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A B S T R A C T   

Mitochondrial de昀椀cits have been observed in animal models of Autosomal-recessive spastic ataxia of Charlevoix- 
Saguenay (ARSACS) and in patient-derived 昀椀broblasts. We investigated whether mitochondrial function could be 
restored in Sacs−/− mice, a mouse model of ARSACS, using the mitochondrial-targeted antioxidant ubiquinone 
MitoQ. After 10weeks of chronic MitoQ administration in drinking water, we partially reversed motor coordi-
nation de昀椀cits in Sacs−/− mice but did not affect litter-matched wild-type control mice. MitoQ administration led 
to a restoration of superoxide dismutase 2 (SOD2) in cerebellar Purkinje cell somata without altering Purkinje 
cell 昀椀ring de昀椀cits. Purkinje cells in anterior vermis of Sacs−/− mice normally undergo cell death in ARSACS; 
however, Purkinje cells numbers were elevated after chronic MitoQ treatment. Furthermore, Purkinje cell 
innervation of target neurons in the cerebellar nuclei of Sacs−/− mice was also partially restored with MitoQ 
treatment. Our data suggest that MitoQ is a potential therapeutic treatment for ARSACS and that it improves 
motor coordination via increasing cerebellar Purkinje cell mitochondria function and reducing Purkinje cell 
death.   

1. Introduction 

Autosomal-recessive spastic ataxia of Charlevoix-Saguenay 
(ARSACS) is a neurodegenerative disorder caused by mutations in the 
gene SACS (Bouchard et al., 1978; Engert et al., 2000). Mouse models of 
ARSACS have been developed that display progressive motor coordi-
nation de昀椀cits that resemble ataxia (Girard et al., 2012; Lariviere et al., 
2015; Lariviere et al., 2019) in ARSACS patients. Misfolding of the 
protein Sacsin in ARSACS (Kozlov et al., 2011; Menade et al., 2018) is 
thought to reduce its expression to low or undetectable levels (Lariviere 
et al., 2019). Sacsin is a multifunctional protein and its absence leads to 
multiple cellular alterations, including mislocated neuro昀椀laments 
(Duncan et al., 2017; Gentil et al., 2019; Lariviere et al., 2019), altered 
chaperone function (Menade et al., 2018), 昀椀ring de昀椀cits in vulnerable 
Purkinje cells that later die (Ady et al., 2018; Lariviere et al., 2015; 
Lariviere et al., 2019), and changes in mitochondrial structure and 
function (Criscuolo et al., 2015; Girard et al., 2012). 

Sacsin localizes to both the cytoplasm and mitochondria (Girard 
et al., 2012). Mitochondrial dysfunction has been observed as a reduc-
tion in mitochondrial membrane potential in a mouse model of ARSACS 
and in patient-derived 昀椀broblasts (Girard et al., 2012). More recently, 
mitochondrial de昀椀cits including reduced mitochondrial respiration and 
ATP synthesis have been reported in patient-derived 昀椀broblasts (Cris-
cuolo et al., 2015). These results argue that oxidative stress arising from 
impaired mitochondria, and/or other mitochondrial dysfunction, 
contribute to ARSACS pathology. This is an intriguing 昀椀nding, since 
similar mitochondrial dysfunctions have been reported in several 
neurodegenerative diseases, including Alzheimer’s (AD) and Parkin-
son’s Disease (PD) (Chen and Chan, 2009; Su et al., 2010). Mitochon-
drial de昀椀cits are thought to disrupt cellular function in several manners. 
For example, the reduction of ATP synthesis observed in ARSACS 昀椀-
broblasts may be particularly relevant for Purkinje cells in the vulner-
able anterior cerebellar vermis in ARSACS. These Purkinje cells 昀椀re 
spontaneous action potentials at high frequencies (Kim et al., 2012; 
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Zhou et al., 2014), which is energetically costly (Carter and Bean, 2009). 
Anterior vermis Purkinje cells may thus be more sensitive to ATP 
depletion, which could explain why these cells are among the most 
susceptible to cell death in ARSACS (Lariviere et al., 2015; Toscano 
Marquez et al., 2021). Furthermore, cellular apoptosis is directly regu-
lated by mitochondria, providing a putative mechanism to link mito-
chondrial de昀椀cits with cell death in neurodegenerative diseases 
(Federico et al., 2012; Tatton and Olanow, 1999). 

Given the critical role that mitochondria play in cell health, they 
have been proposed to be promising therapeutic targets for several 
neurodegenerative diseases (Angelova et al., 2021; Moreira et al., 2010). 
One way to target mitochondrial function therapeutically is with mito-
quinol mesylate (MitoQ), which enables the antioxidant ubiquinone to 
accumulate in mitochondria in tissue in vivo, including in the brain 
(Smith et al., 2003). MitoQ has been shown to be protective against and 
ameliorate peripheral disease symptoms both preclinically in animal 
models (Shinn and Lagalwar, 2021; Smith and Murphy, 2010). For 
example, MitoQ is bene昀椀cial in cell and animal models of Huntington 
disease (Pinho et al., 2020; Yin et al., 2016), AD (McManus et al., 2011; 
Ng et al., 2014), multiple sclerosis (Mao et al., 2013), amyotrophic 
lateral sclerosis (Miquel et al., 2014), and PD (Solesio et al., 2013). 
However, MitoQ was not found to improve symptoms in PD patients 
(Snow et al., 2010), perhaps because signi昀椀cant neurodegeneration has 
already occurred in PD patients when symptoms were observed. MitoQ 
has also been shown to ameliorate neurodegeneration induced by the 
organophosphate insecticide dichlorvos (Wani et al., 2011). In ataxia, 
MitoQ has shown some promising results as well. For example, MitoQ 
prevents cell death in Friedrich’s ataxia 昀椀broblasts (Jauslin et al., 2003), 
as well as in mouse models of the ataxia Spinocerebellar Ataxia type 1 
(SCA1), where it improves motor coordination and reduces cell death 
(Stucki et al., 2016). 

Since mitochondrial de昀椀cits were among the 昀椀rst cellular alterations 
identi昀椀ed in a mouse model of ARSACS (Girard et al., 2012), we 
explored whether MitoQ would be bene昀椀cial for slowing or preventing 
disease progression. To address this, we administered either MitoQ or a 
sucrose control solution in the drinking water of litter-matched Sacs−/−

or wildtype (WT) mice for 10 weeks and assessed motor coordination, 
cerebellar Purkinje cell physiology, mitochondrial structure, and cell 
counts. We found that chronic MitoQ prevented the worsening of motor 
coordination de昀椀cits, restored levels of superoxide dismutase 2 (SOD2) 
in cerebellar Purkinje cells and prevented Purkinje cell death. Our 
昀椀ndings suggest that MitoQ is a promising therapeutic approach to 
reduce motor coordination decline in ARSACS. 

2. Material and methods 

2.1. Animals 

We used a mouse model carrying a deletion of the Sacs gene (Sacs−/ 
−) as previously described (Ady et al., 2018; Lariviere et al., 2015; 
Toscano Marquez et al., 2021). Heterozygous Sac+/− mice were bred to 
obtain litter-matched Sacs−/− and wildtype (WT) control mice. Thus, 
mice were always compared to litter matched animals. Approximately 
equal numbers of male and female mice were use in all experiments. 
Breeding animal procedures were approved by McGill University Ani-
mal Care committee in accordance with the regulations by the Canadian 
Council of Animal Care. 

2.2. MitoQ treatment 

WT and Sacs−/− mice were randomly divided into control and 
experimental groups after which they were kept single-housed. The 
animals were provided free access to drinking water containing either 
500 mM MitoQ (a gift from Antipodean Pharmaceuticals, San Francisco, 
CA, USA) diluted in a 5% sucrose (SO389, Sigma, Oakville, ON, Canada) 
solution or a control 5% sucrose solution, as previously described 

(Miquel et al., 2014). Solutions were made fresh weekly and cage bottles 
were re昀椀lled every other day, with stock solutions stored at 4 ◦C between 
re昀椀lls. The chronic treatment period lasted for 10 consecutive weeks, 
similar to drug administration duration in other mouse models of 
neurodegenerative disease (McManus et al., 2011; Miquel et al., 2014), 
during which time the animals underwent behavioral testing on the 
rotarod and elevated beam assays. The daily liquid consumed by mice 
was recorded each day. While mice consuming MitoQ drank less than 
mice consuming sucrose solution (Supplementary Table 1), there were 
no signi昀椀cant differences between the amount of MitoQ consumed by 
WT and Sacs−/− mice. 

2.3. Behavioral assays 

Mice were acclimatized in the behavioral room for 30 min prior to 
the start of the assays. We used an accelerating protocol on a Rotarod 
(Stoelting, IITC) as previously described (Jayabal et al., 2016; Jayabal 
et al., 2015). Brie昀氀y, the protocol consisted of a starting speed of 4 ro-
tations per minute (RPM) which accelerated to 40 RPM over 5 min, after 
which the speed was maintained at 40 RPM for up to an additional 5 
min. Prior to commencing MitoQ treatment, animals were trained on the 
Rotarod apparatus during 3 consecutive days of 4 trials per day, with a 
10-min rest period between trials. After which, weekly testing consisted 
of 4 trials for a single day each week. The latency to fall for each trial was 
recorded and the average latency to fall for all 4 trials was calculated and 
reported as the weekly average. 

Additionally, an elevated beam assay was administered for the last 4 
weeks of the MitoQ treatment (Jayabal et al., 2015). During the 昀椀rst 
week (week 6 of MitoQ administration), mice were trained to cross a 22 
mm round wooden beam. Across following weeks, mice were tested on a 
12 mm round wooden beam, with 3 trial per day for two consecutive 
days each week of treatment. The latency to cross was recorded for each 
trial and we report the average latency to cross of all the trials per week 
as the weekly average. We also measured the total number of foot slips 
that occurred during each week of testing. 

2.4. Electrophysiology 

Acute cerebellar slices were prepared to allow the measurement of 
spontaneous Purkinje cell action potentials. Mice were deeply anes-
thetized inside a chamber with iso昀氀urane. The cerebellum was then 
dissected and 200 μm sagittal slices of cerebellar vermis were obtain 
using a VT1200S vibratome (Leica Microsystems, Wetzlar, Germany). 
Slices were incubated at 37 ◦C in arti昀椀cial cerebrospinal 昀氀uid (ACSF: 
125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1.25 mM 
NaH2PO4, 26 mM NaHCO3 and 20 mM glucose, pH set to 7.4 with NaOH; 
osmolarity ~320 mOsm) bubbled with carbogen mixture (95% O2 and 
5% CO2) for 40 min and then were maintained at room temperature (~ 
21 ◦C) until used. Purkinje cells from anterior lobule III in cerebellar 
vermis were recorded with visual targeting of the electrode to the soma 
using a cell adjacent extracellular recording con昀椀guration. Slices were 
maintained in ACSF at 33 ◦C for the duration of the recording. Electrodes 
were made with borosilicate pipettes pulled with a P-1000 puller (Sutter 
Instruments, Novato, CA, USA) 昀椀lled with ACSF. Spike times were 
analyzed using custom routines in Igor Pro 7.0 (Wavemetrics, Portland, 
OR, USA). 

2.5. Immunohistochemistry 

Tissue acquisition was carried out as previously described (Ady et al., 
2018; Toscano Marquez et al., 2021). Mice were deeply anesthetized via 
intracardial perfusion with ice-cold phosphate-buffered saline (PBS, 0.1 
M, pH 7.4) with 5.6 μg/mL heparin salt, followed by 40 mL of 4% 
paraformaldehyde (PFA) in phosphate buffer (PB, 0.1 M, pH 7.4). The 
cerebellum was dissected and 100 μm vermis and paravermis slices were 
obtained with a Vibratome 3000 sectioning system (Concord, ON, 
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Canada). All immunohistochemistry was performed in free 昀氀oating sli-
ces as previously described (Ady et al., 2018; Toscano Marquez et al., 
2021). To label Purkinje cell somata and puncta, slices were stained with 
anti-calbindin antibody (1:500, CB-38a; Swant, Marly, Switzerland) 
coupled with an Alexa-488 conjugated secondary antibody (1:1000, 
A32790, Thermo Fisher Scienti昀椀c, Waltham, MA, USA). To label Pur-
kinje cell puncta with CN neurons, the anti-calbindin antibody described 
above was used in combination with an anti-NeuN antibody (1:500 
abN90, Millipore, Burlington, MA, USA) and a DyLight 405 anti-guinea 
pig secondary antibody (1:500, 106,475,003, Jackson Immunoresearch, 
West Grove, PA, USA). Another set of slices was used to label SOD2 using 
an anti-SOD2 antibody (1:200, ab13534, Abcam, Toronto, ON, Canada) 
coupled with an Alexa-594 conjugated antibody (1:1000, R37119, 
ThermoFisher Scienti昀椀c), in combination with the anti-calbindin 

antibody described above to identify Purkinje cell bodies. To con昀椀rm 
localization of SOD2 in the mitochondria, we additionally performed 
double immunohistochemistry with an anti-SOD2 and an Alexa 昀氀uor 
594 conjugated anti-Tom20 (1:200; ab210665, Abcam) antibody. 

2.6. Data acquisition, analysis, and statistics 

Images were acquired by a sole researcher blinded to the conditions, 
using an LSM800 confocal microscope (Zeiss, Toronto, ON, Canada), 
using Zeiss Zen software for image acquisition. All image analysis was 
carried out by an experimenter who was blind to the genotype and 
treatment group of the animal, the gain and contrast were sub-saturating 
and were kept constant across conditions allowing for comparison of 
intensities. Image analysis was performed in FIJI (ImageJ; National 

Fig. 1. Chronic MitoQ treatment reduces ataxia in a mouse 
model of ARSACS. A. Experimental paradigm. B. Weekly 
rotarod treatment shows that MitoQ-treated Sacs−/− mice 
show signi昀椀cantly better motor coordination after 10 weeks of 
treatment. WT sucrose: 140 ± 13.8 s; WT MitoQ: 127 ± 9.11 
s; Sacs−/− sucrose: 70 ± 9.1 s; Sacs−/− MitoQ: 106.2 ± 10.9 s. 
One way ANOVA followed by Tukey’s multiple comparisons 
test performed on last week of treatment followed by Mann 
Whitney U tests. WT sucrose vs WT MitoQ, P = 0.75; WT su-
crose vs Sacs−/− sucrose, P = 0.001; WT MitoQ vs Sacs−/−

sucrose, P = 0.0006; WT sucrose vs Sacs−/− MitoQ: P = 0.11; 
WT MitoQ vs Sacs−/− MitoQ: P = 0.13; Sacs−/− sucrose vs 
Sacs−/− MitoQ: P = 0.008. C. An elevated beam also reveals 
that Sacs−/− mice show improved motor coordination upon 
MitoQ by reducing the latency to cross (left) and a trend to 
decrease the number of footslips when crossing (right). La-
tency to cross of last week of testing: WT sucrose: 8.8 ± 2.3 s; 
WT MitoQ: 8.8 ± 2.5 s; Sacs−/− sucrose: 27.3 ± 2.2 s; Sacs−/−

MitoQ: 12.4 ± 2.1 s; One-way ANOVA followed by Mann 
Whitney U tests: WT sucrose vs WT MitoQ, P = 0.51; WT su-
crose vs Sacs−/− sucrose, P = 0.001; WT MitoQ, vs Sacs−/−

sucrose, P = 0.0002; WT sucrose vs Sacs−/− MitoQ: P = 0.10; 
WT MitoQ vs Sacs−/− MitoQ: P = 0.06; Sacs−/− sucrose vs 
Sacs−/− MitoQ: P = 0.006. WT sucrose: N = 8; WT MitoQ: N =
9; Sacs−/− sucrose: N = 10; Sacs−/− MitoQ: N = 11. Footslips: 
WT sucrose: 3.6 ± 1.5 footslips (fs); Sacs−/− sucrose: 8.1 ±
4.9 fs; Sacs−/− MitoQ: 11.8 ± 4.0 fs; One-way ANOVA fol-
lowed by Mann Whitney U tests: WT sucrose vs Sacs−/− su-
crose, P = 0.026; WT sucrose vs Sacs−/− MitoQ: P = 0.73; 
Sacs−/− sucrose vs Sacs−/− MitoQ: P = 0.31.   
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Institutes of Health, USA). The Purkinje cell quanti昀椀cation was per-
formed using a single plane image acquired at a 20× magni昀椀cation and 
tiled together to get a whole view of lobule III. Purkinje cell density was 
obtained by quantifying the number of Purkinje cells as a function of the 
length of the Purkinje cell layer. Images stacks of CN neurons were ac-
quired at a 40× magni昀椀cation with a 2.0 digital zoom. The cross-section 
of each cell at the widest point was chosen for analysis. The number of 
Purkinje cell synapses onto each CN cell was obtained by counting the 
number of calbindin-positive puncta that were within 0.5 μm of a large 
CN neuron (>15μm diameter). For SOD2 quanti昀椀cation, images of 
lobule III of cerebellar vermis taken at a 40 X magni昀椀cation were used. 
Manual tracing around Purkinje cell bodies in the calbindin channel 
allowed the delineation of ROIs around the Purkinje cell bodies. The 
ROIs were then used in the SOD2 channel and raw 昀氀uorescence intensity 
was measured. The intensity recorded in arbitrary units was normalized 
to the mean WT value. Statistical analysis was performed using JMP 12 
software (SAS, Cary, NC). One-way ANOVAs were used to identify sig-
ni昀椀cance, followed by either unpaired Student’s t-tests for normally 
distributed data, or Mann Whitney U tests when data were not normally 
distributed. Data are represented by box and whisker plots, showing the 
median (horizontal line within boxes), second and third quartiles 
(rectangles) ± 1 SD (whiskers). 

3. Results 

Since mitochondrial de昀椀cits have been suggested as a possible 
disease-contributing mechanism in Sacs−/− mice (Criscuolo et al., 2015; 
Girard et al., 2012), we wondered whether the mitochondrial-targeted 
antioxidant ubiquinone MitoQ could improve motor coordination in 
Sacs−/− mice. To test this, we provided either MitoQ in a 5% sucrose 
solution (MitoQ treatment) or administered 5% sucrose alone as a 
control (sucrose treatment), in the drinking water of litter-matched 
Sacs−/− and wildtype (WT) mice. Drug administration commenced at 
postnatal day 90 (P90), an age when motor coordination de昀椀cits are 
observed, and Purkinje cell death is minimally observed (~10% of 
Purkinje cells in anterior cerebellar cortex have died) (Lariviere et al., 
2015)(Fig. 1A). To monitor motor coordination over the duration of the 
treatment, we measured rotarod performance weekly. We observed that 
motor coordination increased steeply during the 昀椀rst 2 weeks of treat-
ment in both treated and control WT and Sacs−/− mice (Fig. 1B). After 2 
weeks, both MitoQ- and sucrose-treated WT mice had largely plateaued, 
while both MitoQ-treated and control Sacs−/− mice continued to show 
increases in their motor coordination over the next 2–3 weeks, showing 
that motor learning appears slower in Sacs−/− mice, and that MitoQ does 
not negatively affect motor learning in either WT or Sacs−/− mice 
(Fig. 1B). As treatment persisted beyond 5–6 weeks, however, both WT 
and Sacs−/− mice showed a progressive reduction in motor coordination, 
with the most severe decline observed in sucrose-treated Sacs−/− mice 
(Fig. 1B). This relatively rapid decline models the progressive nature of 
ARSACS, and likely re昀氀ects accumulating cellular de昀椀cits, including 
increasing levels of Purkinje cell death with time (Lariviere et al., 2015). 
Remarkably, MitoQ-treated Sacs−/− mice showed a signi昀椀cantly lower 
reduction in motor coordination de昀椀cits in the later weeks when 
compared to sucrose-treated Sacs−/− mice (Fig. 1B). These data suggest 
that MitoQ prevents disease-related decline in motor coordination 
associated with disease progression in Sacs−/− mice but does not affect 
WT mouse performance on rotarod over the 10 weeks tested. 

To further test the effects of MitoQ on motor coordination, we per-
formed an elevated beam assay during the last 4 weeks of drug admin-
istration (Fig. 1C). We found that both MitoQ- and sucrose-treated 
control WT mice were able to cross the elevated beam rapidly 
(Fig. 1C). Sacs−/− mice that were given sucrose had more footslips and a 
nearly 3-fold increase in the time to cross the beam compared to the WT 
groups, indicating poorer motor coordination in Sacs−/− mice (Fig. 1C). 
Similar to the improvement demonstrated with rotarod, MitoQ treat-
ment also led to a signi昀椀cant improvement in the time to cross for Sacs−/ 

− mice, although performance was not restored to WT levels and the 
number of footslips was not reduced (Fig. 1C). We observed no signi昀椀-
cant differences between male and female mice on either rotarod or 
elevated beam assays (Supplementary Fig. 1). Taken together, these 
data show that 10 weeks of MitoQ treatment signi昀椀cantly reduces motor 
coordination de昀椀cits in a mouse model of ARSACS. 

How might MitoQ impact mitochondrial function in Sacs−/− mice? It 
has previously been reported that chronic MitoQ ameliorates mito-
chondrial function (Jeong et al., 2021; Miquel et al., 2014; Ng et al., 
2014), and can upregulate expression of the mitochondrial form of su-
peroxide dismutase 2 (SOD2) (Ning et al., 2021) (Jeong et al., 2021) as 
well as SOD2 activity (Wani et al., 2011). SOD2 is located on the inner 
membrane of mitochondria where it removes damaging free radicals 
like superoxide. Altered SOD2 has been associated with neurodegener-
ative diseases: its reduction exacerbates AD (Esposito et al., 2006; Li 
et al., 2004), and it has been implicated in PD (Belluzzi et al., 2012). 
Furthermore, the presence of disease-associated mutation in ataxin3 are 
thought to directly reduce the upregulation of SOD2 that can be induced 
by oxidative stress, suggesting SOD2 dysfunction plays a role in spino-
cerebellar ataxia type 3 (SCA3)(Araujo et al., 2011). Since motor coor-
dination in ataxia is associated with altered Purkinje cell function in 
many forms of ataxia (Cook et al., 2021), including ARSACS (Ady et al., 
2018; Lariviere et al., 2015; Toscano Marquez et al., 2021), we 
wondered whether cerebellar Purkinje cell mitochondrial SOD2 might 
be affected in in Sacs−/−. To test this, we used immunohistochemistry for 
anti-calbindin to label cerebellar Purkinje cells (Fig. 2A; shown in aqua, 
left) as well as anti-SOD2 to label SOD2 (Fig. 2A; shown in purple, right). 
Although SOD2 is expressed in multiple layers of the cerebellar cortex 
(Fig. 2A), it is expressed at the highest levels in Purkinje cell somata 
where it colocalizes with mitochondrial markers (Supplementary 
Fig. 2). We found that SOD2 levels in Purkinje cell somata were reduced 
in Sacs−/− mice compared to WT mice (Fig. 2B), in agreement with 
previous 昀椀ndings that mitochondrial function is altered in Sacs−/− mice. 
Interestingly, treatment with MitoQ restored SOD2 levels in Purkinje 
cell somata to WT levels in Sacs−/− mice, without affecting WT Purkinje 
cell expression (Fig. 2B). These results suggest that mitochondrial 
function in cerebellar Purkinje cells is improved in MitoQ-treated Sacs−/ 
− mice and suggests that oxidative stress is likely reduced in cerebellar 
Purkinje cells. 

Altered mitochondrial function and elevated oxidative stress have 
been linked to cell death in many types of neurodegenerative diseases 
(Radi et al., 2014), including Friedrich’s ataxia, where progressive loss 
of cerebellar Purkinje cell death is observed (Reichenbach et al., 2002). 
Progressive Purkinje cell death is a prominent feature observed in both 
human ARSACS patients and in mouse models of ARSACS, that likely 
contributes to worsening ataxia (Lariviere et al., 2015; Lariviere et al., 
2019; Synofzik et al., 2013; Toscano Marquez et al., 2021). We used 
immunohistochemistry to label and count Purkinje cells in lobule III of 
anterior vermis, a cerebellar subregion where cell death is observed at 
the earliest timepoints (Lariviere et al., 2015) to determine if MitoQ 
could prevent or reduce cerebellar Purkinje cell death. We observed a 
signi昀椀cant reduction in Purkinje cell number and a thinner molecular 
layer in sucrose-treated Sacs−/− mice compared to sucrose-treated WT 
mice (Fig. 3A, B, C), consistent with previous reports (Lariviere et al., 
2015). In Sacs−/− mice treated with MitoQ, however, Purkinje cell 
numbers were indistinguishable from WT levels, suggesting that MitoQ 
was effective in preventing Purkinje cell death in lobule III of Sacs−/−

mice although molecular layer thickness was not restored (Fig. 3A, B, C; 
Supplementary Fig. 3). MitoQ did not signi昀椀cantly affect WT Purkinje 
cell counts compared to sucrose-treated control cells, although their 
numbers were slightly elevated compared to MitoQ-treated Sacs−/−

mice. These data suggest that MitoQ-treated Sacs−/− mice display 
improved motor coordination perhaps because of the preservation of 
Purkinje cell numbers in the cerebellum of Sacs−/− mice. 

We have previously reported that changes in intrinsic 昀椀ring in 
anterior cerebellar Purkinje cells precede cell death in Sacs−/− mice 
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Fig. 2. Chronic MitoQ treatment restores mitochon-
drial SOD2 in Sacs−/− mice. A. Sample images 
showing expression of SOD2 (purple) and calbindin 
(cyan) in the cerebellar cortex. Scale bars, 80 μm. B. 
Sample images showing Purkinje cell somata (left, 
aqua) and SOD2 expression (right, purple) for WT 
(top row) and Sacs−/− (bottom row) mice either 
treated with sucrose (left) or MitoQ (right). Scale 
bars, 10 μm. C. Summary data showing the normal-
ized intensity of somatic SOD2 expression in WT mice 
is unchanged by MitoQ treatment (black and grey 
circles) while SOD2 expression is reduced in Sacs−/−

mice (blue) but is restored to WT levels with chronic 
MitoQ treatment (pink). Data normalized to WT su-
crose expression. One-way ANOVA followed by Mann 
Whitney U tests: WT sucrose vs WT MitoQ, P = 0.19; 
WT sucrose vs Sacs−/− sucrose, P = 0.0004; WT 
MitoQ vs Sacs−/− sucrose, P < 0.001; WT sucrose vs 
Sacs−/− MitoQ: P = 0.59; WT MitoQ vs Sacs−/−

MitoQ: P = 0.026; Sacs−/− sucrose vs Sacs−/− MitoQ: 
P = 0.0002. WT sucrose: N = 4 mice, n = 40 cells; WT 
MitoQ: N = 4 mice, n = 41 cells; Sacs−/− sucrose: N 
= 5 mice, n = 60 cells; Sacs−/− MitoQ: N = 5 mice, n 
= 50 cells. * P < 0.05, ** P < 0.01, *** P < 0.001, P 
> 0.05 when not shown. (For interpretation of the 
references to colour in this 昀椀gure legend, the reader is 
referred to the web version of this article.)   

Fig. 3. Chronic MitoQ treatment prevents Purkinje cell death in Sacs−/− mice. A. Sample images showing cerebellar Purkinje cells in yellow (labeled with calbindin) 
in anterior lobule III from WT (top row) and Sacs−/− (bottom row) mice either treated with sucrose (left) or MitoQ (right). Gaps in cell layer indicated with magenta 
asterisks. Scale bar, 100 μm. B. Summary data showing that MitoQ does not affect WT Purkinje cell densities. However, sucrose-treated Sacs−/− mice show reduced 
numbers of Purkinje cells in anterior cerebellar vermis, but this is prevented by chronic MitoQ treatment in Sacs−/− mice. C. Summary data showing that molecular 
layer height is reduced in Sacs−/− mice and that MitoQ treatment does not restore this, although the trend is towards an increased height. Cell density: One-way 
ANOVA followed by Mann Whitney U tests: WT sucrose vs WT MitoQ, P = 0.079; WT sucrose vs Sacs−/− sucrose, P < 0.001; WT MitoQ vs Sacs−/− sucrose, P <
0.001; WT sucrose vs Sacs−/− MitoQ: P = 0.36; WT MitoQ vs Sacs−/− MitoQ: P = 0.019; Sacs−/− sucrose vs Sacs−/− MitoQ: P = 0.0007. WT sucrose: N = 6 mice, n =
12 images; WT MitoQ: N = 6 mice, n = 11 images; Sacs−/− sucrose: N = 8 mice, n = 16 images; Sacs−/− MitoQ: N = 8 mice, n = 17 images. Molecular layer height: 
One-way ANOVA followed by Mann Whitney U tests: WT sucrose vs WT MitoQ, P = 0.066; WT sucrose vs Sacs−/− sucrose, P = 0.01; WT MitoQ vs Sacs−/− sucrose, P 
= 0.005; WT sucrose vs Sacs−/− MitoQ: P = 0.006; WT MitoQ vs Sacs−/− MitoQ: P = 0.016; Sacs−/− sucrose vs Sacs−/− MitoQ: P = 0.07. WT sucrose: N = 6 mice; WT 
MitoQ: N = 6 mice; Sacs−/− sucrose: N = 8 mic; Sacs−/− MitoQ: N = 8 mice.*P < 0.05; *** P < 0.001, n.s. P > 0.05. (For interpretation of the references to colour in 
this 昀椀gure legend, the reader is referred to the web version of this article.) 
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(Ady et al., 2018). Similar changes in Purkinje cell 昀椀ring properties 
appear to be a common feature of many ataxias (Cook et al., 2021). Since 
maintaining elevated 昀椀ring rates is likely energetically costly to cells 
(Carter and Bean, 2009), we explored whether improving mitochondrial 
function with MitoQ would also restore Purkinje cell 昀椀ring properties. 
We performed cell-adjacent extracellular recordings from visually 
identi昀椀ed Purkinje cells in acute cerebellar slices from MitoQ and 
sucrose-treated Sacs−/− and sucrose-treated WT mice (Fig. 4A). We 
found that Purkinje cells from sucrose-treated WT mice 昀椀red action 
potentials at frequencies that ranged from ~20 to 150 Hz with an 
average 昀椀ring frequency of 71 ± 23 Hz (Fig. 4A, B). As we have previ-
ously reported (Ady et al., 2018), Purkinje cells from untreated Sacs−/−

mice 昀椀red across a narrower range of frequencies and had signi昀椀cantly 
lower 昀椀ring rates (Fig. 4C). Interestingly, treating with MitoQ did not 
signi昀椀cantly alter the 昀椀ring rate properties of Purkinje cells from Sacs−/−

mice (Fig. 4C). In fact, Purkinje cells from MitoQ-treated Sacs−/− mice 
had a narrower range of 昀椀ring rates and showed signi昀椀cantly reduced 
昀椀ring compared to sucrose-treated WT mouse Purkinje cells (Fig. 4B, C). 

Several mouse models of ataxia display 昀椀ring de昀椀cits such as changes 
in the pacemaker regularity of 昀椀ring of cerebellar Purkinje cells (Jayabal 
et al., 2016; Walter et al., 2006). To determine whether such changes are 
observed in our study, we measured the coef昀椀cient of variation (CV) of 
inter-spike intervals of trains of Purkinje cell action potentials (Fig. 4D). 
As we have previously reported (Ady et al., 2018), there was no 
reduction in Purkinje cell regularity observed, since the interspike CV 
was not signi昀椀cantly altered by MitoQ treatment or genotype (Fig. 4D). 
These 昀椀ndings suggest that MitoQ does not act therapeutically through 
the restoration of Purkinje cell 昀椀ring de昀椀cits in Sacs−/− mice. 

We have previously shown that Sacs−/− Purkinje cells have reduced 
innervation of their target neurons in the cerebellar nuclei (CN) (Ady 
et al., 2018; Toscano Marquez et al., 2021), which is consistent with 

previous reports that SOD2-de昀椀cient neurons have de昀椀cits in distal 
axonal structure (Misawa et al., 2006). Since CN neurons comprise the 
projection neurons of the cerebellum, alterations in their input will 
likely have profound consequences on cerebellar function. We explored 
whether MitoQ treatment restored Purkinje cell innervation in the CN 
using immunohistochemistry to label Purkinje cell axonal terminals 
with calbindin and cell bodies of neurons in the CN with NeuN (Fig. 5A, 
calbindin in yellow pseudocolour, NeuN in purple pseudocolour). We 
counted the number of puncta located <0.5 μm of the somata of large CN 
neurons, and found that their numbers were reduced in sucrose-treated 
Sacs−/− mice compared to sucrose-treated WT mice, consistent with our 
previous reports (Ady et al., 2018; Toscano Marquez et al., 2021) 
(Fig. 5B). Interestingly, MitoQ treatment led to a partial restoration in 
the number of Purkinje cell puncta made onto CN neurons (Fig. 5A, B), 
although numbers were still lower than in MitoQ- or sucrose-treated WT 
mice (Fig. 5A, B). Reduced Purkinje cell innervation in the CN concurs 
with the reduction of Purkinje cell death seen in the MitoQ-treated 
Sacs−/− mice, which is consistent with the hypothesis that the partial 
restoration of motor coordination in Sacs−/− mice arises from decreased 
Purkinje cell death and the conservation of projections into the neurons 
in the CN. 

4. Discussion 

Here we show that 10-week chronic treatment with the 
mitochondrial-targeted antioxidant ubiquinone, MitoQ, leads to a par-
tial improvement in motor coordination in a mouse model of ARSACS, 
Sacs−/− mice. This takes ~7 weeks to emerge and appears to represent a 
reduction of disease progression in motor coordination behaviour as 
observed with rotarod. We observe several cellular changes in the cer-
ebellum after 10 weeks treatment that likely contribute to this 

Fig. 4. MitoQ treatment does not restore Purkinje cell 昀椀ring 
de昀椀cits in Sacs−/− mice. A. Sample traces from cell-adjacent 
recordings taken from Purkinje cells from acute sagittal sli-
ces of anterior vermis. B. Histograms showing the distribution 
of 昀椀ring rates of Purkinje cells from sucrose-treated WT mice 
(top, black), sucrose-treated Sacs−/− mice (middle, blue) and 
MitoQ-treated Sacs−/− mice (bottom, red). Note that the dis-
tribution is shifted to the left in sucrose-treated Sacs−/− Pur-
kinje cells, which is similar to the distribution in MitoQ 
treated Sacs−/− mice. C. Firing frequencies are signi昀椀cantly 
reduced in both sucrose-treated and MitoQ-treated Sacs−/−

Purkinje cells compared to those from WT mice. WT sucrose: 
71 ± 23 Hz; Sacs−/− sucrose: 41 ± 17 Hz; Sacs−/− MitoQ: 43 
± 12 Hz; ANOVA followed by Tukey’s multiple comparison 
test; WT sucrose vs Sacs−/− sucrose: P = 0.001; WT sucrose vs 
Sacs−/− MitoQ: P ≤0.001; Sacs−/− MitoQ vs Sacs−/− sucrose: 
P = 0.97. D. However, 昀椀ring regularly is not affected in Pur-
kinje cells from Sacs−/− mice from either treatment group. WT 
sucrose: CV = 0.09 ± 0.006; Sacs−/− sucrose: CV = 0.08 ±
0.008; Sacs−/− MitoQ: CV = 0.10 ± 0.005 Hz; ANOVA fol-
lowed by Tukey’s multiple comparison test; WT sucrose vs 
Sacs−/− sucrose: P = 0.51; WT sucrose vs Sacs−/− MitoQ: P =
0.68; Sacs−/− MitoQ vs Sacs−/− sucrose: P = 0.15. WT sucrose: 
N = 4 mice, n = 30 cells; Sacs−/−sucrose: N = 3 mice, n = 18 
cells; Sacs−/− MitoQ: N = 4 mice, 33 cells. *** P < 0.001. P >
0.05 when not shown. (For interpretation of the references to 
colour in this 昀椀gure legend, the reader is referred to the web 
version of this article.)   
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behavioral rescue. The levels of the mitochondrial antioxidant SOD2 are 
restored in cerebellar Purkinje cells, suggesting restoration of mito-
chondrial function. Additionally, the treatment of MitoQ reduced the 
Purkinje cell death in Sacs−/− mice and partially restored innervation by 
Purkinje cells to their target neurons in the CN. Interestingly, these al-
terations had no effect on the modi昀椀cation in intrinsic activity that we 
have observed that precede disease onset in Sacs−/− mice (Ady et al., 
2018). 

MitoQ has been used to improve disease outcomes in multiple cell 
and animal models of disease. It has been reported to reverse disease 
presentation and mitochondrial de昀椀cits in several neurodegenerative 
disorders, including in cell and animal models of Huntington disease 
(Pinho et al., 2020; Yin et al., 2016), AD (McManus et al., 2011; Ng et al., 
2014), multiple sclerosis (Mao et al., 2013), amyotrophic lateral scle-
rosis (Miquel et al., 2014), PD (Solesio et al., 2013), as well as in cell 
models of ataxia like Friedrich’s ataxia (Jauslin et al., 2003), and a 
mouse model of SCA1 (Stucki et al., 2016). However, these changes have 
not always translated to human populations, and MitoQ has not been 
reported to ameliorate disease progression in human PD (Snow et al., 
2010). This discrepancy suggests that the timing of MitoQ administra-
tion may be important, and that earlier timepoints, which are typically 
studied in animal models of disease, may not translate well into the 
clinic. 

MitoQ administered systematically is taken up by most tissues of the 
body, including the brain (Miquel et al., 2014; Smith et al., 2003), thus 
its actions are likely to be widespread in the organism. While the 
changes that we observe, such as the reduction in Purkinje cell death, are 
likely occurring locally, we do not know whether the partial restoration 
of Purkinje cell innervation in the CN occurs because of improvement of 
Purkinje cell function, CN neuron function, or both. Since neurons in the 
CN, like cerebellar Purkinje cells, also express the protein Sacsin that is 
deleted in ARSACS (Lariviere et al., 2015), it is possible that both brain 
regions are involved. 

A great deal of work from many animal models of ataxia and other 
cerebellar diseases has linked Purkinje cell 昀椀ring de昀椀cits with Purkinje 
cell death, since 昀椀ring de昀椀cits typically precede cell death by weeks or 
months (Cook et al., 2021). This leads to the question of whether 昀椀ring 
de昀椀cits thus contribute to cell death; that is, whether this correlation in 
the temporal patterning of disease progression implies causality or not. 
Here, MitoQ rescued Purkinje cell death without affecting the Purkinje 
cell 昀椀ring de昀椀cit that we have previously reported precedes cell death 
(Ady et al., 2018). This suggests then that Purkinje cell 昀椀ring de昀椀cits and 

Purkinje cell death are not causally linked, but rather tend to occur in a 
typical order, via distinct mechanisms that can be decoupled from each 
other. The inability of MitoQ to reverse 昀椀ring de昀椀cits suggests a reason 
for why its rescue is only partial, given the strong evidence linking 昀椀ring 
de昀椀cits and ataxia in multiple mouse models (Cook et al., 2021). 

Cerebellar Purkinje cells provides a unique set of challenges for 
protein quanti昀椀cation, since Purkinje cells are large but relatively rare, 
making up <2% of the total cerebellar cell number, which is dominated 
by the small, numerous cerebellar granule cells. While techniques like 
ELISA are considered the gold standard of protein quanti昀椀cation, ELISA 
requires tissue homogenates where changes in Purkinje cell proteins will 
be diluted. In contrast quantitative immunohistochemistry allows the 
measurement of relative protein levels in speci昀椀c cell types, and has 
been shown in fact to be more sensitive than ELISA for detecting changes 
in proteins in subsets of speci昀椀c cells (Jensen et al., 2017), including 
cerebellar Purkinje cells (Cook et al., 2021). Hence in this study we 
employed immunohistochemistry to semi-quantitatively measure 
changes in the Purkinje cell mitochondrial protein SOD2. 

Cellular antioxidants are tightly regulated in cells, including in 
mitochondria. Both down-regulation and up-regulation of SOD2 have 
been observed in disease, which are both thought to contribute to 
mitochondrial dysfunction (Flynn and Melov, 2013). Remarkably, 
MitoQ has been shown to upregulate SOD2 expression both when it is 
abnormally upregulated already in a cellular model of vascular 昀椀brosis 
(Ning et al., 2021), and in a mouse model of aging where SOD2 levels are 
reduced (Jeong et al., 2021). Our 昀椀ndings suggest that the normalization 
of SOD2 with chronic MitoQ treatment may reduce mitochondrial 
oxidative stress in Sacs−/− mice, at least in Purkinje cell somata. 

Previous reports have found that Purkinje cell death in Sacs−/− mice 
occurs predominantly in anterior lobules of the cerebellar vermis (Lar-
iviere et al., 2019), where cell death is restricted to Purkinje cells that do 
not express zebrin, which accounts for >85% of Purkinje cells in lobule 
III (Toscano Marquez et al., 2021). Consistent with this, we observed a 
signi昀椀cant reduction of Purkinje cell death in lobule III of the vermis in 
MitoQ-treated Sacs−/− mice. However, we cannot rule out the possibility 
that MitoQ does not rescue Purkinje cell death uniformly in all lobules of 
the anterior vermis. A stereological approach would be required to 
address this question (Golub et al., 2015; Schmitz and Hof, 2005). 
Without stereology, caution should be taken to not generalize results 
from lobule III to other anterior vermal lobules. 

At present, there are unfortunately no viable treatment options for 
ARSACS meaning that research such as our study that identi昀椀es novel 

Fig. 5. MitoQ treatment restores Purkinje cell innervation 
de昀椀cits in target neurons in the CN of Sacs−/− mice. A. 
Sample images showing CN neurons (imaged with NeuN 
in purple pseudo-color) and Purkinje cell puncta located 
within 0.5 μm proximity of large CN neurons (imaged 
with calbindin, yellow pseudo-color). Representative im-
ages are shown for WT (top) and Sacs−/− (bottom) mice, 
with sucrose-treated (left) and MitoQ-treated (right). Scale 
bars, 15 μm. B. The number of Purkinje cell puncta in 
proximity to large CN neuron somata is similar in sucrose- 
treated (black) and MitoQ-treated (grey) WT mice but is 
reduced in sucrose-treated Sacs−/− mice (blue) and MitoQ- 
treated Sacs−/− mice (bottom, red). Interestingly, MitoQ- 
treated Sacs−/− mice have intermediate Purkinje cell 
puncta numbers on CN neurons compared to sucrose- 
treated Sacs−/− mice and WT mice. One-way ANOVA 
followed by Mann Whitney U tests: WT sucrose vs WT 
MitoQ, P = 0.71 WT sucrose vs Sacs−/− sucrose, P <
0.001; WT MitoQ vs Sacs−/− sucrose, P < 0.001; WT su-
crose vs Sacs−/− MitoQ: P < 0.001; WT MitoQ vs Sacs−/−

MitoQ: P < 0.001; Sacs−/− sucrose vs Sacs−/− MitoQ: P =
0.007. WT sucrose: N = 3 mice, n = 23 images; WT MitoQ: N = 3 mice, n = 26 images; Sacs−/−sucrose: N = 4 mice, n = 30 images; Sacs−/− MitoQ: N = 4 mice, n = 25 
images. ** P < 0.01, P > 0.05 when not shown. (For interpretation of the references to colour in this 昀椀gure legend, the reader is referred to the web version of this 
article.)   
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therapeutic strategies for ARSACS is important. However, caution needs 
to be employed in the interpretation of our results and how they may 
translate to the clinic. For instance, we have shown that MitoQ prevents 
Purkinje cell death in part of anterior vermis that is thought to 
contribute to disease progression. Our results suggest that MitoQ may be 
most effective therapeutically if administered at early disease timepoints 
before signi昀椀cant cell death has occurred. It is unclear whether MitoQ 
can ameliorate disease progression after Purkinje cell death has taken 
place. In humans, disease progression occurs over months and years 
rather than weeks, which should be considered when designing future 
clinical trials. Nonetheless, MitoQ shows great promise for ARSACS, and 
its therapeutic actions can be linked to brain pathophysiology that a 
great deal of work suggests contributes to disease pathophysiology in 
ataxia. 

5. Conclusions 

In this article, we investigate the effects of the mitochondrial- 
targeted antioxidant MitoQ on ataxia and cerebellar de昀椀cits in a 
mouse model of ARSACS. We use male and female Sacs−/− and WT 
control mice that are treated with either sucrose or MitoQ and 昀椀nd that 
MitoQ prevents the progression of ataxia and improves motor coordi-
nation in Sacs−/− mice without affecting WT mice. This improvement is 
accompanied by restoring the expression of the mitochondrial antioxi-
dant SOD2, by reducing cerebellar Purkinje cell death in anterior cere-
bellum, and by partially reversing the innervation de昀椀cits in the CN. 
These results argue that MitoQ might be a viable therapy for ARSACS 
patients. 
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