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bstract

The leaner mutation in mice affects the Cav2.1 voltage-gated calcium channel �1A-subunit gene (Cacna1a), causing a reduction in calcium
urrents predominantly in Purkinje cells. This reduction in calcium currents causes severe progressive cerebellar ataxia, beginning around
ostnatal day 10, in homozygous leaner mice (tgla/tgla), while their heterozygous littermates (tgla/+) present no obvious behavioral deficits.
n humans, heterozygous mutations in the Cacna1a orthologous gene produce a broad range of neurological manifestations. To evaluate the
henotypic status of the tgla/+ animals, we assessed motor performance and cognition, at different ages, in these mutant mice. We were able
o observe age-dependent impairment in motor and cognitive tasks; balance and motor learning deficits were found in demanding tasks on
he rotarod and on the hanging wire test, while spatial learning and memory impairment was observed in the Morris water maze. Progressive

la
ysfunction in escape reflexes, indicative of neurological impairment, was also present in tg /+ animals. Although not presenting major motor
lterations, tgla/+ mice show age-dependent motor and cognitive deficits.

2007 Elsevier Inc. All rights reserved.
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. Introduction

The leaner mutant (tgla) mouse was first described in the
0s, as a cerebellar mutant (Sidman et al., 1965). Homozy-
ous animals (tgla/tgla) are severely ataxic due to cerebellar
trophy, resulting from gradual degeneration of granule,
urkinje, and Golgi cells (Frank et al., 2003; Herrup and
ilczynski, 1982; Lau et al., 2004). Molecular analysis has
hown a mutation in the splice donor consensus site of the
acna1a gene, encoding the highly conserved brain specific
av2.1 voltage-gated calcium channel (VGCC) �1A-subunit,
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hich is highly expressed in the cerebellum and hippocam-
us (Day et al., 1996; Volsen et al., 1995). This mutation
esults in the truncation of the normal open reading frame
eyond repeat IV and the expression of two novel �1 subunits
ith truncated carboxyl tails (Doyle et al., 1997; Fletcher et

l., 1996). Although the homozygous mutants are extremely
ffected, their heterozygous littermates (tgla/+) present no
vident phenotypic abnormalities. Thus, the neurologically
bnormal phenotype has been considered by several authors
s inherited in an autosomal recessive manner (Fletcher et
l., 1996; Meier and MacPike, 1971; Tsuji and Meier, 1971).

unctional studies showed a reduction of approximately 30%

n Ca2+ conductance in tgla/+ Purkinje cells. Channels har-
oring the leaner mutation in homozygosity showed a greater
eduction in the calcium currents (Lorenzon et al., 1998).

mailto:isilveir@ibmc.up.pt
dx.doi.org/10.1016/j.neurobiolaging.2007.04.005
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eports on the expression of �1A-subunit levels are con-
icting, with some studies reporting a reduction on Cacna1a

ranscript levels (Doyle et al., 1997), while others failed to
bserve differences in mRNA or protein expression amounts
Lau et al., 1998). This mutant has a diminished Ca2+ buffer-
ng ability, attributed to reduced uptake by the endoplasmic
eticulum and decreased expression of Ca2+-binding proteins
Dove et al., 2000).

In humans, mutations in the Cacna1a orthologous gene
CACNA1A) have been implicated in three dominantly
nherited disorders, with overlapping clinical features: the
rogressive spinocerebellar ataxia type 6 (SCA6), familial
emiplegic migraine type 1 (FHM1) and episodic ataxia type
(EA2) (Ophoff et al., 1996; Zhuchenko et al., 1997). At the
utational level, missense, nonsense and splice-site muta-

ions, as well as a small (CAG)n expansion, are involved in
hese disorders, and the same molecular alteration may be
ssociated with more than one phenotype in a single family
Alonso et al., 2003).

Calcium is a highly versatile and ubiquitous intracellular
essenger, responsible for controlling, directly or indirectly,

iverse cellular processes, including cell differentiation and

roliferation, neurotransmitter release, transcription factor
ctivation, apoptosis and synaptic plasticity (Berridge et al.,
000). Calcium plays a key role in the induction of activity-
ependent synaptic plasticity in various central synapses, as

E
(

f

able 1
umber of animals used in each protocol

ehavioral test Age (months) wt

Male

otarod first protocol 6 5
12 6
22 5

otarod second protocol 6 10
12 10
22 9

ater maze—acquisition 6 10
12 10
22 9

ater maze—distractor cue 6 10
12 10

ater maze—cued 6 10
12 10

anging wire 6 5
12 5
22 4

lasping behavior 6 5
12 5
22 4
ging 29 (2008) 1733–1743

result of incoming information (Fitzjohn and Collingridge,
002).

Modeling neurodegenerative disorders has provided
mportant insights into protein function and disease
athogenic mechanisms. Animal model studies have also
hown that usually mutation overexpression is required to
roduce detectable phenotypic alterations during the mouse
ifespan (Watase and Zoghbi, 2003). Furthermore, the high
iversity of clinical presentations shown in humans carry-
ng the same CACNA1A mutation (Alonso et al., 2003), and
he role of calcium homeostasis in normal brain function,
ave raised the hypothesis of subtle phenotypic alterations in
gla/+ mice. To address this, we applied a battery of behav-
oral tests to assess motor and cognitive functions of tgla/+

ice, throughout aging.

. Methods

.1. Animal husbandry

All the procedures described were approved by the local

thics Committee and the Portuguese Chief Veterinary Office

Direcção Geral de Veterinária).
Breeder pairs of heterozygous tgla/+ mice were acquired

rom The Jackson Laboratory (Bar Harbor, Maine, USA) and

tgla/+

Female Male Female

5 5 5
5 4 4
5 5 5

10 10 10
10 9 10

7 8 6

10 10 10
10 9 10

7 8 6

10 10 10
10 9 10

10 10 10
10 9 10

5 5 5
5 7 5
2 4 2

5 5 5
7 8 8
2 4 2
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ere housed in the IBMC animal facility. Mice were bred to
roduce heterozygous tgla/+ offspring. Heterozygous tgla/+
reeders are unable to generate wild-type offspring, as the tgla

lteration is inherited in repulsion with the oligosyndactylism
utation, which is embryonically lethal in homozygosity.
eaner heterozygous mice are, thus, heterozygous for oly-
osyndactylism, which causes a skeletal and renal phenotype,
esulting in fusion of the second and third digits of all four
aws and reduction of nephrons in the kidney (Wise and
ravtcheva, 2004). As no neurological phenotype has been
escribed associated to olygosyndactylism, interference with
he motor and cognitive functions assessed in this study is
ot expected. An additional colony of animals with geno-
ype C57BL/6J:+/+ was maintained, as controls. Mice were
oused and bred in a constant-temperature room, with food
nd water given ad libitum and a 12 h light–dark cycle.
ice of both genders, heterozygous and wild-type aged

, 12 and 22 months were studied. The number, age and
ender of animals tested in each protocol are described in
able 1.

.2. Genotyping

Leaner heterozygous mice can easily be distinguished
y the presence of fusion of the second and third digits
f all four paws. Nevertheless, genotype was confirmed
y restriction enzyme analysis after PCR amplification.
fter euthanasia, the mouse tail tip was cut and DNA
as extracted after lysis at 55 ◦C in buffer (400 mM NaCl,
0 mM Tris–HCl pH 7.5, 2 mM EDTA pH 7.5, 1% SDS
nd 0.2 mg proteinase K), overnight. Following incubation,
mM NaCl (final concentration) was added to the lysate,
nd the samples were mixed and centrifuged at 16,000 rpm.
NA was, then, precipitated with ethanol and centrifuged at
6,000 rpm. The DNA pellet was resuspended in water. PCR
mplification was performed using the previously described
rimers TGLA-1 (acgaaggcggcatgaaggaga) and TGLA-5R
ttccatggggaggtagtgtt) (Wakamori et al., 1998). PCR prod-
cts were digested with BseDI (Fermentas, Ontario, Canada).
he digested products were submitted to electrophoresis on
2.0% agarose/Et-Br gel, yielding the following fragments:
, 28, 99 and 161 bp, in wild-type, and 7, 28, 99, 161, and
60 bp, in tgla/+.

.3. Motor performance test

Rotarod tests were carried out to assess coordination and
alance functions. Mice were tested using an accelerated
otarod (TSE systems, Bad Homburg, Germany), according
o two different protocols. The first consisted of four trials
er day (10 min rest between trials), on four consecutive
ays. During a trial, the rod accelerated from 4 to 40 rpm,

ver 5 min, and then remained at 40 rpm for an additional
min. Each trial lasted until the mouse fell from the rod, or

or a maximum of 10 min. The results were averaged across
he four daily sessions. This first protocol was applied to a

c
p
c
d
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ilot group of animals, and data analysis suggested motor
earning impairment. To confirm this hypothesis a second,

ore demanding, rotarod protocol was applied to a differ-
nt group of animals. In this protocol, three sessions of four
rials each (1 h rest between sessions), on seven consecu-
ive days were applied to mice aged 6 and 12 months. Data
ere averaged over the three daily sessions. As we expected

educed physical endurance in 22-month-old mice, they were
ested in a 7-day protocol with only one daily session, and
esults are presented averaged over the four daily trials.
his second group of animals continued behavioral testing,
ith water maze, hanging wire and clasping behavior assess-
ent. For each age tested, a different group of animals was

tudied.

.4. Hanging wire test

In this test, the animals were placed, by the forelimbs, on
stainless steel bar (30 cm length, 2 mm in diameter, and

levated 30 cm from the surface), at a point midway between
he supports, and observed for 60 s. The number of seconds
pent hanging was recorded, in three consecutive trials per
nimal, with a 30 s interval between trials.

.5. Clasping behavior

Clasping was measured in a tail suspension test, in which
he mouse was held by the tail at a 30 cm height from the
ench surface, and observed for a period of 30 s. Wild-type
ice will tend to hold their legs away from the main trunk,
ith the toes, at least on the hind feet, splayed.

.6. Morris water maze

The cognitive status of the animals as regards spatial learn-
ng and memory was assessed with the Morris water maze.
riefly, the maze consisted of a grey circular polypropylene

ank, 1 m in diameter and 0.5 m deep, which was filled with
ater, made opaque through the addition of powdered milk, to
35 cm depth. The maze was divided in four imaginary equal-
ized quadrants, and an escape platform (12 cm × 9 cm) was
laced in the pool. The swim path was recorded by the
omputerized VideoMot 2 tracking system (TSE systems,
ad Homburg, Germany). The maze was located in a room
ontaining extramaze visual cues. The Morris water maze
rotocol consisted of a 2-day training period in the cued,
xed platform position procedure, followed by the hidden
latform paradigm with a probe, and an additional probe per-
ormed 7 days after the acquisition. Mice aged 22 months
ere not submitted to behavioral testing after this second
robe as we did not expect that the aged mice of both
enotypes were able to cope with a more extended proto-

ol. Mice aged 6 and 12 months continued the water maze
rotocol with cued learning in the presence of a distractor
ue and finally a cued, variable platform position proce-
ure.
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.6.1. Spatial learning, fixed platform position
cquisition procedure

Each mouse was given 28 trials to locate the hidden plat-
orm, in blocks of four trials a day, for seven consecutive days.
hroughout the acquisition protocol the platform remained

n the same position and the latency, pathlength and speed
aken to reach the escape platform were recorded. Each trial
ad a maximum of 60 s. Between trials, mice were allowed
o rest for 60 s on the platform. The results were averaged
cross three daily trials (excluding the first trial of each day).
n the last day, a probe test was also performed, in which the
latform was removed from the pool, and each animal was
llowed to search for the platform for 60 s. The amount of
ime spent in each quadrant was recorded. Seven days later
he probe was repeated to assess memory recall. For mice
ged 22 months the acquisition protocol was adapted to 27
rials, in blocks of three trials a day for nine consecutive days.
ata are presented as average across two daily trials (exclud-

ng the first trial of each day). On the 10th day, only the probe
est was performed. Memory recall was assessed 7 days later.

.6.2. Distractor cue procedure
Mice from each genotype received 4 days of training (four

rials per day), in which the platform was made visible by a
ag. Its position varied in each trial, and an additional cue,

rrelevant to the platform position, was located in the quadrant
pposite to the platform (distractor cue). A different distractor
ue was used on each of the four daily trials, with a diverse
ocation on each trial. The four distractor cues used were a
lack and white cube, a black and white sphere, a black and
hite cross or a black and white triangle. Similarly to the
revious tests, the latency, pathlength and speed to reach the
latform were recorded. Results were averaged over three
aily trials (excluding the first trial of each day).

.6.3. Cued learning, variable platform position
rocedure

The test was performed in a single day, the platform was
ade visible by a flag and its position changed between each

f the eight trials. No additional intramaze cues were applied,
nd escape latency, pathlength and speed were recorded. Data
re presented averaged across the seven trials (excluding the
rst trial).

.7. Statistical analysis

Statistical analysis was performed using SPSS (version 14
or Windows). The effect of genotype and gender on motor
erformance in the rotarod and on the cognitive capacity, in
he Morris water maze acquisition and distractor cue tests,
as examined by repeated-measures ANOVA. For the body
eights, the effect of genotype and gender was assessed by
wo-way univariate analysis of variance (ANOVA). For the
anging wire, probe trials and cued learning, comparisons
etween groups were performed using Student’s unpaired t-
est. For the probe trials a Student’s t-test for difference from

3

t
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hance was also applied to assess learning of the platform
ocation, within each genotype. In case of categorical vari-
bles, as the clasping behavior quantifications, a χ2 test was
sed. Differences were considered significant if p < 0.05.

. Results

.1. Normal body weight

The average body weight (g) increased with age for
oth genotypes and was 24.90 ± 1.51 for controls and
4.67 ± 1.39 for tgla/+, at 6 months; 30.02 ± 1.08 for controls
nd 29.05 ± 0.93 for tgla/+, at 12 months and 35.13 ± 0.91
or controls and 31.67 ± 1.90 for tgla/+, at 22 months. Males
ere heavier than females at all ages (p < 0.005 at 6, 12 and
2 months). When compared to controls, tgla/+ showed sim-
lar body weights both at 6 months (p = 0.82) and 12 months
p = 0.58). At 22 months, differences were found between
enotypes due to a reduced weight gain in tgla/+ females
p < 0.05).

.2. Age-dependent motor impairment on the rotarod

Motor coordination and balance was assessed on a rotarod
pparatus. The ability to maintain balance was evaluated by
he latency to fall from the accelerating rotarod, while the
esponse to repeated training is a measure of motor learn-
ng. The performance on the rotarod was similar between
gla/+ and wild-type animals, when the first and less demand-
ng protocol was applied. Both genotypes improved their
erformance with training at 6 months [F1.91,34.46 = 17.616,
< 0.005], 12 months [F3,51 = 14.715, p < 0.005] and 22
onths [F1.76,31.61 = 30.873, p < 0.005] (data not shown).
hen compared to controls, tgla/+ mice showed similar

erformances, at 6 months (p = 0.49),12 months (p = 0.46)
nd 22 months (p = 0.94) (data not shown). When the sec-
nd and more challenging protocol was applied, differences
etween genotypes were observed (Fig. 1). At 6 months
f age, no statistically significant differences were detected
p = 0.32), whereas at 12 months, tgla/+ performed signif-
cantly worse than wild-type mice (p < 0.05) (Fig. 1). At
2 months, as both genotypes were thought to not stand
his complete challenging protocol, only one daily session
as applied and no statistically significant differences were

ound (p = 0.28). As in the first protocol, the amount of time
pent on the accelerating rotarod increased over time, for
oth genotypes at 6 months [F2.13,80.85 = 22.936, p < 0.005],
2 months [F2.81,103.92 = 35.237, p < 0.005], and 22 months
F3.11,90.10 = 15.812, p < 0.005]. No interaction was observed
etween genotype and gender at any of the studied ages.
.3. Motor and neurological dysfunction

In the hanging wire test, we observed differences between
gla/+ and wild-type mice, mainly at 6 and 12 months of age.
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Fig. 1. Rotarod test for motor coordination and learning. Time (seconds)
spent on the accelerating rod across 7 days, with three daily sessions, for
tgla/+ and wild-type mice, tested at 6 and 12 months of age. Data expressed as
mean ± S.E.M. of three daily sessions, each comprising four trials in seven
consecutive days. Both genotypes, aged 22 months, performed 7 days of
testing with only one daily session. Data expressed as mean ± S.E.M. of one
d
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Fig. 2. Hanging wire test. Latency to fall from the hanging wire (seconds)
a
s
*

m
1
m
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3
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d
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(
t
l
test at 6 months, and p < 0.05 for each test at 22 months)
aily session comprising four trials in seven consecutive days. *p < 0.05 for
ontrol vs. tgla/+ mice.

eaner heterozygous mice spent significantly less time hang-
ng from the wire in all trials, both at 6 months (p < 0.005 in
rst and second trials; p < 0.05 in third trial) and 12 months
p < 0.05 in first and third trials; p < 0.005 in second trial). For
ice aged 22 months, significant differences between geno-

ypes were only found in the first trial (p < 0.05), whereas in
he second and third trials no differences between genotypes
ere found (p = 0.95, p = 0.60) (Fig. 2), as wild-type animals
lso performed poorly.
The clasping behavior was present in all the observed

gla/+ mice, since age 6 months, whereas in wild-type ani-

(
w
l

cross trials for tgla/+ and wild-type mice. All mice performed only one
ession with three trials. Data expressed as mean ± S.E.M. of each trial.
p < 0.05 and **p < 0.005 for control vs. tgla/+ mice.

als it was only detected in 17 and 50% of the animals at
2 and 22 months. Differences between tgla/+ and wild-type
ice were statistically significant at all ages tested (p < 0.005)

Fig. 3).

.4. Spatial learning impairment

.4.1. Acquisition and recall
Spatial learning performance of tgla/+ mice proved to be

ifferent when compared to wild-type, with tgla/+ mice show-
ng increased pathlength and latency to reach the platform
Fig. 4 and S1). Comparisons between genotypes showed
hat tgla/+ mice had, relative to wild-type, longer path-
ength and latency, at 6 and 22 months (p < 0.005 for each
Fig. 4A and S1), whereas at 12 months, no differences
ere found between genotypes in pathlength (p = 0.27) or

atency (p = 0.35). Swim speed comparisons showed no dif-
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Fig. 3. Clasping behavior. The graphs show the percentage of animals pre-
senting the clasping phenotype in the tail suspension test. Photographies
of the clasping phenotype at age tested illustrate normal escape reflexes
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differences at 6 months (p = 0.19). Conversely, at 12 months
n controls, contrasting to the clasping phenotype shown by tgla/+ mice.
*p < 0.005 for control vs. tgla/+ mice.

erences between genotypes at 12 months (p = 0.64) and 22
onths (p = 0.31), while at 6 months tgla/+ mice presented

wim speeds lower than controls (p < 0.005). In the acqui-
ition phase, overall pathlength decreased over days, for
oth tgla/+ and controls, at 6 months [F4.40,154.12 = 14.887,
< 0.005] and 12 months [F3.20,112.13 = 9.907, p < 0.005].
t 22 months pathlengths did not change significantly

hroughout trials [F2.30,59.85 = 1.448, p = 0.24], for any of the
enotypes (Fig. 4A). The latency to find the escape plat-
orm diminished over trials, for both genotypes, at all ages,
nd no significant differences were found in swim speed

ver trials (see supplementary data S1). No interaction was
bserved between genotype and gender at any of the studied
ges.

t
(
n
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Mice of both genotypes learned the platform location, at
ll ages, showed by the finding that the percentage of time
pent in the target quadrant was significantly greater than
hance (25%) (p < 0.005 for both genotypes at 6 and 12
onths; p < 0.05 for both genotypes at 22 months). Com-

arisons between genotypes showed that when analyzing the
rst 30 s of the probe trial, tgla/+ mice spent less time in the

arget quadrant than wild-type, at all ages, although the dif-
erence was only significant at 6 months of age (p < 0.05)
Fig. 4B). A similar trend was observed when the whole
robe trial (60 s) was analyzed; for the first 15 s, however,
o differences were found between genotypes at any of the
tudied ages (data not shown). In the probe test performed
days after acquisition, to assess memory recall, animals

f both genotypes remembered the location of the platform
ith performance being significantly better than chance, at 6

nd 12-month-old (p < 0.005 for both genotypes at 6 months;
< 0.005 for control animals with 12 months and p < 0.05 for

gla/+ mice with 12 months). In aged animals (22 months)
nly control animals showed a significant increase in the per-
entage of time spent in the target quadrant when compared to
hance (25%) (p < 0.05), whereas for the tgla/+ mice this dif-
erence was not observed (p = 0.17). Comparisons between
enotypes showed that when analyzing the time spent in the
arget quadrant, no significant differences between genotypes
ere found, when the first 30 s were analyzed (at 6 months
= 0.67, 12 months p = 0.85 and 22 months p = 0.44) (Fig. 5).
imilar results were obtained for the first 15 s and for the
hole 60 s trial (data not shown).

.4.2. Distractor cue test
In the water maze test with the presence of a distractor cue,

t 6 months no differences were found between leaner het-
rozygous and control mice in pathlength (p = 0.76), latency
p = 0.57) or swim speed (p = 0.24) (see supplementary data
2). In mice aged 12 months no differences were observed
etween groups in pathlength (p = 0.87) or latency (p = 0.20),
hile lower swim speeds were observed in tgla/+ mice when

ompared to controls (p < 0.05). In the presence of a distractor
ue, both genotypes improved their performance with train-
ng, reducing the pathlength at 6 months [F3,108 = 14.912,
< 0.005] and 12 months [F2.29,80.12 = 22.424, p < 0.005] (see

upplementary data S2). Escape latency also diminished with
raining for both studied ages, whereas in swim speed dif-
erences were only found at 12 months (see supplementary
ata S2). No interaction was observed between genotype and
ender at any of the studied ages.

.5. Increased pathlength in non-spatial tasks

In the cued task, applied to test non-spatial reference mem-
ry, pathlength comparisons between genotypes revealed no
gla/+ showed longer pathlength than controls (p < 0.05)
Fig. 6). Comparisons of latency and swim speed showed
o differences between tgla/+ and controls at 6 months
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Fig. 4. Water maze test for spatial learning and memory. (A) Pathlength (cm) across days of training, for tgla/+ and wild-type mice, in the hidden platform
paradigm. Mice with 6 and 12 months performed one daily session with four trials, whereas mice with 22 months performed one daily session with three trials.
D was exc
o pent, in
t 25%). D
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ata expressed as mean ± S.E.M. of three daily trails (first trial of each day
f each day was excluded) for mice with 22 months. (B) Percentage of time s
he first 30 s of the probe trial. Dashed line represents chance performance (

p = 0.95, p = 0.18), or at 12 months (p = 0.54, p = 0.10) (see
upplementary data S3).

. Discussion

.1. Neurobehavioral deficits in tgla/+

The main purpose of the present study was to identify
mpaired neurobehavioral features, throughout aging, in a

ouse with a heterozygous mutation in a calcium channel
ene. We applied a battery of behavioral tests to charac-
erize the influence of reduced calcium currents through
av2.1 voltage-gated Ca2+ channels in motor and learning
apacities of tgla/+ mice. We examined motor coordination,

earning and memory over the lifespan of tgla/+, compared
o wild-type mice. Although tgla/+ mice have been consid-
red, by several authors, healthy and phenotypically identical
o wild-type, the behavioral responses now observed were

t
i
m
i

luded) for animals with 6 and 12-month-old, and two daily trials (first trial
each of the four imaginary quadrants, for tgla/+ and wild-type mice during
ata expressed as mean ± S.E.M. *p < 0.05 for control vs. tgla/+ mice.

emarkably different from the wild-type, evident at 6 months
nd aggravated with aging.

.2. Motor coordination impairment

Leaner heterozygous mice do not show obvious impair-
ent in motor coordination or balance, since their

erformance is not different from the wild-type in a stan-
ard rotarod protocol. However, when a more demanding
otarod protocol of three sessions, with four trials each, was
pplied, 12-month-old tgla/+ animals showed motor deficits.
n older animals (22 months) no significant genotype effect
as found, however, these mice were submitted to an inter-
ediate protocol, thus we cannot exclude that these aged

nimals have altered motor function in more demanding

ests. Nevertheless, tgla/+ mice present impaired performance
n physically challenging rotarod protocols, suggestive of

otor learning deficits. Recently, impaired motor learning
n the vestibulo-ocular reflex has been observed in leaner
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Fig. 5. Probe trial performed 7 days after the acquisition period to assess
memory recall. Percentage of time spent in each of the four imaginary quad-
rants, for tgla/+ and wild-type mice during the first 30 s of the probe recall
trial. Dashed line represents chance performance (25%). Data expressed as
mean ± S.E.M.

Fig. 6. Water maze cued learning, variable platform position procedure.
Pathlength (cm) across trials, for tgla/+ and wild-type mice, in the cued,
variable platform position paradigm. Mice with 6 and 12 months performed
eight trials in a single day. Data expressed as mean ± S.E.M. of seven trials
(first trial was excluded). *p < 0.05 for control vs. tgla/+ mice.
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eterozygous and Cacna1a knockout mice, suggesting that
inor alterations in Cav2.1 currents can impair motor func-

ion (Katoh et al., 2007), and reinforcing the hypothesis
f the presence of motor learning deficits in this mouse
utant. Although the rotarod motor function impairment in

gla/+ mice was observed only in aged mice (12 months),
otor dysfunction can be observed as early as at 6 months
hen the hanging wire task is applied. When performing

his task, mice with strong and coordinated motor functions
old and climb onto the wire and escape. Conversely, mice
ith deficient motor skills show difficulty in holding onto the
ire and fall more quickly. Leaner heterozygous mice pre-

ented early-onset (6 months) motor incoordination and/or
educed muscle strength on the hanging wire. Notably, per-
ormance in this task is affected by age in both genotypes:
t 22 months genotype differences were only found in the
rst trial as wild-type animals were also not able to effi-
iently complete this task over trials. The motor impairment
f the tgla/+ mice in challenging rotarod protocols and in
efined motor tasks, like the hanging wire, indicates that
his mutant exhibit altered cerebellar function. Alterations
n Ca2+ influx through neuronal cells are likely to be the

olecular basis of tgla/+ age-dependent deficits in motor
earning, in physically challenging protocols. The motor
hanges observed in tgla/+ mice are similar to those displayed
y null mouse mutants for calcium binding proteins (CaBPs).
hese mutants show impairment in motor performance when
hallenged, even without histopathological or evident phe-
otypic alterations, caused by deficits in calcium buffering
nd modulation of calcium channel activity (Airaksinen et
l., 1997; Schwaller et al., 2002). Leaner heterozygous mice
lso showed early-onset (6 months) and progressive clasping
ehavior, a stereotyped phenotype indicative of neurological
ysfunction of motor control pathways, which is present in
nimal models of several neurodegenerative disorders, such
s Machado–Joseph disease (Cemal et al., 2002), Hunting-
on’s disease (Mangiarini et al., 1996) and spinal and bulbar
uscular atrophy (McManamny et al., 2002) mouse mod-

ls, as well as in a Rett syndrome mouse model (Guy et al.,
001), even though the basis for this behavioral alteration is
urrently unknown.

These results show that tgla/+ mice have variable degrees
f motor impairment, which is observed earlier (6 months) in
ore complex motor coordination tasks, and progresses with

ge. One can speculate that reduced calcium currents in tgla/+
erebellar neuronal cells, where Cav2.1 calcium channels are
ighly expressed (Volsen et al., 1995), could induce dysfunc-
ion in calcium homeostasis and, consequently, alteration of
pine morphology or deficient cerebellar maturation, result-
ng in motor impairment. Additionally, it has been reported
hat in leaner homozygous mice a neuromuscular junction
NMJ) functional phenotype is also present, characterized by

50% reduction on acetylcholine release, which is compen-

ated by non-Cav2.1 channels (Kaja et al., 2007). Our study
oes not exclude the possibility that alterations in tgla/+ NMJ
ontribute to the motor deficits reported here.



gy of A

4

m
p
t
f
t
M
d
t
i
c
p
i
w
r
t
m
r
w
f
i
t
s
e
(
f
t
t
s
b
s
e
o
a
c
o
w
c

m
l
e
l
a
i
n
L
i
s
B
t
f
e
t

p
s
t
i
d
a
k
(
i
m

4
h

a
l
O
b
a
s
a
l
p
e
i
p
i
c
u
t
o
i
t
d
t
g
r
e
d
n
t
s

t
i
m
a
T
c
l

I. Alonso et al. / Neurobiolo

.3. Spatial learning and memory deficits

The tgla/+ mutant has age-dependent spatial learning and
emory impairment in the Morris water maze, when com-

ared to wild-type, shown by an increase in pathlength and
ime spent searching for the platform. Despite the motor dys-
unction described above, tgla/+ mice are able to perform
he water maze task, though performances differ with age.

ice with 6 months, even though presenting spatial learning
eficits, showed by increased pathlengths, are able to locate
he hidden platform position. The spatial learning deficits
n tgla/+ mice are corroborated by a reduction, relative to
ontrols, on time spent in the target quadrant observed in the
robe trial. At 12 months, although showing more difficulties
n learning the location of the hidden platform, tgla/+ mice
ere able to learn the task at levels of performance compa-

able to wild-type, confirmed by the similar performance in
he probe trial. The results obtained in mice aged 12 months

ay suggest that additional features are contributing to the
educed performance in younger tgla/+ mice. At 6 months,
e can hypothesize that a deficit in attention (though no dif-

erences were observed in performance between genotypes
n the presence of a distractor cue) or motivation (as only
gla/+ mice aged 6 months swim at a significantly slower
peed when compared to wild-type) might explain the appar-
ntly cognitive findings. However, in aged mutant animals
22 months) water maze performance was significantly dif-
erent from controls, suggestive of spatial learning deficits,
hough both genotypes had similar performances in the probe
rial. At 22 months, as no differences were observed in swim
peed or in the visible fixed platform paradigm, performed
efore place learning, visual or motor impairment do not
eem to be contributing to the learning deficits observed. Nev-
rtheless, we cannot rule out some influence of background
n variability which can mask larger differences in motor
nd learning behavior as we were not able to use littermate
ontrol animals. In aged (22 months) tgla/+ animals we also
bserved a memory deficit showed in the probe recalling, in
hich the time spent in the target quadrant did not differ from

hance.
Calcium influx into the postsynaptic neuron through N-

ethyl-d-aspartate (NMDA) receptors and VGCC, induces
ong-term potentiation (LTP), a type of synaptic strength-
ning responsible for behavioral changes exhibited with the
earning process (Bliss and Collingridge, 1993; Dunwiddie
nd Lynch, 1979; Grover and Teyler, 1990). This Ca2+ influx
nduces transcription of activity-dependent genes and de
ovo protein expression, essential for the establishment of
TP, and thus for the acquisition of memory. Spatial learn-
ng and LTP dysfunction have been reported in mutants for
everal Ca2+ regulated proteins (Abeliovich et al., 1993a,b;
ourtchuladze et al., 1994; Kang et al., 2001), suggesting
hat Ca2+ signaling transduction is essential for LTP and
or the adoption of a spatial orientation strategy. The high
xpression of P/Q-type calcium channel �1A-subunit in den-
ate gyrus granule cell and molecular layers, as well as in

D

ging 29 (2008) 1733–1743 1741

yramidal cells from the CA3 region (Day et al., 1996),
uggests that reduced Ca2+ influx through these neurons in
gla/+ mice may result in hippocampal dysfunction and LTP
mpairment, which can be responsible for the spatial learning
eficits reported here. The disruption of �1-subunit inter-
ction with Ca2+/calmodulin in leaner, the latter complex
nown to contribute to calcium-dependent synaptic plasticity
Lee et al., 1999), could alternatively be the basis for the learn-
ng and memory impairment observed in the tgla/+ mutant

ice.

.4. Deficits in the heterozygous leaner mouse and
uman neurological disorders

Several types of human spinocerebellar ataxias, which
re mainly characterized by progressive late-onset gait and
imb ataxia, also show cognitive impairment (Manto, 2005).
n the other hand, CACNA1A mutations in humans cause a
road range of symptoms, including progressive or episodic
taxia and hemiplegic migraine, which may occur isolated or
imultaneously, in the same patient or family. As expected
ccording to the cognitive impairment, ranging from marked
earning difficulties to major mental retardation, shown by
atients with CACNA1A mutations (Denier et al., 1999; Kors
t al., 2003; Ophoff et al., 1996), we observed learning deficits
n the tgla/+ mice. This suggests that molecular and electro-
hysiological mechanisms underlying the cognitive deficits
n tgla/+ can provide insight into the pathophysiology of
ognitive diseases. The tgla/+ mutant mouse can, thus, be
sed as a model to study some of the aspects of cogni-
ive diseases. Moreover, these results show that in mice, as
bserved in humans, the presence of a heterozygous mutation
n the Cacna1a gene is sufficient to produce a disease pheno-
ype during the mouse lifespan, resulting in a wide range of
eficits. Additionally, these data put forward the hypothesis
hat like in the tgla/+, the other known Cacna1a heterozy-
ous natural mutants, namely tottering (Fletcher et al., 1996),
olling Nagoya (Mori et al., 2000) and rocker (Zwingman
t al., 2001), may also present minor motor and cognitive
eficits. Furthermore, mouse models of autosomal dominant
eurological disorders usually require the overexpression of
he mutant protein to show a disease phenotype during their
hort lifetime.

In summary, our results show that a heterozygous muta-
ion in the Cav2.1 voltage-gated Ca2+ channel �1A-subunit
n the leaner mouse causes age-dependent cognitive impair-

ent and motor incoordination in refined tasks, as well as
ge-related and progressive alterations in escape reflexes.
hese gene-associated deficits demonstrate that Cav2.1 Ca2+

hannels are involved, not only in motor activity, but also in
earning and memory.
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