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Abstract

Spinocerebellar ataxia type 3 (SCA3) is the second-most common CAG repeat disease, caused by 

a glutamine-encoding expansion in the ATXN3 protein. SCA3 is characterized by spinocerebellar 

degeneration leading to progressive motor incoordination and early death. Previous studies suggest 

that potassium channel dysfunction underlies early abnormalities in cerebellar cortical Purkinje 

neuron firing in SCA3. However, cerebellar cortical degeneration is often modest both in the 

human disease and mouse models of SCA3, raising uncertainty about the role of cerebellar 

dysfunction in SCA3. Here we address this question by investigating Purkinje neuron excitability 

in SCA3. In early stage SCA3 mice, we confirm a previously identified increase in excitability of 

cerebellar Purkinje neurons and associate this excitability with reduced transcripts of two voltage-

gated potassium (KV) channels, Kcna6 and Kcnc3, as well as motor impairment. 

Intracerebroventricular delivery of antisense oligonucleotides (ASO) to reduce mutant ATXN3 

restores normal excitability to SCA3 Purkinje neurons and rescues transcript levels of Kcna6 and 

Kcnc3. Interestingly, while an even broader range of KV channel transcripts show reduced levels 

in late-stage SCA3 mice, cerebellar Purkinje neuron physiology was not further altered despite 

continued worsening of motor impairment. These results suggest the progressive motor phenotype 

observed in SCA3 may not reflect ongoing changes in the cerebellar cortex but instead 

dysfunction of other neuronal structures within and beyond the cerebellum. Nevertheless, the early 

rescue of both KV channel expression and neuronal excitability by ASO treatment suggests that 

cerebellar cortical dysfunction contributes meaningfully to motor dysfunction in SCA3.
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Introduction

Spinocerebellar ataxia type 3 (SCA3), also known as Machado-Joseph Disease, is the most 

common dominantly inherited ataxia (1–3). Pathologically, the disease is characterized by 

progressive neurodegeneration and neuronal loss in specific brain regions including the deep 

cerebellar nuclei (DCN), brainstem nuclei, and vestibular nuclei (4, 5). In contrast to many 

other SCAs, in SCA3 the degree of cerebellar cortical degeneration tends to be modest, with 

more than 75% of Purkinje neurons often preserved (1). Nevertheless, clinical features of 

SCA3 include prominent, progressive ataxia characterized by difficulties in gait, balance, 

and coordination, ultimately resulting in death (6). Although cerebellar Purkinje neuron 

degeneration is not a major feature of SCA3 despite this prominent ataxia, it remains unclear 

whether dysfunction of the cerebellar cortex contributes to disease.

SCA3 is caused by pathologic expansion of a CAG repeat in the ATXN3 gene that encodes 

an expanded polyglutamine sequence in the ATXN3 protein. No disease-modifying therapies 

yet exist for SCA3. In knockout mice, no deleterious consequences of ATXN3 loss are 

observed (7); thus, gene-suppression strategies targeting ATXN3 represent an attractive 

therapeutic option for SCA3. CNS-delivered antisense oligonucleotides (ASOs) can 

successfully reduce the level of ATXN3 transcripts in SCA3 mice, resulting in marked 

reduction of ATXN3 protein expression throughout disease-relevant brain regions, including 

the brainstem and cerebellum (8–10). In this study, we use ASOs to address the role of 

cerebellar cortical dysfunction in SCA3 to determine its relevance as a target of ASO 

therapy.

In mouse models of several polyglutamine SCAs, cerebellar Purkinje neuron dysfunction is 

associated with early deficits in motor function. Alterations in Purkinje neuron spike 

frequency or regularity appear at the onset of motor impairment in mouse models of SCA1 

(11), SCA2 (12, 13), SCA3 (14), SCA6 (15), and SCA7 (16). Ion channel dysregulation 

contributes to altered Purkinje neuron spiking in these models (17). In light of the prominent 

degeneration of cerebellar Purkinje neurons in human SCA1, SCA2, SCA6, and SCA7, 

these early Purkinje neuron abnormalities in mouse models support the view that neuronal 

dysfunction contributes to the degenerative process (1, 5). In contrast, the relative 

preservation of Purkinje neurons in human SCA3 suggests a less important role for 

cerebellar cortical dysfunction in motor impairment. Instead, prominent degeneration of 

cerebellar nuclei suggests that a loss of cerebellar output is principally responsible for 

cerebellar signs in SCA3 (4, 5). Despite this neuropathological evidence, voltage-gated 

potassium (KV) channel dysfunction has been proposed to underlie Purkinje neuron 

hyperexcitability in a mouse model of SCA3 (14). These observations suggest that cerebellar 

Purkinje neurons, despite their relatively minor degeneration in SCA3 compared to other 

SCAs, may experience a period of neuronal dysfunction that plays an important functional 

role in motor impairment.
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In the present study, we investigate changes in cerebellar Purkinje neuron physiology that 

occur in a mouse model of SCA3 and examine whether ASO treatment to rescue changes in 

cerebellar cortical dysfunction is associated with improvement in motor dysfunction. We 

confirm a previously observed increase in cerebellar Purkinje neuron excitability and 

identify several KV channel transcripts that are reduced in association with these changes in 

physiology. ASO-mediated gene suppression of ATXN3 rescued both the hyperexcitability 

phenotype in SCA3 mice and the change in transcript levels of the underlying KV channels, 

providing insight into the basis of aberrant spiking. Our results suggest that cerebellar 

cortical dysfunction contributes to early motor dysfunction in SCA3, but the absence of 

further changes in Purkinje neuron physiology as motor dysfunction worsens in later-stage 

disease, implies that this later motor impairment is mostly driven by regions beyond the 

cerebellar cortex.

Materials and Methods

Animals

All animal procedures were approved by the University of Michigan Institutional Animal 

Care and Use Committee (IACUC). Procedures were conducted in accordance with the U.S. 

Public Health Service’s Policy on Humane Care and Use of Laboratory Animals.

Homozygous YACMJD84.2Q-C57BL/6 transgenic mice (referred to simply as “SCA3 

mice” in this manuscript) (18) and wild-type littermate controls were housed together with a 

maximum of five animals per cage and exposed to a standard 12-hour light/dark cycle with 

food and water ad libitum. Prior to weaning, DNA was isolated from mouse tail biopsies to 

determine genotype using quantitative real-time qPCR as previously described (9). Fragment 

analysis was used to assess human ATXN3 repeat length (Laragen, San Diego, CA), with a 

threshold of 75Q or greater included in studies. Genotypes were confirmed postmortem. For 

this study, animals were age- and sex-matched, and euthanized at either 8, 16, or 65 weeks 

of age for biochemical analysis following an ASO or vehicle treatment at eight weeks of 

age. At the time of harvesting, tissue was macrodissected to isolate the cerebellum for 

biochemical assessment as previously described (9). Mice designated for 

electrophysiological recordings were harvested at 16 and 65 weeks of age. Experimenter 

was blinded to the genotype and treatment condition of all mice for all electrophysiology 

and behavioral assessments.

Antisense Oligonucleotides

The antisense oligonucleotide (ASO) targeting ATXN3 (ASO-5; 

GCATCTTTTCATTACTGGC) used in this study was previously described (8), with a 

gapmer design that targets the 3’ untranslated region of both human and mouse ATXN3. 

ASOs were synthesized as previously described (9) and solubilized in filtered PBS.

Surgical Delivery of Antisense Oligonucleotides

Mice were stereotaxically injected at 8 weeks of age with either 10 uL of ASO-5 (700 ug) or 

PBS-vehicle treatments into the right lateral ventricle as previously described (9). In the 65 

week-old mice, vehicle injections were performed at 8 and 22 weeks of age after which 
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point treatment was discontinued. Mice were monitored postoperatively for grooming 

activity, weight, and home cage activity for up to 10 days.

RNA Isolation and Quantitative Real-Time PCR

Dissected whole cerebellar tissue was homogenized and total RNA was isolated using Trizol 

reagent according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). Reverse 

transcription on 0.5 to 1ug of total RNA was performed using the iScript cDNA synthesis kit 

(Bio-Rad, Hercules, CA) according to the manufacturer’s instructions. The resulting cDNA 

was diluted 1:20 in nuclease-free water. iQ SYBR green (Bio-Rad) or Taqman 

(Thermofisher) quantitative polymerase chain reaction (qPCR) was conducted per the 

manufacturer’s instructions and analyzed to determine the average-adjusted relative 

quantification using the following primer sets/probes:

1. Human ATXN3 (5′-GAAGCTGACCAACTCCTGC-3′; 5′-
CTTCTAACACTCGTTCCAGG-3′)

2. Beta Actin (5′-GAACGGACAGCCATGGGCGGG-3′; 5′-
GTGTGTCCCCAAGCCCCACG-3′)

3. Kcnc3 (5’-TTTTTGAGGACCCCTACTCG-3’; 5’-

ATGAAGCCCTCGTGTGTCTC-3’)

4. Kcna6 (Thermofisher; Cat # Mm00496625).

RNA Sequencing and Gene Expression Analysis

Mice with average CAG repeat lengths of ≥75 were used for this study. High-quality 

extracted wild-type and SCA3 cerebellar RNA was verified prior to sequencing, with all 

samples in study exhibiting a RIN greater than 7. RNA samples were submitted to the 

University of Michigan Bioinformatics Core for library generation (Illumina TruSeq) and 

sequenced on Illumina HiSeq 4000 (75x75 pair-end, 4 lanes). Merging ENSEMBL 94 

human ATXN3 reference cDNA sequences (Oct 2018, GRCh38p12) and ENSEMBL 94 

mouse reference cDNA sequences (Oct 2018, GRCm38p6) were used to create a synthetic 

reference transcriptome.

RNA-seq data were mapped to the synthetic reference sequences using Kallisto 0.45 and the 

resulting transcript quantification was then fed to Sleuth 0.30 for differential expression 

analysis, aggregated by the corresponding genes of the transcripts. Genes with expression 

levels less than 5 transcripts per million (TPM) in more than 25% of the analyzed cerebellar 

samples at each time point (8 16, or 65 weeks) were discarded from further analysis. Sleuth 

assessed the gene-wise statistical significance of the hypotheses that a gene is differentially 

expressed in wild-type samples compared with transgenic samples at each time-point. Genes 

with q-values less than 0.05 were considered differentially expressed genes using the 

Benjamini-Hochberg corrections test.

Analysis of In Situ Hybridization Data

Images used for analysis of in situ hybridization data were obtained from the Allen 

Expression Atlas (19). Three consecutive images in the sagittal orientation were downloaded 
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from the Allen Expression Atlas for each analyzed gene. The beginning of the series was 

defined as the most medial section that contained fastigial nucleus, and the two images 

directly lateral to the first section were also chosen. The probe IDs for analyzed genes were 

as follows: Kcna1 (69735688), Kcna2 (69257999), Kcna6 (70523814), Kcnc1 (70724858), 

Kcnc3 (69735694), Kcnd3 (74431640), Calb1 (70919860), Gapdh (70276861). Images were 

transformed to 16 bit greyscale using ImageJ (National Institutes of Health), then 

background was subtracted uniformly for all images within a series. A freeform box was 

drawn around the Purkinje neuron somatic layer for the entire length of lobule 5 or lobule 

10, and a corresponding section of the molecular layer directly next to these cerebellar 

regions was also selected. Freeform boxes were also drawn around the medial cerebellar 

nuclei and the pontine grey matter. Reported values are for average pixel intensity within 

these analyzed regions.

Open Field Motor Evaluation

Motor and exploratory behaviors were measured at 16 weeks old using a photobeam activity 

system open-field apparatus (San Diego Instruments, San Diego, CA). Mice were placed in 

this apparatus for a 30-minute trial. Total activity was calculated by measuring the total 

number of x/y-axis beam breaks while exploratory/rearing activity was calculated by 

measuring total z-axis beam breaks.

Patch-clamp electrophysiology

Patch-clamp recordings were performed as previously described (20). Briefly, mice were 

euthanized under deep isoflurane anesthesia and brains were placed in pre-warmed (33°C) 

artificial cerebrospinal fluid (aCSF) bubbled with carbogen (95% O2, 5% CO2). aCSF 

contained (in mmol/L): 125 NaCl, 3.8 KCl, 26 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 

10 glucose. Parasagittal cerebellar sections were prepared in carbogen-bubbled aCSF at 

33-35°C to 300 μM thickness using a vibratome (Leica Biosystems, Buffalo Grove, IL). 

Slices rested for 45 minutes before recording.

For all patch-clamp recordings, borosilicate glass pipets were pulled to 3-4 MΩ resistance 

and filled with an internal solution containing (in mmol/L): 119 K-Gluconate, 2 Na-

Gluconate, 6 NaCl, 2 MgCl2, 0.9 EGTA, 10 HEPES, 14 Tris-phosphocreatine, 4 Mg-ATP, 

0.3 Tris-GTP, at pH 7.3 and osmolarity 290 mOsm. Recordings were performed at 33°C in 

carbogen-bubbled aCSF at a flow rate of 2-3 mL/min 1-5 hours after slice preparation. 

Recordings were performed with an Axopatch 200B amplifier, Digidata 1440A interface, 

and pClamp-10 software (Molecular Devices, San Jose, CA). Data were acquired at 100 kHz 

in fast current clamp mode and filtered at 2 kHz. A 10 mV liquid junction potential 

correction was applied to voltage traces.

Strict inclusion criteria were used for electrophysiological recordings. Purkinje neurons 

chosen for recording were morphologically identified as intact, teardrop shaped, and had no 

visible nucleolus or membrane blebbing. All neurons chosen for recording were noted to be 

spontaneously firing. Recordings were performed with the experimenter blind to genotype. 

For whole-cell recordings, cells were rejected if the series resistance exceeded 15 MΩ or 

changed by more than 20% during the recording.

Bushart et al. Page 5

Cerebellum. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Electrophysiology data was processed and analyzed in ClampFit software (Molecular 

Devices, San Jose, CA). For AHP analysis, cells were held at −80 mV and injected with 

increasing steps of depolarizing current until a full one-second spike train was evoked. AHP 

analysis was performed on the first spike of the full train. Maximum depolarization dv/dt 

and repolarization dv/dt were derived from the same spike used for AHP analysis. Spike 

regularity was measured as the coefficient of variation (CV) of the interspike interval (ISI), 

defined as: (ISI standard deviation)/(ISI mean). Spike half-width is a measure of spike width 

at 50% of peak amplitude from threshold, as defined by ClampFit. The steady state 

membrane potential was measured at the 50% point between all spikes over a 30 second 

period and is presented as a mean value. All other parameters are generated by ClampFit or 

derived from data extracted from ClampFit analysis.

Data Analysis and Statistics

All data were subjected to an outlier test, and the final data presented in the figures and 

statistical analyses have had statistical outliers removed. Statistical analyses were performed 

using Prism 8.0 (GraphPad Software, La Jolla, CA). Statistical significance was tested using 

analysis of variance (ANOVA) with a Holm-Sidak or Tukey correction for multiple 

comparisons, or by two-tailed Student’s t-test. Variability about the mean is expressed as 

mean ± standard error of the mean. An alpha level of 0.05 was used to denote statistical 

significance for each test.

Results

Longitudinal changes in expression of voltage-gated potassium channel genes enriched in 
cerebellar Purkinje neurons

Although degeneration of the cerebellar cortex is prominent in most of the CAG repeat 

SCAs (including SCAs 1, 2, 6, and 7), SCA3 differs in that cerebellar Purkinje neurons are 

relatively preserved, as assessed by volumetric MRI and post-mortem tissue analysis (4, 5). 

In mouse models of SCA3, however, studies show that Purkinje neuron dysfunction may 

contribute to motor impairment (8, 14). In these studies, KV channel dysfunction was 

proposed to underlie abnormal Purkinje neuron firing. However, changes in Purkinje neuron 

physiology were not uniform across these studies, and the specific KV targets contributing to 

altered firing were not fully determined.

We sought to define the specific KV channel contribution to Purkinje neuron firing 

abnormalities in SCA3. We analyzed whole cerebellar RNA sequencing data from 

homozygous mice of the YACMJD84.2Q-C57BL/6 model of SCA3 (18) (referred to here as 

“SCA3” mice) at three time points: 8 weeks (early-stage symptomatic), 16 weeks (mid-stage 

symptomatic), and 65 weeks (late-stage symptomatic) of age. We focused our analysis on 

transcript reads for KV channels either with known enrichment in cerebellar Purkinje 

neurons (21–24) or associated with human mutations causing cerebellar ataxia (25–28). 

These channels include Kcna1 (encoding KV1.1), Kcna2 (KV1.2), Kcna6 (KV1.6), Kcnc1 
(KV3.1), Kcnc3 (KV3.3), and Kcnd3 (KV4.3) (Fig. 1A–F). The only gene that showed 

reduced expression at 8 weeks of age was Kcna6 (Fig. 1C), and only Kcna6 and Kcnc3 (Fig. 

1E) showed reduced expression at 16 weeks of age, a mid-stage symptomatic time point in 
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SCA3 mice. All transcripts except Kcnd3 (Fig. 1F) showed reduced expression at 65 weeks 

of age, an advanced stage of disease in SCA3 mice (29).

Motor symptoms appear in SCA3 mice by 6 weeks of age and become more prominent by 

12 weeks (29). Based on work in other models of SCA, ion channels that show reduced 

expression early in disease are more likely to contribute to motor impairment (17). Early 

changes in physiology are tractable therapeutic targets in SCA3 and other ataxias, which 

could be accomplished by directly modulating the implicated ion channels (17, 30) or 

potentially by knocking down ATXN3 expression (3). A compelling strategy to reduce 

polyglutamine-expanded ATXN3 involves the use of non-allele specific ASOs targeting 

ATXN3 (8, 9). Therefore, we sought to explore the contribution of KV channel dysfunction 

to motor impairment at 16 weeks of age, a time at which changes in Purkinje neuron spiking 

have been identified in heterozygous SCA3 mice and when anti-ATXN3 ASO treatment led 

to motor rescue (8). Leveraging our experience with ASO-mediated knockdown of ATXN3, 

we assessed whether ASO treatment has an impact on KV channel expression.

At 16 weeks of age, reduction in Kcna6 and Kcnc3 gene expression was confirmed in SCA3 

mice by quantitative PCR (Fig. 1G–H). In vehicle-treated SCA3 (SCA3 Veh) mice, both 

Kcna6 and Kcnc3 were significantly reduced when compared to vehicle-treated wild-type 

(WT Veh) mice. Kcna6 expression was restored to WT levels in ASO-5 treated SCA3 

(SCA3 ASO-5) mice (Fig. 1G), while Kcnc3 expression was partially restored (Fig. 1H). 

ASO-5, a non-allele specific anti-ATXN3 ASO, is well-tolerated in mice, distributes widely 

throughout the CNS, and effectively reduces mutant and endogenous ATXN3 as well as high 

molecular weight aggregated species of ATXN3 (9). Taken together, these data suggest that 

modest KV channel dysregulation is present in SCA3 mice at 16 weeks of age and becomes 

more prominent by 65 weeks of age. In addition, ASO directed against ATXN3 improves 

expression of the KV channel genes affected early in disease.

RNA sequencing and qPCR studies in SCA3 mice were performed in whole cerebellar 

tissue. To determine which cerebellar regions are most likely to be impacted by reduced ion 

channel transcript expression, we performed an analysis of publicly available in situ 
hybridization data from wild-type C57BL/6 mice (19). We analyzed relative expression of 

ion channel genes in the Purkinje neuron layer, granule cell layer, medial cerebellar nuclei 

(including fastigial nucleus), and pontine grey matter. In the anterior cerebellar lobules, we 

found a significantly enriched expression of Kcna1, Kcna6, Kcnc3, Kcnd3, and the Purkinje 

neuron marker Calb1 (Fig. 1I). In the nodular zone, we found a significantly enriched 

expression of Kcnc3 and Calb1 (Fig. 1J). We also observed detectible levels of Kcna1, 

Kcna2, and Kcnc3 in the medial cerebellar nuclei (Fig. 1K) and pontine grey matter (Fig. 

1L), two structures outside of the cerebellar cortex that may influence cerebellar input and 

output (31) and are affected in human SCA3 (5). Together, these data suggest that the ion 

channel transcripts affected in SCA3 cerebellum at 16 weeks of age are likely to impact 

Purkinje neuron function, particularly in the anterior cerebellum, and that a subset of these 

channels may be important for cerebellar network activity in structures beyond the cerebellar 

cortex.
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Antisense oligonucleotides improve Purkinje neuron physiology in SCA3 mice

In other rodent models of ataxia, changes in cerebellar ion channel expression or function 

are associated with altered Purkinje neuron firing. We therefore sought to determine whether 

reduced KV1.6 and KV3.3 channel expression results in differences in Purkinje neuron 

spiking in SCA3 mice. We also tested whether ASO administration improves changes in 

physiology that accompany KV dysfunction in SCA3 mice.

We performed patch-clamp electrophysiology in acute cerebellar slices from SCA3 mice 

that had been injected with either ASO-5 or PBS vehicle control, comparing results to those 

in PBS vehicle-injected WT littermate controls at 8 weeks of age. Recordings were 

performed at 16 weeks of age, 8 weeks after ASO or vehicle injection. Because recent work 

indicates that Purkinje neuron physiology differs significantly in the anterior versus posterior 

cerebellar lobules (32), and these regions can be differentially affected in polyglutamine 

ataxia (16), we separately investigated the anterior and posterior cerebellar lobules (nodular 

zone).

In the anterior cerebellum, Purkinje neuron firing frequency (Fig. 2A) and regularity (Fig. 

2B), as assessed by the coefficient of variation (CV) of the interspike interval (ISI), were not 

significantly changed among all groups. Previous studies have shown that KV3.3 channel 

dysfunction can alter the action potential waveform (33, 34) or influence neuronal 

excitability (34, 35). We therefore used whole-cell electrophysiological recordings to assess 

action potential characteristics. We observed no differences in action potential threshold 

across all groups (Fig. 2C), nor any gross changes in spike waveform (Fig. 2D). However, 

we detected an unexpected significant hyperpolarization of the afterhyperpolarization (AHP) 

and inter-spike interval (ISI) in SCA3 ASO-5 mice compared to both WT Veh and SCA3 

Veh mice (Fig. 2E), although the absolute value of the change is relatively modest. There 

were no accompanying differences in spike half-width (Fig. 2F), maximum slope of 

depolarization (Fig. 2G), or maximum slope of repolarization (Fig. 2H). The spontaneous 

firing of Purkinje neurons makes it difficult to determine the resting membrane potential; 

however, the steady-state membrane potential, as represented as the halfway point between 

two subsequent spikes, was not significantly altered across all groups (Fig. 2I).

We similarly investigated Purkinje neuron firing in the nodular zone. Again, we detected no 

difference in firing frequency (Fig. 2J) or regularity (Fig. 2K) across all groups. Spike 

characteristics were also largely unchanged across all groups, including action potential 

threshold (Fig. 2L), action potential waveform (Fig. 2M), shape and decay of the AHP and 

ISI (Fig. 2N), maximum slope of depolarization (Fig. 2O), and maximum slope of 

repolarization (Fig. 2P). While spike half-width was slightly increased in SCA3 ASO-5 

treated mice compared to SCA3 Veh treated mice, it was not significantly different from WT 

Veh treated mice (Fig. 2Q). Additionally, the steady state membrane potential was not 

altered among all groups (Fig. 2R). Taken together, these data indicate that action potential 

waveform is not significantly altered in SCA3 Purkinje neurons at 16 weeks of age in either 

the anterior cerebellum or the nodular zone.

Potassium channel dysfunction could influence neuronal excitability independently of gross 

changes in spike waveform. Therefore, we investigated the contribution of KV channel 
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dysfunction to neuronal excitability in SCA3 Purkinje neurons. In the anterior cerebellum, 

when Purkinje neurons were held at a hyperpolarized membrane potential of −80 mV and 

injected with incrementally increasing steps of depolarizing current, SCA3 ASO-5 neurons 

required a lower amplitude of injected current to elicit depolarization block of repetitive 

spiking than WT Veh neurons (Fig. 3A). When we assessed the spike frequency in response 

to successive depolarizing current injection, SCA3 Veh neurons fired significantly more 

action potentials per sweep than WT Veh, while SCA3 ASO-5 neurons showed a decreased 

firing response to depolarizing current compared to both WT Veh and SCA3 Veh neurons 

(Fig. 3B). These alterations in spiking were not accompanied by changes in neuronal input 

resistance when measured between −80 mV and −75 mV (Fig. 3C).

In the nodular zone, the threshold of injected current to elicit depolarization block was 

significantly reduced in SCA3 Veh neurons compared to WT Veh neurons, while the 

reduction in required current to elicit depolarization block was mitigated in SCA3 ASO-5 

neurons (Fig. 3D). SCA3 Veh Purkinje neurons were also more responsive to depolarizing 

current injection than WT Veh neurons, and this effect was restored to WT levels in SCA3 

ASO-5 mice (Fig. 3E). Input resistance was significantly increased in both SCA3 groups 

compared to WT Veh, although input resistance was not changed between SCA3 Veh and 

SCA3 ASO-5 (Fig. 3F). Taken together, these data suggest an increase in Purkinje neuron 

excitability in SCA3 mice with no large changes in action potential waveform, while ASO-5 

treatment restores excitability to WT levels. At 16 weeks, these changes are similar in both 

the anterior cerebellum and nodular zone.

Antisense oligonucleotides improve motor dysfunction in SCA3 mice

Previous studies have demonstrated effective knockdown of disease-causing ATXN3 in 

SCA3 mice following delivery of an anti-ATXN3 ASO. ATXN3 mRNA and protein 

knockdown is well tolerated and results in a significant, sustained improvement in motor 

dysfunction (8). We aimed to determine whether improved Purkinje neuron hyperexcitability 

by ASO-5 correlates with improvement in the observed motor phenotype at 16 weeks of age, 

when KV-related Purkinje neuron hyperexcitability is observed in SCA3 mice (Fig. 3). 

Using open-field assessment, we measured total locomotor activity (x-y beam breaks) and 

total rearing activity (z-beam breaks) at 16 weeks of age. SCA3 Veh mice were significantly 

less active than WT Veh mice, and locomotion was restored to WT levels in SCA3 ASO-5 

mice (Fig. 4A). Rearing activity did not differ significantly across all groups (Fig. 4B). 

These results indicate that ASO-5 treatment effectively rescues impairments in locomotor 

activity at a time when KV channel dysfunction is observed in SCA3 mice.

Alterations in Purkinje neuron physiology persist in aged SCA3 mice

While reduced KV1.6 and KV3.3 channel mRNA transcripts appear to contribute most 

directly to Purkinje neuron hyperexcitability in SCA3 mice at 16 weeks of age (Fig. 3), RNA 

sequencing data suggest that broader changes in KV channel mRNA transcripts are present 

at 65 weeks of age (Fig. 1). We sought to determine whether these more widespread 

reductions in KV channel transcripts result in more prominent Purkinje neuron dysfunction 

in late-stage SCA3 mice.
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We performed patch-clamp recordings from acute cerebellar slices in WT and SCA3 mice at 

65 weeks of age. While firing frequency was unchanged in the anterior cerebellum, it was 

surprisingly increased in the nodular zone of SCA3 mice (Fig. 5A). This is unexpected, as 

KV channel dysfunction is more likely to result in reduced firing frequencies (34). Similarly, 

the CV of the ISI was not significantly altered in either region of the cerebellum (Fig. 5B). 

We observed a similar enhanced response to depolarizing current injection in 65 week-old 

SCA3 mice as in 16 week-old mice, in both the anterior cerebellar lobules (Fig. 5C) and 

nodular zone (Fig. 5D), although this did not quite reach threshold of statistical significance 

in the nodular zone (p = 0.054). Additionally, the threshold of injected current to elicit 

depolarization block was reduced in SCA3 mice in both cerebellar regions (Fig. 5E). There 

was no significant difference in Purkinje neuron input resistance in either anterior 

cerebellum or nodular zone at this age, although a small sample size may underestimate a 

potential difference (Fig. 5F). These results show that alterations in Purkinje neuron 

excitability persist in aged SCA3 mice, but the amplitude of changes do not differ 

substantially from those observed in early symptomatic mice (16 weeks of age). Thus, the 

progressively worsened motor function seen over time in SCA3 mice appears not to be 

explained by progressive functional impairments of the cerebellar cortex, despite the wider 

spread changes in expression of KV channels in aged SCA3 mice.

Discussion

Progressive neurodegeneration is observed across multiple brain regions in SCA3, most 

prominently in regions beyond the cerebellar cortex. However, it remains unclear whether 

cerebellar cortical dysfunction is an essential target for disease-modifying SCA3 therapy. In 

this study, we aimed to assess cerebellar Purkinje neuron involvement in SCA3 and explore 

whether it is a target for gene suppression strategies. In mouse models of SCAs 1, 2, 3, 6, 

and 7, cerebellar Purkinje neuron dysfunction coincides with early changes in motor 

function (11–16). Previous studies in SCA3 mice suggest a role for potassium channel 

dysfunction in abnormal Purkinje neuron firing (8, 14). The current study shows similar 

potassium channel dysfunction associated with cerebellar Purkinje neuron firing 

abnormalities in a mouse model of SCA3. ASO treatment improves motor activity and 

restores Purkinje neuron excitability in SCA3 mice at an early stage of disease. However, 

Purkinje neuron dysfunction does not appear to be progressive in aged SCA3 mice despite 

progressively worsened motor impairment (29). Together, these data suggest that altered 

Purkinje neuron intrinsic excitability likely contributes to motor impairment in SCA3 mice 

but is not the sole driver of progressive motor dysfunction that is rescued by ASO therapy.

Although no effective therapies for SCA3 are currently available, previous work 

demonstrates that sustained ASO-mediated knock down of mutant and endogenous ATXN3 

improves motor performance and is well tolerated in SCA3 mice (8). However, biomarker 

readouts of neuronal dysfunction will be needed to track target engagement in SCA3 

patients. One such biomarker, MRI, may be useful for tracking volume loss of vulnerable 

regions in SCA3, and preservation of brain volume may be a surrogate for slowing of 

neurodegeneration and target engagement (36–38). Despite prominent cerebellar symptoms 

and signs in SCA3, it will be challenging to use cerebellar cortical volume as a readout of 

effectiveness of disease-modifying therapy due to the relative preservation of Purkinje 
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neurons in SCA3 (1, 4, 5). Recently, magnetic resonance spectroscopy (MRS) was used to 

identify changes in metabolite profiles in the cerebellar cortex in several mouse models of 

SCA1 prior to Purkinje neuron degeneration (39, 40). Importantly, these MRS changes were 

identified at time points at which we have noted prominent changes in physiology in the 

same SCA1 models (11, 20). The neurochemical abnormalities detected by MRS were 

reversed in the cerebellum of ASO-treated SCA1 mice (41). These MRS changes in SCA1 

are relevant to human disease as the changes seen in murine models of SCA1 are similar to 

those seen in human SCA1 patients (42). MRS alterations in the cerebellum are also noted in 

humans with SCA3, including in mutation carriers without prominent motor symptoms (43, 

44). These altered metabolite profiles are similar to changes detected in the same mouse 

model of SCA3 used in the current study (45). Although the exact relationship between 

changes in neuronal metabolites measured using MRS and changes in Purkinje neuron 

physiology is not known, it is possible that cerebellar MRS profiles in SCA3 reflect the 

altered spiking measured by patch-clamp electrophysiology of cerebellar Purkinje neurons. 

Given the reversibility of the changes in Purkinje neuron spiking with ASO therapy in the 

current study, if MRS does in fact correlate with changes in physiology, it may be possible to 

use improvement in MRS changes as an endpoint in clinical trials for target engagement, 

allowing for smaller sample sizes.

Despite a reduction in KV channel expression in SCA3 Purkinje neurons, it remains unclear 

whether the observed Purkinje neuron hyperexcitability in SCA3 mice can be explained 

solely by KV1.6 and KV3.3 channel dysfunction. While the findings in the current study 

replicate physiological alterations noted in a previous study of SCA3 mice, including a 

reduced threshold to elicit depolarization block of spiking and an increased slope of the 

input-output curve to depolarization (14), the relationship between KV channel dysfunction 

and the observed Purkinje neuron hyperexcitability may require further exploration. KV3.3 

knockout mice exhibit spike broadening due to reduced current during the repolarization 

phase of the action potential (33), which slows simple spike firing frequency and flattens the 

input-output curve in response to depolarizing current (34). This contrasts with observations 

in SCA3 mice in the present study, where spike shape was unaffected and the slope of the 

input-output curve in response to depolarizing current was increased (Fig. 3). It is possible, 

however, that partial loss of both KV1.6 and KV3.3 reduces the shunt potassium current 

during the interspike interval, without affecting spike repolarization, to mediate the increase 

in excitability. Alternatively, indirect involvement of calcium-activated potassium channels, 

whose transcripts are not altered, or alterations in other depolarizing conductances, may 

contribute to the hyperexcitability phenotype. Future studies modeling the effect of partial 

loss of several KV channels may reveal the exact mechanism for hyperexcitability in 

Purkinje neurons in SCA3 mice.

An interesting observation in late symptomatic SCA3 mice is the progressive worsening of 

motor symptoms despite minimal additional changes in Purkinje neuron excitability. RNA 

sequencing data in late-stage SCA3 mice shows reduced expression of KV channel 

transcripts for five of six genes (Figure 1), indicating reduced transcript expression in whole 

cerebellar tissue. Analysis of in situ hybridization data from wild-type mice shows enriched 

expression of these ion channel genes in the Purkinje neuron layer when compared to the 

granule cell layer, particularly for the anterior cerebellar lobules. However, these data also 
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indicate that molecular layer interneurons in the cerebellar cortex and structures outside of 

the cerebellar cortex, namely the medial cerebellar nuclei and pontine grey matter, also 

express many of these ion channel genes at detectable levels. Additionally, Kv1.1, which 

causes episodic ataxia type 1 (46), and Kv1.2 are known to be highly expressed on basket 

cell pinceau, a major inhibitory cell type that directly influences Purkinje neuron function 

(47, 48). It is possible that progressive worsening of motor function in SCA3 mice reflects 

additional neuronal dysfunction of these structures in late stage disease. While many of 

these areas project to the cerebellum directly or indirectly (31), and would be expected to 

worsen Purkinje neuron dysfunction through altered synaptic input to Purkinje neurons, 

assessment of Purkinje neuron intrinsic excitability in cerebellar slices as performed in the 

current study would underestimate the Purkinje neuron dysfunction not directly due to 

changes in ion channel expression and function in Purkinje neurons. Network level changes 

in function due to altered excitability in neurons that ultimately converge on Purkinje 

neurons may therefore explain the worsened cerebellar dysfunction late in disease.

In SCA3 patients, disease progression is variable with CAG repeat length, accounting for 

some of the variability in age of onset (49). Similarly, in mouse models of SCA3 and other 

polyglutamine SCAs, gene dosing appears to significantly impact disease phenotypes 

particularly related to age-of-onset and progression of motor impairment (15, 18, 50). 

Interestingly, the present study suggests that genotype may impact specific physiological 

alterations in SCA3. Purkinje neuron firing abnormalities differ between the homozygous 

SCA3 mice of this study and hemizygous SCA3 mice in a previous report, which found that 

Purkinje neuron firing frequency was reduced in association with increased depth of the 

AHP (8). The hemizygous SCA3 phenotype is more closely reminiscent of what occurs with 

isolated KV3.3 dysfunction (34), whereas the additional involvement of KV1.6 in 

homozygous SCA3 mice may produce distinct alterations in membrane excitability. This 

suggests an interesting possibility: increasing mutant gene dosage may produce not only 

quantitative changes in individual transcripts, but also recruit additional novel changes in 

transcription. Increasing CAG repeat length may similarly result in different physiology in 

both mouse models and human SCA3, due to altered transcriptional profiles of ion channels. 

Genetic variability could potentially complicate therapies that rely on targeting specific ion 

channels for treatment of symptoms in SCA3.

Conclusion

There is an increasing need to define specific readouts of neuronal involvement in 

degenerative disorders as gene suppression-based therapies move into clinical use. In this 

study, we have presented evidence that cerebellar Purkinje neuron dysfunction is present and 

relevant in a mouse model of SCA3 early in disease. ASO-mediated reduction of ATXN3 

was able to rectify the underlying changes in the expression of KV channels and improve 

Purkinje neuron physiology, suggesting that these molecular and electrophysiological 

features could serve as potential readouts of target engagement by ASO therapy. The non-

progressive nature of changes in Purkinje neuron physiology, in contrast to the progressive 

motor phenotype in SCA3 mice, implies that anti-ATXN3 ASO therapy targets additional 

neuronal circuits beyond the cerebellar cortex to mitigate these progressive motor behavioral 

changes.
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Figure 1. Longitudinal changes in expression of potassium channel genes highly enriched in 
cerebellar Purkinje neurons
Average RNA-Seq transcript per million (TPM) of (A) Kcna1, (B) Kcna2, (C) Kcna6, (D) 
Kcnc1, (E) Kcnc3, and (F) Kcnd3 in 8, 16, and 65 week-old WT and SCA3 cerebella. 

Quantitative real-time PCR validation in 16 week-old vehicle- and ASO-5-treated mice of 

differentially-regulated genes, (G) Kcna6 and (H) Kcnc3. (I) Analysis of in situ 
hybridization data in the anterior cerebellum, obtained from the Allen Brain Atlas (19). 

Similar to (I), in situ hybridization data was analyzed from the Allen Brain Atlas in the 

nodular zone of the cerebellum (J), the medial cerebellar nuclei (K), and the pontine grey 

matter (L). * = p<0.05, ** = p<0.01, *** = p<0.001. Two-tailed Student’s t-test (A-F), two-
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tailed Student’s t-test with Bonferroni correction for multiple comparisons (I-J), one-way 

ANOVA (G-H).
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Figure 2. Purkinje neuron spike waveform is not prominently affected in 16 week-old SCA3 mice
Patch-clamp recordings were performed in vehicle-treated WT, vehicle-treated SCA3, and 

ASO-5-treated SCA3 mice at 16 weeks of age. Panels (A) through (G) are from recordings 

in the anterior cerebellar lobules, while panels (H) through (N) are from recordings in the 

nodular zone. In the anterior cerebellum, (A) firing frequency is not altered among all 

groups, nor is (B) spike regularity, as denoted by coefficient of variation (CV) of the 

interspike interval (ISI). (C) Action potential threshold was not altered among all groups. 

(D) Representative overlays of individual spikes from WT Veh, SCA3 Veh, and SCA3 

ASO-5 Purkinje neurons in the anterior cerebellum. (E) Shape and characteristics of the 
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afterhyperpolarization (AHP) and ISI were not significantly altered between WT Veh and 

SCA3 Veh, while SCA3 ASO-5 resulted in hyperpolarization throughout the ISI. (F) Spike 

half-width, (G) maximum slope of depolarization, (H) maximum slope of repolarization, 

and (I) steady state membrane potential were not altered among all groups. In the posterior 

cerebellum, (J) firing frequency is not altered among all groups, nor is (K) spike regularity 

as denoted by CV of the ISI. (L) Action potential threshold was not altered among all 

groups. (M) Representative overlays of individual spikes from WT Veh, SCA3 Veh, and 

SCA3 ASO-5 Purkinje neurons in the nodular zone. (N) Characteristics of the AHP and ISI 

were not altered among all groups. (O) Spike half-width was increased in SCA3 ASO-5 

compared to SCA3 Veh, but this effect was modest and not significantly different from WT 

Veh. (P) Maximum slope of depolarization, (Q) maximum slope of repolarization, and (R) 
steady state membrane potential were not altered among all groups. * = p<0.05, *** = 

p<0.001, one-way ANOVA with Holm-Sidak correction for multiple comparisons, except in 

(E) and (N), using two-way repeated measures ANOVA with Holm-Sidak correction for 

multiple comparisons.
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Figure 3. Purkinje neuron hyperexcitability in 16 week-old SCA3 mice is rescued by ASO-5 
treatment
Patch-clamp recordings were performed in vehicle-treated WT, vehicle-treated SCA3, and 

ASO-5-treated SCA3 mice at 16 weeks of age. Panels (A) through (C) are from recordings 

in the anterior cerebellar lobules, while panels (D) through (F) are from the nodular zone. In 

the anterior cerebellum, (A) the amplitude of injected current required to elicit 

depolarization block was significantly reduced in SCA3 ASO-5 compared to WT Veh. (B) In 

response to depolarizing current, SCA3 Veh Purkinje neurons fire a greater number of action 

potentials than WT Veh neurons, while SCA3 ASO-5 neurons showed a decreased firing 

response to depolarizing current. (C) Input resistance was not altered among all groups. In 

the nodular zone, (D) the amplitude of injected current required to elicit depolarization block 

was significantly reduced in SCA3 Veh neurons compared to WT Veh, while SCA3 ASO-5 

neurons were not significantly different from either group. (E) SCA3 Veh Purkinje neurons 

showed an increased firing response to depolarizing current compared to WT Veh, while 

SCA3 ASO-5 neurons were restored to near WT levels. (F) Input resistance was increased in 

both SCA3 groups compared to WT Veh, but ASO-5 treatment did not affect input resistance 

in SCA3 neurons. * = p<0.05, ** = p<0.01, *** = p<0.001, one-way ANOVA with Holm-

Sidak test for multiple comparisons, except in (B) and (E), using two-way repeated 

measures ANOVA with Tukey correction for multiple comparisons.
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Figure 4. Antisense oligonucleotide treatment rescues locomotor activity in SCA3 mice
(A) Total locomotor activity was significantly decreased in vehicle-treated SCA3 mice 

compared to vehicle-treated WT, while locomotion is restored to WT levels in ASO-5 

treated SCA3 mice. (B) Rearing activity was not significantly altered among all groups. ** = 

p<0.01, *** = p<0.001, one-way ANOVA with Holm-Sidak correction for multiple 

comparisons.
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Figure 5. Purkinje neuron dysfunction persists in late symptomatic SCA3 mice
Patch-clamp recordings were performed in vehicle-treated WT, vehicle-treated SCA3, and 

ASO-5-treated SCA3 mice at 15 months of age. (A) Purkinje neuron firing frequency is 

increased in the posterior cerebellar lobules, but not anterior cerebellar lobules, of SCA3 

mice. (B) The regularity of spiking is not significantly changed between SCA3 and WT 

neurons in either anterior or posterior cerebellum. (C) The increased spiking response to 

depolarizing current persists in SCA3 Purkinje neurons at 15 months of age in the anterior 

cerebellum, although this did not reach statistical significance in the posterior cerebellum 
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(D). (E) The threshold of injected current to elicit depolarization block was significantly 

reduced in SCA3 Purkinje neurons compared to WT in both regions of the cerebellum. (F) 
Input resistance was not significantly altered in either anterior or posterior cerebellum at this 

age. * = p<0.05, ** = p<0.01, two-tailed Student’s t-test or two-way repeated measures 

ANOVA with Holm-Sidak correction for multiple comparisons in (C) and (D).
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