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most often caused by a deletion mutation in the SACS gene, 
which encodes the large 520 kDa chaperone protein sacsin 
[1–3]. ARSACS is typically an early-onset disorder which 
leads to a progressively worsening ataxia with locomotor 
dysfunction [4, 5]. Currently, only symptomatic treatments 
are available for ARSACS, and we have only a poor under-
standing of how loss of sacsin leads to cellular dysfunction 
that gives rise to ataxia.

A sacsin knockout mouse (Sacs−/−) has been developed, 
which recapitulates key disease phenotypes, including 
prominent ataxia and a progressive loss of the main output 
neurons of the cerebellar cortex, Purkinje cells (PCs) [6–8]. 
Interestingly, in both human patients and mouse models of 
ARSACS, the loss of PCs occurs in a stereotyped manner 
[7, 9]: PCs of the anterior lobes of the cerebellar vermis are 
most vulnerable, while PCs of the posterior vermis appear 
largely spared from cell death [7, 10]. Similar patterned cell 
death has been observed in several different types of atax-
ias, including Christianson syndrome (CS) ataxia [11–18], 
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Abstract
Patterned cell death is a common feature of many neurodegenerative diseases. This is apparent in cerebellar Purkinje 
cells (PCs) in patients and mouse models of Autosomal-recessive spastic ataxia of Charlevoix-Saguenay (ARSACS). In 
ARSACS, PCs in the anterior cerebellar vermis are vulnerable to degeneration while those in the posterior vermis are 
resilient. As the mechanisms underpinning cerebellar pathophysiology in ARSACS are not fully understood, we chose 
to investigate two important regulatory pathways for cellular health in neurons: (1) the autophagy-lysosome pathway 
which is important for the trafficking of cargo essential for proper neuronal function, as well as (2) excitatory amino acid 
transporters (EAATs) that regulate extracellular glutamate levels. Using a mouse model of ARSACS (Sacs−/−), we found 
a significant decrease in the Na+/H+ exchanger 6 (NHE6) in the PCs in the vulnerable anterior but not resilient posterior 
cerebellum. We looked at two EAATs that are highly expressed in the cerebellum: EAAT1 and EAAT4. Glial EAAT1 
levels were significantly reduced in both anterior and posterior lobules, which could lead to excitotoxicity. However, 
the neuronal EAAT4 protein was elevated only in the resilient posterior PCs, likely counteracting the effects of reduced 
EAAT1 in posterior cerebellum. These results point to possible impairment in the endocytic pathway in the ARSACS 
cerebellum, and an elevation of EAAT4 glutamate transporters in the resilient posterior lobules of the cerebellar vermis 
that may contribute to neuroprotection.
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suggesting that shared mechanisms may contribute to cell 
death. However, the mechanism(s) mediating selective PC 
vulnerability and resilience have yet to be fully elucidated. 
Their discovery may lead to novel therapeutic strategies that 
could prove effective in multiple forms of ataxias.

Recently, impairments in endocytic function have been 
reported in ARSACS [19], highlighting the potential role 
of sacsin in endo-lysosomal protein transport [19, 20]. The 
involvement of the endocytic pathway in the development 
of ataxias and other neurodegenerative disorders has been 
increasingly appreciated in the last decade [21, 22]. Impaired 
function of the endocytic pathway can be caused by altered 
levels of the endosomal Na+/H+ exchanger 6 (NHE6) found 
on the membranes of early and recycling endosomes. NHE6 
maintains the organellar luminal pH level necessary for the 
accurate trafficking and sorting of cargo, ensuring proper 
neuronal function [23–25]. Altered expression of NHE6 has 
been shown to cause deficits in intracellular cargo traffick-
ing due to over-acidified organelles in the endocytic path-
way, leading to neuronal degeneration [16, 26] and ataxia in 
both a mouse model of CS [17, 27, 28] and in Shaker rats 
[29]. Hence, we sought to investigate whether ARSACS PC 
vulnerability could be linked to reduced levels of NHE6 in 
PCs.

Important cargo transported in the endocytic pathway 
in the cerebellar cortex are the excitatory amino acid trans-
porters EAATs [30, 31]. These EAATs are responsible for 
maintaining low extracellular glutamate levels and prevent-
ing neurotoxicity. In the cerebellar cortex, the two predomi-
nant EAATs are EAAT1 expressed by astrocytic cells, such 
as Bergmann glia cells (BGCs), and EAAT4, expressed by 
PCs [32–35]. Altered expression of glutamate transport-
ers has previously been reported in patterned PC death in 
other forms of ataxia [36, 37]. Since elevated glutamate 
and impaired glutamate clearance have been shown to con-
tribute to ARSACS pathophysiology [38], we wondered 
whether changes in EAATs expression were observed in 
Sacs−/− mice.

We investigated changes in protein levels of NHE6 in 
Sacs−/− and litter-matched WT mouse PCs in two represen-
tative lobules of the cerebellar vermis: vulnerable anterior 
lobule III and resilient posterior lobule IX. Both regions are 
thought to be predominantly involved in motor control [39, 
40]. We found that NHE6 protein levels were significantly 
decreased in PCs in the anterior lobule III but unchanged 
in the PCs of posterior lobule IX at P90, when PC death 
in anterior lobules has begun. This suggests that traffick-
ing of endo-lysosomal cargo may be impaired in the vul-
nerable anterior PCs. A significant decrease in glial EAAT1 
was found in both vulnerable and resilient lobules, sugges-
tive of dysregulation of glutamate clearance in Sacs−/− PCs 
compared to WT cells. However, we observed an elevation 

in neuronal EAAT4 levels exclusively in resilient poste-
rior lobule IX in Sacs−/− mice. The elevation of EAAT4 in 
Sacs−/− in the posterior of the vermis suggests that EAAT4 
elevation may compensate for EAAT1 reduction in the pos-
terior cerebellar vermis and thus protect posterior PC cells 
from glutamate-induced cell death.

Methods

Transgenic Animals

ARSACS (Sacs−/−) mice carrying a deletion of the Sacs 
gene were used as previously described [6, 41, 42]. Het-
erozygous Sacs+/− mice were bred to obtain litter-matched 
Sacs−/− and wildtype (WT) mice. Equal numbers of male 
and female mice were used in all experiments. Experiments 
were performed on postnatal day P90 (N = 4 for WT and 
N = 4 for Sacs−/− mice). Breeding and animal procedures 
were approved by the McGill University Animal Care Com-
mittee. All experiments were performed in accordance with 
the rules and regulations established by the Canadian Coun-
cil on Animal Care.

Tissue Preparation and Immunohistochemistry

For brain tissue acquisition, WT and Sacs−/− mice were 
deeply anesthetized with 2,2,2-tribromoethanol (Avertin) 
via intraperitoneal injection, and perfused transcardially 
with ice-cold phosphate-buffered saline (PBS, 0.1  M, pH 
7.4), followed by transcardial fixation perfusion using 
ice-cold 4% paraformaldehyde (PFA). Brains were then 
extracted, and immersion fixed overnight in 4% PFA at 4ºC, 
before being washed with 0.1 M phosphate buffer (PB) and 
transferred to 0.1 M PB containing 0.05% sodium azide for 
storage at 4ºC. Immunohistochemistry was performed on 
sagittal free-floating cerebellar slices of 100 μm thickness 
obtained using a 5100mz vibratome (Campden Instruments, 
Lafayette, IN, USA). Slices were incubated overnight in 
permeabilization solution (0.1 M PB, 1.5% heat-inactivated 
horse serum (HIHS), 0.4% triton X-100, pH 7.4), then incu-
bated with primary antibody diluted in permeabilization 
solution for 3 days at 4ºC on a 60 rpm shaker. Slices were 
then washed with blocking buffer (0.1 M PB, 1.5% HIHS, 
pH 7.4), then incubated with secondary antibody diluted in 
blocking buffer for 2 h at room temperature on a 60  rpm 
shaker, then washed with 0.1 M PB and mounted on Super-
frost plus microscope slides (Fisher Scientific, Pittsburg, 
PA, USA) using Dako fluorescent mounting medium (Agi-
lent Technologies, Santa Clara, CA, USA).
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Immunohistochemistry Staining

For PC analyses, cerebellar sagittal slices were stained with 
primary antibody mouse anti-calbindin (1:1000; CB300, 
Swant, Marly, Switzerland) and rabbit anti-NHE6 (1:500; 
in-house antibody kindly gifted by Dr. John Orlowski, 
McGill University, Canada), or rabbit anti-EAAT4 (1:500; 
kind gift from Dr. Jeffrey Rothstein, Johns Hopkins Uni-
versity, USA). These primary antibodies were then tagged 
to secondary antibodies Alexa Fluor-488 conjugated goat 
anti-mouse (1:250; Invitrogen, Waltham, MA, USA) and 
DyLight-650 conjugated goat anti-rabbit (1:250; Invit-
rogen). For EAAT analyses, cerebellar sagittal slices of 
100 μm were stained with primary antibodies rat anti-glial 
fibrillary acidic protein (GFAP, 1:500; 13–0300, Invitrogen) 
and guinea pig anti-EAAT1 (1:250; 250 − 114, Synaptic 
Systems, Göttingen, Germany). These primary antibodies 
were then tagged to respective secondary antibodies Alexa 
Fluor-488 conjugated goat anti-rat (1:250; 11006, Invit-
rogen) and DyLight-650 conjugated goat anti-guinea pig 
(1:250; SA510097, Invitrogen).

Confocal Imaging

Confocal images were acquired using a Zeiss LSM800 
confocal fluorescent microscope equipped with Zen blue 
software (Zeiss, Oberkochen, Germany). Microscope set-
tings were kept constant during the imaging process for 
all conditions. For analyses of PC dendrites and BGC pro-
cesses, images were acquired using a 40x oil objective with 
no digital zoom. For analyses of PC soma, images were 
acquired using a 40x oil objective with a 2x zoom. Confocal 
microscope images were deconvolved using Huygens Con-
focal Deconvolution Software Essential Version 21.10 (Sci-
entific Volume Imaging BV, North Holland, Netherlands). 
Imaris 9.6 image analysis software (Oxford Instruments, 
Abingdon, United Kingdom) was used to create a surface 
of either the calbindin (PC) or GFAP (BGC) signal, and a 
masked channel was then created to analyze the fluores-
cence intensity of either NHE6, EAAT4, or EAAT1 inside 
PC dendrites, PC somata, or BGC processes. Fluorescence 
intensity is reported in arbitrary units (A.U.). For fluores-
cence intensity quantification, primary-only and secondary-
only controls were performed, and the reported values are 
the result of control values subtracted from the raw values. 
The researcher quantifying the data was blinded to the geno-
type. All representative images are shown in pseudo-color.

Statistics

Comparisons were made using GraphPad Prism 8.0.1 
software. Data was first tested for normality with the 

Shapiro-Wilk test, then analyzed using Student’s t-test (inde-
pendent or paired) for normally distributed data, or Mann-
Whitney U or Wilcoxon Signed Rank test for non-normally 
distributed data. Bonferroni correction was applied to p 
values to account for multiple comparisons. Data are repre-
sented by a box showing the median (horizontal line within 
boxes), first and third quartiles (rectangles) and whiskers 
extending to the minimum and maximum values. Signifi-
cance was determined as *p < 0.05, **p < 0.01, ***p < 0.001, 
and p > 0.05 if no comparison is shown.

Results

Levels of Endosomal Na+/H+ Exchanger NHE6 are 
Reduced in the Vulnerable Anterior Lobule III PCs of 
Sacs−/− Mice

To determine whether NHE6 protein levels are altered in 
ARSACS, we investigated NHE6 protein levels in PCs in 
cerebellar sagittal slices from WT and Sacs−/− mice at P90, 
a timepoint when PC loss is known to occur [7]. Cerebel-
lar slices were labeled for the PC marker calbindin and 
the endosomal NHE6. The mean fluorescence intensity of 
NHE6 was quantified inside PC calbindin somata and den-
drites (Fig. 1A-I). We measured NHE6 intensity in PCs in 
both a vulnerable anterior lobule (lobule III) and a resilient 
posterior lobule (lobule IX), as patterned cell death has been 
reported to occur exclusively in anterior lobules at this age 
[7]. We detected a significant decrease in NHE6 levels in 
both the PC somata and dendrites in Sacs−/− mice com-
pared to WT in anterior lobule III (anterior dendrites (Stu-
dent’s t-test): p < 0.0196; anterior soma (Mann-Whitney): 
p < 0.001; Fig. 1D-I), while no detectable changes in NHE6 
levels were found in PC somata and dendrites of lobule IX, 
when comparing Sacs−/− mice to WT mice. This specific 
reduction of NHE6 in the anterior lobule could alter the 
normal transport of cargo required for cellular function and 
contribute to the anterior lobule vulnerability.

Decreased Expression of the Glial Glutamate 
Transporter EAAT1 in BGC Processes of Sacs−/− Mice

One function of glial cells in proper synaptic function is 
in glutamate clearance through the expression of gluta-
mate transporters. The expression of the glial-expressed 
EAAT1 is particularly high in BGCs processes [36], which 
run vertically through the cerebellar molecular layer where 
they interact closely with PCs [43, 44]. To investigate the 
expression level of EAAT1 in ARSACS, we stained sagittal 
cerebellar slices with GFAP as a marker of BGCs, as well as 
EAAT1, and compared EAAT1 levels inside BGC processes 
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which normally displays a patterned expression with lower 
expression in the vulnerable anterior lobules, and higher 
expression in the resilient posterior lobules [36, 45]. We 
compared EAAT4 levels in WT and Sacs−/− mouse PC den-
drites and somata at P90 (Fig. 3A-H), using the same cer-
ebellar lobules to measure changes in vulnerable anterior 
(lobule III) and resilient posterior (lobule IX) cerebellum. 
We detected a significant increase in EAAT4 levels in PC 
somata of Sacs−/− mice compared to WT exclusively in 
the posterior lobule IX while no changes were observed in 
anterior lobule III (Mann-Whitney U test for anterior soma 
lobule III comparison, Student’s t-test for posterior soma 
lobule IX and all dendrites comparisons; posterior somata 
p = 0.0148, Fig. 3G-H). These findings suggest that an ele-
vation of glutamate transporter EAAT4 in the posterior PC 

in anterior and posterior lobules from WT and Sacs−/− mice 
(Fig.  2A-F). We found a significant decrease in EAAT1 
expression in the BGC processes of Sacs−/− mice compared 
to WT in both anterior lobule III as well as posterior lob-
ule IX (Mann-Whitney U test for all comparisons; anterior: 
p < 0.0001; posterior: p < 0.0001; Fig.  2F). A reduction in 
glutamate transporters could potentially lead to glutamate 
excitotoxicity, although, puzzlingly, this is observed in both 
vulnerable and resilient regions of the cerebellum.

Increased Levels of Neuronal Glutamate Transporter 
EAAT4 in Resilient PCs of Sacs−/− Mice

We wondered whether changes were observed in a second 
prominent glutamate transporter in the cerebellum, EAAT4, 

Fig. 1  Endosomal Na+/H+ exchanger isoform 6 (NHE6) levels are 
decreased in PCs of P90 Sacs−/− mice. (A) Illustrative image show-
ing the region of interest in the cerebellar cortex where images were 
acquired, (B) Illustrative image showing the function of NHE6 in 
early and recycling endosomes. (C) Example of calbindin-stained PC 
dendrites and soma (green) (D, E) Representative images of anterior 
lobule III, from WT (top) and Sacs−/− (bottom) P90 mice, with PC 
dendrites (D) and soma (E) labeled with calbindin (green) and NHE6 
(magenta). (F, G) Representative images of posterior lobule IX, from 
WT (top) and Sacs−/− (bottom) P90 mice, with PC dendrites (F) and 

soma (G) labeled with calbindin (green) and NHE6 (magenta). (H, 
I) NHE6 fluorescence intensity, reported in arbitrary units (A.U.), 
inside calbindin-labeled PC dendrites (H) and soma (I) was quantified 
in anterior lobule III (left) and posterior lobule IX (right), compar-
ing WT (grey) and Sacs−/− (orange) mice. N = 4 animals for WT, N = 4 
animals for Sacs−/− (D-I). For statistics, we used Student’s t-test for 
normally distributed data and Mann-Whitney U test for non-normally 
distributed data and Wilcoxon Signed-Rank test was used to compare 
anterior with posterior; *P < 0.05, **P < 0.01, ***P < 0.001, P > 0.05 if 
no comparison is shown. Scale bar (C), (F), (G), 20 μm
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at the onset of cell death in the anterior lobules (P90): 
EAAT1 was downregulated in both anterior and posterior 
cerebellar vermis while EAAT4 was selectively upregu-
lated in posterior cerebellar vermis, suggesting that EAAT4 
upregulation may compensate for reduction in EAAT1 in 
the posterior cerebellar lobules that are spared, while the 
absence of compensatory changes in anterior lobules may 
result in elevated glutamate levels and cell death.

We postulate that at the onset of ataxia (P40), there would 
be a decrease in the level of EAAT1 in the anterior as we 
have previously reported a decrease in anterior Purkinje 
cell intrinsic firing in the Sacs−/− mouse model at this time 
point [6]. Decreases in intrinsic firing of PCs have been 
shown to occur when EAAT1 levels are reduced [36]. As 
EAAT1 levels progressively decrease over time, more and 
more pressure will be put on the cells to clear glutamate 
from the synaptic cleft without the aid of EAAT1. Once 

cells could counteract the reduction observed in EAAT1 in 
the posterior cerebellum and protect these neurons from cell 
death, thereby conferring resilience.

Discussion

In this study, we determine whether changes in NHE6 or 
glutamate transporters are observed in a mouse model of 
ARSACS, which may contribute to patterned cell death in 
PCs (Fig. 4). We report that NHE6 is more highly expressed 
in posterior PCs in WT mice. However, in Sacs-/- mice, we 
observed significantly less NHE6 in the vulnerable anterior 
vermis while the posterior vermis had normal NHE6 lev-
els. This correlates with the patterning of PC death that has 
been previously described in Sacs-/- mice [7, 42]. We also 
observed region-specific changes in glutamate transporters 

Fig. 2  Glial glutamate transporter EAAT1 shows decreased levels in 
BGC processes of P90 Sacs−/− mice. (A) Illustrative image show-
ing the region of interest in the cerebellar cortex where images were 
acquired, (B) Illustrative image showing the function of EAAT1 in 
BGC processes. (C) Example of GFAP-stained BGC processes (green) 
(D) Representative images of anterior lobule III, from WT (top) and 
Sacs−/− (bottom) P90 mice, with BGC processes labeled with GFAP 
(green) and EAAT1 (magenta). (E) Representative images of poste-
rior lobule IX, from WT (top) and Sacs−/− (bottom) P90 mice, with 

BGC processes labeled with GFAP (green) and EAAT1 (magenta). 
(F) EAAT1 fluorescence intensity, reported in arbitrary units (A.U.), 
inside GFAP-labeled BGC processes was quantified in anterior lobule 
III (left) and posterior lobule IX (right), comparing WT (grey) and 
Sacs−/− (orange) mice. N = 4 animals for WT, N = 4 animals for Sacs−/− 
(D-F). For statistics, Mann-Whitney U test was used to compare WT 
with Sacs−/− and Wilcoxon Signed-Rank test was used to compare 
anterior with posterior; *P < 0.05, **P < 0.01, ***P < 0.001, P > 0.05 if 
no comparison is shown. Scale bar (C, 20 μm, E, 10 μm)
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be the mechanism through which they can do so [7]. Taken 
together, these results suggest that changes in endosomal 
exchanger NHE6 and in glutamate transporters EAAT1 and 
EAAT4 may contribute to patterned cell death in ARSACS.

To gain a better understanding of the effects of decreased 
NHE6 expression on neuronal circuitry, we can find clues 
from other disorders with endosomal deficits, such as CS, 
and Spinocerebellar ataxia type 6 (SCA6) [46]. CS is a 
mixed neurodevelopmental and neurodegenerative disor-
der characterized in part by ataxia and cerebellar atrophy 
[47–49]. Loss of function mutations in SLC9A6, the gene 
encoding NHE6 are the genetic cause of CS [17, 50]. Loss 
of NHE6 has been shown to lead to over-acidified endo-
somal compartments, resulting in trafficking deficits in the 
endocytic pathway [26, 51]. Although NHE6 expression is 

the levels of glutamate are increased to detrimental levels 
due to the reduction of glutamate clearance by EAAT1, PCs 
death would start in the anterior due to glutamate-mediated 
excitotoxicity. In fact, we did detect PCs death only in the 
anterior at P90 [7].

However, the posterior cells are able to remain alive by 
elevating their EAAT4 levels to compensate for the loss of 
EAAT1. Therefore, we do not believe that EAAT4 levels are 
increased in the posterior lobules prior to the onset of cell 
death in the anterior lobules, as there is no need for compen-
sation at that stage. As the disease progresses, we speculate 
that the levels of EAAT4 will remain elevated to provide 
continuous compensation for the loss of EAAT1. In fact, 
we have previously shown that posterior PCs remain alive 
even as late as at P365, and elevated EAAT4 levels may 

Fig. 3  Neuronal glutamate transporter EAAT4 shows increased levels 
in PCs of P90 Sacs−/− mice. (A) Illustrative image showing the region 
of interest in the cerebellar cortex where images were acquired, (B) 
Illustrative image showing the function of EAAT4 in PCs. (C, D) Rep-
resentative images of anterior lobule III, from WT (top) and Sacs−/− 
(bottom) P90 mice, with PC dendrites (C) and soma (D) labeled with 
calbindin (green) and EAAT4 (magenta). (E, F) Representative images 
of posterior lobule IX, from WT (top) and Sacs−/− (bottom) P90 mice, 
with PC dendrites (E) and soma (F) labeled with calbindin (green) and 

EAAT4 (magenta). (G-H) EAAT4 fluorescence intensity, reported in 
arbitrary units (A.U.), inside calbindin-labeled PC dendrites (G) and 
soma (H) was quantified in anterior lobule III (left) and posterior lob-
ule IX (right), comparing WT (grey) and Sacs−/− (orange) mice. N = 4 
animals for WT, N = 4 animals for Sacs−/− (C-H). For statistics, Stu-
dent’s t-test for normally distributed data and Mann-Whitney U test 
for non-normally distributed data were used; *P < 0.05, **P < 0.01, 
***P < 0.001, P > 0.05 if no comparison is shown. Scale bar (E-F), 
20 μm
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Cell death by excitotoxicity is a common pathological 
trigger of many neurodegenerative disorders, including some 
forms of cerebellar ataxia [37]. In fact, alterations in EAATs 
and glutamate-mediated excitotoxic cerebellar damage have 
been reported in several different forms of ataxias, and other 
neurological disorders [54–57]. It is currently unknown if 
EAAT1 levels have a sexually dimorphic expression in our 
Sacs-/- mice. Recently, following spinal cord injury, EAAT1 
levels were found to be lower in males compared to female 
mice [58]. If such differences also exist in Sacs-/- mice, then 
an equivalent decrease in EAAT1 could have a larger effect 
on male mice, potentially decreasing glutamate clearance 
and increasing excitotoxicity compared to females. Cell 
death by excitotoxicity is caused by excessive glutamate 

limited to early and recycling endosomes, its ablation has 
profound effects on the overall function of the endocytic 
pathway. For example, NHE6 ablation is known to lead 
to defective endosome maturation, resulting in worsening 
lysosomal function over time [50]. One mechanism medi-
ating the impaired lysosomal function in the absence of 
NHE6 is the over-acidified early and recycling endosomal 
lumen, resulting in mistrafficking of receptors [26] and pre-
mature activation of pH-dependent lysosomal degradation 
enzymes, such as cathepsin D [16, 52, 53]. These alterations 
downstream of NHE6 may contribute to pathophysiology 
in Sacs-/- mice, where a reduction of NHE6 in the anterior 
lobules impacts endocytic pathway in affected cells.

Fig. 4  NHE6 is lower only in the vulnerable anterior lobule of the ARSACS cerebellum, EAAT1 is reduced in both anterior and posterior lobules, 
but EAAT4 is elevated in the resilient posterior lobules of ARSACS cerebellum
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previous study in Sacs-/- mice found impaired Ca2+ homeo-
stasis in cerebellar PCs [38] that could be partially restored 
by ceftriaxone, which is known to upregulate transcription 
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