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Down syndrome (DS) is a genetic disorder arising from the presence of a third copy of human chromosome
21 (Hsa21). Recently, O’Doherty et al. [An aneuploid mouse strain carrying human chromosome 21 with Down
syndrome phenotypes. Science 309 (2005) 2033–2037] generated a trans-species aneuploid mouse line (Tc1)
that carries an almost complete Hsa21. The Tc1 mouse is the most complete animal model for DS currently
available. Tc1 mice show many features that relate to human DS, including alterations in memory, synaptic
plasticity, cerebellar neuronal number, heart development and mandible size. Because motor deficits are
one of the most frequently occurring features of DS, we have undertaken a detailed analysis of motor beha-
viour in cerebellum-dependent learning tasks that require high motor coordination and balance. In addition,
basic electrophysiological properties of cerebellar circuitry and synaptic plasticity have been investigated.
Our results reveal that, compared with controls, Tc1 mice exhibit a higher spontaneous locomotor activity,
a reduced ability to habituate to their environments, a different gait and major deficits on several measures
of motor coordination and balance in the rota rod and static rod tests. Moreover, cerebellar long-term
depression is essentially normal in Tc1 mice, with only a slight difference in time course. Our observations
provide further evidence that support the validity of the Tc1 mouse as a model for DS, which will help us to
provide insights into the causal factors responsible for motor deficits observed in persons with DS.

INTRODUCTION

Down syndrome (DS) results from trisomy of human chromo-
some 21 [Hsa21 (1)] and occurs in �1 in 800 newborns.
Although mental retardation remains the most striking and
permanent feature of DS, most DS phenotypes are incomple-
tely penetrant and variable in expressivity, with both genetic
and environmental effects contributing to these differences.
Several clinical features, including cognitive impairments,

synaptic plasticity deficit, muscle hypotonia, short stature, cra-
niofacial abnormalities and congenital heart disease, charac-
terize the phenotype of DS (2–6).

Motor disability is widespread among individuals with DS
(7). Persons with DS are frequently described as clumsy,
they have different gait patterns (8,9) and show delays in the
development of aspects of gross and fine motor skills
(10,11). They also have difficulties with motor planning (12)
and take more time to initiate and to complete a motor task
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compared with controls. Several studies have found that hand
preference is less strongly developed and less consistent across
and within activities in individuals with intellectual disabilities
(13–15). Immaturity of motor skill has been proposed as a
possible cause of weak hand preference (16). In addition,
Groen et al. (15) recently showed that DS children with a
stronger or more consistent hand preference had better
language and memory skills, supporting the hypothesis that
atypical laterality occurs more frequently below a certain IQ
threshold. The neuropathological basis for motor dysfunction
in DS persons is unknown. Individuals with DS have several
neuroanatomical abnormalities, including a smaller cerebellar
volume (17–20), that correlates, in DS mice models, with a
reduced granule cell density (21–24). However, it is not
known how these anatomical abnormalities influence cerebel-
lar function and whether they are involved in motor learning
deficits.

Mice provide a powerful experimental system for studies
of mammalian aneuploidy (25). The Tc1 mouse is the most
complete animal model for DS currently available. Tc1
mice are trisomic for �92% of Hsa21 (23). They not only
exhibit many aspects of human DS, but also recapitulate
several of the DS features present in other mouse models
(26). Tc1 mice show alterations in heart development and
mandible size, and have impaired short-term but spared long-
term memory (23,27). These memory phenotypes are paral-
leled by a deficit in early long-term potentiation (LTP) and
a normal maintenance of LTP over days in the hippocampus
(23,27). In addition, Tc1 mice exhibit reduced cerebellar
neuronal number (23). To better understand the consequence
of a reduced neuronal density in the cerebellum on motor
skills and learning, we have used a series of complementary
assessments to evaluate different modalities of motor func-
tion of Tc1 mice, involving the analysis of spontaneous
motor activity, static rod and rota rod performances, gait
pattern and grip force. In view of the high prevalence of
abnormal handedness among persons with DS, we also
have undertaken an analysis of paw preference in Tc1
mice, as assessed in a food-reaching task. In parallel, we
studied the physiological and morphological properties of
Purkinje cells (PCs), which are the only output neurons of
the cerebellar cortex. These cells integrate excitatory inputs
from many thousands of parallel fibres (PFs, the axons of
granule cells) and from a single climbing fibre (CF, the
axons of inferior olive neurons). The conjunctive stimulation
of PF and CF inputs to Purkinje neurons induces a prolonged
decrease in the synaptic strength at PF–PC contacts, a
phenomenon called long-term depression [LTD (28)]. Impair-
ment of PF–PC LTD has been described in several mutant
mice in association with motor learning deficits and with
abnormal multiple innervation of adult PCs by CFs (29–
32). In fact at birth, PCs are contacted by two or three
CFs (33,34) that are progressively eliminated and only one
CF input innervates each PC in adulthood. Improper inner-
vation of single PC by multiple CFs has been observed in
animals that have genetic mutations (35,36) and/or reduced
granule cell numbers (37–39). Here, we have investigated
the possibility that abnormal LTD and/or persistent multiple
CF innervation of PCs contribute to motor learning deficits
observed in Tc1 mice.

RESULTS

Hyperactivity in open-field exploration in Tc1 mice

Tc1 mice display a high level of spontaneous horizontal (loco-
motion) and vertical (rearing) activity when placed in an open-
field compared with wild-type (WT) mice (Fig. 1A;
F1,20¼4.84, P , 0.05 and F1,20¼6.29, P , 0.05, for horizon-
tal and vertical activity, respectively). On average, Tc1 mice
achieved 1.5-fold more horizontal and 2.1-fold more vertical
activity than WT mice. These locomotor responses were day-
dependent (F2,40¼3.62, P , 0.05 and F2,40¼4.17, P , 0.05,
for horizontal and vertical activity, respectively), indicating
habituation for both groups of mice. In the same way, Tc1
mice walked faster and spent less time walking slowly com-
pared with their WT littermates (F1,20 ¼ 4.86, P , 0.05 and
F1,20¼4.48, P , 0.05, respectively) and statistical analysis
also revealed a significant effect of day (F2,40¼3.52, P ,
0.05 and F2,40¼3.61, P , 0.05, for speed and time walking
slowly, respectively). For all these variables, the genotype
effect persisted during the 3 days of exposure. In addition,
Tc1 mice failed to show within-session habituation, whereas
WT mice exhibited a decrease in motor activity with time
(Fig. 1B; genotype–time interaction: F1,60¼9.73, P , 0.01
for horizontal activity). As expected, spontaneous locomotion
was also genotype- and time-dependent (respectively,
F1,60¼12.31, P , 0.05 and F1,60¼15.02, P , 0.001).

Stereotypic behaviour is described as abnormal and repeti-
tive motor activity that serves no apparent purpose. As stereo-
typies are common in individuals with mental retardation and
have been observed in approximately one-third of persons
with DS (40), we have assessed the stereotypic phenotypes
of the Tc1 mice in the open-field test. In rodents, stereotypies
include repetitive grooming, sniffing, licking and gnawing.
The evaluation of the degree of spontaneous stereotyped beha-
viour revealed increased grooming behaviour in Tc1 mice
compared with WT mice (WT ¼ 5 and Tc1 ¼ 7 grooming in
average, z ¼ 22.14, P , 0.05).

The zone analysis (spatial distribution of locomotion, e.g.
periphery versus centre of the open-field) revealed that all
mice showed a strong preference for the periphery
(F2,60¼325.36, P , 0.0001). However, the open-field explora-
tion pattern is different between Tc1 and WT mice (Fig. 1C;
genotype–area interaction: F2,60¼27.10, P , 0.0001).
Compared with WT, Tc1 mice spent less time in the periphery
ring and more in the central and intermediate areas. Day–area
interaction has also been observed (F4,120¼9.82, P , 0.0001).
Moreover, Tc1 mice showed less thigmotaxis (e.g. avoidance
of the centre) than WT mice (F1,20¼4.81, P , 0.05).
Statistical analysis also revealed a day effect (F2,40¼3.18,
P ¼ 0.05).

Severe deficits in motor skills and learning in different
motor coordination tasks in Tc1 mice

We next examined motor coordination of Tc1 mice on a static
rod. To determine whether Tc1 and WT mice differed on their
initial performance in this task, differences between groups in
the latency to reach the table on day 1 were examined. There
was no significant difference between the groups for this
measure of initial motor skill. However, after an average of
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10 days of training, our data also showed that Tc1 mice needed
significantly more time to reach the home table (Fig. 2;
F1,16¼6.29, P ¼ 0.05). Moreover, 19% of Tc1 mice, but only
4% of WT mice fell off the rod. We also noticed that Tc1
mice exhibit a great number of hindpaw slips on the static

rod. Taken together, these results indicate impaired balance
and coordination of movement in Tc1 mice. The analysis of
the data was done after exclusion of trials during which the
animal remained inactive on the rod. Interestingly, WT mice
were more likely to participate in inactive behaviour. On a

Figure 1. Locomotor activity in WT (open circles) and Tc1 (filled circles) mice exposed to an open-field. (A) Spontaneous horizontal (locomotion) and vertical
(rearing) activity of mice introduced in the open-field test. The results are expressed as distance travelled (m) and number of rearings, and show a significant
hyperactivity in Tc1 mice compared with WT littermates. In addition, the mean speed (m/s) and the percentage of time walking slowly (�5 cm/s) are shown
below, and confirm the generalized hyperactive phenotype observed in Tc1 mice. (B) Distance travelled as a function of time in the open-field test. The distance
travelled by animals was recorded daily every 5 min over a 10-min period. In contrast to WT mice (left), no habituation was observed in Tc1 mice (right).
(C) Open-field exploration pattern and thigmotaxis behaviour. Mice are scored for the percentage of time spent in the central (a, white bars), intermediate
(b, grey bars) and peripheral (c, black bars) areas (a, b and c, respectively, in inset diagram). Moreover, the percentage of distance travelled close to vertical surfaces
was recorded in WT and Tc1 mice (right-hand graph). The zone analysis reveals a difference of exploration pattern between Tc1 and WT mice in the open-field, with
Tc1 mice showing a greater tendency to explore the centre of the field and a reduced tendency for thigmotaxis. Values represent means + S.E.M.
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total of 90 trials per group, only two trials had to be excluded in
Tc1 mice, whereas 14 trials were eliminated in WT mice.

To further assess motor coordination and to prevent inactive
behaviour, Tc1 mice and their control littermates of 2–2.5
months were tested on an accelerating rod. There was a signifi-
cant difference in the latency to fall on trial 1 of day 1 between
the groups for this measure of initial motor skill (WT ¼
38.2+ 5.19 and Tc1 ¼ 12.67+ 2.16, F1,20¼23.38,
P , 0.0001). In addition, during the training phase, the
latency and speed (in rpm) at which Tc1 mice fell from the
rod were much lower than those of WT mice (Fig. 3A left
and middle; F1,20¼38.01, P , 0.0001 and F1,20¼40.96,
P , 0.0001, respectively). Even at the end of the training
(third day), Tc1 mice could not stay on the rod longer than
17 s and could not balance on the rod when the speed exceeded
6 rpm (63 s and 11 rpm for WT mice). The main statistical
analysis also revealed a day effect (for latency F2,40¼8.31,
P ¼ 0.001 and for speed F2,40¼8.22, P ¼ 0.001) and a signifi-
cant genotype–day interaction (for latency F2,40¼3.81,
P , 0.05 and for speed F2,40¼3.51, P , 0.05) which was
further analysed. Post hoc analysis revealed a significant
effect of day for WT mice (for latency F2,18¼5.57, P , 0.05
and for speed F2,18¼5.24, P , 0.05) but not for Tc1 mice,
indicating that only WT mice exhibited an improvement of
their performance across days. During the testing phase at con-
stant speeds, the performances of Tc1 mice are significantly
worse than WT mice (Fig. 3A right; F1,20¼30.47,
P , 0.0001). Furthermore, although all mice show better per-
formances at lower speeds (F6,120¼103.83, P , 0.0001), Tc1
mice are systematically worse for all speeds than WT mice
(genotype–speed interaction: F6,120¼35.08, P , 0.0001). For
example, at the lowest speed, Tc1 mice fell off the rod more
than three times quicker compared with WT mice. The
whole of this experiment has been replicated on an indepen-
dent group of 7–9-month-old mice (n ¼ 9 per group).
Similar results have been observed in this new group of
animals (data not shown), showing the robustness of our
results and reinforcing our conclusion of major impairment
of motor skill and learning in Tc1 mice.

The accelerating mode used in the preceding experiment
could have prevented the learning of Tc1 mice on the rota

rod task. To test the effect of the training difficulty on the
learning performances of Tc1 mice, we trained a new group
of mice on a rota rod turning at the lowest constant speed
(4 rpm). Contrary to what was observed in the accelerating
version of the rota rod, there was no significant difference in
the latency to fall on trial 1 of day 1 between the groups,
demonstrating that this version of the task is indeed simpler.
However, during the 4 training days, analysis of the time
mice could balance on the rod revealed a genotype effect
(Fig. 3B; F1,18¼7.96, P , 0.05) and a day effect
(F3,54¼5.16, P , 0.01). Even under less difficult conditions,
Tc1 mice still spent significantly less time on the rod com-
pared with WT mice. In addition, further post hoc analysis
revealed a significant effect of day for WT mice but not for
Tc1 mice, indicating that WT mice improved the time they
could balance on the rod (F3,27¼3.88, P , 0.05), whereas
Tc1 mice showed no improvement, and never approached
the performance of WT mice. These data strongly suggest
that the poor performance of the Tc1 mice in the rota rod
test is due to a general impaired motor learning.

Note that the observed differences cannot be attributed to
passive rotation (grabbing the rod and rotating without
having to ambulate) because this behaviour was not observed
in either group in all the rota rod experiments. Rota rod per-
formance is also sensitive to body weight with mice of
smaller strains having longer latencies to fall and mice of
larger weight having a shorter latencies (41). However, the
deficits of Tc1 mice in rota rod test cannot be ascribed to a
difference in body weight. Indeed, at 2–2.5-month-old, no
difference in body weight was observed between groups
(WT ¼ 29.4+ 1.0 and Tc1 ¼ 30.8+ 0.6), and at
7–9-month-old, Tc1 mice displayed a 20% reduction in
body weight compared with their littermates (WT ¼ 41.8+
1.5 and Tc1 ¼ 34.8+ 0.9; F1,16¼15.43, P , 0.01).

Muscle strength is normal in Tc1 mice

In order to test if poor performances of Tc1 mice on the rota
rod were due to abnormal muscle strength, they were assessed
with the grip test. Our results revealed no significant differ-
ence, either for the front legs (F1,26¼2.13, P ¼ 0.16) or for
the four legs (F1,26¼0.55, P ¼ 0.46), in the grip forces pro-
duced by Tc1 and WT mice (Fig. 4). These data demonstrate
that Tc1 mice have no impairment in muscle strength and their
impaired rota rod motor learning task is not due to differences
in grip capability.

The gait pattern is slightly different in Tc1 mice

Next, to evaluate the gait of Tc1 mice, we analysed footprint
patterns and found that Tc1 mice did not exhibit major gait
abnormalities. As shown in Table 1, no significant difference
between Tc1 and WT mice was observed for stride lengths
of fore- and hind-paws. However, the limb base widths
trended to be different between Tc1 and WT mice, but only
for the forelegs. Indeed, Tc1 mice presented a trend toward
increased foreleg width (F1,25 ¼ 3.99, P ¼ 0.0568). In
addition, front–hind leg distances were significantly reduced
in Tc1 mice compared with WT mice (F1,25 ¼ 10.44,
P , 0.01). These observed differences cannot be attributed

Figure 2. Static rod performance of WT (white bars) and Tc1 (black bars)
mice. Mice are scored for the time (s) they took to reach the home table
(maximum time allowed: 5 min). The results show an increased latency in
Tc1 mice. Values represent means + S.E.M. �P , 0.05, compared with WT
mice.
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to a difference in the size of the Tc1 mice. Indeed, the
nose-to-base body length was similar in both groups of mice.

The direction and the degree of lateralization are not
affected in Tc1 mice

Since the association between atypical laterality and mental
retardation has been reported several times, particularly in
DS, we have tested Tc1 mice for paw preference in a
food-reaching task. No overall effects of the genotype were
observed for the direction of lateralization (data not shown).
Whatever the genotype, there were as many right-handed
(right paw entries, RPE . 25) as left-handed subjects
(RPE , 25) in all groups of mice (frequency of right-handed,
WT ¼ 0.48 and Tc1 ¼ 0.44). Moreover, no significant differ-
ences were detected for the degree of lateralization between
genotypes (data not shown).

When tested in the paw preference test, Tc1 mice showed
normal behavioural lateralization but had jerkier and less
precise movements compared with the WT mice, suggesting
that Tc1 mice have reduced fine motor skills.

Synaptic plasticity and main electrophysiological
properties of cerebellar PCs are not impaired in Tc1 mice

The multiple behavioural tests performed onto Tc1 mice show
that these mice have deficits in motor learning (see above).
Furthermore, it has previously been shown that Tc1 mice,
like other animal models of DS, present a lower density
of granular cells in the cerebellum compared with their WT

littermates (23). We therefore studied cerebellar LTD
between PFs and PCs, a form of synaptic plasticity that can
be putatively implicated in cerebellar-dependent learning
(42,43). The induction protocol consisted in depolarizing PC
(260 to 0 mV), while simultaneously stimulating afferent
PF. Figure 5A and B summarizes our results: conjunctive
stimulation evoked a robust, long-lasting depression of the
excitatory post-synaptic currents (EPSCs) in both animal
groups (results are from seven WT and six Tc1 mice).
However, despite a tendency to express lower level of cerebel-
lar LTD for the Tc1 mice compared with WT mice, this differ-
ence was not statistically significant when assessed 30–40 min
after the second conditioned stimulus. In fact, the mean ampli-
tude of the evoked EPSCs was 54.9+ 5.8% of the control
EPSCs in WT (n ¼ 12 cells from 12 slices) and 66.1+ 8.0%
in Tc1 mice (n ¼ 13 cells from 13 slices). To obtain a more
comprehensive measure of EPSC depression over time, we
compared the EPSC temporal evolution after the second
pairing and we found a time effect (F42,840 ¼ 13.77,
P , 0.0001) and a significant genotype–time interaction
(F42,840 ¼ 4.76, P , 0.0001). Further post hoc analysis to
test for a main effect of time in both groups revealed a signifi-
cant effect only in the WT group (F42,420 ¼ 20.09,
P , 0.0001), indicating that the temporal pattern is signifi-
cantly different between the two animal groups.

To assess the physiological consequences of the transchro-
mosomic manipulation in the cerebellum of Tc1 animals, we
investigated potential alterations in the PF- or CF-evoked
EPSCs in mouse cerebellar PCs. EPSCs evoked in PCs
by CF stimulation in WT and Tc1 mice presented similar

Figure 3. Rota rod performance of WT (open circles) and Tc1 (filled circles) mice. (A, left, centre) Training phase. Results are expressed as time (s), that mice
remained on an accelerating rota rod (4–40 rpm over 5 min) before falling (left panel), and the mean rotational velocity at the time of falling (middle panel). (A,
right) Test phase. The graphs plot the time (s) that mice stayed on the rota rod when tested at constant speeds between 4 and 40 rpm (2 min in each case).
(B) During training at a constant speed (4 rpm for 5 min), mice were scored for the time (s) they remained on the rota rod. The major conclusion from
these experiments is that Tc1 mice show impaired motor performance and learning in the rota rod task. Values represent means + S.E.M.
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kinetics, whereas PF-EPSCs from Tc1 mice showed signifi-
cantly slower kinetics when compared with WT littermates
(F1,27¼7.34, P , 0.05 and F1,27¼11,74, P , 0.01 for rise
time and decay time, respectively; Table 2). Evoked EPSCs
were totally abolished by bath application of 10 mM CNQX
(6-cyano-7-nitro-quinoxaline-2,3-dion), an antagonist of
a-amino-3-hydroxy-5-methyl-4-propionic acid (AMPA)/
Kainate receptors, in both WT and Tc1 mice (n ¼ 3 for each
group, data not shown) indicating that they are mainly
mediated by the activation of these glutamatergic receptors
in both animal groups. In a paired-pulse protocol, the ratio
between the mean amplitudes of the second EPSC over the
first EPSC (paired-pulse ratio, PPR) is related to the initial
release probability. In control experiments on WT mice
(five animals), PF to PC synapses show a facilitation
(PPR ¼ 1.22+ 0.03, n ¼ 13 cells from 12 slices), whereas
the CF to PC synapse is characterized by a paired-pulse
depression (PPD; PPR ¼ 0.73+ 0.02, n ¼ 13 cells from
eight slices). In Tc1 mice (four animals), we found similar
values for both parameters: 1.20+ 0.03 (n ¼ 13 cells from
12 slices) for the paired-pulse facilitation (PPF) and 0.72+
0.03 (n ¼ 22 cells from 11 slices) for the PPD suggesting
that there is no difference in release probability at those two
synapses in Tc1 and WT mice.

PCs are innervated by multiple CFs at birth but undergo an
activity-dependent refinement, such that, by postnatal day 21,
most are contacted by a single CF (33,44). A wide variety of
naturally occurring and induced mutations in mice can result
in persistent multiple CF innervation. Therefore, the presence
of a multiple CF innervation was investigated in WT and Tc1
animals (results are from seven and four mice, respectively).
Electrical stimulation of the granular layer evoked typical
all-or-none CF-mediated EPSCs (Fig. 5C). Once a CF-EPSC
was elicited, we gradually increased the stimulus intensity in
order to check for possible multiple innervations. In WT
mice, in 3 of 19 cells (from 13 slices), a second current step
appeared as the stimulus intensity was increased further, indi-
cating the innervation by two CFs (Fig. 5C, left). In Tc1 mice
only one PC presented CF multiple innervation, whereas the
others (n ¼ 21, from 11 slices) presented the typical
all-or-none response (Fig. 5C, right). x2-test for the frequency
data revealed that the different percentage of multinnervated
PC between the two animal groups is not statistically
significant.

To examine the morphology of recorded PCs in Tc1 mice,
we routinely added biocytin to the whole-cell patch pipette.
In general, neuronal dendrites appear normal, extending
through the molecular layer to reach the pial surface
(Fig. 6A). The area of the territory occupied by the complex
dendritic arborisation, the perimeter and the cell diameter of
the recorded PCs were similar in WT and Tc1 mice (Fig. 6B).

DISCUSSION

The present findings clearly demonstrate that Tc1 mice display
major changes in novelty-driven spontaneous activity charac-
terized by spontaneous hyperlocomotion, abnormal explora-
tory behaviour and impaired habituation to the test
environment. In addition, although Tc1 mice have an approxi-
mately normal gait, they exhibit major impairments in motor
coordination in cerebellum-dependent learning tasks. In both
static and rota rod tests, they present poor motor skills and
learning, which cannot be explained by a deficit in muscle
strength. In terms of handedness, no difference was observed
between Tc1 and WT mice. To assess physiological changes
in the cerebellum of Tc1 mice, several forms of short- and
long-term synaptic plasticity at the PF–PC synapse were
investigated. We found no detectable abnormalities on
measures of pre- and post-synaptic function at CF and PF
synapses in Tc1 mice. CF–PC innervation is also normal in
Tc1 mice. Moreover, LTD at PF–PC synapses, a phenomenon
important for cerebellar motor learning (43), was essentially
normal in Tc1 mice, with only a slight difference in time
course.

In 2005, O’Doherty et al. (23) analysed generalized activity
and motor coordination in Tc1 mice and showed that Tc1 mice
present a trend toward hyperactivity in an open-field test and
no indication of a motor deficit in the static rod task. Although
the two reports present similar findings with respect to hyper-
activity, different results have been found for behaviour on the
static rod. In the present experiments, performance of Tc1
mice was significantly impaired, whereas no difference was
seen in the earlier work. A possible reason for this difference

Figure 4. Grip force measurement in WT (white bars) and Tc1 (black bars)
mice. The results represent the mean grip force (g) immediately prior to the
animal releasing its grasp from the grid (see Methods). No difference was
observed between Tc1 and WT mice either for four paws or for front legs,
indicating normal muscles strength in Tc1 mice. Values represent means +
S.E.M.

Table 1. Paw print performance in adult WT and Tc1 mice

WT Tc1

Nose-to-base body length (cm) 101.4+1.4 102.5+1.6
Right front stride length (cm) 5.7+0.3 5.7+0.3
Right hind stride length (cm) 6.3+0.3 6.0+0.3
Forelegs width (cm) 1.8+0.1 2.0+0.1
Hindlegs width (cm) 3.2+0.1 3.3+0.1
Right front–hind leg distance (cm) 8.5+0.2 7.5+0.2��

Footprint pattern analysis in WT and Tc1 mice. Data are expressed as
mean+S.E.M.
��P , 0.01, compared with WT mice.
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is that the present data were collected from Tc1 mice on a
C57BL/6x129S2 (F2) genetic background, whereas the
earlier study used Tc1 mice on C3H/HeJ. Alterations in
genetic background are known to contribute to the altered phe-
notypic expression of mutations (45).

Tc1 mice show a high degree of mosaicism (meaning that
some nervous cells have lost the Hsa21) and are maintained
on a segregating genetic background involving two inbred
strains, which increased the genetic background heterogeneity.
Although the resulting increased intra-group variability may
obscure differences among Tc1 and control mice, we were
able to demonstrate very robust significant differences
between both the groups. Our study not only extends, but
also characterizes more precisely the motor performances of
Tc1 mice in tests in which the paradigms and the difficulties
are different.

One of the most obvious and highly penetrant motor beha-
vioural phenotypes we observed in Tc1 mice is hyperactivity.
Analysis of all parameters indicative of activity level, includ-
ing number of rearings, total travelled distance, speed and
percent of time walking slowly, shows that exposure to the
novel environment of the open-field triggered a higher level
of spontaneous horizontal and vertical activity in Tc1 mice
than in WT littermates. This hyperactivity has also been

observed in different tasks, using different paradigms, and
under different experimental conditions. Indeed, in a previous
study, Tc1 mice were tested for spatial learning and memory
performance in the Morris watermaze (27). In all the versions
of the maze (spatial, cued and working memory), Tc1 mice
swam faster than their WT littermates (data not shown),
demonstrating that their heightened activity can be generalized
to different environmental conditions under different levels of
anxiety. This finding is in accordance with studies showing
that DS may be associated with hyperactivity (3,5,46).

Various DS models in mice have been developed in order to
study the consequences of increased gene dosage in DS and to
specifically address phenotype/genotype relationships. While
Tc1 mice are trisomic for 92% of Hsa21, other well-studied
models contain a partial mouse trisomy 16 (Mmu16):
Ts65Dn (47), Ts1Cje (48) and Ms1Cje/Ts65Dn (49) with,
respectively, 132, 85 and 53 orthologs of chromosome 21
genes in three copies. Ms1Cje/Ts65Dn is a mouse segmentally
trisomic for the region by which Ts1Cje and Ts65Dn differ.
These different DS models also present abnormal spontaneous
locomotor activity. As Tc1 mice, Ts65Dn mice have been char-
acterized as hyperactive in the open-field task (47,49–53).
In contrast, Ts1Cje mice were found to be hypoactive,
and Ms1Cje/Ts65Dn mice were not different from euploid

Figure 5. Long-term synaptic plasticity and CF innervation in WT (open circles) and Tc1 (filled circles) PCs. (A) Time course of PF-evoked EPSCs before and
after LTD induction (WT: n ¼ 12 cells and Tc1: n ¼ 13 cells). Baseline responses were recorded for 3 min. Then, two successive pairing protocols separated by
5 min were delivered (arrows) and responses were monitored for at least 40 min. Each data point presented is an average of 20 successive EPSCs. The amplitudes
of PF-EPSCs were normalized to baseline values, which were the average responses over the 3 min just before the pairing, and LTD was quantified as percentage
reduction of baseline EPSCs. Inset traces are EPSCs from a single PC from WT and Tc1 mice recorded before pairing (a) and 34 min after the second pairing (b).
Values represent means + S.E.M. (B) The amount of the EPSC depression, measured 34 min after LTD induction, is displayed for each WT and Tc1 PC. The
open bars indicate the mean values for each group. (C) Top: examples of mono- and multi-innervated PCs from WT (left) and Tc1 (right) mice (holding poten-
tial: 220 mV) evoked by stimulation of the granular layer. In each example, the average of 5–7 EPSCs above and below threshold is superimposed. Smallest
EPSCs are consequence of the stimulation of granule cells while trying to excite CFs. Bottom: plots of CF-EPSC amplitudes against time are shown (same cells
as the top). Note the stepwise variation of the response with progressively increasing stimulation strength. In summary, no differences were detected in the mag-
nitude of LTD or in the proportion of PCs multiply innervated by CF between WT and Tc1 mice.
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mice in their activity (49). The hypoactive phenotype observed
in Ts1Cje mice is surprising and exemplifies the effect of
modifier genes on the expression of a given phenotype. In
addition, these different animal models for DS with different
degrees of phenotypic impact illustrate the fact that we are
trying to model a human condition of multidimensional
nature. DS affects the central nervous system in many differ-
ent ways, producing various degrees of disability with variable
penetrance.

Preference for the peripheral area and thigmotaxis are beha-
viours normally observed in mice during their adaptation to an

unknown environment. The spatial analysis of the locomotor
behaviour shows that Tc1 mice exhibit decreased thigmotaxis
and increased exploration of the centre of the open-field com-
pared with WT mice. This pattern of exploration is observed
from the very start of the test and persists during the 3 days
of exposure. Our findings indicate that Tc1 mice have an
unusual reduced behavioural inhibition in response to
novelty, which could be explained by their hyperactivity
and/or could also suggest that Tc1 mice exhibit a reduced
level of anxiety.

Examination of the changing kinetics of locomotor activity
during training provides an index of the interaction between
locomotion and cognition. Motor activation in response to a
novel environment is stimulated by the arousal salience of
the novel stimulus. Normally this behaviour decreases when
rodents are habituated to the stimulus. A variable representing
the change in activity over time (distance travelled in the first
5 min and that in the last 5 min of the 10-min test) was ana-
lysed to quantify the locomotor adaptation of Tc1 mice to
their environment. The results obtained in the open-field
demonstrated not only that locomotor activity of Tc1 mice is
higher, but also that its temporal pattern is different from
that observed in WT mice. The level of activity dropped
after the first 5-min interval in the WT mice, whereas it
remained high during the entire 10 min session in Tc1 mice,
indicating a failure to adapt to their environment. In addition,
in the static rod task, some mice abandoned their attempt to
gain the platform and remained stationary on the rod until
picked up at the end of the 5-min trial. This behaviour was
mainly observed in control mice. The relative absence of
such behaviour in Tc1 mice could reflect their insecurity on
the rod as a direct consequence of their impaired motor coordi-
nation. Alternatively, the behaviour of Tc1 animals could be
interpreted as a limited habituation to a new environment.
Similar conclusions can be drawn from results observed in
different versions of the Morris water maze. Over time, Tc1
mice showed relatively little diminution in swimming speed
compared with control mice, pointing again to their limited
capacity to adapt to novel stimuli (data not shown). It is poss-
ible that the strong hyperactivity of Tc1 mice interferes with
the establishment of a normal exploratory behaviour of the
novel environment, thereby preventing locomotor habituation
following exposure to the same environment. In the open-field
task, the lack of within-session habituation to novelty in Tc1
mice may be interpreted as an attention deficit or some form
of memory disorder and suggests that Tc1 mice are unable
to learn (i.e. became familiar with) novel stimuli. This hypoth-
esis is supported by our previous findings, showing that Tc1
mice are selectively impaired in short-term memories when
tested in different behavioural tasks (23,27). Tc1 mice will
help to gain insight into the relationships between motor and
cognitive dysfunctions.

Another obvious behavioural phenotype observed in Tc1
mice is a general impairment in motor skills and learning.
They are affected in balance and motor coordination. These
impairments were observed in different tasks involving differ-
ent levels of difficulties, the static rod and the accelerating and
rotating rod tests. Interestingly, depending on the difficulty of
the task, assessments of Ts65Dn mice in the rota rod test
revealed a range of phenotypes, from moderate-to-severe

Table 2. Basal electrophysiological parameters of PCs in slices

WT Tc1

R input (MV) 338+57 (n ¼ 22) 363+52 (n ¼ 17)
CF-EPSCs

Amplitude (nA) 1.7+0.3 (n ¼ 13) 1.8+0.5 (n ¼ 22)
Rise time (ms) 0.72+0.06 (n ¼ 13) 0.68+0.05 (n ¼ 18)
Decay time constant (ms) 8.4+0.4 (n ¼ 12) 7.73+0.33 (n ¼ 21)

PF-EPSCs
Rise time (ms) 1.18+0.07 (n ¼ 15) 1.56+0.12 (n ¼ 14)�

Decay time constant (ms) 6.9+0.5 (n ¼ 15) 10.4+0.9 (n ¼ 14)��

Properties of EPSCs from WT and Tc1 mice. Rise times are calculated
from the interval between 10 and 90% of the EPSC peak amplitude. The
decay time was measured onto the averaged EPSC and it is best-fit by a
monoexponential function. The number of analysed PCs is indicated by n.
For analysis of input resistance, R, PCs were recorded in a total of 18 slices
from eight WT mice and in 15 slices from nine Tc1 mice. CF-EPSC
kinetics were analysed in PCs recorded in eight slices from five WT mice
and in 11 slices from four Tc1 mice, whereas slices from six mice were
used to analyse PF-EPSCs kinetics (12 slices for WT mice and 14 slices for
Tc1 mice).
�P , 0.05, compared with WT mice.
��P , 0.01, compared with WT mice.

Figure 6. Light microscopic images of PCs from WT and Tc1 mice. (A) Pur-
kinje neurons recorded with biocytin in the patch pipette show typical PC mor-
phology and no overt differences in the positioning and overall dendritic
morphology. The image of the Tc1 PC (right) was reconstructed by superposi-
tion of several stacks acquired at different z-planes. (B) Cell body transverse
diameter (n ¼ 6 for WT and n ¼ 5 for Tc1) and the area occupied by dendritic
tree in the molecular layer (WT: n ¼ 5 and Tc1: n ¼ 8) were not different
between the two animal groups. Values represent means+S.E.M.
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deficits to improvements in balance and motor coordination
compared with their control littermates (21,51,54–57). Com-
pared with Ts65Dn mice, the Tc1 mice displayed more
severe alterations in motor or posture control and motor learn-
ing in different test situations. Even in the simpler tasks (e.g.
static rod and rota rod turning at 4 rpm), they never
approached the performance of control mice and they
showed almost no improvement in performance over succes-
sive trials, indicating a deficit in cerebellar-dependent motor
learning. Tc1 mice have many more orthologs of chromosome
21 genes in three copies compared with Ts65Dn mice, which
could explain their more pronounced motor impairment.

As in Ts65Dn mice (57), increased stereotypic behaviour is
a part of the phenotypic profile of Tc1 mice, strengthening the
hypothesis of a cerebellar dysfunction. Interestingly, severity
of stereotypic behaviours in DS, specifically those which
typify DS with comorbid autism spectrum disorder (58), is
correlated with the volume of cerebellar white matter.

Humans with DS exhibit a reduced cerebellar volume and a
reduction in granule cell density (17–20). Tc1 mice display
similar cerebellar deficits (23) but it is unknown how this ana-
tomical abnormality influences cerebellar function. The import-
ance of the cerebellum for learning motor skills suggested that
the motor learning deficits reported in this work might be
explained by changes in cerebellar synaptic plasticity. We there-
fore studied LTD at the PF–PC synapse using an induction pro-
tocol that was successful in the vast majority of WT recorded
cells. In WT mice, LTD is characterized by a slow onset
similar to that seen following conjunctive PF and CF stimulation
in adult mice (59). In Tc1 mice, after the first pairing, the EPSC
decreased more rapidly than in WT mice suggesting that the
mechanisms underlying the first phase of LTD induction are
different between WT and Tc1 mice. However, we found no sig-
nificant changes in the mean amplitude of PF-EPSC depression
30–40 min after the second pairing protocol, though there is a
trend toward the expression of reduced LTD in Tc1 mice. Tc1
mice display a significant degree of mosaicism (23), and it is
unlikely that every PC cell in Tc1 mice contains Hsa21. As a
result, the full extent of the LTD phenotype is probably underes-
timated across a group of PCs investigated by patch clamp
recording. An immunocytochemical assay able to detect Hsa21
in recorded PC would greatly help in overcoming this difficulty
because it would allow correlation between the degree of synap-
tic plasticity in the recorded Tc1-PC and its genetic content.

PC dendrites are characterized by a proximal and a distal com-
partment on which CFs and PFs, respectively, impinge. The dis-
tribution of the PF and CF synapses onto separate regions of the
PC dendritic tree is the result of competition during develop-
ment, the end result of which is that each PC is innervated by
a single CF (60). CF–PC synapses in WT and Tc1 mice are
indistinguishable at the level of EPSC kinetics, short-term plas-
ticity and in both genotypes only one CF innervates each PC. In
contrast, EPSCs evoked by PF stimulation in Tc1 PCs displayed
a slower time course than PF-EPSCs in WT mice. Several factors
could potentially contribute to this difference. First, inadequate
voltage clamp in experiments performed on Tc1 mice relative
to WT mice. However, access resistance was similar in the
two animal groups (9.1+0.9 and 8.2+0.6 MV in WT and
Tc1 mice, respectively) and the EPSC kinetics at the CF–PC
synapses were not different indicating that the recording

conditions were similar in the two set of experiments. The
second reason is a change in the electrotonic length between
the recording electrode and the site of PF synapses. Even
though we observed normal gross PC morphology in Tc1
mice, spine distribution could still differ in Tc1 PCs with
PF–PC spines located further from the soma. Finally, it has
recently been shown that AMPA receptors trafficking and
gating is regulated by a family of transmembrane AMPA receptor
regulatory proteins (TARPs). In particular, some TARP subtypes
slow down AMPA receptor activation and deactivation kinetics
(61,62). It is possible, therefore, that AMPA receptor subunit
composition and/or TARP subtype expression might differ in
Tc1 mice, explaining the slower time courses of PF-EPSCs.

To our knowledge, this is the first neurophysiological
analysis of cerebellar neurons in a mouse model of DS. It is
surprising that the robust impairment in motor learning
observed in Tc1 mice is not reflected in a concomitant
reduction of cerebellar LTD. A correlation of this type has
been reported in several types of genetically engineered
mice with changes in gene expression affecting cerebellar
function [for instance, mGluR12/2 mice: (29,30); PKC2/2

mice: (35); a-CAMKII2/2 mice: (59)]. However, several
types of synaptic plasticity have been recently described in
the cerebellar cortex including PF–PC LTP (63–65), CF-PC
LTD (66) and LTP at the synapse between PF and molecular
layer GABAergic interneurons (67,68). Moreover, several
lines of evidence indicate that plasticity mechanisms originat-
ing in deep cerebellar nuclei and inferior olive may also con-
tribute to the regulation of motor learning tasks suggesting that
multiple mechanisms contribute to the memory formation for
cerebellum-dependent forms of motor learning (69,70).

It is possible that some aspects of the motor dysfunction of
Tc1 mice are a direct result of the hippocampal defect. It is
well known that, in rodents, the hippocampus is a critical struc-
ture for information processing in a variety of memory tasks
(71–75). However, often underestimated but of equal import-
ance, rodents with hippocampal impairment may display other
behavioural abnormalities such as increased locomotor activity.
For example, hyperactivity was identified following hippocam-
pal lesions in mice (76,77), and in mouse models of DS associ-
ated with hippocampal defects (47,49–53,78–86). As has been
observed in all DS models in mice (47–49,51,52,87), Tc1 mice
exhibit physiological changes in hippocampus that are concomi-
tant with significant learning deficits in various behavioural tasks
that are putatively hippocampus-dependent (23,27). These find-
ings suggest that hyperactivity in Tc1 mice may be due to hippo-
campal failure. The presence of a hippocampal phenotype is of
great interest because a growing body of evidence now suggests
that a significant part of the phenotype generated by the genetic
disorder in DS can be related to the consequences of hippocam-
pal dysfunction (88–90). It will thus be important to further
explore whether hyperactivity is directly related to hippocampal
defects in Tc1 animals or alternatively to alterations in other
brain regions or neurotransmitter systems. Indeed, a recent
meta-analysis show that at least 12 different brain regions can
increase locomotor activity and most neurotransmitter systems
can give rise to a hyperactive phenotype (77).

The present study expands the behavioural profile of the
Tc1 mouse beyond the deficits in working and recognition
memory described in our previous reports (23,27). Taken
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together, the behavioural analysis reported in this paper has
revealed a range of significant abnormalities in locomotor
activity and motor performance in Tc1 mice, illustrated by
their hyperactive, imbalanced and uncoordinated motor beha-
viour, as well as their increased stereotypic behaviour, consist-
ent with cerebellar and hippocampal dysfunctions. Many, if
not all, of these phenotypic features are also found in
humans with DS, suggesting that Tc1 mice are affected
in similar ways in response to the common genetic insult in
DS. The general agreement between these results and obser-
vations made on individuals with DS, as well as on mouse
models, further support the validity of the Tc1 mouse as a
model for DS. Since the discovery of the chromosomal
anomaly causing DS and the demonstration of the relationship
between increased gene dose and changes in DS brain struc-
ture and function (91), a major goal has been to characterize
the number and nature of genes involved in determining DS.
Future comparative studies with other segmental trisomy
strains should help to identify candidate genes from the differ-
ent triplicated genomic segments that are likely to contribute
to the motor behavioural phenotype. In addition, to confirm
the involvement of candidate genes in motor impairment,
breeding strategies might be used to rescue normal gene
dosage by crossing Tc1 mice with mouse strains monosomic
for segments of mouse chromosomes syntenic to Hsa21, or
with heterozygous mutant mice lacking a single mouse copy
of cognate Hsa21 genes. Understanding the mechanisms that
underlie the DS motor phenotype will be critical to the suc-
cessful development of pharmacological or genetic therapies.

MATERIALS AND METHODS

Animals

O’Doherty et al. (23) generated the transchromosomic mouse
line Tc1 by using the technique of irradiation microcell-
mediated chromosome transfer. This trans-species aneuploid
mouse line stably transmits a freely segregating, almost com-
plete copy of Hsa21 in a C57BL/6Jx129S8 (F2) genetic back-
ground. Tc1 and their WT littermates are obtained from the
mating of C57BL/6Jx129S8 (F1) Tc1 females with C57BL/
6Jx129S8 (F1) males. The genotype of the mice was deter-
mined by a polymerase chain reaction analysis as previously
described (23). Animals were weaned at 3 weeks and were
then housed by gender and litter under standard conditions,
with food and water available ad libitum.

Experiments were conducted on adult male mice during the
light phase of a 12 h light/dark schedule (with lights on at
07:30 h) by experimenters who were blind to genotypes. All
experiments were performed in compliance with UK Home
Office regulations and guidelines of the French Animal Care
Committee. All behavioural studies were conducted on indepen-
dent groups of naive animals and were replicated several times.

Locomotor activity and exploratory behaviour

Open-field exploration. The open-field test exploits the ten-
dency of rodents to explore new environments, as measured
by ambulation. This test assesses spontaneous locomotion,
exploratory behaviour and habituation of animals to their

environment. Initially, rodents show a strong tendency to
stay close to walls that limit their environment [thigmotaxis
(92)]. Later, they cross the open-field arena more frequently,
but locomotion gradually declines, indicating within-session
habituation. This behaviour is classically observed under low
anxiogenic environmental conditions.

In our paradigm, qualitative and quantitative analyses of
spontaneous activity were assessed over a 10-min period in
a circular arena (65 cm in diameter) dimly illuminated
during 3 consecutive days. Mice (n ¼ 10–12 per group)
were placed at the centre of the open-field at the beginning
of each session, and subsequent exploration was recorded
and scored every 5 min to assess within-session habituation.
During this task, we analysed the temporal characteristics
and spatial distribution of mouse locomotion using a video
tracking system (HVS Image, Buckingham, UK), allowing
the automatic calculation of the mean distance travelled,
mean speed, percent of time walking slowly (�5 cm/s),
percent of time spent in three concentric rings (central, inter-
mediate and peripheral) and percent of thigmotaxis. The
number of rearings (occasions when an animal rises briefly
on its hind feet) and stereotypies, including grooming and
jumping, were manually scored.

Motor coordination

Static rod. Balance and coordination of movement were
assessed using a wooden rod of 60 cm in length and 2.8 cm
in diameter. This rod protruded from a table elevated 80 cm
above a padded floor. Mice (n ¼ 9 per group) were placed at
the free end of the rod facing away from the home table and
were allowed a maximum period of 5 min to turn 1808 and
reach the table. The time taken to achieve this was scored
for each mouse. Animals falling off the rod were allocated a
maximum score of 5 min. Mice received one trial per day
for 10 consecutive days. In the course of time, it turned out
that some mice abandoned the attempt to navigate the rod, pre-
sumably because they learned that if they waited without
moving for 5 min the experimenter would return them to
their home cage. This behaviour interfered with the interpret-
ation of our results because mice conducting themselves in this
unsporting fashion were not necessarily motor impaired but
would potentially have received the same scores as impaired
animals that fell off the rod or were not able to complete the
task in under 5 min. Thus, trials in which the animal remained
inactive on the rod were excluded from further analysis.

Rota rod. To further investigate motor performance and
cerebellum-dependent learning, we used a rota rod apparatus
(Bioseb, France). Before testing began, mice (n ¼ 10 WT
and 12 Tc1 mice) were given a pre-training trial in order to
familiarize them with the procedure. They were trained to
grip the rod by placing them on the rod rotating at the
lowest speed (4 rpm) for a total of 30 s regardless of
the number of falls. The mouse was immediately returned to
the rotating rod following each fall. After pre-training, mice
were then trained over 3 days to balance on an accelerating
rod and on the fourth day were tested at various rotation
speeds. For each trial, the mouse was placed on the rod
facing opposite to the direction of rotation and was allowed
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to ambulate until it fell from the rod or the maximum obser-
vation time had elapsed. During the training period, mice
were placed on the rota rod starting at 4 rpm and slowly accel-
erating to 40 rpm, so that the longer the mouse remained on
the rod, the faster it had to move to maintain balance. The
maximum observation time was 5 min. Animals received
four trials per day with a 1-h inter-trial interval (ITI).
During testing on the fourth day, animals received seven con-
secutive 2-min trials at constant speeds of 40, 34, 28, 22,
16, 10 and 4 rpm. This protocol was repeated four times
with a 1-h ITI.

An independent group of naive animals was assessed in a
simplified version of the rota rod in which the speed of the
rod was kept constant at 4 rpm. After the familiarization
session, animals (n ¼ 10 per group) were given four trials
per day (maximum of 5 min on the rota rod, 1-h ITI,
for 4 days).

For all experiments, the latency and rotational velocity at
which the animal fell from the rota rod were recorded.

Footprint test. The footprint test was used to compare the gait
of Tc1 mice with that of WT control mice. Before the test,
mice (n ¼ 13–14 per group) received one training run
during which they learnt to walk along a white illuminated
runway (65-cm long, 8-cm wide), into a narrow plastic corri-
dor (15-cm high) ended in a dark, enclosed ‘safe-house’
(12�9�9 cm3). Immediately after the training session, foot-
prints were recorded on a white paper after applying non-toxic
coloured ink to each paw (Daler Rowney, Bracknell, UK).
Mice had their front paws painted in red and hind paws in
black. Mice were then allowed to walk down the runway,
and one set of footprints was collected for each animal. The
footprint patterns were analysed using five step parameters
(in cm): (1) Stride length was measured as the distance
between two successive footprints of the same limb (front
and hind legs). (2) The front- or hind-base width was
measured as the average distance between the footprints of
the same pair of limbs (front or hind pair respectively).
These values were determined by measuring the perpendicular
distance of a given step to a line connecting its opposite pre-
ceding and proceeding steps. (3) The distance from front foot-
print to ipsilateral hind footprint was also used to measure
uniformity of step alternation. Several values were measured
from each run and the mean value of each set of values was
used in subsequent analysis.

Muscle strength

Grip-strength measurement. The grip-strength test measures
the muscle strength of the forelimbs as well as the combined
fore- and hind-limb grip strength in rodents. Grip strength
was assessed using a commercially available Grip Strength
Meter (Bioseb, France). The apparatus is supplied with a
wire grid connected to a sensor. For forelimb grip testing,
animals (n ¼ 14 per group) were held by the base of the tail
above the grid and gently lowered down until the front paws
grasped the grid (hind limbs were kept free from contact
with the grid). The animal was brought to an almost horizontal
position and pulled back gently but steadily until the grip was
released. The maximum force (g) achieved by the animal

before releasing its grasp from grid was recorded. Measure-
ment of grip strength using all four paws was carried out as
above except that all limbs made contact with and grasped
the grid initially. Each animal was subjected to three trials
testing front paws only and three trials on all four paws
(5 min minimum between each trial).

Paw preference test

Animals were tested for behavioural lateralization using
Collins’ protocol and apparatus (93–95). Mice (n ¼ 31–48
per group) were deprived of food for 20+ 4 h and then
placed individually in a transparent plastic testing chamber
(10.5�6�6 cm3). Small pieces of regular food were intro-
duced in the cylindrical tube (0.9 cm in diameter) perpendicu-
lar to the front of the box and equally accessible using the right
or left paw. Mice were observed individually for a total of 50
consecutive reaches for food. Animals that did not start the test
within a maximum of 60 min or that failed to complete the 50
reaches within an additional 60-min period were given a
second trial 1 week later. A maximum of four trials were
given per mouse. Subjects were assigned a score representing
the direction of lateralization and expressed as the number of
RPEs, with right-handed mice having a RPE score higher than
25, and left-handed mice, a RPE score lower than 25 (93).
Scores for the degree of handedness were given by the absol-
ute value of the difference between the number of entries with
right and left paws noted jR2Lj. Since 50 reaches for food
were observed per mouse, the jR2Lj variable is limited to
even values between 0 and 50. The higher the value of
jR2Lj is, the more the subject is lateralized, either on the
right or on the left.

Electrophysiology

Slice preparation. Animals were stunned by decapitation and
parasagittal slices (250-mm thick) were prepared from the cer-
ebellar vermis as previously described (30). Electrophysiologi-
cal experiments were performed with slices prepared from 11
WT and 10 Tc1 mice of 4–6 months of age. Cerebellar slices
were prepared in the presence of a cold (t ¼ 38C) sucrose-
based solution containing (in mM): sucrose 230, KCl 2.5,
KH2PO4 1.25, MgCl2 8, glucose 25, NaHCO3 26, CaCl2 0.8;
they were then incubated at room temperature in a normal
bicarbonate-buffered saline (BBS) gassed with 95%O2/
5%CO2 for at least 30 min before recording. During exper-
iments, the recording chamber was continuously perfused at
a rate of 2 ml/min with BBS of the following composition
(in mM): KCl 3, NaCl 124, KH2PO4 1.15, MgSO4 1.15,
glucose 10, NaHCO3 24, CaCl2 2 and the g-aminobutyric
acid A-type (GABA-A) receptor antagonist bicuculline metho-
chloride (10 mM, Sigma) or bicuculline methiodide (10 mM,
Sigma); final pH 7.35 at 288C, 330 mOsm/l.

Electrophysiological recordings. PCs were visually identified
with an upright microscope (Axioskope, Zeiss) equipped with
differential interference contrast optics and with �60 water-
immersion objective. Patch-clamp whole-cell recordings in
voltage clamp mode were performed with an Axoclamp 1D or
an Axopatch 200 amplifier (Axon instruments). Pipettes were
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pulled from borosilicate glass capillaries and had a resistance of
3–3.5 MW when filled with the intracellular solution. Cells were
maintained at a holding potential of 260 mV and all evoked cur-
rents were recorded during a negative (210 mV) voltage step
that allowed monitoring of the passive electrical properties of
the recorded cells as well as the stability of the series resistances.
This parameter was usually ,15 MV and it was partially com-
pensated (50–70%) according to the procedure described by
Llano et al. (96). Data were collected by Elphy or Acquis1 soft-
ware (G. Sadoc, France). For analysis, electrophysiological data
were filtered at 5 kHz and sampled at 12.5 kHz for evoked
EPSCs and at 20 kHz for passive membrane current. CF- and
PF-mediated responses were analysed off-line by using Clampfit
(Axon Instruments) or by Acquis1 custom-written routines.

Pairing experiments. In LTD experiments, the patch pipettes
were filled with an internal solution containing in mM:
Cs-gluconate 140, HEPES 10, EGTA 1, MgCl2 4.6, CaCl2
0.1, Na2-ATP 4, Na2-GTP 0.4, tetraethylammonium (TEA)
20 (final pH 7.3 with CsOH and osmolarity 300 mOsm/l).
PFs were stimulated at 0.33 Hz through a saline-filled mono-
polar electrode placed at the surface of the slice, in the
lower half of the molecular layer at the level of the proximal
dendrites of the recorded cells. Two pulses were delivered sep-
arated by 36 ms. In these experiments, PF-mediated EPSCs
were first evoked in the patched PC for a control period of
5 min to obtain baseline data. Then, two successive pairing
protocols separated by 5 min were performed in an attempt
to saturate LTD. The duration of each pairing protocol was
2 min, and consisted of 60 repetitive PC depolarisations
(0.5 Hz, from 260 to 0 mV for 50 ms) and simultaneous PF
electrical stimulation (two pulses separated by 10 ms and
applied 20 ms after the beginning of the PC depolarization).
After the pairing protocol, the PF stimulations were resumed
at 0.33 Hz until the end of the experiment.

CF innervation experiments. Patch pipettes (2–4 MW) were
filled with a solution containing (in mM): Cs-gluconate 140,
HEPES 10, BAPTA 20, MgCl2 4.6, CaCl2 2, Na2-ATP 4,
Na2-GTP 0.4, tetraethylammonium (TEA) 20 (final pH 7.3
with CsOH and osmolarity 300 mOsm/l). Each PC was first
recorded at 270 mV and then at 220 mV to inactivate
voltage-dependent channels and to reduce CF-EPSC ampli-
tude and consequent space clamp problems. CFs were stimu-
lated at 0.33 Hz through a monopolar electrode placed in the
granular layer, near the soma of the recorded cell. Two
pulses were delivered separated by 60 ms. For each cell,
several locations of the stimulating electrode in this layer
and in the lower half of the molecular layer were systemati-
cally tested for their ability to evoke potential multi-step
CF-mediated EPSCs.

Paired-pulse experiments. For PPF and PPD experiments, test
stimulation was done at 0.33 Hz (97). For PPF or PPD exper-
iments, PF or CF stimuli were applied to the cell with an inter-
stimulus interval of 30 or 60 ms, respectively. The PPR was
calculated for groups of 50 consecutive sweeps as the ratio
of the mean amplitude of the second EPSC to the mean of
the first EPSC (98). Data from different experiments were
averaged to obtain the PPR mean value.

Neuroanatomical assessment. Slices were routinely fixed
with 4% paraformaldehyde in experiments in which biocytin
(2 mg/ml, Sigma) was injected during electrophysiological
experiments. Biocytin was detected using the horse radish per-
oxidase method. After washing the fixed slices in PBS, they
were incubated in peroxidase quenching solution (1.5 ml of
30% hydrogen peroxide in 100 ml of methanol) for 30 min
at room temperature. The slices were washed in distilled
water and then incubated in 2% triton-PBS for 1 h at room
temperature. Following two brief washes in PBS, the slices
were incubated in ABC (Vector Laboratories, UK) in PBS
0.1% tween for 2 h. The reaction product was visualized
using diaminobenzidine (Sigma, UK). The slices were
mounted on a slide and the biocytin-labelled cells were visu-
alized with a light microscope (Axioplan2 imaging, Zeiss)
equipped with a camera. Purkinje neuron images were
acquired at different z-planes. The morphology reconstruction
was performed using ImageJ (NIH, USA) that allowed esti-
mation of the area and perimeter of the region occupied by
PC dendrites in the molecular layer as well as the PC soma
diameter.

Statistical analysis

Repeated-measures analysis of variance was performed to
assess the interaction between genotypes (between-factor)
and time (within-factor). For comparisons between two
groups, Student’s t-test was used. As the number of grooming
episodes and the scores of lateralization (RPE and jR2Lj) did
not follow a normal distribution, statistical analyses were
carried out using the nonparametric Mann–Whitney rank
sum test (StatView Software, Abacus). The x2-test was used
to assess if the genotype had an effect on the percentage of
single-CF innervation. Statistical significance was set at a
P-value �0.05. Data are given as mean+S.E.M.
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