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Spinocerebellar ataxia type 1 (SCA1) is a neurodegenerative disorder caused by an expanded CAG trinucleotide repeats within

the coding sequence of the ataxin-1 protein. In the present study, we used a conditional transgenic mouse model of SCA1 to

investigate very early molecular and morphological changes related to the behavioral phenotype. In mice with neural deficits

detected by rotarod performance, and simultaneous spatial impairments in exploratory activity and uncoordinated gait, we

observed both significant altered expression and patchy distribution of excitatory amino acids transporter 1. The molecular

changes observed in astroglial compartments correlate with changes in synapse morphology; synapses have a dramatic

reduction of the synaptic area external to the postsynaptic density. By contrast, Purkinje cells demonstrate preserved structure.

In addition, severe reactive astrocytosis matches changes in the glial glutamate transporter and synapse morphology. We

propose these morpho-molecular changes are the cause of altered synaptic transmission, which, in turn, determines the onset

of the neurological symptoms by altering the synaptic transmission in the cerebellar cortex of transgenic animals. This model

might be suitable for testing drugs that target activated glial cells in order to reduce CNS inflammation.
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INTRODUCTION

The contribution of non-neuronal cells to the pathogenesis
of neurodegenerative diseases has been described although
the mechanism remains poorly understood. The role of
neuron–glia interactions is also being investigated in neuro-
degenerative diseases such as amyotrophic lateral sclerosis
(ALS) and Alzheimer’s disease (Sheldon and Robinson,
2007). Moreover, glial dysfunction is likely to contribute to
the pathogenesis of cerebellar ataxia in a mouse model of
spinocerebellar ataxia type 7 (SCA7) (Custer et al., 2006).

Excitatory amino acids transporter 1 (EAAT1, also known
as GLAST) is the major glutamate transporter in the
cerebellum (Lehre and Danbolt, 1998). It is expressed strongly
by astrocytes in the molecular layer of the cerebellum and is
at highest density on Bergmann glia. EAAT1 is not detected in
neurons (Ginsberg et al., 1995). EAAT1 present on the plasma
membrane of the astrocytic processes and cell bodies
(Chaudhry et al., 1995). Targeting of EAAT1 is regulated
carefully on astroglial membranes facing the neuropil, large
dendrites, cell bodies and capillary endothelium (Danbolt,
2001). Therefore, its distribution follows the morphological

changes of astrocytes during inflammatory processes.
Recently, in a mouse model of reactive astrocytosis in the
spinal cord, it has been reported that this glial process
includes a marked proteolytic cascade having as substrates
glial transporters. Subsequent changes in neurotransmitter
uptake represent the basis of morphological and functional
changes that sustain central plasticity (Cavaliere et al., 2008).
Moreover, glial activation involves changes in cell phenotype
and gene expression that might trigger glial-induced neuronal
death (Bal-Price and Brown, 2001). Glial-mediated inflam-
matory responses appear to have a key role in the
pathophysiology of several neurodegenerative disorders that
involve early activation of microglia and astrocytes (Mrak
and Griffin, 2005). In general, overexpression of cytokines
appears several years before pathological changes are evident
(Griffin et al., 2006). The time needed for glial activation
might explain the mid-life onset of many neurodegenerative
disorders, even those that are genetically determined, before
the patient displays the full clinical symptoms of the disease
(Unger, 1998).

Spinocerebellar ataxia type 1 (SCA1) is a dominantly
inherited, progressive, neurological disorder, that is char-
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acterized clinically by ataxia and cranial motor neuropathies
in the absence of cognitive deficits. SCA1 belongs to the
polyglutamine disorders, a group of inherited neurodegen-
erative diseases caused by expansion of a translated CAG
repeat in the coding region of the SCA1 gene (Schols et al.,
2004; Orr and Zoghbi, 2007). The characterization of SCA1
(Banfi et al., 1994) allowed ataxin-1 (ATAXIN1) the protein it
encodes, to be identified as the molecule responsible for
disease pathogenesis and progression. ATAXIN1 is expressed
in the CNS throughout life, localized mainly in the nucleus,
both in its normal and mutated configuration, with some
cytoplasmic localization in cerebellar Purkinje cells (Servadio
et al., 1995). Characteristic neuropathological findings in
SCA1 are the loss of Purkinje cells in the cerebellum and
neurons in the inferior olivary complex (Robitaille et al.,
1995). As described for other polyglutamine diseases such as
Huntingdon’s disease (HD) (DiFiglia et al., 1997; Davies et al.,
1997), the presence of neuronal intranuclear inclusions (NIs)
in Purkinje cells in human patients (Servadio et al., 1995) and
in a transgenic mouse model (Skinner et al., 1997) represents
a pathological hallmark of SCA 1. Recent evidence shows that
compounds that increase inclusion formation might reduce
cellular pathology in several neurodegenerative disorders
(Bodner et al., 2006).

Several animal models have been generated and investi-
gated (Burright et al., 1995; Fernandez-Funez et al., 2000;
Watase et al., 2002; Emamian et al., 2003; Chen et al., 2003) in
order to understand the processes that underlie the onset and
progression of SCA1. Data show that mutant ATAXIN1
protein levels have a key role in modulating disease
pathogenesis. The expanded tracts are relatively resistant to
proteasomal degradation (Paulson, 1999), which leads to the
accumulation of polyglutamine-containing peptide fragments
within the cell. To define the role of different protein
domains in the onset and progression of the disease, models
that differ in either the length of the polyQ tract inserted
(Lorenzetti et al., 2000) or the specific mutation induced
(Klement et al., 1998) have been generated. To investigate the
cellular pathways that influence disease progression, SCA1
transgenic mice have been crossed with either transgenic mice
or mice that are deficient in genes involved specifically in
protein degradation or stress responses (Cummings et al.,
1999; Shahbazian et al., 2001; Cummings et al., 2001; Okuda et
al., 2003). Recently, it has been demonstrated that blocking
the expression of mutant ATAXIN1 in a conditional mouse
model of SCA1 modifies the progression of the disease (Zu
et al., 2004; Serra et al., 2006). The majority of these models
are somewhat limited because they involve the expression of
the polyQ tract mainly in cerebellar Purkinje cells. In
humans, SCA1 is expressed throughout the brain, including
non-neuronal cells. In a HD mouse model expressing 77
CAG repeats, glial fibrillary acidic protein (GFAP)-positive
cells increase in the brains without any signs of neuronal
degeneration (Ishiguro et al., 2001) and in genetically
modified models of SCA7 it has been demonstrated that
dysfunction of Bergmann glia leads to non-cell autonomous
Purkinje cell degeneration in the absence of expression of
mutant ataxin-7 in Purkinje cells. Moreover, GLAST-
deficient mice fail motor challenging tasks and GLAST has
active roles in synapse formation of cerebellar climbing fibre
and in preventing excitotoxic cerebellar damage (Watase
et al., 1998).

OBJECTIVE

To identify and better clarify each step in the pathogenesis of
SCA1 we generated a conditional mouse model using the
tetracycline-responsive gene (TET) system to control the
expression of ATAXIN1 containing different polyQ repeats
(either 32Q or 100Q). To fully reproduce the molecular and
genetic features of this devastating condition we used a brain-
specific promoter to induce ATXIN1 throughout brain
tissues, as occurs in humans. We have used this model to
analyze the modifications that affect the neuro-glial network
(mainly the tripartite synapse) to clarify the early alterations
that lead to death of Purkinje cells at advanced stages.

METHODS

Transgenic constructs

Two different responder constructs have been generated.
cDNAs encoding normal and expanded ATAXIN1 (32 and
100 CAG repeats, respectively; TRE-nSCA and TRE-eSCA
constructs) with a short 59UTR region from the SCA1 gene,
were subcloned independently downstream of the TET-
responsive element (TRE) promoter in the pUHD10–3
plasmid (Gossen and Bujard, 1992). In both constructs a
c-myc tag sequence was fused in-frame to the coding region.
These two constructs have been used successfully in vitro
(Rimoldi et al., 2001).

Production and maintenance of TET
transgenic mice

Following removal of the vector backbone by digestion with
Ssp I and Nsp I, the TRE-nSCA (3.7 Kb) and the TRE-eSCA
(3.9 Kb) constructs were microinjected independently into
oocyte pronuclei from C57BL/6J 6 DBA2 F1 hybrids (BDF1).
Founder mice were identified by PCR and Southern blot
analyses. Nine of the 11 TRE-nSCA and 14 out of 19 TRE-
eSCA founder mice bred successfully, originating transgenic
lines. Responder Tg mice analyzed in this study were
hemizygous for the transgene. A few transgenic strains were
then transferred to a FVB/N inbred genetic background. To
induce expression of human ATAXIN1 in the brains of
transgenic mice, the PrP-tTA (F959 line) (Tremblay et al.,
1998) transgenic line was used, which expresses tTA at high
levels in all brain regions (Boy et al., 2006).

Doxycycline treatment

Doxycycline (Dox) treatment was performed as follows: PrP-
tTA and TRE-SCA transgenic females were given 0.5 mg ml21

Dox in 5% sucrose solution instead of the normal drinking
water for 7 days before mating. Dox was then either
withdrawn [ATAXIN1 expression in young, double trans-
genic mice (DTg)] or continued (constitutive repression of
ATAXIN1 expression). Dox solution was maintained in dark
bottles and changed three times a week.

Genotype analysis

Genotyping analyses were performed using DNA extracted
from mouse tail biopsies. SCA1 responder Tg mice: specific
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primers that anneal to the TRE promoter (oligo forward: 59-
ACCCGGGTCGAGTAGGCG-39) and after the CAG repeat
sequence (oligo reverse: 59-GCTCTTCTCCATCTCACCGT-
39) were used, resulting in fragments of either 1228 bp (32
CAG Repeats) or 1432 bp (100 CAG Repeats). Southern blot
analyses used the TRE sequence as probe.

TET activator Tg mice: Specific primers (oligo forward:
59-AAGTAAAGTGATTAACAGCGC-39; oligo reverse: 59-
CTACCCACCGTACTCGTC-39) were used, resulting in a
1042 bp amplification fragment.

RT-PCR analyses

Total RNA was extracted from half of the cerebellum or brain
using Trizol reagent (Invitrogen), following the manufac-
turer’s recommended protocol. cDNA was prepared from
either 1 mg (TRE-SCA transgene products) or 40 ng (GFAP
and EAAT1 endogenous genes) of total RNA with oligo dT
primers (Promega) using SuperScript III reverse transcriptase
(Invitrogen), following the manufacturer’s recommended
protocol. The cDNA (1/10 of the final volume) was amplified
by PCR as follows: 1 cycle of 9 min at 94uC; 25–33 cycles of
30 sec at 94uC, 30 sec at a primer pair-specific temperature
and 30 sec at 72uC; 1 cycle of 10 min at 72uC. Primers
were designed for each endogenous gene using Primer3
software (Rozen and Skaletsky, 2000): GFAP, forward
59-AGAAAACCGCATCACCATTC-39, reverse 59-TCACAT-
CACCACGTCCTTGT-39; EAAT1, forward 59-CCAAAAGC-
AACGGAGAAGAG-39, reverse 59-ACCTCCCGGTAG-
CTCATTTT-39; b-actin, forward 59-GTGGGCCGCCC-
TAGGCACCAG-39, oligo 59-GAAATCGTGCGTGACATC-
AAAGAG-39. The linear range of PCR amplification for each
primer pair was determined. In all PCR reactions b-actin

gene was used as the endogenous control. Amplification
products were run on 1.5–2% agarose Tris acetate EDTA gel,
stained with ethidium bromide and gel images captured
with GelDoc System (Bio-Rad Laboratories). Bands were
quantified using Quantity One software (Bio-Rad
Laboratories). Genomic DNA contamination was checked.

Immunoblot analyses

Tissues were homogenized in 50 mM Hepes pH 7.5, 10%
glycerol, 10 mM NaCl, 10 mM dithiothreitol, 1% SDS, 5 mM
EDTA and protease inhibitors (Sigma Aldrich). Protein
extracts (10 mg) were run on a 10% Tris-glycine gel and
transferred to nitrocellulose (Amersham Biosciences). After
blocking non-specific sites (5% milk in TBST, 20 mM Tris-
HCl, pH 7.4, 100 mM NaCl, 0.2% Tween 20), membranes
were incubated with either anti-ATAXIN1 11NQ (Servadio
et al., 1995) or anti-b-actin (Table 1) for 2 hours at room
temperature, washed in TBST, and incubated with perox-
idase-conjugated (anti-rabbit for 11NQ or anti-mouse for
anti-b-actin) secondary Ab (1:5000; Amersham Biosciences)
for 1 hour. Immunoreactivity was detected with enhanced
chemiluminescence (Amersham Biosciences).

Animals

Mice were housed four–five per cage with food and water
available ad libitum and maintained in a temperature- and
humidity-controlled environment on a 12-hour light/dark
cycle. Experiments were carried out according to a protocol
approved by the animal care committee of the Minister of
Public Health, and in accordance with guidelines from the
European Union and NIH guide for care and use of
laboratory animals. In all experiments, control mice were

Table 1. Antibodies used for immunohistochemistry

Antiserum Immunogen Source/cat. no. Dilution Antigen Reference

Guinea pig

anti-glutamate

transporter

(EAAT1)

Synthetic peptide from

carboxy-terminus of rat EAAT1

Chemicon

International

# AB 1782

1:4000 Glutamate

transporters expressed

in glial cells

(Suarez, 2000)

Mouse anti-glial

fibrillary acidic

protein (GFAP)

Purified GFAP from pig spinal cord Sigma # G3893 1:400 Specific intermediate

filaments protein in

astrocytes

(Franke, 1991)

Mouse anti c-myc A synthetic peptide

corresponding to residues

408–439 of the human p-62c-myc,

protein conjugated to KLH

Sigma # M4439 1:400 Epitope located within

the sequence EQKLISEEL

(residues 410–419) of the

product of the human

oncogene c-myc, known

as the c-myc tag

(Campbell, 1992)

Mouse

anti-calbindin-

D-28K (Cb28K)

Purified bovine kidney

calbindin-D-28K

Sigma # C9848 1:15 000 Cb28K (28 kDA) (Chard, 1995)

Rabbit anti-Cb28K Recombinant rat calbindin D-28k Swant # CB-38a 1:10 000 Cb28K (Oh et al., 2007)

Mouse anti-b actin A slightly modified synthetic

b-cytoplasmatic actin N-terminal

peptide Ac-Asp-Asp-Asp-Ile-Ala-

Leu-Val-Ile-Asp-Asn-Gly-Ser-Gly-lys

conjugated to KLH.

Sigma # A5441 1:5000 Epitope located on the

N-terminal end of the

b-isoform of actin

(North, 1993)

Rabbit anti-

ATAXIN1 (11NQ)

N-terminal peptide (amino acids

164–197) of ATAXIN1

conjugated through its N-terminus

to keyhole limpet haemocyanin

Kind donation

from Drs

Servadio and

Zoghbi

1:6000 Epitope located on the

N-terminal peptide of

ATAXIN1

(Skinner, 1997)
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wild-type mice and single transgenic, expressing only the
activator tTA protein or carrying the responder transgene,
because these did not show any difference in all the
behavioral and morphological analyses performed.

Behavioral analysis

Neurological alterations were detected until 20 weeks after
the birth. To characterize the early alterations in rearrange-
ment of the neuro–glial network we analyzed 11-week-old
DTg mice when the phenotype alterations become stable.

Open-field test

This test was performed to assess exploratory behavior and
general locomotor activity. We analyzed DTg and control
mice. Mice were placed into the center of a 70 6 100 cm
open arena containing a 10 6 10 cm gridded floor, for 15 min
per test for six consecutive days (Clark et al., 1997). On the
fourth day of testing, an enriched open-field test was
performed by placing three different objects in the arena.
These objects remained in the same position on the fifth day,
but we changed their location on the sixth day. Activities of
animals were videotaped for 15 min. Each trial was divided
into 5-min intervals so that the total number of grid crossings
and the latency to reach the periphery of the arena, after the
animal was introduced, could be analyzed. Data were
analyzed by one-way ANOVA, followed by post hoc
Bonferroni’s multiple comparison tests; P,0.0001 was
considered statistically significant (StatView; Abacus
Concepts).

Accelerating rotarod test

We used the rotarod test to assess the ability of mice to
improve their motor skill performance by training. This
study was performed on naı̈ve animals only. Mice were
placed on the rotarod apparatus (Ugo Basile) for four trials
per day for 4 consecutive days (Clark et al., 1997). Each trial
lasted a maximum of 10 min, divided into an initial part
in which the rotarod underwent a linear acceleration from 4–
40 rpm over the first 5 min of the trial and then remained
at maximum speed for the remaining 5 min. Animals were
scored for their latency to fall and for the number and time
spent in holding for each trial. Data were analyzed by one-
way ANOVA, followed by post hoc Bonferroni’s multiple
comparison tests; P,0.0001 was considered statistically
significant (StatView).

Footprint analysis

After coating the hind feet of the mice with a non-toxic paint,
animals were allowed to walk through a dark, 40-cm long,
9-cm wide, 6-cm high tunnel, and the footprint patterns
made on the paper lining the floor of the tunnel were scored
for four step parameters (Clark et al., 1997). Step length: the
average distance of forward movement between alternate
steps. Gait width: the average lateral distance between
opposite left and right steps. Alternation coefficient: the
value describing the uniformity of step alternation. Linear
movement: the average change in angle between consecutive
right-right steps. A large linear movement measurement

indicates non-linear movement, or weaving, through the
tunnel. Statistical significance was calculated by Student’s t-test.

Cerebellar injury

The experiments were performed on five male FVB mice at
the age of 2.5–3 months. The surgery was performed under
chlorydrate tiletamine (Zoletyl) (40 mg kg21) anesthesia.
Animals were mounted in a stereotaxic apparatus. After
opening the skin, a sterile disposable needle (21G) was
inserted into the paravermal cerebellar cortex through a burr
hole of the skull (Ajtai and Kalman, 1998). The volume of the
cone-like injury was ,0.08 mm3, bleeding stopped within
several seconds and the rate of respiratory movements
quickly normalized spontaneously.

After surgery and suturing muscles and skin over the
wound, each of the five animals was kept with great care,
including prevention of infection and free access to food and
water during a 12-hour light/dark cycle. At 4 days post-
surgery the animals showed motor deficits resulting from
cerebellar impairment. On the same day the mice were
sacrificed and the brains processed.

Histological examination and
immunocytochemistry

DTg and control mice were anesthetized deeply with an
intraperitoneal injection (300 mg kg21 body weight) of chloral
hydrate and perfused transcardially with standard Ringers
solution followed by 4% paraformaldehyde in 0.01 M
phosphate-buffered saline (PBS), pH 7.4 at 4uC. The brains
were removed and post-fixed for 2 hours in the same fixative,
soaked in 30% sucrose PBS and frozen in chilled isopentane
on dry ice. Immunocytochemical staining was performed on
serial sections, as reported previously (Papa et al., 2003),
using both polyclonal and monoclonal antibodies. Free-
floating sections were preincubated in PBS containing 10%
normal serum and 0.25% Triton X-100 for 1 hour at 4uC and
then incubated in either rabbit anti-ATAXIN1 antiserum
11NQ (Table 1) or guinea pig anti-glutamate transporter
EAAT1 (Table 1) for 48 hours. For monoclonal antibody
staining, sections were incubated in a mouse Ig-blocking
reagent, then preincubated in a ‘Protein Concentrate’
solution (MOM kit, Vector Labs). Sections were incubated
in either mouse anti-GFAP monoclonal antibody (Table 1),
mouse anti-calbindin D-28k (CbD28k) monoclonal antibody
(Table 1), or mouse anti-c-myc monoclonal antibody (Table
1). Sections were incubated with the appropriate biotinylated
secondary antibody (Vector Labs; 1:200). Sections for both
monoclonal and polyclonal immunostaining were processed
using the Vectastain avidin-biotin peroxidase kit (ABC),
(Vector Labs), and reacted with 3,39-diaminobenzidine
tetrahydrochloride (DAB; 0.5 mg ml21 Tris-HCl; Sigma)
and 0.01% hydrogen peroxide. Sections were mounted on
chrome-alume gelatin coated slides and cover slipped.
Adjacent sections were Nissl-stained. DAB-stained sections
were imaged with a Zeiss Axioskope 2 light microscope
(Zeiss) equipped with high-resolution digital camera (C4742–
95, Hamamatsu Photonics). Double staining was performed
as reported (Papa et al., 2003). Sections were incubated with
anti-ATAXIN1 (11NQ) and anti-CbD28k, anti-ATAXIN1
(11NQ) and anti-c-myc, or anti-calbindin D28k and
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anti-EAAT1. To analyze the spatial neuro–glial arrangement,
triple staining was performed in which sections were
incubated with anti-calbindin D28k, anti-GFAP and anti-
EAAT1. 2-hour incubations with a cocktail of Alexa fluor 488
antirabbit IgG (1:200) and Alexa Fluor 546 antimouse IgG
(1:200; Molecular Probes) was used for double staining, and
an Alexa Fluor 647 antiguinea pig IgG (1:200) added for triple
staining. Sections were mounted and cover-slipped with
Vectashield (Vector Labs) and imaged with a laser-scanning
confocal microscope (Meta-LSM 510; Zeiss). Confocal images
were acquired from the cerebellar cortex region using 206
and oil-immersion 406 objective lenses (Zeiss). Appropriate
controls lacking primary antibodies were performed for each
antibody. For double immunostaining, slices were processed
completely through the first series of reactions, rinsed and
followed by the second series of immunoreactions. Images
were captured at a resolution of 512 6 512 pixels. The
appropriate argon laser fluorescence for visualization of the
Alexa Fluor 488 was used with an excitation wavelength of
488 nm and emission filter BP 505–530. The HeNe laser
fluorescence for the visualization of Alexa Fluor 546, with an
excitation wavelength of 543 nm and emission filter LP 560.
For triple localization the emission filter BP 560–615 for Alexa
Fluor 546, and the HeNe laser fluorescence for the visualiz-
ation of Alexa Fluor 647, with an excitation wavelength of
633 nm, and emission filter LP 638 was used. A series (n = 57)
of single sections were acquired at 0.54 mm apart.

Cytology of Purkinje cells and analysis of spine
density

Purkinje cells from 11- and 20-week-old DTg mice were
recognized by Calbindin staining conjugated with the
fluorescent dye Alexa-546 (absorption at 556 nm, emission
at 573 nm; Molecular Probes). Fluorescent slices were imaged
using a laser-scanning confocal microscope (Meta-LSM 510;
Zeiss) with a 636 oil-immersion lens. Optical z-sections were
acquired at 0.5-mm steps through the apical dendritic tree of
Purkinje cells. Dendritic projections of length 1–3 mm were
identified as spines and counted off-line using computer
assisted image analysis system (MCID 7.0; Imaging Res. Inc.);
care was taken to ensure that each spine was counted only
once by following its course through the optical z-section
reconstruction. Purkinje cell dendrites were divided into a
proximal category of dendrites (with a diameter >1.5 mm)
and a distal category (with a diameter ,1.5 mm). Spine
density was calculated by dividing the total number of spines
per dendrite by the length of the dendrite (Papa et al., 1995;
Tyler et al., 2006). Statistical significance was calculated by
Student’s t-test.

Electron microscopy

Mice were perfused transcardially with saline followed by 2.5%
glutaraldehyde, 2% paraformaldehyde, 1 mM CaCl2 and 2 mM
MgCl2 at pH 7.4, 40–45uC. The brains were removed and post-
fixed in 2% paraformaldehyde overnight at 4uC. Vibratome
sections (70 mm thick) were osmicated in 2% OsO4 in PB for 20
min, small parts were dissected from the vermian, paravermian
and hemispheric cerebellum, and dehydrated through increas-
ing gradients of ethanol, followed by acetone and embedded in
Araldite. Ultrathin sections (90 nm) were lightly counterstained

with 5% aqueous uranyl acetate and examined with a Zeiss
EFTEM Lybra 120 electron microscope (Zeiss).

Measurements and statistical analysis

Light microscopy

The analysis of the markers and electron micrographs, was
accomplished by a computer assisted image analysis system
(MCID 7.0; Imaging Res. Inc.). The image analysis at light
microscope was performed as reported previously (Saulle
et al., 2004). Briefly, to analyze the activated glia we measured
the area labeled by GFAP expression as the proportional area
within the molecular layer of the cerebellum; this value
express the total target area relative to the scanned area. The
averages were obtained from six, randomly selected cerebellar
sections for each animal, and comparisons made between
DTg and control groups. In the same region, to analyze the
expression of EAAT1 we measured the mean density
(Density-ROD); ROD is an inverse logarithmic function of
gray-level values. To evaluate the distribution of the EAAT1
in the cerebellar molecular layer of DTg and controls, we
calculated the ratio between the mean density value of all the
pixels in the area (IOD-levels) and the standard deviation of
the value (IOD/SD).

Electron microscopy

For electron microscopy analysis, we chose a previously
reported systematic sampling method to reduce sampling
bias (French and Totterdell, 2004). This was achieved by
collecting five sections per grid on three grids, then 4 mm of
the block was removed and the collection repeated, this
procedure was repeated eight times. This technique allows
sampling throughout the depth of the sample. The middle
section of the middle grid in each collection of three grids
was photographed. As an alternative, on one section we
acquired four pictures proceeding from the top left corner to
the bottom right corner; on the following section, we inverted
direction of acquisition from the top right corner to the
bottom left one.

In each electron micrograph, all asymmetric synapses
(Peters et al., 1991) were analyzed. Synaptic complexes were
defined as structures that met two criteria: (1) restricted zone
of two membranes in apposition, either one or both of which
exhibited increased thickness or electron contrast; and (2) the
presence of vesicles, 30–50 nm in size, in one or both of the
two cytoplasmic domains separated by the opposing
membranes. We performed two measures of the length of
the axon–spine interfaces. The first one was limited to the
active zone (AZ), composed of the synaptic cleft bordered by
vesicles on the presynaptic axonal bouton and corresponding
to the postsynaptic density (PSD) on the dendritic spine
(Schikorski and Stevens, 1997). The second measure, includ-
ing the active zone, was extended to the nonsynaptic
interface, characterized by the thin extracellular space
bordered by spine and bouton membranes without special-
ization. Digital images were analyzed using a computer
assisted image analysis system (MCID 7.0; Imaging Res. Inc.).
The quantitative analysis was blind with the person doing the
analysis unaware of the genotypes of the mice.

All data were exported and converted to a frequency
distribution histogram using the Sigma-Plot 8.0 program
(SPSS-Erkrath). A paired t-test was used to compare DTg and
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control groups. A difference was accepted as significant if the
probability was less or equal than 5% (P(0.05). All data are
expressed as mean ± S.E.M.

Individual images of control and transgenic mice were
assembled and the same adjustments were made for bright-
ness, contrast, and sharpness using Adobe Photoshop (Adobe
Systems).

RESULTS

Derivation of conditional SCA1 transgenic
mice

We used the TET system (Furth et al., 1994) to obtain in vivo
regulatable expression of ATAXIN1 in mouse tissues. This
system is well-known and characterized and is enables either
induction or suppression of expression of a gene of interest in
vivo. Modulation of expression is achieved by a combination
of specifically interacting prokaryotic sequences inserted in
two different elements (Fig. 1a). Transgenic mice with a
tetracycline transactivator (tTA)-expressing transgene and a
TET-responder transgene (Double transgenic mice, DTg)
constitutively express ATAXIN1 protein. The expression is
modulated in vivo by tetracycline administration/withdrawal.

Production and selection of SCA1 TET-
transgenic mice

In one group of transgenic mice the TRE was followed by
cDNA encoding a myc-tagged normal ATAXIN1 protein (32
repeats) whereas in another group it was followed by cDNA
encoding a myc-tagged expanded ATAXIN1 protein (100
repeats) (Fig. 1b). Founders and transgenic mice were
identified by PCR analysis. The integrity of the transgenes
was verified by Southern-blot analyses on EcoR I digested
genomic DNA from transgenic mice. Transgene copy number
for each transgenic line was determined by computer analysis
(Quantity One Software, Bio-Rad Laboratories) of hybridiz-
ation signal intensity on Southern blots. The transgenic
responder line TRE-nSCA74 (transgene copy number 44–56)
and the transgenic responder line TRE-eSCA62 (transgene
copy number 2–4) were selected because of high levels of
ATAXIN1 expression in the CNS when crossed to a CNS-
specific tTA-expressing transgenic line (data not shown).

These two transgenic lines were then crossed with the PrP-
tTA transgenic line, which is known to express high levels of
tTA mainly in the CNS (Boy et al., 2006).

Analysis of PrP-tTA/TRE-SCA1 DTg mice

PrP-tTA/TRE-SCA1 DTg mice were produced by crossing
Dox-treated transgenic females with transgenic males. In the
absence of Dox treatment of mothers, DTg embryos died
early, which indicates toxicity of ATAXIN1 during mouse
embryonic development. To bypass this embryo-lethality
and to obtain post-natal expression of ATAXIN1, trans-
genic activator or responder females were treated with Dox
(0.5 mg/ml in 5% sucrose for 1 week before mating, as des-
cribed in the Methods section).

Transgene expression

To test the time-course of the induction of ATAXIN1
expression, DTg and littermate-control animals were sacri-
ficed at different ages. The in situ ATAXIN1 expression was
detected by immunohistochemistry at 11-weeks old, following
behavioral analyses and phenotypic characterization.
Expression of the transgene was scattered throughout the
CNS. Considerable levels of transgenic ATAXIN1 were
detected in frontal cortex, striatum, hippocampus and
cerebellum of DTg animals (Fig. 2a–d). In all CNS regions
the expression of the ATAXIN1 colocalizes with the
expression of c-myc tag (Fig. 3). Highest expression of the
transgene was detected in cerebellar cortex, mainly in
Purkinje cell and granular cell layers (Fig. 4a). Confocal
analyses of double immunohistochemistry against ATAXIN1
and calbindin D-28k, a specific marker of cerebellar Purkinje
cells, were performed to better characterize this expression in
cerebellum. In Purkinje cells, the expression of ATAXIN1 is

Fig. 1. The binary tetracycline-regulated gene expression system (a)

and transgenic constructs (b). Atx1, ataxin-1; DOX, doxycycline; TRE,

tetracycline-responsive element; tTA, tetracycline-responsive transactivator.

Fig. 2. Ataxin-1 distribution in the brain. (a–d) Brain sections from 11-

week-old DTg mice were immunostained with anti-ATAXIN1 (11NQ

antibody). Cells positive for ATAXIN1 were scattered in different layers of

the frontal cortex (a), widely distributed in the striatum (b), in all

hippocampal regions (c) and in the cerebellar cortex (d). Scale bar, 200 mm.
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both cytoplasmic and nuclear. Moreover, the morphology of
the Purkinje cells appears well preserved, as it will be
described in the next section (Fig. 4b). To distinguish
between endogenous and transgenic ATAXIN1, double
staining for c-myc tag and human ATAXIN1 was performed,
which demonstrates colocalization of the signals (Fig. 3c).
Western blot and RT-PCR inticates expression in the
cerebellum (Fig. 4d,e) and brains of DTg mice. The
expression of transgenic ATAXIN1 started in 2-week-old
DTg mice and reached the full expression in 3-week-old DTg
mice. After this age, RT-PCR analysis of ATAXIN1 mRNA
demonstrates that transcription of the transgene remains
stable.

Purkinje cell morphology

As revealed by calbindin staining (Fig. 5a,b), the dendrites of
Purkinje cells of DTg and control mice appeared normal by
confocal microscopy analysis. The spine densities of distal
dendrites with an average diameter ,1.5 mm were
1.64 ± 0.09 spines per mm (mean ± SD) and 1.76 ± 0.17
spines per mm in 11-week-old DTg mice (n = 6) and control
(n = 6), respectively (t = 0.65; P = 0.58) (Fig. 5c). Likewise,
the spine density in dendritic fragments with an average
diameter .1.5 mm (proximal category) (Fig. 5a) was 2.7 ± 0.1

spines per mm in 11-week-old DTg mice and
2.65 ± 0.08 spines per mm in control (t = 21; P = 0.39)
(Fig. 5c). Thus, the spine density of Purkinje cells in DTg
mice did not differ significantly from that of control
littermates (distal versus distal, P.0.5; proximal versus
proximal, P.0.5; total versus total, P.0.5; Student’s t-test).

In contrast, in 20-week-old DTg mice the dendritic arbor
and the number of Purkinje cells are reduced as shown by the
calbindin staining of cerebellar cortex (Fig. 5e,g) compared to
control mice (Fig. 5d,f).

Neurological alteration in SCA1 transgenic
mice

DTg mice started to show behavioral abnormalities at
,9 weeks of age. Neurological alterations were assayed until
20 weeks after birth (Fig. 6). In a home cage-behavior study,
they showed mild dystonic head movements and spatial
incoordination during walking. These symptoms worsened
progressively during the next week and gait abnormalities
started to appear. DTg mice expressing ATAXIN1 also
showed a decrease in growth rate starting from 6 weeks of
age. This decrease became statistically significant starting
from 9 weeks of age compared to control mice (t = 25.76,
P = 0.01 in 9-week-old mice; t = 210.8, P = 0.04 at the end

Fig. 3. Mutant ATAXIN1 in brains of DTg mice. (a–c) Most cells that express human ATAXIN1 in the frontal cortex (a), striatum (b) and hippocampus

(c) stain for the c-myc tag. Scale bar, 100 mm.
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of the study) (Fig. 7). We performed several motor behavioral
tests to further clarify the neurological phenotype of these
mice.

Performance in the open-field test

This test is mainly used to study novelty induced exploratory
behavior, but it can also used to evaluate locomotor activity
(Karl et al., 2003). The number of grids crossing per day/
interval was analyzed in 11-week-old mice (Fig. 8a). Following
exposure to a novel environment, control mice showed a
classic exploratory behavior consisting of a reduced tendency
to examine the environment and trying to avoid the bright
open area. In the following days, mice got used to the

environment and they showed no fear in exploring the
environment and walking in the bright fields of the arena.
DTg mice showed a different behavior. Even in the first two
days of trial there was a significant difference in grid-crossing
compared to the control (F = 7.87; P,0.0001), which was not
related to an enhanced ability in exploring the environment.
During the days that followed the grid-crossing patterns did
not change compared to the first two days. In addition, the
mice showed no preference for avoiding bright open fields in
the first days. In summary, their behavior in the arena did not
change during the trial. They explored the arena without any
clue related to the environment: over trials, many times, they
recrossed the same grids without exploring the sides of the

Fig. 4. Transgenic ATAXIN1 is expressed in the cerebellum. (a) Immunolabeling of sagittal sections for transgenic ATAXIN1 show Purkinje cells and granule

cells positive for ATAXIN1. Calbindin D-28k (CbD28k)-positive Purkinje cells are positive for ATAXIN1. (b) The morphology of dendritic tree branching and

spine distribution is normal in CbD28k-positive Purkinje cells that express ATAXIN1. (c) In a single Z plane of the cerebellar cortex, immunolabeling of

transgenic ATAXIN1 colocalizes with expression of the c-myc tag. (d) Western blots showing expression of transgenic ATAXIN1 in the cerebellum of DTg mice.

ATAXIN1 is not detected in control mice. (e) RT-PCR analyses of the expression of transgenic ATAXIN1 mRNA in the cerebellum of DTg mice at different ages

and in response to DOX treatment. Scale bars, 50 mm in a; 10 mm in b and c.
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arena. This indicates lack of spatial coordination in the
behavior of these mice. This hypothesis is confirmed by
the latency to periphery analysis (Fig. 8b). In control mice the
time taken to reach the periphery of the arena decreased in
consecutive trials (F = 10.12; P,0.0001). On the 4th day of
trial, placing objects in the arena increased the time taken to
reach the periphery but this difference was not significant
compared to the first days of the trial. DTg mice showed
latency to periphery pattern that does not match with a
classic exploratory behavior, because at day 3 they showed no
habituation to the environment. At day 4, placing objects in
the arena significantly reduced the time to reach the
periphery rather than increasing it because of the

Fig. 5. Purkinje spine density. (a) Confocal microscopy image of a

representative plane of the dendritic tree of a Purkinje cell labeled for

calbindin D-28k in an 11-week-old DTg mouse. The pattern of ramifications

and spine number is normal. (b) The well-preserved spine density is evident

in a third-order dendrite. (c) Quantitative analysis of the number of dendritic

spines in proximal (average diameter .1.5 mm) (2.65 ± 0.08 and 2.7 ± 0.1)

and distal (average diameter ,1.5 mm) (1.76 ± 0.17 and 1.64 ± 0.09) dendrites

of control and DTg mice, respectively. (d–g) Confocal microscopy at different

magnification of a representative region of interest of the cerebellar cortex of

labeled for calbindin D-28k in 20-week-old control (Ctr) (d,f) and DTg (e,g)

mice. The normal, extensive pattern of dendritic arborization is evident in the

sagittal section of the Ctr animal. In DTg mice, at 20 weeks of age, there is a

decrease of Purkinje cells and Purkinje cells show a reduced dendritic

arborisation,. Abbreviations: Pc, Purkinje cells; Ml, molecular layer. Scale

bars, 10 mm in a; 5 mm in b; 50 mm in d; 20 mm in f.

Fig. 6. Neurological assessment during the development of SCA1. (a) Time

course of the performances in the rotarod. At 3-weeks old DTg mice (filled

circles) fell off sooner than control mice (open circles). The main difference in

the rotarod performances is evident at 9-weeks old and remains constant until

20-weeks old. Data are mean ± S.E.M. (b–e) Analysis of gait during

progression of SCA1. (b) In linear-movement analysis, DTg mice showed a

progressive increase in the linear movement score at 9- and 20-weeks old

(56.42 ± 3.15 and 59.5 ± 2.45, respectively) compared to control mice

(18.46 ± 2.74 and 17.9 ± 1.65, respectively). (c) In the step alternation

coefficient study, DTg mice showed a progressively more shuffling gate with

a higher score at 9-weeks old (3.1 ± 0.18) than control animals (1.3 ± 0.25).

This difference became greater at 20 weeks (4.0 ± 0.29 and 1.52 ± 0.31, Ctr

and DTg, respectively). (d) In DTg mice there was a progressive reduction in

step length, which was significantly different to control mice at 9- and 14-

weeks old (27.98 ± 2.76 compared to 37.12 ± 2.12, and 30.12 ± 2.25 compared

to 40.45 ± 3.01, respectively). (e) In the gait-width analysis there was an

increase in gait width in DTg mice compared to control mice. At 9-weeks old

the gait width of DTg mice was significantly larger than that of controls

(27.7 ± 0.57 compared to 16.68 ± 0.85), and the difference increased at 20-

weeks old (23.75 ± 0.58 compared to 19.18 ± 0.78). *P(0.05; **P(0.01;

n = 6; data, mean ± S.E.M.
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introduction of novel factors into the environment. Together,
these data are consistent with spatially uncoordinated
behavior in these mice.

Performance on the rotarod

The rotarod measures the ability to maintain balance on a
rotarod (Barlow et al., 1996), allowing motor coordination,
balance and ataxia to be studied with this test. This task
requires intact cerebellar function and motor coordination

(Carter et al., 1999). Mice with severe motor coordination
problems will have difficulty remaining on the rotarod. In
our experiments we used naı̈ve animals to avoid the
possibility that learning of the task might affect the motor
performance. In this task, 11-week-old DTg mice showed a
significant reduction in the latency to fall time. During all
four days of trial they fell off earlier than controls. This was
significant on days 1 and 3 of the experimental protocol
(F = 14.01; P,0.0001) (Fig. 8c). This pattern remained stable
throughout the experimental procedure, which shows that
learning the task does not influence the motor performance
of the animals and indicates that neurological impairment
affects the performance. Most commonly DTg mice fell off
close to the end of the first 5 min, showing an inability to
keep motor balance and coordination at higher speed rates.
During the execution of the task, before falling off the rod,
mice had a tendency to hold on to the rod. To analyze the
impact of this on rotarod performance in these mice, we
examined the total number of holdings on and the total time
that mice spent doing so per day/interval (Fig. 8d,e), which
revealed that both number of times the mice held on
(F = 177.4; P,0.0001) and time spent holding on (F = 82.64;
P,0.0001) increased progressively over the days of trial.
These analyses indicate that mice spent most of the time
holding on the rotarod during the final days of trial, and that
the reduction in time taken to fall was caused exclusively to
an impairment of motor coordination and balance because
mice retained the strength to hold the rod.

Fig. 7. Growth curves of female DTg mice and control mice. DTg mice that

express ATAXIN1 show a progressive reduction in body weight compared to

control mice. The difference in body weight between DTg (filled circles) and

control mice (open circles) is significant from 9-weeks old. *P(0.05;

**P(0.01; n = 4–6 for each group.

Fig. 8. Behavioral assessment. (a) In the open-field test, the normal exploratory behavior of control mice consisted of an initial reduced tendency to examine

the environment followed by avoidance of the bright open area. In the first days of trial, DTg mice have a high rate of grid crossing that is not related to an

enhanced ability to explore the environment. This behavior does not change in subsequent days. (b) In control mice the time taken to reach the periphery of the

arena gradually decreases. On the 4th day of trial, placing of objects in the arena increased the performance of the mice. The pattern of the change in time taken

for DTg mice to reach the periphery does not match with normal exploratory behavior: at day 3 they showed no habituation to the environment, and a spatially

uncoordinated behavior (*P(0.05; n = 6 for each group). Data are mean ± S.E.M. (c–e) In the rotarod test DTg mice took significantly less time taken to fall

(c) compared to control mice. The number of times DTg mice held on to the rotarod (d) and the total time spent holding on (e) both increased significantly

during the course of the trial. These values did not change in control mice. Data are mean ± S.E.M.
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Gait abnormalities in DTg mice

To assess whether gait was abnormal in 11-week-old DTg
mice, we performed a footprint test that evaluates the walking
pattern of mice. Footprint patterns were assayed quantita-
tively by four measurements: linearity of movement; step
alternation coefficient; step length; and gait width (Clark
et al., 1997). There was a significant difference in all four
parameters in the DTg mice compared to control mice. In the
linear movement analysis, the average change in angle
between consecutive right-right steps was assayed. In this
test, a large linear movement score (Clark et al., 1997)
indicates non-linear movement and DTg mice clearly showed
this abnormality (Fig. 9a) because they received a score of
57.5 ± 5.0 compared to 17.5 ± 3.5 for controls (t = 214.14;
P = 0.0007). The step alternation coefficient (Fig. 9b), an
indication of the uniformity of step alternation, indicates that
DTg mice had a shuffling gate because they scored 3.58 ± 0.3,
compared to 1.42 ± 0.2 (t = 20.86; P = 0.04) in controls.
Step-length analysis also confirmed an ataxic gait in the DTg
mice (Fig. 9c), with a score of 27.2 ± 4.2 compared to the
score of 36 ± 4 for control mice. This indicates that DTg mice
required more steps than controls to cover a fixed travel
distance (t = 24.9; P = 0.04). In the last study (Fig. 9d), gait-
width analysis identified a highly significant difference
(t = 28.69; P = 0.0003) between DTg and control mice with
gait width larger in DTg mice than controls (22.28 ± 2.16
compared to 19.16 ± 1.01). Together, these analyses confirm
ataxic gait in DTg mice.

EAAT1 clustering modifies the glutamate
uptake apparatus in DTg mice

EAAT1 has a key role in controlling the extracellular
concentration of glutamate in the cerebellum, is mainly

expressed on astrocyte membranes (Danbolt, 2001). In
control mice, EAAT1 expression measured as mean density
(Density-ROD) was similar (0.69 ± 0.007) to DTg mice
(0.74 ± 0.005) (t = 24.3; P = 0.001) (Fig. 10c). EAAT1 is
distributed homogeneously over the molecular layer in the
cerebellar cortex of control mice (Fig. 10a). In fact, the ratio
IOD:SD (18.14 ± 1.84) indicates a very low SD value (t = 2.95;
P = 0.01) (Fig. 10d). EAAT1 expression changed dramatically
in DTg mice, forming clusters in defined areas around the
dendritic tree of the Purkinje cells (Fig. 10b) and the ratio
IOD:SD (7.04 ± 0.1) indicates a very high SD value (Fig. 10d).
This finding is confirmed by RT-PCR analyses of EAAT1
mRNA, which demonstrate that gene expression is
unchanged (Fig. 10e). Confocal analyses indicate that in
control mice EAAT1 surrounds the Purkinje cell soma (Fig.
11a). By contrast, in DTg mice, the localization of EAAT1 is
less defined, with redistribution and clustering of the
transporter along the Purkinje cell layer (Fig. 11b). To analyze
clearly the spatial distribution of EAAT1 on glial cells and to
exclude its expression on neurons we examined serial sections
0.54-mm apart stained for GFAP, CbD28K and EAAT1,

Fig. 9. Analysis of gait. (a) In the linear movement analysis, DTg mice

scored higher than control mice (57.5 ± 5 compared to 17.5 ± 3.5). (b) In the

step alternation coefficient study DTg mice showed a shuffling gate and

achieved a higher score (3.5814 ± 0.3) than control animals (1.4226 ± 0.2).

(c) In step-length analysis DTg mice scored higher (27.2 ± 4.2) than control

mice (36 ± 4). (d) In gait-width analysis DTg mice had a wider gait

(22.2857 ± 2.1647) than controls (19.1667 ± 1.0138). (*P(0.05; n = 6 for each

group). Data are mean ± S.E.M.

Fig. 10. Clustering of EAAT1 in DTg mice. (a) EAAT1 expression in the

cerebellar cortex of control mice appears homogeneous. Scale bar, 50 mm. (b)

In DTg mice EAAT1 forms clusters. (c) The total expression in control and

DTg mice is similar. (d) The ratio IOD:SD in control mice is high, which

indicates homogeneous distribution. The low ratio in DTg mice indicates that

the marker is expressed mainly in aggregates. (e) RT-PCR analyses of EAAT1

mRNA confirms that gene expression does not change. **P(0.01. Data are

mean ± S.E.M. Control mice, open columns; DTg mice, filled columns.
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finding that EAAT1 clusters decorated GFAP-positive cell
contours (Fig. 11c).

Evaluation of possible reactive astrocytosis was performed
on DTg mice and controls. The reactive astrocytosis was
detected using a monoclonal antibody against GFAP, the
major glial type III intermediate filament protein. In the
cerebellum of DTg mice there was strong GFAP immuno-
reactivity (0.21 ± 0.01) (Fig. 12b,c) compared to age-matched
controls (0.08 ± 0.01) (t = 25; P = 0.00002) (Fig. 12a,c).
These data were confirmed by RT-PCR analyses on total RNA
from the cerebellum of DTg mice and controls (Fig. 12d),
which revealed an increase in GFAP expression in DTg mice.
The reactive astrocytosis represents overexpression of GFAP,
which supports an increase of astrocytic-specific intermediate
filament causing the transformation of astrocytes from the
protoplasmic to the fibrillary type. These cells appear to give
rise to several ascending processes that are arranged tightly in
a palisade fashion and traverse the molecular layer, which

resembles aspects of Bergmann’s glia (Altman and Bayer,
1997). In DTg mice, signs of reactive astrocytosis are apparent
only in the cerebellum, although ATAXIN1 is expressed in
other areas of the brain.

Reactive astrocytosis is associated with EAAT1
clustering

To evaluate the role of reactive astrocytosis in the rearrange-
ment of EAAT1 we surgically injured the cerebellar cortex
(Ajtai and Kalman, 1998) and we analyzed the glial reaction
4 days later. GFAP immunopositivity of Bergmann glia
appeared to increase in the lesioned area (Fig. 13a,c)
and EAAT1 immunopositivity increased with a patchy
distribution in the area of the reactive astrocytosis. In
contrast, in control mice the level of GFAP is low and EAAT1
staining homogenous (Fig. 13b). These results indicate that
resident Bergmann glia are the main component of the glial

Fig. 11. Clustering of EAAT1. (a) Confocal microscopy of double labeling for EAAT1 and calbindin D-28k confirms that EAAT1 surrounds the Purkinje cell

soma and labels the molecular layer homogeneously in control mice. (b) In DTg mice EAAT1 labeling is not homogeneous and appears to coalesce into several

clusters. (c) EAAT1 (blue) does not colocalize to the soma of Purkinje cells (green) (211.34 mm), but covers it (218.36 mm), outlining the shape of glial processes

(GFAP in red) (223.76 mm). Scale bars: 50 mm in a,b; 20 mm in c.
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reaction, and that upregulation of GFAP expression in this
highly developed glial architecture is associated with glial cell
hypertrophy and rearrangement of distribution of EAAT1 on
glial membranes, which results in clustering of this amino
acid transporter.

Reduction of the axon–spine interface
interferes with uptake and dilution of
glutamate in the extracellular space

The axon–spine interface includes both synaptic and non-
synaptic components (Fig. 14a,b). The non-synaptic interface
has a key role in synaptic function; it is engaged in
neuronal glutamate transport and endocytosis, whereas the
non-synaptic area constitutes a channel through which
molecules might escape from the synaptic cleft, spilling over
to neighboring neurons and astrocytes (Ventura and Harris,
1999). In DTg mice, the number of cerebellar synapses in the
contact zone (which includes synaptic and non-synaptic
interface) is reduced by 20% compared to controls
(0.32 ± 0.02 and 0.40 ± 0.02, respectively; t = 21.14;
P = 0.04) (Fig. 14c). The length of the active zone of
cerebellar synapses is similar in DTg (0.22 ± 0.01) and
control mice (0.22 ± 0.02) (t = 21.13; P = 0.05) (Fig. 14d).
Therefore, we infer that the reduction occurs exclusively in
the synaptic interface compartment at the side of the
postsynaptic density area, and that this constitutes the very
early changes that are accountable for the behavioral
phenotype.

Fig. 12. GFAP expression indicates reactive astrocytosis. (a) GFAP

immunoreactivity in the cerebellum of control mice is low. Scale bar,

50 mm. (b) In DTg mice, GFAP expression is strong in Bergmann glia in the

cerebellar cortex. (c) In mice that express transgenic ATAXIN1 (filled

column), reactive astrocytosis measured as the proportional area labeled for

GFAP is higher (0.21 ± 0.01) than age-matched controls (open column)

(0.08 ± 0.01). (d) RT-PCR analyses of total RNA confirms the increase in

GFAP expression in DTg mice (filled column) compared to controls (open

column). **P(0.01. Data are mean ± S.E.M. DTg mice, filled column;

control mice, open column.

Fig. 13. Correlation between reactive astrocytosis and EAAT1 redistribu-

tion in FVB mice at age 2.5–3 months. (a) GFAP immunoreactivity increases

on Bergmann glia in the lesioned area. There is no demarcation of the

molecular layer, unlike the usual appearance of reactive astrocytosis, which is

observed in the granular layer and in the white matter. In the area of

cerebellar cortex affected by reactive astrocytosis redistribution of EAAT1 into

clusters correlates with over-expression of GFAP in astroglia. (b,c) Higher

magnification showing the normal distribution of GFAP and EAAT1 labeling

in the cerebellar cortex of control mice (b) and the altered pattern in a mouse

with a cerebellar injury (CI). Scale bars, 50 mm in a; 20 mm in b,c.

Fig. 14. Changes in synaptic structure. (a) The axon–spine interface

includes synaptic (arrow) and non-synaptic components (arrowhead). Scale

bar, 0.3 mm. (b) The contact zone, including the synaptic (arrow) and non-

synaptic (arrowhead) interface is reduced in DTg mice. (c) In DTg mice the

total length of cerebellar synapses (0.32 ± 0.02) is reduced significantly

(P = 0.04) compared to control mice (0.40 ± 0.02). (d) The active zone

length (postsynaptic density) of the cerebellar synapses is the same in DTg

(0.22 ± 0.01) and control mice (0.22 ± 0.02). DTg mice, filled columns;

control mice, open columns.

neuro-glial dysfunctions in a sca1 mouse model 347



CONCLUSIONS

N Using this model we have demonstrated that ATAXIN1,
which is expressed ubiquitously in the CNS, is associated
with cerebellar motor deficits.

N In the cerebellum, we identified peculiar clustering of the
EAAT1glutamate transporter, a significant reduction in the
synaptic interface compartment beside the postsynaptic
density area, and reactive astrocytosis (GFAP upregula-
tion).

N We consider it likely that these early alterations in
cerebellar tripartite synapses lead to the main feature of
this neurodegenerative disease: the death of Purkinje cells.

DISCUSSION

Several animal models of SCA1 have been generated using a
PcP-2 expression cassette (Vandaele et al., 1991) to drive
expression of human mutant ATAXIN1 mainly in Purkinje
cells. This approach has identified several steps in the
pathogenesis of SCA1 and provided fundamental information
about Purkinje disease progression, one of the cerebellar
components of the human disease. However, this approach
restricts the onset and progression of experimental disease to
this type of brain cells. In an alternative approach, Watase
et al. (2002) have inserted a long CAG repeat in the murine
endogenous Sca1 locus, which mimics the human pathology,
to investigate this Purkinje cell disease in a more complex
context. Our model reproduces the human features of
ATAXIN1 expression, which allows us to investigate changes
in cerebellar circuitry caused when different cells express the
mutant protein. The expression of ATAXIN1 occurs in cells
other than Purkinje cells, including neurons in the cerebellar
granular layer. In our study, the complete rescue of
embryonic lethality by administering DOX to the mothers
before mating demonstrates the efficiency of DOX-dependent
activation of tTA. Moreover, the embryonic phenotype
observed in this SCA1 model indicates that expression of
mutant ATAXIN1 during embryonic development increases
the severity of the disease, as reported recently by others
(Serra et al., 2006). The first appearance of ATAXIN1 mRNA
is detected in 2-week-old DTg mice. The maximum
concentration of mRNA and protein occurs at 3 weeks of
age in the DTg mice. This highlights a gap between the
exposure of the nervous tissues to ATAXIN1 and the onset of
symptoms (at 9–10 weeks), which is consistent with other
genetically modified models of polyQ diseases (Zu et al.,
2004). In this model of ataxia, the combination of motor
imbalance and spatial incoordination in the absence of
muscle weakness indicates that motor deficits might be
related to cerebellar dysfunction. The phenotype of this SCA1
mouse model parallels that of another SCA1 mouse model
that has been reported previously (Clark et al., 1997). Our
results show early changes in the absence of significant
Purkinje cell pathology. The expression and spatial distribu-
tion of EAAT1, a glial glutamate transporter (Danbolt, 2001)
with key roles in neuron–glia interaction (Watanabe, 2002)
and in other neurodegenerative diseases (Ikegaya et al., 2002),
is disarranged in our study, presenting with a cluster-like
appearance in DTg mice. This finding indicates a that there is
a change in glutamate signaling, which is in accordance with

microarray studies that report alteration of the expression of
genes that encode proteins involved in glutamate signaling
pathways in Purkinje cells (Serra et al., 2004). It is possible to
envisage two scenarios: either the change in localization of
EAAT1 is caused by local changes in glutamate concentration;
or EAAT1 distribution is part of a reactive astrocytosis-related
response. In a chronic constriction injury model in mice we
have reported the appearance of reactive astrocytosis
associated with a strong reduction in glial transporters for
glycine and glutamate, and a net increase of both these
neurotransmitters. These changes might represent the basis of
the morphological and functional changes that sustain central
plasticity via NMDA receptors (Cavaliere et al., 2008).
Experiments in which we injured the cerebellum directly
indicate that reactive astrocytosis of Bergman’s radial glia,
which differs from common reactive reactive astrocytosis as
reported by Ajtai and Kalman (1998), induces spatial
redistribution of EAAT1. These data are related to the
remarkable change identified in our model: the reduction of
the non-synaptic area at the axon–spine interface. This
provides a channel through which molecules might escape
from the synaptic cleft, spill-over to neighboring neurons and
astrocytes and reduce synaptic input specificity. Whether a
particular synapse will sense the glutamate that escapes from
the perimeter of its neighbor depends on uptake and dilution
in the extracellular space between them. Because most of the
neighboring synapses occur on different presynaptic boutons,
glutamate that diffuses between them will reduce input
specificity. In the cerebellum of DTg mice, and related to
these two early changes, we found overexpression of the
astrocytic intermediate filament protein GFAP in Bergmann’s
glia. According to data from the first mouse model of SCA1
(Burright et al., 1995), reactive astrocytosis was observed in
association with the degeneration of Purkinje cells. In our
model, although the DTg mice developed motor impairments,
no clear signs of cellular degeneration were detected, which
indicates that the reactive astrocytosis observed in our model
was probably not caused by degeneration of Purkinje cells but to
a state of suffering in these cells. In addition, in another mouse
model of polyQ syndrome it has been reported that neuronal
dysfunction precedes any evident neuronal degeneration
(Adachi et al., 2001). Moreover, inflammation of activated glia
in most CNS pathologies contributes to neuronal cell death
(Bal-Price and Brown, 2001). The location and distribution of
astrocytic processes are important for regulating the extra-
cellular milieu in the CNS. Glia occupy 50% of the total volume
of the brain (Peters et al., 1991), and glial volume correlates with
the number of synapses (Anderson et al., 1994) but glial
processes are not uniformly distributed. In fact, in the cerebellar
cortex, most of the parallel and climbing fiber synapses are
ensheathed by processes of the Bergmann glia that express
EAAT1 (Spacek, 1985), forming several independent compart-
ments that control glutamate concentration and interact
autonomously with the particular groups of synapses they
ensheath (Grosche et al., 1999). The structural relationships
between astrocytes and synapses can change in response to
glutamate and with altered neuronal function (Carmignoto,
2000). Astrocytes modulate the formation and efficacy of
synapses (Smith, 1998), and regulate extracellular glutamate via
glutamate transporters. By clearing excess glutamate from the
extracellular space, astrocytes protect against excitotoxic
glutamate concentrations that might lead to neuronal cell

348 roberto giovannoni et al.



death (Rothstein, 1996). Recently it has become clear that a
change in glial properties is the key trigger that causes synaptic
perturbation in several neuropathic disorders (Watkins and
Maier, 2003).

Together, our results indicate that, as in other transgenic
models of CAG repeat diseases, expression of ATAXIN1 is
followed by the onset and progression of motor deficits that
might be related directly to cerebellar dysfunction of both
Purkinje cells and Bergmann glia. In this regard, neuronal
degeneration might be the ultimate step of the neuropathol-
ogy, when rescue from the disease is no longer possible.
Recently, this hypothesis has been partly confirmed by
showing that dysfunction of Purkinje cells associated
specifically with precise mutation of K+ channels causes
cerebellar ataxia (Shakkottai et al., 2004; Sausbier et al.,
2004). By contrast, a complex neurological disorder like SCA1
where cerebellar ataxia is only one component of the disease
might be associated with multiple cellular dysfunctions
within the cerebellum, as indicated by our study. Although
more studies are needed to clarify this assumption, we
propose that this conditional mouse model is a key tool with
which to identify different steps in the pathology of SCA1
because modulating the expression of the transgene makes it
possible to correlate each of these steps with expression
ATAXIN1. Our findings provide evidence that this mouse
model exhibits features of inflammatory pathology and that it
might be useful for studying the role of inflammatory
pathways in CAG triplet diseases. Moreover, Colangelo et al.
(2008), have reported a novel, crucial role of intrathecal
administration of nerve growth factor as a strong modulator
of plasticity in the neuronal–glial network by reducing
reactive astrocytosis. Therefore, our model might also
provide a new approach for testing glial-specific drugs that
are designed to reduce CNS inflammatory process in the
hope of curing this devastating disease.
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