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Pre-ataxic loss of intrinsic plasticity 
and motor learning in a mouse model of SCA1
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Spinocerebellar ataxias are neurodegenerative diseases, the hallmark symptom of which is the development of 
ataxia due to cerebellar dysfunction. Purkinje cells, the principal neurons of the cerebellar cortex, are the main cells 
affected in these disorders, but the sequence of pathological events leading to their dysfunction is poorly under-
stood. Understanding the origins of Purkinje cells dysfunction before it manifests is imperative to interpret the 
functional and behavioural consequences of cerebellar-related disorders, providing an optimal timeline for thera-
peutic interventions.
Here, we report the cascade of events leading to Purkinje cells dysfunction before the onset of ataxia in a mouse 
model of spinocerebellar ataxia 1 (SCA1). Spatiotemporal characterization of the ATXN1[82Q] SCA1 mouse model 
revealed high levels of the mutant ATXN1[82Q] weeks before the onset of ataxia. The expression of the toxic protein 
first caused a reduction of Purkinje cells intrinsic excitability, which was followed by atrophy of Purkinje cells den-
drite arborization and aberrant glutamatergic signalling, finally leading to disruption of Purkinje cells innervation 
of climbing fibres and loss of intrinsic plasticity of Purkinje cells. Functionally, we found that deficits in eyeblink 
conditioning, a form of cerebellum-dependent motor learning, precede the onset of ataxia, matching the timeline 
of climbing fibre degeneration and reduced intrinsic plasticity.
Together, our results suggest that abnormal synaptic signalling and intrinsic plasticity during the pre-ataxia stage 
of spinocerebellar ataxias underlie an aberrant cerebellar circuitry that anticipates the full extent of the disease 
severity. Furthermore, our work indicates the potential for eyeblink conditioning to be used as a sensitive tool to 
detect early cerebellar dysfunction as a sign of future disease.
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Introduction
Spinocerebellar ataxias (SCAs) are a group of autosomal-dominant, 

inherited neurodegenerative disorders, characterized by a progres-

sive loss of balance and motor coordination.1,2 The onset of ataxia, 

the lack of muscle control or coordination of voluntary movements, 

is the first clinical manifestation in SCA patients derived from cere-

bellar and brainstem dysfunction.3 However, a growing body of evi-

dence shows that early pathological changes are identifiable during 

the preclinical stage. Longitudinal studies have revealed that 

asymptomatic carriers of SCA1 and SCA2 mutations had mild co-

ordination deficits as well as grey matter loss in the cerebellum 

and brainstem years before the appearance of ataxia symptoms.4-6

Preclinical dysfunction in saccades was identified in asymptomatic 

carriers of SCA3 and SCA7 mutations.7,8 Similar pre-ataxic deficits 

were observed when eyeblink conditioning (EBC), a classical 

cerebellum-dependent learning task, was tested in asymptomatic 

carriers of SCA3.9 Indeed, experiments in a mouse model of SCA1 

demonstrated that the delay of the expression of the mutant 

ATXN1 until after the pre-ataxia period decreased the severity of 

disease.10 Evidence from mouse studies supports the potential for 

antisense oligonucleotide therapy to rescue SCAs,11 but the clinical 

application is currently primarily focused on disorders with a clear 

early onset and clear timeline of disease progression.12-15 These 

data suggest that the study of the preclinical or pre-ataxia stage is 

of great importance for a better understanding of disease aetiology 

and progression, while revealing an optimal time window for 

therapeutic interventions.
Regardless of the genetic heterogeneity in the different SCAs, 

Purkinje cell (PC) dysfunction and/or degeneration is a common 
pathogenic mechanism underlying motor deficits.16,17 PCs are the 
core processing units of the cerebellar cortex18,19 critical for motor 
control,20,21 motor learning22,23 and non-motor functions such cog-
nition24 and emotion.25 With this variety of functions, there is no 
surprise that small alterations in their cytoarchitecture or activity 
are sufficient to compromise brain function. Changes in transcrip-
tional regulation,26,27 altered calcium homeostasis16,28 and abnor-
mal glutamatergic input29-32 are some of the factors that explain 
the impact of SCA genetic mutations on PC function. Yet, the se-
quence of pathological events and critical point of PC dysfunction 
that ultimately leads to the motor deficits seen in SCAs are unclear.

Mouse models of SCAs are a valuable resource to investigate the 
origins of PC dysfunction by recapitulating clinical features of the dis-
ease as well as molecular and cellular phenotypes in a short period of 
time.30,33 Here, we sought to investigate the underlying PC pathological 
events before the onset of ataxia by taking advantage of ATXN1[82Q] 
mice, a PC-specific mouse model of spinocerebellar ataxia 1 (SCA1).34

ATXN1[82Q] mice express the human ataxin 1 (ATXN1) gene contain-
ing 82 CAG repeats under the Purkinje cell protein 2 (Pcp2) promoter. 
In this mouse model, motor deficits begin at 5 weeks of development 
with progressive degeneration of PCs.34-40 Our results revealed that 
during the pre-ataxia stage impaired PC excitability are followed by ab-
normal dendritic arborization and weakened mGLUR1 signalling and 
reduced climbing fibre (CF) connectivity. Moreover, 4-week-old 
ATXN1[82Q] mice exhibited impaired EBC prior to the ataxia manifest-
ation and this onset coincides with a deficit in PC intrinsic plasticity. 
Together, these results identify a temporal window of events leading 
to PC dysfunction that can be used to test novel treatments before irre-
versible neuronal damage. In addition, our data suggest EBC as a tool to 
detect early cerebellar dysfunction.

Materials and methods
Animals

The transgenic mouse line ATXN1[82Q] (Tg(Pcp2-ATXN1*82Q) 
5Horr)34 used in this study was kindly provided by Dr Harry 
T. Orr. Experiments were performed on heterozygous transgenic 
mice of both sexes expressing ATXN1 with an expanded 82 CAG re-
peats under the Pcp2 promoter and their wild-type littermates as 
controls. Mice were kept on an FVB/NHsd background. F1 offspring 
from crossings between ATXN1[82Q] and C57Bl6/J mice were used 
for behavioural experiments. Sequencing and PCR reactions to de-
termined CAG repeat length across generations were performed 
using primers Rep1 (5′-AACTGGAAATGTGGACGTAC-3′) and Rep2 
(5′-CAACATGGGCAGTCTGAG-3′) as previously described.34 For 
the developmental stages of the study, mice were bred using timed 
pregnancies and the day of birth was designated postnatal Day 0 
(P0). Mice were kept on a 12:12 light/dark cycle, temperature con-
trolled and received water and food ad libitum. All animals were 
handled and kept under conditions that respected the guidelines 
of the Dutch Ethical Committee (DEC) and Central Committee for 
Animal Experiments (CCD) for animal experiments and were in ac-
cordance with the Institutional Animal Care and Use Committee of 
Erasmus MC (IACUC) and the European and the Dutch National 
Legislation. The ARRIVE Reporting guidelines were followed for 
manuscript preparation.41

Immunohistochemistry

For immunohistochemistry, control and ATXN1[82Q] mice were per-
fused transcardially and 40-µm slices cut from fixed brains. In add-
ition, to label recorded PCs, free-floating, 250-µm thick sagittal brain 
slices from ex vivo experiments were fixed. Slices were stained for cal-
bindin, ATXN1 and/or VGLUT2. Details of the antibodies, protocols 
and image acquisition can be found in the Supplementary material.

Western blotting

Cerebellar tissue from anterior and nodular regions of four control 
and four ATXN1[82Q] mice at different developmental ages was dis-
sected and immediately frozen in liquid nitrogen. Samples were 
homogenized with a Dounce homogenizer in ice-cold lysis buffer 
containing 50 mM Tris-HCl pH 8, 150 mM NaCl, 1% Triton X-100, 
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS) 
and protease inhibitor cocktail (Roche). Protein concentrations 
were measured using the Pierce BCA protein assay kit (Thermo 
Fisher). Samples were denatured and proteins were separated by 
SDS-PAGE (polyacrylamide gel electrophoresis) in Criterion™ TGX 
Stain-Free™ Gels (Bio-Rad) and transferred onto nitrocellulose 
membranes with the Trans-Blot® Turbo™ Blotting System 
(Bio-Rad). Membranes were blocked with 5% bovine serum albumin 
(BSA; Sigma-Aldrich) in Tris-buffered saline (TBS)–Tween-20 
(20 mM Tris-HCl pH 7.5, 150 mM NaCl and 0.1% Tween-20) for 1 h 
and probed with the following primary antibodies: ATXN1 11750 (gift 
from Dr Huda Zoghbi, 1:1000, rabbit) or GAPDH (1:1000, mouse, Cell 
Signaling 97166). Secondary antibodies used were goat Anti-Rabbit 
Immunoglobulins/horse radish peroxidase (HRP) (1:10000, Agilent 
Dako P0448) or goat Anti-Mouse Immunoglobulins/HRP (1:10000, 
Agilent Dako P0447). Proteins were detected by the luminol-based 
enhanced chemiluminescence method (SuperSignal™ West 
Femto Maximum Sensitivity Substrate or SuperSignal™ West 
Dura Extended Duration Substrate, Thermo Fisher). Membranes 
were stripped with Restore™ PLUS Western Blot Stripping Buffer 

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/146/6/2332/6815798 by Erasm

us U
niversity R

otterdam
 user on 05 July 2023

http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac422#supplementary-data


2334 | BRAIN 2023: 146; 2332–2345                                                                                                                             C. Osório et al.

(Thermo Fisher). Densitometry of protein bands of interest was 
normalized to that of GAPDH using the Image Studio Lite software 
(LI-COR Biosciences). Samples were excluded if the reference pro-
tein failed.

RNA extraction and quantitative PCR

Cerebellar tissue from anterior and nodular regions of 16 control 
and 12 ATXN1[82Q] mice were collected at P10, P20, P30 and 6 weeks 
of age from ATXN1[82Q] mice and immediately frozen in liquid ni-
trogen. Samples were homogenized with TRIzol reagent (Thermo 
Fisher Scientific) and total RNA was isolated and measured with a 
NanoDrop 2000 (Thermo Fisher Scientific). From each sample 1 µg 
of RNA was reverse transcribed into cDNA using the iScript 
Advanced cDNA Synthesis kit for RT-PCR (Bio-Rad 172-5037). The 
cDNA was diluted 3-fold and 2 µl were used in a quantitative PCR 
(qPCR) reaction with the SsoAdvanced Universal Probes Supermix 
(Bio-Rad 172-5280).

Triplicates were used for each biological sample and Rn18s, Rpl13a 
and PGK were used as housekeeping genes. Samples were run on a 
CFX96 Real-time PCR detection system (Bio-Rad). Relative transcript 
levels were measured using the delta-delta Ct method in order to 
calculate the relative fold gene expression. Primers and probes used 
in this experiment were the following: ATXN1[82Q]-forward: 
5′-AGAGATAAGCAACGACCTGAAGA-3′; ATXN1[82Q]-reverse: 
5′-CCAAAACTTCAACGCTGACC-3′; ATXN1[82Q] probe (Roche 
4688597001), Taqman assay IDs Rn18s (Mm03928990_g1), Rpl13a 
(Mm01612987_g1) and Pkg1 (Mm00435617_m1). Samples were ex-
cluded if the reference gene failed.

Ex vivo electrophysiology

Brains of 49 control and 49 ATXN1[82Q] postnatal Day (P) 9–90 mice 
were used to obtain 250-µm acute sagittal slices for ex vivo record-
ings (Supplementary material). After recovery, slices were trans-
ferred to a recording chamber continuously perfused with the 
oxygenated artificial CSF (ACSF) heated to 34°C (Scientifica). 
Electrodes were filled with internal solution containing 9 mM KCl, 
3.48 mM MgCl2, 4 mM NaCl, 120 mM K+-gluconate, 10 mM HEPES, 
28.5 mM sucrose, 4 mM Na2ATP, 0.4 mM Na3GTP in total pH 7.25– 
7.35, osmolarity 290–300 mOsmol/kg (Sigma-Aldrich). Biocytin 
(1 mg/ml) was included to allow the morphological reconstruction 
of the recorded PCs. For intrinsic plasticity and cell-attached record-
ings, slices were bathed with ACSF supplemented with synaptic re-
ceptor blockers, NMDA receptor antagonist D-AP5 (50 µM), selective 
and competitive AMPA receptor antagonist NBQX (10 µM), non- 
competitive GABAA receptor antagonist and glycine receptor in-
hibitor picrotoxin (100 µM), all from Hello Bio. PCs were held at 
−65 mV. Intrinsic plasticity42,43 was induced using a tetanus stimu-
lation of 200 ms, 900 pA pulses at 5 Hz for 8 s. Prior to tetanus, a 
baseline was recorded by injecting a 500 ms 200–400 pA pulse every 
20 s for 5 min. After tetanus, the same current injection was given 
every 20 s for 30 min. The number of elicited spikes per pulse 
were counted and averaged for each minute. The results are given 
as a per cent change from the 5-min baseline. PCs were excluded 
if the holding potential changed over the experiment by more 
than 10%. For CF stimulation experiments, after achieving a whole- 
cell configuration with a PC, a second stimulating electrode was 
placed in the granular layer near the PC soma; 200-ms sweeps 
were recorded with a 5-ms electrical stimulation (Dagan BSI-950) 
occurring at 100 ms. The electrical stimulation started at 1 mA 
and increased by 500 µA with each sweep. A response was deemed 

to be a CF response if it both exhibited an all-or-none characteristic 
and a broad response after the initial spike. After subtracting the 
mean of the pre-stimulus voltage, the area under the curve of the 
first spike induced was measured using the trapz function in 
MATLAB.

Morphological analysis

Molecular layer thickness was determined by measuring in ImageJ 
the distance from the top of the PC soma to the top of the PC den-
dritic tree; and the CF height was measured as the distance from 
the top of the PC soma to the apical edge of the last VGLUT2 puncta. 
The CF extension was quantified as the percentage of the ratio of 
the CF height per molecular layer height per image. Analysis of syn-
apse densities (puncta/area) was performed using the ‘Analyze 
Particles’ tool in ImageJ software to quantify the number of 
VGLUT2 puncta in a region of interest and this number was then di-
vided by the area (μm2) of the region of interest in the cerebellar 
cortex.

To quantify the area of a PC, the maximum projection of each 
image was thresholded in ImageJ to fit the area of the cell and mea-
sured. To quantify dendritic arborization the maximum projection 
of z-stack images of single cells were analysed with the Sholl ana-
lysis macro implemented in ImageJ software.

Behavioural tests

Balance beam test

For the balance beam test, ATXN1[82Q] and respective controls 
were tested at 3, 4, 6, 12 and 18 weeks of age. The test consisted 
of two training days and one testing day. Mice were tested on a 
1-m long 6- or 12-mm diameter balance beam situated between 
two elevated platforms 50 cm above the surface. A cage was placed 
at the end of the beam as a finish point. The parameters analysed 
were the time to cross and the number of foot slips per run.

Compensatory eye movement recordings

Control and ATXN1[82Q] mice (3 or 4 weeks of age on the first day of 
experiment) were used to perform and analyse compensatory eye 
movement recordings by a researcher blind to group categoriza-
tion, which were described in detail previously.44,45 Details of ped-
estal placement and behavioural apparatus can be found in the 
Supplementary material. Mice were tested for baseline optokinetic, 
vestibulocular and visual vestibulocular responses. Motor perform-
ance in response to these stimulations was evaluated by calculat-
ing the gain (eye velocity/stimulus velocity) and phase (eye to 
stimulus in degrees) of the response. To study motor learning, 
mice were subjected to a mismatch between visual and vestibular 
input to adapt the vestibulocular response. Gain and phase values 
of eye movements were calculated using custom MATLAB scripts 
(MathWorks, https://github.com/MSchonewille/iMove).44

Eyeblink conditioning

Control and ATXN1[82Q] mice (3, 4, 6 or 12 weeks of age on the first 
day of experiment) were used to perform and analyse EBC behav-
ioural tests by a researcher blind to group categorization as previ-
ously described.46 Details of pedestal placement and behavioural 
apparatus can be found in the Supplementary material. The condi-
tioned stimulus (CS) was a blue LED light (CS duration: 280 ms) 
placed 10 cm in front of the mouse’s head. The unconditioned 
stimulus (US) was a weak air-puff (30 psi, 30-ms duration), which 
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was positioned at 5 mm from the centre of the left cornea. The inter-
val between the onset of CS and that of the US was set at 250 ms. 
Preventive eyelid closure before US time was considered a condi-
tioned response (CR). Individual eyeblink traces were analysed 
with a custom written script in MATLAB R2018a.

Statistical analysis

Data are presented as the mean ± SEM. Normality of the distributions 
was verified via the Shapiro–Wilk test and equal variances were tested 
with the F-test. For normally distributed data, statistical significance 
was determined by the two-way ANOVA with multiple comparisons 
or mixed-effects test with repeated measures. If the data were not nor-
mally distributed, statistical significance was calculated using the 
Kruskal–Wallis test with multiple comparisons. The minimum level 
of significance accepted for all tests was P < 0.05. Statistical analyses 
were performed using GraphPad Prism software (version 8.0.0). For 
each experiment, the sample size and statistical tests used are sum-
marized in Supplementary Table 1. Total group size for behavioural 
tests was determined by power analysis to be 12–26 and for electro-
physiological experiments to be 12–30.

Data availability

The authors confirm that the data supporting the findings of this 
study are available within the article and its Supplementary 
material. The data that support the findings of this study are also 
available from the corresponding author upon reasonable request. 

Results
Differential expression of ATXN1[82Q] transgene 
in ATXN1[82Q] mice

The Pcp2 promoter used in the ATXN1[82Q] mouse model drives mu-
tant ATXN1 expression in the vast majority of PCs, but we have previ-
ously identified relatively minimal transgene expression in the 
flocculonodular region in the adult.47 To better understand the levels 
and location of ATXN1[82Q] transgene expression during the pre- 
ataxia period, we investigated the levels of mRNA and protein in a 
spatiotemporal manner. Transgenic ATXN1[82Q] mRNA expression le-
vels could already be detected as early as P10 (Supplementary Fig. 1A). 
These levels were similar between anterior (lobules I–III) and nodular 
(lobules IX–X) cerebellar regions of ATXN1[82Q] mice at P10 and P20. 
At P30 and 6 weeks of age, the mRNA levels of the transgene were sig-
nificantly higher in the anterior regions compared with the nodular re-
gions (Supplementary Fig. 1A). Quantification of ATXN1 protein levels 
revealed significantly higher ATXN1[82Q] protein values in the anterior 
regions of ATXN1[82Q] mice cerebella earlier, at P20 (Supplementary 
Fig. 1B and C). In accordance with our protein expression data, immu-
nostaining for ATXN1[82Q] was detected in PCs in both the anterior 
vermis (I–III) and posterior/nodular vermis (VIII–X) during the different 
postnatal ages (Fig. 1A and C and Supplementary Fig. 2A and B). 
However, in line with adult expression,47 posterior/nodular lobules 
have a more irregular pattern of ATXN1[82Q] expression with several 
non-labelled regions in the vermis, when compared with the anterior 
regions. At P10, the strongest mutant protein expression is located in 
the vermal region, but from P20 to 6 weeks of age ATXN1[82Q] expres-
sion is stronger in the simplex lobule and crus I (Supplementary Fig. 
2C). In the flocculus, the levels of ATXN1[82Q] are absent at P10, but 
from P20 it is possible to identify a few positive PCs (Supplementary 
Fig. 2D). The ATXN1[82Q] protein was initially detected mainly in the 
PC nuclei and from P20 the staining was also present in the dendrites 

(Fig. 1B and D). This staining co-localized with PC-specific marker cal-
bindin. Additionally, we validated that mutant animals from different 
generations show no change in CAG repeat length, demonstrating that 
this region is stably transmitted across generations as described previ-
ously (Supplementary Fig. 1D and E).34 After confirming that the differ-
ences in transgene expression in our model are already present in the 
pre-ataxia period, we continued our study by separately analysing re-
gions with more homogenous, high transgene levels (anterior lobules 
I–III) and regions with low ATXN1[82Q] levels (nodular lobules IX–X).

PC dendrite arborization is stunted from the third 
postnatal week in ATXN1[82Q] mice

During the first postnatal weeks the development of PC activity cor-
relates with the growth of its massive dendritic arbour, which is af-
fected in adult ATXN1[82Q] mice.34 Thus, we aimed to determine 
when the first signs of abnormal PC morphology appeared in regions 
with high ATXN1[82Q] transgene versus regions with lower trans-
gene expression. We analysed dendritic morphology of PCs from lo-
bules I–III in control and ATXN1[82Q] mice at different pre-ataxia 
ages. Biocytin-filled PCs were analysed to measure dendritic arbour 
complexity, maximum dendrite length from the cell soma and PC 
area (soma and dendrite), using Sholl analysis.48 No differences 
were observed in dendritic complexity (Fig. 2A and B), maximum 
length (Fig. 2C) and area (Fig. 2D) between control and ATXN1[82Q] 
PCs at P10–P14 in the anterior regions of the cerebellum. In contrast, 
dendritic complexity was significantly reduced in P15–P21 
ATXN1[82Q] PCs compared with control PCs (Fig. 2A and E) as well 
as maximum length and PC area (Fig. 2F and G). Similar results 
were observed in the older age group (Fig. 2A, and H–J). In the nodular 
regions of the cerebellum, there were no significant differences in 
the number of intersections between control and mutant in the pre- 
ataxia stage (Supplementary Fig. 3). In the older ages, we detected a 
small but significant decrease in PC area in the ATXN1[82Q] mice 
when compared with the controls (Supplementary Fig. 3J).

PC intrinsic excitability and spontaneous firing are 
both reduced in the second postnatal week in 
ATXN1[82Q] mice

Impaired physiological activity of PCs has been reported in different 
models of SCA and precedes behavioural pathology.37,49 To deter-
mine when during the pre-ataxia stage differences in intrinsic ex-
citability arise, we performed whole-cell recordings in PCs in 
lobules I–III and X from P10 to P60. To test for intrinsic excitability, 
we injected steps of increasing current.50 In all control groups, we 
found a difference in intrinsic excitability between anterior and 
posterior/nodular vermis, as reported previously.45 ATXN1[82Q] 
PCs demonstrate a significantly lower elicited action potential 
count when compared with control PCs in the anterior cerebellum 
(Fig. 3A and B). These differences were detected as early as P10 
and continued into adulthood (Fig. 3C). No differences in PC intrin-
sic excitability were detected in the nodular region between 
ATXN1[82Q] PCs and control during the time points analysed 
(Supplementary Fig. 4), in line with previous findings comparing 
nodular PCs between ATXN1[82Q] PCs and controls.26 The impaired 
intrinsic excitability in anterior ATXN1[82Q] PCs could be the result 
of changes in the action potential threshold and/or the membrane 
resistance. Hence, we further characterized the differences in cur-
rent integration by testing both in our dataset. No significant differ-
ences were found between the membrane resistance of ATXN1[82Q] 
and control PCs at any age (Fig. 3E). The action potential threshold 
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was found to be higher in adult lobule I–III ATXN1[82Q] PCs, but not 
significantly different in juvenile mice (Fig. 3D). Resistance in itself, 
however, would support higher intrinsic excitability, and thus nei-
ther membrane resistance nor the action potential threshold can 
explain the impaired intrinsic excitability in anterior ATXN1[82Q] 
PCs. To verify if deficits in PC firing are also present in conditions 
where the internal milieu of the cell is not affected by the whole-cell 
configuration, we additionally recorded spontaneous firing of lob-
ule III PCs using a cell-attached configuration with synaptic trans-
mission blocked. Indeed, spontaneous firing rate was significantly 
lower in ATXN1[82Q] PCs at both P21 and over P30, while CV2 was 
not significantly different at any age (Supplementary Fig. 5).

Abnormal eyeblink conditioning in ATXN1[82Q] 
mice precedes the ataxic phenotype

To determine the onset of ataxia in our cohort of SCA1 mice, we 
measured motor performance of ATXN1[82Q] with the balance 

beam test. Consistent with previous reports, mice expressing 
ATXN1[82Q] showed significant impartment in the balance beam 
from 6 weeks of age onwards when compared with the controls 
(Supplementary Fig. 6).34-40

Our results revealed that in the ATXN1[82Q] model, PC path-
ology in the pre-ataxia stage34-40 is more pronounced in regions 

with higher levels of the transgene. Because abnormal physiology 

and morphology were detected within the first three postnatal 

weeks, we asked if motor tests more sensitive to cerebellar changes 

could detect functional impairments prior to ataxia onset. To as-

sess the integrity of cerebellum-dependent behaviours, we sub-

jected ATXN1[82Q] and control littermate mice to EBC and 

vestibulocular response adaptation, both established cerebellum- 

dependent learning tasks.
In the EBC task, a visual CS, a 280-ms LED light, is paired with an 

eyeblink eliciting US, a 30-ms air puff delivered to the mouse cornea 
co-terminating with the CS (Fig. 4A and B). Naïve mice are 

Figure 1 Differential expression of ATXN1[82Q] protein in the cerebellum of ATXN1[82Q] mice during the asymptomatic period. Representative photo-
micrographs of ATXN1[82Q] expression in PCs of the anterior (A) and posterior vermis (C) in ATXN1[82Q] and control mice at different developmental 
ages (scale bar = 1000 µm). Detailed images of PCs in lobule III (B) and lobule X (D) expressing ATXN1[82Q] and calbindin at different developmental ages 
(scale bar = 100 µm). Age groups: P10, P20 and P30. Cerebellar lobules are labelled with roman numerals. ml = molecular layer; pcl = Purkinje cell layer.
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unresponsive to the CS, but they produce an unconditioned eyelid 
reflex (unconditioned response, UR) in response to the air puff 
only (US). After several sessions of training, mice can prompt a 
preventative eyelid closure, or conditioned response (CR), 
when presented only with the CS (Fig. 4B).51-53 We compared 
the acquisition of CRs in control and ATXN1[82Q] mice at 3, 4, 
6 and 12 weeks of age. As expected, 6- and 12 week-old 
ATXN1[82Q] mice presented a significantly lower CR percentage 
when compared with their corresponding control animals 
(Fig. 4C). Likewise, the fraction of eyelid closure was significant-
ly reduced in ATXN1[82Q] mice (Fig. 4D). The reduced EBC learn-
ing in the 6- and 12-week-old ATXN1[82Q] mice is in line with 
the progressive level of PC degeneration observed at these 
ages as well as the increased severe ataxic phenotype as previ-
ously described.35,47 Interestingly, 4-week-old ATXN1[82Q] ani-
mals also already had a diminished rate of EBC acquisition, both 
in CR percentage and fraction of eyelid closure (Fig. 4C and D). 
However, at 3 weeks of age, despite the physiological and mor-
phological changes observed in PCs in the second and third 
postnatal weeks, respectively, there were no differences in the 
learning abilities between genotypes (Fig. 4C and D and 
Supplementary Fig. 7A). The analysis of the unconditional re-
sponse timing and onset between both groups at 3, 4 and 6 
weeks showed no difference, ruling out the possibility that 
mutant mice had a reduced ability to close the eyelid 
(Supplementary Fig. 7B). Our data suggest that the anterior 

eyeblink region is already vulnerable to ATXN1[82Q]-driven 
pathogenesis prior to the ataxia stage.

In addition, we tested the ATXN1[82Q] model with a second 
cerebellum-dependent learning test: the vestibulo-ocular reflex 
adaptation. Eye movement-related areas are located in the vestibu-
locerebellum that comprises the flocculonodular lobe.54 The PCs in 
this structure receive vestibular and visual input and use informa-
tion about head movement to influence eye movement.55 Recently, 
we have shown that PC degeneration in these regions is relatively 
mild and that compensatory eye movements and their adaptation 
were preserved in adult ATXN1[82Q] mice.47 We tested if young 
control littermate and ATXN1[82Q] animals, 3 and 4 weeks old, 
would differ in their compensatory eye movements. As expected, 
there were no differences between genotypes in both gain and 
phase in the optokinetic reflex, vestibular–ocular reflex, and visual 
vestibular–ocular reflex (Supplementary Fig. 8A, C, E, G and I). To 
further challenge these mice, we subjected them to a gain-increase 
vestibular–ocular reflex adaptation protocol. The test measures if 
mice can learn to increase their vestibular–ocular reflex over time 
using visual feedback (visual and vestibular stimulation 
out-of-phase).44,56-58 As expected, both control and mutant mice 
at 3 and 4 weeks old were able to adapt their vestibular–ocular re-
flex (Supplementary Fig. 8B, D, F, H and J). Overall, juvenile 
ATXN1[82Q] mice showed no defects in compensatory eye move-
ments and adaptation. This is in accordance with the preservation 
of physiological and morphological features of PC in the 

Figure 2 PC complexity is reduced in the anterior cerebellum of ATXN1[82Q] mice from the third postnatal week. (A) Representative photomicrographs 
of PCs filled with biocytin in lobules I, II and III in three age groups in control and ATXN1[82Q] mice (scale bar = 50 µm). (B, E and H) Sholl analysis, (C, 
F and I) longest dendrite length and (D, G and J) area quantification of PCs in three age groups for control and ATXN1[82Q] mice. Age groups: P10–P14, 
P15–22 and adult (between 5 and 9 weeks old). Data from individual cells are expressed as mean ± SEM, for values see Supplementary Table 1. *P < 0.05, 
**P < 0.001, ***P < 0.0001, unpaired two-tailed t-test or two-tailed Mann–Whitney test.
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flocculonodular lobes, which is most likely due to the partial trans-
gene expression observed (Supplementary Fig. 2D).

The onset of climbing fibre degeneration follows PC 
dysfunction in ATXN1[82Q] mice

An additional pathological feature in the cerebellum of SCA1 pa-
tients is the degeneration of CFs and therefore subsequent defi-
ciency in CF–PC connectivity.59,60 This feature has been observed 
in the ATXN1[82Q] mouse model at 12 weeks of age.61-64 PCs in lo-
bules IV–V of the anterior vermis and the simplex lobule in the 
hemispheres integrate the inputs from climbing and mossy fibres 
and drive the EBC responses.65,66 Therefore, one could hypothesize 
that the CF degeneration in the ATXN1[82Q] model during the pre- 
ataxia stage contributes to the abnormal EBC performance at 4 
weeks of age. To test this, we followed the progression of CF degen-
eration by performing immunostainings in the cerebellar cortex of 

control and ATXN1[82Q] mice from anterior lobules I–III at differ-
ent developmental ages. Using VGLUT2 as a marker for CF term-
inals, we found no differences in the percentage of area covered 
by VGLUT2-positive puncta from P5 to P10, a time when the CF 
transfers from the soma to the dendrite. At P20 and P30, when 
multiple CF innervation is converted into single innervation, there 
was a significant reduction in the percentage of VGLUT2-positive 
puncta in the mutant ATXN1[82Q] cerebellum when compared 
with control (Fig. 5A and B). This was not caused by an equivalent 
thinning of the molecular layer, which only showed a decrease in 
thickness at P30 (Fig. 5A and C). In line with the loss of 
VGLUT2-positive puncta, the percentage of CF extension into the 
molecular layer was significantly reduced at P30 in the mutant 
mice (Fig. 5A and D). Interestingly, we also observed a reduction 
of VGLUT2-positive puncta, CF extension and molecular layer 
thickness at P30 in the nodular lobules of ATXN1[82Q] mice 
(Supplementary Fig. 9).

Figure 3 Intrinsic excitability is reduced in PCs located in the anterior cerebellum of ATXN1[82Q] mice from the second postnatal week. (A) Example 
traces of current injection recordings of PCs in anterior lobules I, II and III of control and ATXN1[82Q] mice in three age groups. (B) Spike count of PCs 
from control and ATXN1[82Q] mice in response to a series of current injections with 100 pA increments in three age groups. (C) Mean spike count of the 
last current injection step, (D) Action potential (AP) threshold and (E) membrane resistance of control and ATXN1[82Q] mice in three age groups. Age 
groups: P10–P14, P15–22 and adult (between 5 and 9 weeks old). Data from individual cells are expressed as mean ± SEM, for values see Supplementary 
Table 1. *P < 0.05 and ***P < 0.0001, two-way ANOVA and mixed-model test.
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In order to determine whether there is any functional impact of the 
observed CF degeneration, we stimulated CFs during whole-cell re-
cordings of PCs in lobule III at P21 and over P30. The response of a PC 
to CF activity can be recorded in ex vivo slices by stimulating the CF 
axon within the granular layer near the recorded PC.67-69 Area under 
the curve analysis showed no significant difference at P21 between 
control and ATXN1[82Q] PCs, but CF response was significantly smal-
ler over P30 (Supplementary Fig. 10). Together, these results demon-
strate that CF degeneration strongly correlates with EBC impairment 
prior to ataxia, but could be independent from PC dysfunction.

Because of the PC specificity of this ATXN1[82Q] mouse model, 
CF degeneration most likely results from a defective metabotropic 
glutamate receptor subtype 1 (mGluR1) to protein kinase C gamma 
(PKCγ) cascade in PCs (Supplementary Fig. 11E). This pathway is ne-
cessary for the elimination of redundant CF synapses from prox-
imal regions of PC dendrites from P15 to P30.70-73 Faulty 
glutamatergic signalling has been demonstrated in several models 
of SCA disease.10,29,39,71,73-77 Hence, we explore the possibility that 
some proteins underlying glutamatergic signalling in PCs have an 
altered expression in the pre-ataxia period as well. Indeed, our 
data demonstrated that IP3R1 levels were reduced in the 
ATXN1[82Q] cerebella from P20 while mGLUR1, HOMER3 and 
TRPC3 expression were reduced at P30 in the anterior regions of 
the cerebellum (Supplementary Figs 11 and 12).

Reduced PC intrinsic plasticity precedes the ataxic 
phenotype

Finally, to examine a physiological basis of learning and learning 
deficits at the neural level, we tested PCs for intrinsic plasticity42,43

before and after the onset of abnormal behaviour in EBC. Intrinsic 
plasticity is a form of neural learning that can be elicited through 
direct excitation of the neuron.78 PCs readily undergo intrinsic plas-
ticity79,80 and selective mutations that attenuate intrinsic plasticity 
impair EBC, but not VOR adaptation in adult mice.43 Moreover, in-
trinsic plasticity is precluded in PCs after EBC, suggesting that the 
conditioning has already induced this form of plasticity and pre-
cludes any additional physiological change.42 Therefore, we aimed 
to investigate this form of learning in ATXN1[82Q] PCs. We found 
that intrinsic plasticity could not be induced in ATXN1[82Q] lobule 
I–III PCs compared to controls at P30–P45 (Fig. 6B and D). However, 
at P20, moderate intrinsic plasticity could be induced in both 
ATXN1[82Q] PCs and control PCs (Fig. 6A and C) and intrinsic plas-
ticity could be readily induced in ATXN1[82Q] lobule X PCs 
(Supplementary Fig. 13). The moderate levels of intrinsic plasticity 
and learning abilities in EBC at P20 compared with adolescent and 
adult stages, together with the onset of deficits at P30 in lobule I– 
III but not lobule X PCs, support a link between deficits in intrinsic 
plasticity and EBC.

Figure 4 EBC is impaired in pre-ataxic ATXN1[82Q] mice. (A) Schematic illustration of the EBC recording setup. (B) By repeated pairings of the CS and 
the US, mice will learn to close their eye in response to the CS alone, eliciting the CR. (C) CR% for control and ATXN1[82Q] mice during 10 training ses-
sions over 5 days of training. (D) Comparison of fraction of eyelid closure between control and ATXN1[82Q] mice. Age groups and number of mice (n, 
control versus ATXN1[82Q]): 3 weeks (n = 12 versus 11), 4 weeks (n = 16 versus 12), 6 weeks (n = 10 versus 11) and 12 weeks old (n = 8 versus 10) mice. Data 
are expressed as mean ± SEM, for values see Supplementary Table 1. *P < 0.05, **P < 0.001, ***P < 0.0001, mixed-model test.
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Discussion
In this study we investigated the sequence of pathological events 

leading to PC dysfunction and ataxia in a mouse model of SCA1. 

Spatiotemporal characterization of the ATXN1[82Q] SCA1 mouse 

model revealed high levels of the mutant ATXN1[82Q] during the 

pre-ataxia stage, particularly in areas such as the anterior vermis, 

lobule simplex and crus I. In this mouse model, the expression of 
the toxic protein causes a reduction of PC intrinsic excitability in 

the second week, which precedes the atrophy of dendrite arbours 

and aberrant metabotropic glutamate signalling starting in the 

third week and the degeneration of CFs in the fourth week. 

Functional analyses revealed that the mutant ATXN1[82Q] protein 

from the fourth week disrupts the intrinsic plasticity of PCs that, 

with abnormal CF innervation, culminates in impaired EBC motor 
learning before the onset of ataxia. These data suggest that an ac-

cumulation of PC dysfunction climaxes with the loss of intrinsic ex-

citability to produce the presentation of the ataxic phenotype.
The dysfunction of PCs in the ATXN1[82Q] mouse model starts 

with dysregulation of transcription as described before.28,29,40,81

Transcripts of Itpr1 and Trpc3, involved in the maintenance of cal-
cium homeostasis, were found to be downregulated at 2 and 4 
weeks of age, respectively.28 Our results show that these proteins 
are both downregulated most prominently in the anterior vermis 
at 4 weeks of age, and the reduction of IP3R1 in the anterior vermis 
starts at 3 weeks of age (Supplementary Figs 11 and 12). In PCs, ac-
tivation of metabotropic glutamate receptors (mGLURs) increase 
calcium signalling by initiating the protein kinase C (PKC) pathway, 

which in turn triggers calcium channels such as the transient re-
ceptor potential type 3 (TRPC3) and, ultimately, inositol 
14,5-trisphosphate receptors (IP3R1)are activated.82 Abnormal cal-
cium levels have been linked with changes in PC intrinsic activ-
ity83,84 and to various forms of ataxia in different SCAs.27

PC-specific deletion of TRPC3 reduced the intrinsic excitability of 
PCs in the anterior, but not the nodular lobules,85 indicating that 
TRPC3 could be a factor in the deficit, but presumably only later 
in development when the levels of TRPC3 are reduced. However, 
our data revealed a reduction of intrinsic firing frequency in PCs ex-
pressing toxic ATXN1[82Q] protein already from P10 to P14 and 
spontaneous firing frequency before 3 weeks of age. We did not 
find any significant difference in membrane resistance at any age, 
but membrane resistance has been shown to be higher in PCs of 
older ATXN1[82Q] mice as the cellular atrophy progresses.86

Chopra et al.26 related changes in PC intrinsic activity in this mouse 
model with a selective dysregulation of ion channels in particular 
Cav3.1, IP3R1 and BK channels. Overall, changes in the expression 
of channels and receptors that regulate membrane excitability pre-
cede morphological and motor impairments and should be consid-
ered primary targets for therapeutic endeavours. The subsequent 
pathological feature we detected was a change in PC dendritic 
morphology, starting from P15 in PCs expressing higher levels of 
toxic protein. Changes in dendritic morphology have been asso-
ciated with reduced expression of potassium channels and in-
creased dendritic excitability in this SCA1 model.87 Subsequently, 
at 4 weeks of age, CF synapses were reduced in both anterior and 
nodular cerebellar regions of the ATXN1[82Q] model. Given that 

Figure 5 CF degeneration starts at 3 weeks of age in the anterior cerebellum of ATXN1[82Q] mice. (A) Representative photomicrographs of CFs (VGLUT2 
staining) and PCs (calbindin) in lobules I and II or III at different age groups in control and ATXN1[82Q] mice (scale bar = 20 µm). (B) VGLUT2 puncta per 
area of the region of interest, (C) molecular layer (ML) thickness and (D) CF extension per ML thickness quantification. Age groups: P5, P10, P20 and P30. 
Data per image are expressed as mean ± SEM, for values see Supplementary Table 1. *P < 0.05, **P < 0.001, ***P < 0.0001, two-way ANOVA.
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the toxic protein is only expressed in PCs in the ATXN1[82Q] mouse 
model, not in the olivary neurons that give rise to the CFs, this is a 
direct result of PC dysfunction. Changes in CF input in SCA have 
been reported before32,61,63 and the data presented here suggest al-
tered mGLUR1 signalling pathway as a mechanism. Postsynaptic 
mGLURs are vital for the elimination of redundant CF synapses 
that occurs between the third and fourth weeks in the 
mouse.30,71,73,88 Presynaptic consequences of a mutation that ex-
clusively affects the postsynaptic PC have been found before in 
the ATXN1[82Q] mouse model, in the form of inappropriate parallel 
fibre distribution63 and changes in insulin-like growth factor.89

Hence, in can be concluded that a combination of both deficient in-
trinsic activity and abnormal input underlies cerebellar dysfunc-
tion in many SCAs.50

In this study, we dissect the pathogenesis and show that faulty 
PC intrinsic plasticity correlates, in a temporally specific manner, 
with impaired EBC before the onset of ataxia in the ATXN1[82Q] 
mice. EBC is a form of associative learning uniquely dependent on 
the cerebellum for information processing90,91 and deficits in eye-
blink responses are known to be present in patients with cerebellar 

deficits.92-95 Classically, alterations in synaptic strength are consid-
ered to form the basis for cerebellar motor learning.96,97 More re-
cently, a combination of synaptic plasticity and plasticity of 
intrinsic membrane excitability, or intrinsic plasticity, is thought 
to be the mechanism underlying cerebellar learning.98,99 The in-
volvement of intrinsic mechanisms has been shown by the in-
crease of membrane excitability after EBC in rabbits79,100 and 
mice42 and the fact that EBC is impaired following mutations that 
ablate intrinsic plasticity.42,43 Our experiments provide three argu-
ments supporting the idea that in ATXN1[82Q] mice intrinsic plas-
ticity is responsible for the pre-ataxia deficit in EBC: (i) several 
features of PC development are affected before or at P20, but a be-
havioural phenotype has never been reported for this period; (ii) 
at P20 the levels of intrinsic plasticity and EBC are relatively low 
compared to adolescent and adult mice, and not significantly dif-
ferent between ATXN1[82Q] and control mice; and (iii) the level of 
intrinsic plasticity and EBC in control mice, but not that in 
ATXN1[82Q] mice, increases from P20 to P30, causing a significant 
difference in both comparisons. If PC intrinsic plasticity is indeed 
an important factor in the onset of ataxia, novel therapeutic targets 

Figure 6 Intrinsic plasticity is disrupted in ATXN1[82Q] PCs at P30. (A and B) Representative traces of induced action potentials before and after tetanus 
stimulation in control and ATXN1[82Q] PCs at P20 (A) and P30–P45 (B). Action potentials were evoked by 500 ms and 200–400 pA current pulses (adjusted 
to drive ∼10–15 spikes) every 20 s. Intrinsic plasticity was induced using a tetanus stimulation of 200 ms, 900-pA pulses at 5 Hz for 8 s. (C) P20 and (D) P30 
percentage change of induced action potential number relative to baseline (5 min) and followed over time for at least 25 min. Data from individual cells 
are expressed as mean ± SEM, number of cells (n) for controls versus ATXN1[82Q] is n = 10 versus 8 for P20, n = 6 versus 7 for P30; *P < 0.05, two-way 
ANOVA (for values see Supplementary Table 1).
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can be tested. For instance, SK2 channels are known to mediate PC 
intrinsic plasticity by controlling the after-hyperpolarization fol-
lowing an action potential.80,101,102 Mice with a PC-specific deletion 
of SK2 channels showed impaired EBC and ablation of PCs intrinsic 
plasticity.43 SK2 channel activity is suggested to be suboptimal in 
episodic ataxia type 2 and SK channel activators 1-ethyl-2- 
benzimidazolinone and chlorzoxazone were able to improve motor 
coordination in tottering and ducky mice.83,103 Calcium regulation 
in general may contribute to the dysfunctional intrinsic plasticity 
in ATXN1[82Q] PCs. We find that expression of important proteins 
for calcium regulation, such as IP3R1, are altered around the 
same time as we observe the intrinsic plasticity deficit. It has 
been shown that calcium regulation and proteins involved in cal-
cium regulation are altered in SCA1 and other ataxias.16,28,104

Additionally, our finding of a clear deficit in EBC before the onset 
of ataxia supports the use of EBC as a clinical tool to detect subtle 
cerebellar changes in humans before severe motor impairments 
manifest. A recent clinical study found that EBC is impaired in pre-
clinical carriers of a SCA3 mutation,9 supporting the use of EBC as 
an early marker, potentially for a broader range of (spinocerebellar) 
ataxias. Treatment of such genetic disorders, e.g. through the use of 
gene therapy, will require an early marker that allows for identifica-
tion of future problems. Moreover, knowledge of the most optimal 
time window prior to severe disease onset, as well as quantifiable 
parameters to track disease progression, will be essential for any 
potential treatment option. Antisense oligonucleotide (ASO) ther-
apy was able to delay the onset of phenotypes in mouse models 
of SCA2 when provided at a time prior to their typical appearance. 
ASO therapy is currently successfully applied for diseases with a 
well-defined onset and disease progression, such as Duchenne 
muscular dystrophy and spinal muscular atrophy.11,105,106 The 
data presented here demonstrate that many pathological features 
can be present prior to the apparent disease phenotype. 
Treatment of the specific pathology prior to its appearance should 
be a goal for treatment of diseases like SCAs.
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