. (1
A thin slice preparation for patch-clamp recordings from neuro
the mammalian central nervous system. Pilliigers Arch. 414, &
Ekerat, C. F_, and Kang, M. {1885). Longtarm deprassion of pal
fibre synapsss following stimukation of climbing fibres, Brain Res.
357-380.

and the inasgital 1.4,5-trisphosphate receptor in rat brain, J. Neur
13, 2001-2012

{1962). Nictitating membrane classical conditioning and extinct
the albing rabbit. Science 7138, 33-34.
Grant, S, G. N., O'Dell, T. J., Karl, K. A_, Stein, P. L., Soriano, P,,
Kandel, E. R. (1282). Impaired long-term patentiation, spatial lea
and hippocampal development in fiyn mutant mice. Science 258, 1
1910.

eyalid reflaxes in the albino rat. Behav. Res. Math, Instrurmen
a21-331.

Hartell, N. A. (1994). Induction of cerabellar long-term depressi
quires activation of glutamate metabotropic receptors. Neurg
313-816.

Hartkop, T. H., ang Jones, M. Z. (1977). Methazoxymethanol-
induced abarrant Purkinje cell dendritic development, J. Neuropalhal.
Exp. Neurol. 38, 519-532,
Hirano, T, (1990). EMects of postsynaptic depalarization in the inguc-
tion of synaptic depression between & granule call and a Purkinje cell
in rat cerebellar culture, Newrosci. Lett, 7759, 145147,
Ito, M. (1984). The Cerebellurm and Meural Control. (Mew York: Raven
Prass).
Ito, M. (1889). Long-term depression. Annu. Rev. Meurosci. 72, 85—
102.
Ita, M., Sakurai, M., and Tongroach. P. (1982), Climbing fibre indyced
depression of both mossy fibre responsiveness and glutamate sensitiv-
ity of carabeliar Purkinje cells. J. Physiol. 324, 113-134.

Kano, M., and Kato, M. (1987). Quisgualate recepiors are sp
invalved in cerabellar synaptic plasticity. Nature 325, 276-279.
Kano, M., and Kato, M, {1988). Mode of induction of long-term d
sion at parallel fibre-Purkinje cell synapses in rabbit cerabellar co
Meurosci. Res, 5, 544-556.

recording. In Practical Electrophysiolegical Methads, H. Ketten
and R. Grantyn, eds. (Mew York: Wiley-Liss), pp. 54-57.
Kana, M., Kato, M., and Chang, H. 8. (1888). The glutamate rec
subtype mediating parallel fibre-Purkinje cell trangmission in
cerebellar cortex. Neurosci. Aes. 5, 325-337.

Kang, M., Rexhausen, U., Dreessen, J., end Konnerth, A, (1992), Syn-



Cedl

aptic excitation produces a long-lasting rebound potentiation of inhibi-
tory synaptic signals in cersbellar Purkinje cells, Nature 355, 801-
604,

Konnerth, A_, Llanc, |, and Armstrong, C. M. (1880). Synaptic currents
in carebellar Purkinje cells. Proc. Natl. Acad. Sci. USA 87, 2662-2665.
Konnerth, A., Dreessen, J., and Augustin, E. G. J. (1992). Brief den-
dritic calcium signals initiate long-lasting synaplic depression in cere-
bellar Purkinje cells. Proc. Matl. Acad. Sci. USA 89, TO51-T055.
KrupaD..J., Thompson, J. K., and Thompson, R, F. (1993). Localization
of a memaory trace in the mammalian brain, Science 260, 989-091,
Lavond, D. G., and Steinmetz, J. E. (1988). Acquisition of classical
conditioning without cerebellar cortex. Bahav. Brain Res. 33, 113-
164,

Lavond, D. G., Steinmetz, J. E. , Yokaitis, M. H., and Thompson,
R. F. (1887). Reacquistion of classical conditioning afer removal of
cerebellar cortex. Exp. Brain Res. 67, 560-93.

Lincedn, J. 5., MeCarmick, D. A., and Thompson, R, F. (1982). Ipsilat-
erel cerebellar lesions prevent learning of the classically conditioned
nictitating membrane eyelid response of the rabbit. Brain Res, 242,
1890-183.

Linden, D. J. (1984). Long-term synaptic depression in the mammalian
brain. Neuron 12, 457-472.

Linden, D. J., and Connar, J. A. (1991). Participation of postsynaptic
PKC in carebellar long-term depression in culture, Science 254, 1656=
1658,

Linden, D. J., Dickingon, M. H., Smeyne, M., and Connor, J. A. (1881).
A long-term depression of AMPA currents in cultured cerebellar Pur-
kinje neurong. Meuron 7, 81-89,

Liang, |., Dreessen, J., Kano, M., and Konnerth, A. (1991a). Intraden-
dritic release of calcium induced by glutamate in cerebellar Purkinje
cells. Neuron 7, 577-583.

Llano, |, Marty, A, Armstrong, G. M., and Konnarth, A. (1891b). Synap-
fic- and agonist-induced excitatory currents of Purkinje cells in rat
carebellar slices. J. Physiol, 434, 183-213.

Marr, D. (1969). A theory of cerebellar cortex. J. Physiol. 202, 437-
AT0,

Martin, L. J., Blackstone, C. D., Huganir, R. L., and Price, D. L. (1982).
Callular localization of 8 metabotropic glutamate recepior in rat brain.
Neuron 9, 259-270.

Masu, M., Tanabe, Y., Tsuchida, K., Shigemoto, R., and Nakanishi,
5. (19891). Sequence and exprassion of a metabotropic glutamate re-
ceplor, Nature 349, TBO0-7E5.

MeCormick, D. A, Clark, G. A, Lavond, D. G., and Thompson, R, F.
(1882). Initial localization of the memaory trace for a basic form of learn-
ing. Proc. Nal, Acad, Sci. USA 79, 2731-2T742.

Pallegring, L. J., and Altman, J. (1879), Effects of differential interfer-
ence with posinatal cerebellar neurogenesis on motor performance,
activity lovel, and maze learming of rats: a developmental study. J.
Comp. Physiol. Peychol. 93, 1-33.

Parrett, 5. P., Ruiz, B. ., and Mauk, M. D. (1983). Cerebellar cortex
lesions disrupt the timing of conditioned eyelid responses. J. Neurosci.
13, 1708-1718.

Racine, R. J,, Wilson, D. A., Gingell A., and Sutherland, D. (1388).
Long-term potentiation in the interpositus and vestibular nuclel in the
rat. Exp. Brain Res. §3, 158-162.

Rakic, P, (1975). Role of cell interaction in development of dendritic
patterns. Adv. Neurol. 72, 117-134.

Rakic, P., and Sidrman, A. L. (1973). Weaver mutant mouse cerebelium:
defective neuronal migration secondary to abnormality of Bergmann
glia. Proc. Natl, Acad. Sci, USA 70, 240-244,

Sakural, M, (1987). Synaptic modification of paraliel fibre—Purkinje cell
fransmission in in vitro guinea pig cerebellar slices. J. Physicl. 384,
463-480.

Sakurai, M. (1290). Calcium is an intracellular mediator of the climbing
fiber in induction of cerabellar long-term depression. Proc, Matl. Acad.
Sci. USA 87, 3383-3385.

Schmajiuk, N. A., and Christiansan, B. A. (1880). Eyeblink conditioning
in rats. Physiol. Behav. 48, 755-756.

Schneiderman, N., Fuentes, |., and Gormezane, 1. (1962). Acquisition
and extinction of the classically conditioned eyelid response in the
albing rabbit, Science 736, 650-652.

Shigemoto, A., Makanighi, 5., and Mizuno, M. (1292). Distribution of the
mRMA for 2 metabotropic glutamate receptor (mGIuR1) in the central
nervous system: an in situ hybridization study in adult and developing
rat. J. Comp. Neurgl. 322, 121=135.

Shigemoto, R., Abe, T., Nomura, 5., Nakanishi, S., and Hirano, T.
(1994). Antibodies inactivating mGluR1 metabotropic glutamate recep-
tor block long-term depression in cultured Purkinje cells. Neuron 12,
1245-1255.

Silva, A. J., Stevens, C. F., Tonegawa, 3., and Wang, Y. (1992a).
Deficient hippocampal long-term potentiation in a-calcium-calmodulin
kinase Il mutant mice. Science 257, 201-206.

Silva, A. J., Paylor, R., Wehner, J. M., and Tonegawa, 5. (1982h).
Impaired spatial learning in a-calcium-calmodulin kinase Il mutant
mice. Sciance 257, 206-211.

Skelton, R. W. (1988). Bilateral cerebellar lesions disrupt conditioned
ayelid responses in unrestrained rats, Behav. Neurcssi, 702, 586,
Satelo, C. (1990). Cerebellar synaptogenesis: what we can learn from
mutant mice. J. Exp. Biol. 153, 225-249.

Stanton, M. E., and Freeman, J. H., Jr. (1984). Eyeblink conditioning
in the infant rat: An animal moded of leaming in developmental neuro-
toxicology. Environ. Health Perspect. 702, 131-138.

Stanton, M. E., Freeman, J. H., Jr., and Skefton, R. W. (1882}, Eyeblink
conditioning in the developing rat. Bahav. Neurosci. 108, B57-865.
Steinmetz, J. E., Lavond, D. G., vkovich, D, Legan, C. G., and Thomp-
son, R. F. (1992). Disruption of classical eyelid conditioning after cere-
bellar lesicns: damage 1o a memory trace system or a simple parfaor-
mance deficit? J. Neuroscl, 12, 4403-4426.

Thach, W. T., Goodkin, H. G., and Keating, J. G. (1992). The cerebel-
lum and the adaptive coordination of movement. Annu. Rev. Neurosci.
15, 403-442,

Thompson, A. F. (1986). The neurobiclogy of learning and memory.
Science 233, 341-847.

Thompson, R. F., and Krupa, D. J. (1984}, Organization of memory
traces in the mammalian brain, Annu. Rev. Neurasci. 77, 519-549,
Walsh, J. P., and Harvey, J. A. (1989). Cersbaliar lasions and the
nictitating membrane reflex: performance deficits of the conditioned
and unconditioned response. J. Neurosci. 9, 288-311.

Welsh, J. P., and Harvey, J. A. (1891). Paviovian conditioning in the
rabbit during inactivation of the interpositus nucleus. J. Physiol. 444,
455-480,

Woodward, D. J., Bickett, D., and Chanda, R. (1975). Purkinje cell
dendritic alterations after transient development injury of the external
granular layer. Brain Res. 97, 195-214,

Yeo, C. H., and Hardiman, M. J. (1892). Cerabellar cortex and eyeblink
conditioning: a reexamination. Exp. Brain. Res. 88, 623-538.

Yeo, C. H., Hardiman, M. J., and Glickstein, M. (1985a). Classical
conditioning of tha nictitating membrane responsa of the rabbit 1. Le-
sions of the cerebellar nuclei. Exp. Brain Res. 50, 87-98.

Yeo, C. H., Hardiman, M. J., and Glickstein, M. (1985b). Classical
conditioning of the nictitating membraneé response of the rabbit [l
Lesions of the cerebellar contex. Exp. Brain Res. 60, 98-113.
Zucker, R. S, (1589). Short-lerm synaptic plasticity. Annu. Rev. Meu-
rosci, 12, 13-31.



