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Abstract

Pridopidine is a selective Sigma-1 receptor (S1R) agonist in clinical development for Huntington disease (HD) and amyo-
trophic lateral sclerosis. S1R is a chaperone protein localized in mitochondria-associated endoplasmic reticulum (ER)
membranes, a signaling platform that regulates Ca>* signaling, reactive oxygen species (ROS) and mitochondrial fission.
Here, we investigate the protective effects of pridopidine on various mitochondrial functions in human and mouse HD mod-
els. Pridopidine effects on mitochondrial dynamics were assessed in primary neurons from YAC128 HD mice expressing
the mutant human HTT gene. We observe that pridopidine prevents the disruption of mitochondria-ER contact sites and
improves the co-localization of inositol 1,4,5-trisphosphate receptor (IP;R) and its chaperone S1R with mitochondria in
YACI128 neurons, leading to increased mitochondrial activity, elongation, and motility. Increased mitochondrial respiration
is also observed in YAC128 neurons and in pridopidine-treated HD human neural stem cells (hNSCs). ROS levels were
assessed after oxidative insult or SIR knockdown in pridopidine-treated YAC128 neurons, HD hNSCs, and human HD
lymphoblasts. All HD models show increased ROS levels and deficient antioxidant response, which are efficiently rescued
with pridopidine. Importantly, pridopidine treatment before H,0,-induced mitochondrial dysfunction and SIR presence
are required for HD cytoprotection. YAC128 mice treated at early/pre-symptomatic age with pridopidine show significant
improvement in motor coordination, indicating a delay in symptom onset. Additionally, in vivo pridopidine treatment reduces
mitochondrial ROS levels by normalizing mitochondrial complex activity. In conclusion, SIR-mediated enhancement of
mitochondrial function contributes to the neuroprotective effects of pridopidine, providing insight into its mechanism of
action and therapeutic potential.
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Introduction

Huntington disease (HD) is a neurodegenerative disorder
caused by an expanded CAG trinucleotide repeat in the HTT
gene that progressively affects motor and cognitive func-
tions, ultimately leading to cell death. Mitochondrial dys-
function and oxidative stress are early, central mechanisms
underlying neuronal death in neurodegenerative disorders
including HD [1, 2]. Therefore, therapeutic targeting of
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mitochondria with small molecules may have the potential
to mitigate the progression of these diseases.

Pridopidine is a highly selective and potent agonist of
the Sigma-1 receptor (S1R) [3, 4]. The S1R is a molecular
chaperone protein enriched in the mitochondria-associated
endoplasmic reticulum (ER) membranes (MAM) and impli-
cated in cell differentiation, oxidative signaling, neuroplas-
ticity, and cognitive functions [5-7]. Pridopidine exerts
neuroprotective effects in several models of neurodegen-
erative disorders including HD, Parkinson’s disease (PD),
Alzheimer’s disease (AD), and amyotrophic lateral sclerosis
(ALS), mediated by the activation of the SIR [8-13]. By
its agonistic action at the SIR, pridopidine rescues mHTT-
induced cell death in HD mouse neurons and human iPSCs
[8], induces restoration of homeostatic synaptic plasticity in
HD cortical neurons [14], and restores the impaired spine
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density and aberrant intracellular calcium (Ca>") signaling
in HD neurons [10]. In the 6-hydroxydopamine (6-OHDA)
lesion mouse model for PD, pridopidine treatment induces
neurorestoration of the nigrostriatal system and significantly
increases the density of dopaminergic fiber and nigral dopa-
mine cell bodies [15]. The neuroprotective effects of pri-
dopidine are S1R mediated as they were abolished in SIR
knockout mice [13].

The S1R plays a key role in the mitochondrial-associated
membrane (MAM) domain of the ER and in mitochondrial
function [16, 17]. MAM is a highly specialized region of the
ER membrane with a lipid raft composition allowing it to
interact with the outer mitochondrial membrane, which has
key roles in various biological pathways, including mito-
chondrial fission, Ca®* shuttling, phospholipid metabolism,
autophagosome formation, and oxidative stress [18]. SIR
deficiency induces MAM disruption, resulting in mis-local-
ization of the ER Ca** channel inositol 1,4,5-trisphosphate
(IP;) receptor (IP;R), mitochondrial dysfunction [19],
and motor deficits [16].

The effects of pridopidine in ameliorating HD mitochon-
drial dysfunction have not been addressed until now. Here,
we show that pridopidine restores mitochondrial functions,
representing a mechanism by which pridopidine exerts its
neuroprotective effects. In HD models, pridopidine treatment
increases tethering between mitochondria and ER, improving
mitochondrial elongation, movement, and respiration. We also
observe that pridopidine, via activation of the S1R, rescues
mitochondrial dysfunction induced by oxidative damage in
both in vitro and ex vivo HD models, namely, in YAC128
transgenic mice, human HD lymphoblasts, and human HD
neural stem cells (NSCs). Additionally, we show in vivo that
early pridopidine treatment is effective in delaying onset of
HD-related motor symptoms in the YAC128 HD mice.

Materials and Methods
Animals and Ethical Permits

Colonies of hemizygous YAC128 (line HD53; mHTT
high expresser), homozygous YAC128 (line HDS5S5;
mHTT low expresser), and WT mice, all with FVB/N
background, were housed in the housing Facility of
the CNC, Coimbra, Portugal, and at UBC, Vancouver,
Canada. Temperature was controlled (22-23 °C) and
a 12-h light/dark cycle maintained. Food and water
were available ad libitum. All mouse experiments were
carried out in accordance with the guidelines of the
Institutional Animal Care and Use of Committee and
the European Community directive (2010/63/EU) and
protocols approved by the Faculty of Medicine, Uni-
versity of Coimbra (ref ORBEA_189_2018/11042018)
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and UBC Committee (ref A16-0130) on Animal Care
and the Canadian Council on Animal Care. All efforts
were made to minimize animal suffering and to reduce
the number of animals used.

Primary Neuronal Cultures

Primary cortical, striatal, and cortico-striatal co-cultures
were generated from the offspring of crosses between
wild-type (WT) mice (used as controls) or between
homozygous YAC128 mice (line HD55) males or hemizy-
gous YAC128 mice (line HD53) males and WT females
from the same genetic background (FVB/N). Embryos
from timed pregnant females were collected on gestational
day E15.5-16.5.

For cortico-striatal co-cultures, brains were removed
and transferred to Hibernate E medium (Thermo Fisher
Sci., catalog no. A1247601) for up to 24 h. At this time,
the samples from the remaining embryonic tissues were
genotyped. The cortex and striatum were micro-dissected
in ice-cold Hank’s balanced salt solution (HBSS; Gibco),
then diced and pooled per genotype. The tissues were then
dissociated with 0.05% trypsin-EDTA (Thermo Fisher
Sci., catalog no. 25300054), which was then neutralized
with 10% fetal bovine serum (FBS) in Neurobasal medium
(Thermo Fisher Sci., catalog no. 21103049) and DNAse [
treatment (153 U/ml). The dissociated tissues were centri-
fuged at 145xg for 5 min, and the pellet was then triturated
with a pipette five to six times. Cells were seeded on poly-
D-lysine-coated plates in Neurobasal media supplemented
with 2% B27 (Thermo Fisher Sci., catalog no. 17504044),
100 U/ml penicillin-streptomycin (Gibco, catalog no.
15140122), and 2 mM L-glutamax (Thermo Fisher Sci.,
catalog no. 35050061). The cells were fed with one-third
volume fresh medium every fifth day.

To obtain pure cortical and striatal neurons, tissue was
microdissected in HBSS supplemented with 0.3% fatty acid
free BSA (Sigma-Aldrich, catalog no. A8806). Tissue from
embryos with the same genotype were pooled and digested
with 0.003% trypsin in HBSS, then mechanically digested.
Soybean (Sigma-Aldrich, catalog no. T9128) was used to
block the trypsin. Neurons were plated at a density of either
130 x 10° cells/cm? (high) or 85 x 10° cells/cm? (Iow) on
poly-D-lysine (0.1 mg/ml)-coated plates and maintained
in Neurobasal medium supplemented with 2% B27, 1 mM
glutamine, and 20 pg/ml gentamicin (Thermo Fisher Sci.,
catalog no. 15750060). Cultures were maintained at 37 °C
in a humidified incubator with 5% CO,/95% air. After 3 days
in vitro (DIV) half of the medium was replaced with fresh
supplemented Neurobasal medium containing 5-fluoro-2’
-deoxyuridine (5-FdU, 5 pM final concentration in the
medium; Sigma-Aldrich, catalog no. F0503) to reduce
dividing non-neuronal cells. At DIV 7 half of the medium
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was again replaced with fresh medium, and cells were used
at DIV12. Striatal cultures used for single cell measurements
displayed 82% of GABA (gamma-aminobutyric acid)-
positive plus DARPP-32 (dopamine and cAMP regulated
phosphoprotein of 32 kDa)-positive neurons [20].

Neuronal Transfection

Striatal neurons were transfected with pDsRed2-Mito Vector
(MitoDsRed; Clontech, catalog no. 632421) at 8 DIV using the
calcium phosphate precipitation method as previously described
[21]. Briefly, plasmid was diluted in TE (in mM: 1 Tris-HCI pH
7.3, 1 mM EDTA), followed by the addition of CaCl, (in mM:
2.5 CaCl, in 10 HEPES, pH 7.2). The DNA solution was care-
fully added to 2x HEBS (in mM: 12 dextrose, 50 HEPES, 10
KCl, 280 NaCl and 1.5 Na,HPO,.2H,0, pH 7.2) while bubbling
air through the solution. The mixture was then incubated for
25 min at room temperature. The precipitates were added drop-
wise to the coverslips in Neurobasal medium and incubated for
80 min at 37 °C. The DNA—Ca**-phosphate precipitates were
dissolved with freshly made dissolution medium (Neurobasal
medium with 20 mM HEPES, pH 6.8) and incubated for 7 min
at room temperature. The transfected neurons were then washed
with Neurobasal medium and transferred back to their original
dishes containing conditioned culture medium until DIV12.

Lymphoblast Cultures and Transfection

Lymphoblasts from a control subject (GM02174, CAG
repeat 15/15) and an HD patient (NA04724, CAG repeat
67/15), obtained from the Coriell Institute, were grown in
RPMI medium (Thermo Fisher Sci. 11875093) containing
10% FBS, 2 mM L-glutamax, and 100 U/ml penicillin-
streptomycin. The lymphoblasts were passaged 1:3 every
5 to 6 days. For conducting experiments, the lymphoblasts
were collected and centrifuged at 145Xg for 5 min. The cell
pellet was resuspended in fresh growth medium. Lympho-
blasts between passage number 5 and 20 were used in each
experiment.

SIR depletion was induced by treating with S1R-directed
siRNA duplexes (Origene, cat no. SR426072). siRNA trans-
fection was performed in antibiotic-free growth medium
using the Polyplus JETPRIME transfection protocol as per
manufacturer’s instructions (Polyplus). Forty-eight hours
after transfection, the cells were subjected to pridopidine
treatment and/or oxidative stress challenge. SIR knockdown
efficiency was determined by immunoblot analysis.

Human Neural Stem Cell Culture
Neural stem cells (NSCs) were differentiated from

heterozygous human-induced pluripotent stem cells
(iPSC), HD4-iPSC, with a normal (19 CAG repeats) and

an expanded allele (72 CAG repeats) generated by Park
and colleagues [22], generously provided by Prof. George
Daley (Harvard Medical School, Boston, Massachusetts,
USA) and control AMS4-iPSC generated and characterized
by Pereira de Almeida and collaborators [23] (Center for
Neuroscience and Cell Biology, University of Coimbra,
Portugal). iPSCs were maintained in Geltrex® (Thermo
Fisher Sci., catalog no. A1413202) coated 6-well plates
until 90% confluence, then the neural induction protocol
was applied. Neural differentiation was based on dual
SMAD inhibition with SB431542 (Lefty/Activin/
transforming growth factor beta—TGFp inhibitor; Tocris
Bioscience, catalog no. 1614), dorsomorphin (bone
morphogenetic protein—BMP inhibitor; Tebu-bio, catalog
no. 04-0024), and XAV-939 (B-catenin-transcription
inhibitor and axin stabilizing agent; Sigma-Aldrich,
catalog no. X3004), as previously described [24-26].
Neural induction medium (N2 medium) consisted of a
1:1 mixture of DMEM/F12 (Thermo Fisher Sci., catalog
no. 32500043) and Neurobasal, and supplemented
with 1% N2 (100x) (Thermo Fisher Sci., catalog no.
17502048), 2 mM L-glutamine, 100 pM nonessential
amino acids (Sigma-Aldrich, catalog no: M7145),
100 pM 2-mercaptoethanol (Sigma-Aldrich, catalog no.
M6250), 1% penicillin/streptomycin (Thermo Fisher Sci.,
catalog no. 15140122), and 2% B27. Neural induction
occurred between day 0 and days 12—15. From day O to
day 5, cells were maintained in iPSC medium without
FGF2 and incubated with 5 pM dorsomorphin and 10 pM
SB431542. Medium was changed every other day. From
day 5 to day 12, the medium was gradually replaced by
75% KnockOut Serum Replacement+25% N2 medium,
50% iPSC +50% N2 medium up to 100% N2 medium
with 5 pM dorsomorphin, 10 pM SB431542, and 1 pM
XAV939 [24-26]. Between days 12 and 15, fields full of
rosettes became morphologically visible. To allow the cells
to differentiate, cells were replated in Geltrex® coated
12-well plates. For detaching, 500 ul of 1X Accutase®
(Thermo Fisher Sci., catalog no. A1110501) was added to
the plate and incubated at 37 °C in 5% CO,, for 15-20 min.
Accutase was diluted in DMEM/F12 medium pre-warmed
to 37 °C. Cells were collected and spun for 3 min at
200xg at room temperature, and resuspended in 200 ul of
media into 12-well plates. Cells were allowed to adhere
for 30 min, and then 300 pL N2 medium, supplemented
with 10 pM Y-27632 (Thermo Fisher Sci.), 10 ng/ml FGF2
(Tebu-bio, catalog no. 100-18B-A), and 10 ng/ml EGF
(Tebu-bio, catalog no. AF-100-15-A), was added. Cells
were incubated overnight at 37 °C, 5% CO,. Cells were
passaged every 2—3 days for no more than 1012 passages.
Expression of the neural lineage marker proteins nestin and
SOX2 was confirmed by immunocytochemistry upon each
differentiation process (data not shown).
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Pridopidine Incubations

Pridopidine was provided by Prilenia Therapeutics. A
working stock concentration of 10 mM was prepared in
sterile deionized water and stored at 4 °C for up to 2 weeks.
Pridopidine incubations were done for 24 h in all cellu-
lar models used unless otherwise stated (Fig. 3h). Final
working concentrations are described in figures and figure
legends.

Immunocytochemistry and Co-localization Analysis

MitoDsRed-transfected striatal neurons were fixed
with 4% paraformaldehyde (pre-warmed at 37 °C) for
20 min, permeabilized in 0.2% Triton X-100 in PBS for
2 min and blocked for 1 h at room temperature in 3%
(w/v) BSA in PBS. IP;R3 antibody (1:1000 prepared
in 3% (w/v) BSA in PBS; EMD Millipore, catalog no.
AB9076) and SIR antibody (1:500 prepared in 3%
(w/v) BSA in PBS; Santa Cruz Biotechnology, cata-
log no. sc-137075) were incubated overnight at 4 °C.
Neurons were incubated with 4 pg/mL Hoechst 33342
(Thermo Fisher Sci., catalog no. H1399) for 20 min
and mounted using Mowiol 40-88 (Sigma-Aldrich,
catalog no. 324590). Confocal images were obtained
as stacks, at 0.46-um intervals along the z axis, using a
Plan-Apochromat/1.4NA 63X lens on an Axio Observer
Z1 confocal microscope (Zeiss Microscopy, Germany)
with Zeiss LSM 710 software. FIJI (ImageJ, National
Institute of Health, USA) was used for image analysis.
Z-stack images were normalized for background (roll-
ing ball radius of 9 for mitochondria and 25 for IP;R3),
and the FindFoci function was used to identify peak
intensity regions in order to extract mitochondria-specific
fluorescence [27]. To optimally resolve individual
mitochondria, a threshold was applied followed by the
Analyze Particles function to trace mitochondrial out-
lines. Mitochondria aspect ratio (the ratio between the major
and minor axes of mitochondria) was used as an index of
mitochondria length. For S1R and IP;R3 fluorescence,
a threshold was set similarly to the one described above,
and Integrated Density was obtained. SIR and IP;R3
Integrated Density was calculated inside of mitochondrial
ROI selection to obtain co-localization with mitochondria.

Transmission Electron Microscopy and Analysis

Striatal neurons were washed and fixed in 2.5% (V/V) glu-
taraldehyde in 0.1 M phosphate buffer and pellet before sec-
tioning. The ultrathin sections were prepared using Leica
Ultracut UCT (Leica, Vienna, Austria) and contrasted with
uranyl acetate and lead citrate. Sections were observed in a
Tecnai 12 BioTWIN transmission electron microscope (FEI
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Company, Eindhoven, The Netherlands) at 100 kV. Digital
images were taken using a magnification of 26,500X in a
Veleta camera (Olympus Soft imaging Solutions, GmbH,
Miinster, Germany). All mitochondria of 6-7 different cells
were snapped per condition and per independent experi-
ment. Number of mitochondria-ER contacts sites (MERCS),
MERCS length, ER and mitochondria profile areas, ER
width, and mitochondria aspect ratio were quantified.
Number of MERCS per mitochondria was obtained by divid-
ing number of MERCS per number of mitochondria pro-
files. Percentage of mitochondria surface covered by ER was
measured by dividing the MERCS length by mitochondria
perimeter and multiplying by 100. MERCS were considered
when the distance between ER and mitochondria < 40 nm.

Mitochondrial Movement Analysis

MitoDsRed-transfected striatal neurons were washed and
incubated in Na™ medium (in mM: 140 NaCl, 5 KCI, 1
CaCl,, 1 MgCl,, 10 Glucose, 10 HEPES, pH 7.4) at 37 °C
for mitochondrial movement studies. Neuronal projections
were imaged every 5 s for a total of 145 frames, using a
63X objective with NA = 1.4, on a Carl Zeiss Axio Observed
71 inverted confocal microscope using the CSU-X1M spin-
ning disc technology (Zeiss, Jena, Germany). Mitochondrial
movement analysis was performed using the Kymograph
Macro [28] in FIJI. Briefly, histograms were matched to the
first frame to correct fluorescence variations using Bleach
Correction plugin developed by Miura and Rietdorf, and
time lapse-dependent x-y drift was corrected by applying the
TurboReg plugin. ROIs were designated using a segmented
line following mitochondria trajectory across projections.
Kymographs generated in a x-y dimension (distance vs time)
were used to obtain the slope from which mitochondrial
velocity was calculated.

Seahorse Oxygen Respirometry

Oxygen consumption rate (OCR) in WT and hemizy-
gous YAC128 cortical/striatal co-cultures and NSCs
was measured using Seahorse XFe-24/96 flux analyzers
(Seahorse Bioscience, Billerica, MA, USA) following
the manufacturer’s instructions. Cortical-striatal primary
neurons were cultured in Seahorse XF96 V3 cell culture
microplates (Agilent, catalog no. 101085-004) at a density
of 20,000 cells/well. NSCs were seeded 30,000 cells/well
onto an XF24 cell culture microplate (Agilent, catalog
no. 102340-100) coated with Geltrex® and allowed to
adhere for 24 h at 37 °C. Pridopidine (0.1, 1, and/or 5
uM) was added, when indicated in the graphs, 24 h before
the experiment. The sensor cartridge plate was incubated
with immersed sensors in a non-CO, incubator at 37 °C
for~ 16 h (overnight). Prior to the experiments, cells were
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washed and incubated with XF assay medium (DMEM,;
Thermo Fisher Sci., catalog no. D5030) supplemented
with glucose (20 mM for neurons; 17.5 mM for NSC),
1 mM pyruvate and 2 mM glutamine, pH="7.4, at 37 °C.
The cell medium was aspirated gently to avoid disturbing
cell monolayers. Baseline measurements of OCR were
sampled prior to sequential injection of mitochondrial
complex V inhibitor oligomycin (1 uM; Sigma-Aldrich,
catalog no. 75351), protonophore carbonyl cyanide-4-
phenylhydrazone (FCCP) (0.5 uM for neurons and 0.3 pM
for NSCs; Sigma-Aldrich, catalog no. C2920) and antimycin
A (0.5 uM for neurons and 1 uM for NSCs; Sigma-Aldrich,
catalog no. A8674) plus rotenone (0.5 uM for neurons and
1 uM for NSCs; Sigma-Aldrich, catalog no. R8875) to
complete inhibit mitochondrial respiration. Accordingly,
mitochondrial basal respiration, maximal respiration, and
ATP production were automatically calculated and recorded
by the Seahorse software. Data was normalized for protein
levels.

Mitochondrial Membrane Potential

Mitochondrial membrane potential (Ay,,) was assessed in
cortical and striatal neurons using the positively changed
fluorescent probe TMRM (tetramethylrhodamine methyl
ester) (Thermo Fisher Sci., catalog no. T668) and in corti-
cal/striatal co-cultures and lymphoblasts using an equivalent
probe, TMRE (tetramethylrhodamine ethyl ester) (Abcam,
catalog no. ab113852).

TMRM Assay: Cortical and striatal neurons previously
treated, when indicated, with pridopidine (0.1 and 1 pM; 24 h)
were incubated with 150 nM TMRM (quenching conditions)
in Na™ medium for 30 min, at 37 °C. Under these conditions,
retention of TMRM by mitochondria was studied to estimate
changes in Ay,,. Basal fluorescence (503-nm excitation and
525-nm emission) was recorded using a microplate reader
Spectrofluorometer Gemini EM (Molecular Devices, USA)
for 4 min, followed by the addition of 2.5 pM FCCP plus
2.5 pg/mL oligomycin to produce maximal mitochondrial
depolarization and mitochondrial probe release. TMRM
release was calculated based in the differences in fluorescence
before and after addition of oligomycin/FCCP.

TMRE Assay: Primary neurons and lymphoblasts in
suspension were cultured in 6-well plates. The cells were
pretreated with/without pridopidine and hydrogen per-
oxide (H,0,) as per experimental condition followed by
incubation with 25 nM TMRE diluted in complete cell
culture media for 15 min at 37 °C. Primary neurons were
detached from the plate using 0.05% trypsin-EDTA and
collected in 10% FBS-containing PBS and centrifuged at
1000 rpm for 5 min. The lymphoblasts also were centri-
fuged at 1000 rpm for 5 min. The cell pellets were re-sus-
pended in 1% FBS-containing PBS and subjected to FACS

analysis using Fortessa Flow cytometer (BD Biosciences)
with a PE filter (545 nm).

Measurement of Mitochondrial H,0, Levels

Coverslip-plated cortical and striatal neurons were pre-
treated with pridopidine (0.1 and 1 pM) for 24 h and incu-
bated with the Mitochondria peroxy yellow 1 (MitoPY1)
probe (8 uM; Tocris Bioscience, catalog no. 4428) in Na*
medium for 30 min at 37 °C. After incubation, MitoPY1
was washed out and neurons imaged at 1-min intervals for
30 min using LCI PlanNeofluar/1.3NA 63X lens on a Carl
Zeiss Axio Observed Z1 inverted confocal microscope using
the CSU-X1M spinning disc technology with Zen Black
2012 software (Zeiss, Jena, Germany). Fluorescence was
recorded at 503-nm excitation and enhanced emission at
528 nm [29]. After basal reading for 10 min, neurons were
stimulated with antimycin A (2 pM). Specific MitoPY 1 fluo-
rescence in mitochondria was confirmed after co-incubating
cells with MitoTracker Deep Red (300 nM; Thermo Fisher
Sci., catalog no. M22426). Fluorescence intensity at each
time point was analyzed with FIJI using the time series ana-
lyzer plugin (v 3.0) (Balaji J. 2007).

NSCs were plated at 30,000 cells/well in 96-well assay
plates coated with Geltex® for 24 h at 37 °C. Afterwards,
NSCs were incubated for another 24 h with 1 pM pridopidine.
Prior to acquisition, cells were washed with HBSS (in mM:
137.9 NaCl, 1.3 CaCl,, 0.5 MgCl,-6H,0 0.4 MgSO,-7H,0,
5.3 KCl, 0.4 KH,PO,, 4.2 NaHCO;, 0.3 Na,HPO,, 5.6
D-glucose, at pH 7.4) and incubated for 20 min with 10 pM
MitoPY1 at 37 °C and 5% CO,. MitoPY1 fluorescence was
obtained with a Microplate Spectrofluorometer Gemini EM
(Molecular Devices, USA) using wavelength parameters
described above. Basal levels were measured for 10—15 min
followed by exposure to 3 pM myxothiazol (mitochondrial
complex III inhibitor; Sigma-Aldrich, catalog no. T5580)
and measured for an additional 30 min. The results were
calculated as RFU per 30,000 cells.

In isolated mitochondria, H,O, levels were measured
using the Amplex Red-horseradish peroxidase method.
Briefly, 5 pg of isolated mitochondria was resuspended in
mitochondrial reaction buffer (MRB, in mM: 100 sucrose,
100 KCl, 2 KH,PO,, 5 HEPES, 0.01 EGTA, 3 succinate, 3
glutamate, 0.1 ADP-K, pH 7.4) supplemented with 10 pM
Amplex Red reagent (Thermo Fisher Sci., catalog no.
A12222) and freshly prepared 0.5 units/mL horseradish per-
oxidase (Sigma-Aldrich, catalog no. 77332). The homogen-
ate was then dispensed into a 96-multiwell plate, and fluo-
rescence was measured in a spectrofluorometer microplate
reader by excitation at 570 nm and emission at 585 nm every
30 s, for 20 min. After 10 min of basal reading, mitochondria
were challenged with antimycin A (2 uM). Results were ana-
lyzed as time-dependent changes in fluorescence.

@ Springer



L. Naia et al.

CellROX Assay

H,0, (9.8 M stock) was dissolved in cell culture medium
prior to experimentation. Primary neurons and lympho-
blasts cultured on PDL-coated plates were treated with
H,0, (0-1 mM) for up to 6 h. Oxidative stress was measured
using the CellROX red reagent (Life Technologies, cata-
log no. C10422). Cells were treated with 5 pM CellROX
red in complete medium, then incubated for 30 min. The
cells were then washed with PBS and imaged on a Zeiss
Axiovert inverted microscope (Zeiss, Jena, Germany) using
a 10x objective. Exposure settings were maintained for all
samples. Fight random fields were sampled, and the fluo-
rescence intensity was measured using ImageJ software and
normalized to the DAPI signal.

MTS Assay

Cell viability was assessed on lymphoblasts using the MTS
assay, a measure of mitochondrial function, and cell sur-
vival. The assay was performed according to the manufac-
turer’s instructions (Promega, catalog no. G1112). Control
and HD lymphoblasts were treated with 5 pM pridopidine
and 0.1 mM H,0, as indicated in figure legends. In the day
of experiment, MTS reagent was added to the culture media
(1:10) and incubated at 37 °C for 4 h. Then, lymphoblasts
were centrifuged at 145xg for 5 min and media was col-
lected. The absorbance of the formazan dye produced by
viable cells was quantified in the medium at OD = 490 nm.

Immunoblotting

Cells were homogenized in RIPA buffer (50 mM Tris-HCI
pH 7.4, 150 mM NacCl, 0.5% sodium deoxycholate, 1% Triton
X-100,0.1% SDS, 1 mM EDTA, 2 mM sodium orthovanadate,
50 mM sodium fluoride, 1 mM PMSF, 10 pg/ml aprotinin,
and 10 pg/ml leupeptin). The cell lysates were transferred
to microtubes and incubated for 30 min on ice, then centri-
fuged at 20,800 g for 15 min at 4 °C. Proteins (25-50 pg cell
lysate) were resolved by SDS-PAGE and transferred to a poly-
vinylidene difluoride membrane, which was then blocked for
1 h at room temperature in Odyssey blocking buffer diluted 1:1
with PBS. The membranes were probed overnight at 4 °C with
the relevant primary antibodies followed by three washes with
0.1% Tween in PBS (PBST), and re-probing with appropriate
fluorescently tagged secondary antibodies. After three washes
with PBST, the membranes were scanned and quantified using
an Odyssey fluorescent scanner (LICOR Biosciences).
Antibodies used for immunoblotting analysis include
anti-rabbit Nrf2 (Cell signal tech, #12721, 1:1000), anti-
mouse S1R (Santa Cruz Biotech, SC-137075, 1:500), and
anti-mouse actin (Sigma-Aldrich, A5441, 1:20,000).
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Gene Expression Analysis by qRT-PCR

RNA extraction and qRT-PCR procedures were performed
as previously described [30]. Briefly, RNA was extracted
from cultured lymphoblasts using PureLink mini RNA
extraction kit (Thermo Fisher Sci., catalog no. 12183018A).
RNA (500 ng) was reverse transcribed using SuperScript
IIT Reverse Transcriptase (Thermo Fisher Sci., catalog no.
18080093) according to manufacturer’s instructions. The
gPCR was performed using the ABI Prism 7500 Sequence
Detection System (Applied Biosystems). Each sample was
run in triplicate. Gene expression was normalized to Rpl13a
or UBC mRNA.

In Vivo Study Design

About 1.5-month-old WT and hemizygous YAC128 mice
(males and females in equal proportion) were divided into
four groups. One WT mice group and one YAC128 mice
group received pridopidine treatment (30 mg/kg dissolved in
a volume of 100 uL/25 g), whereas the two remaining groups
received an equivalent volume of vehicle (sterile water) by
oral gavage for 45 consecutive days, until 3 months of age.
Mice were divided 4 animals per cage enriched in corn-
husk nesting material and paper rolls, each cage represent-
ing one individual experiment, for a total of 9 animals per
group. Pridopidine was dissolved in deionized sterile water.
Animals were weighed every week and the volume of treat-
ment adjusted accordingly. Mice were behaviorally tested
in rotarod immediately before commencing treatment and
on the day before finishing treatment. Tests were conducted
blindly at a set time during the day. Mice were sacrificed
24 h after administration of the final pridopidine dose, and
mitochondria isolated from the striatum.

Rotarod Analysis

Motor learning and coordination were assessed on a rotarod
apparatus (Letica Scientific Instruments, Panlab, Barcelona,
Spain). Mice were allowed to adapt to the behavior room for
2 h before the behavior studies. Procedures were consistent
for all subjects and tests made at minimal noise levels. The
training phase consisted of four trails per day (120 s each)
at | hintervals, at a fixed speed of 14 rpm. In this test, mice
must learn to run when placed on a constant rotating rod
to prevent them from falling. Once the task is learned, the
accelerating rotarod can be used to assess motor coordina-
tion and balance. The testing phase was carried out the fol-
lowing day on an accelerating rotarod from 4 to 40 rpm over
5 min and consisted of 3 trials, spaced 2 h apart. Rotarod
scores are the average of 3 trials. Experiments were per-
formed blinded for genotype and treatment.
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Isolation of Functional Mitochondria

The striatum was dissected from mouse brains washed once
in ice-cold mitochondria isolation buffer (MIB: in mM, 225
mannitol, 75 sucrose, 1 EGTA, 5 HEPES-KOH, pH 7.2).
Striatal mitochondria were isolated using discontinuous Per-
coll density gradient centrifugation as previously described
[31]. Briefly, striata were transferred to a 7-mL Dounce
tissue grinder (Kontes Glass Co., Vineland, NJ, USA) and
homogenized 8 times in 0.8 mL. MIB supplemented with
1 mg/mL fatty acid free BSA using a pestle with 0.07-0.12-
mm clearance, followed by another 8 strokes with a pestle
with 0.02-0.056-mm clearance. The final homogenate was
then centrifuged at 1100xg for 2 min, at 4 °C. The super-
natant was collected and mixed with freshy made 80% Per-
coll (GE Healthcare, catalog no. 17-5445-02) prepared in
mitochondrial dilution buffer (MDB: in mM, 1000 sucrose,
50 HEPES-KOH, 10 EGTA, pH 7.0), to create a 9.5% Per-
coll solution, which was further carefully layered on the
top of freshly made 10% Percoll (diluted from 80% Percoll
in MIB). The mitochondrial fraction was pelleted by cen-
trifugation at 18,500xg for 10 min at 4 °C. The pellet was
then resuspended in 1 mL of mitochondria washing buffer
(MWB: in mM, 250 sucrose, 5 HEPES—-KOH, 0.1 EGTA,
pH 7.2) and centrifuged at 10,000xg for 5 min at 4 °C. Mito-
chondrial pellet was again resuspended in a small volume of
ice-cold MWB, to create a concentrated mitochondria solu-
tion, and kept on ice for further analysis for a maximum of
2 h. Protein content of isolated mitochondria was quantified
by Bio-Rad assay (Bio-Rad, catalog no. 5000006).

Mitochondrial Complex Activity

Five microgram of isolated mitochondria diluted
in mitochondrial assay solution (MAS: in mM, 70
sucrose, 220 mannitol, 10 K,HPO,, 5 MgCl,, 1 EGTA,
2 HEPES-KOH) supplemented with 0.2% (w/v) fatty
acid-free BSA, 10 mM pyruvate, 2 mM malate, and
4 uM FCCP were seeded in poly(ethyleneimine)-coated
(1:15,000; Sigma-Aldrich, catalog no. 03880) XF24
seahorse plates by centrifugation at 2000xg for 18 min,
at 4 °C [31, 32]. After centrifugation, the volume was
adjusted to 450 pL and the Seahorse plate was equili-
brated in a humidified CO,-free incubator at 37 °C for
10-12 min. Sequential electron flow through of the
electron transport chain was evaluated after sequential
injection of rotenone (2 pM; complex I inhibitor), succi-
nate (10 mM; complex II substrate), antimycin A (4 pM;
complex III inhibitor), and ascorbate/TMPD (N,N,N',N’-
tetramethyl p-phenylenediamine) (10 mM/100 pM; elec-
tron donors to cytochrome C/complex IV) [31, 32].

Statistical Analysis

Results are expressed as mean + SEM (standard error of the
mean) of the number of independent experiments or animals
indicated in figure legends. Comparisons between multiple
groups were performed by non-parametric one-way analysis
of variance (ANOVA) using the Kruskal-Wallis test followed
by Dunn multiple comparison test. Correction for multiple
comparisons was done by two-way ANOVA followed by
Tukey’s post hoc test. Comparison between two groups was
performed by non-parametric Mann-Whitney test. The F-test
was performed to analyze the interaction term. Outliers were
detected using ROUT method (Q = 1%). Significance was
accepted at p < 0.05. All analyses were performed using
Prism software (GraphPad Version 8.0).

Results

Pridopidine Promotes Mitochondria-ER Tethering
and Stimulates Mitochondrial Dynamics
and Respiration in HD Neuronal Models

Mitochondria-ER tethering controls the amount of Ca>*
that is buffered into mitochondria, impacting the activity
of Krebs cycle enzymes, mitochondrial respiration, and
ROS production. These contacts are disrupted in several
neurodegenerative disorders [33]. Using electron micro-
graphs, we observe that YAC128 mouse striatal neurons
show a decreased number of mitochondria-ER contact sites
(MERCS) per mitochondria (p = 0.0274). The percent of
mitochondrial surface covered by ER is also reduced com-
pared with WT neurons (p = 0.0141) (Fig. 1a—). Con-
cordantly, co-localization of IP;R3 and SIR with mito-
chondria is reduced by ~ 40% in HD neurons (p = 0.049
for IP;R; p = 0.0008 for S1R) (Fig. 1f~h). An abnormally
enlarged structure of the ER observed in YAC128 neurons
(p = 0.0329) may account for these alterations in this signal-
ing platform (Fig. 1a, e).

Mitochondrial morphology is also impaired in HD.
YAC128 neurons show a reduced aspect ratio (p = 0.0343)
(Fig. 1d; supplementary Fig. 1A), indicating a higher pro-
portion of fragmented mitochondria as a result of increased
fission. No alterations in ER and mitochondria total area
were observed (supplementary Fig. S1B, C).

Pridopidine treatment (1 pM) restores mitochondria-
ER connectivity in YAC128 striatal neurons by increas-
ing the number of MERCS per mitochondria and the
percent of mitochondrial surface in contact with ER by
4.2% (p < 0.0001). Pridopidine additionally increases the
proportion of elongated mitochondria in YAC128 striatal
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«Fig. 1 Pridopidine increases mitochondria-ER coupling and co-local-
ization of IP3R and S1R with mitochondria in YAC128 neurons. a—e
Electron micrographs were obtained from striatal neurons treated for
24 h with 1 pM pridopidine and b the % of mitochondria surface in
contact with ER, ¢ the number of MERCS per mitochondria, d the
mitochondria aspect ratio, and e the ER width were quantified. In a,
mitochondria and ER are highlighted in orange and purple, respec-
tively. Each dot represents a measurement of a single cell from 3
independent primary cultures. Scale bar = 300 nm. f-h Representa-
tive images of YAC128 and WT striatal neurons treated for 24 h with
1 uM pridopidine and transfected with MitoDsRed plasmid. IP;R3
and S1R were labeled using specific antibodies and their co-localiza-
tion with mitochondria was analyzed. Each data point represents an
individual neurite analyzed from three independent cultures. Statisti-

cal significance: “p < 0.05, “p < 0.01, **p < 0.001, “**p < 0.0001

by Kruskal Wallis test followed by Dunn multiple comparison test.
nsnon-significant

neurons to WT levels (p = 0.0044) (Fig. 1a—d; supplemen-
tary Fig. 1A). The increase in IP;R and S1R co-localiza-
tion with mitochondria prompted by pridopidine treatment
in YAC128 neurons (p = 0.0001 for IP;R; p < 0.0001 for
S1R) further influences the reestablishment of MAM plat-
form in this HD model (Fig. 1f-h). Interestingly, total S1R
levels are reduced in YAC128 striatal neurons, and prido-
pidine treatment restores SI1R levels to WT levels (sup-
plementary Fig. S2A-C).

Furthermore, pridopidine restores the abnormal ER width
observed in YAC128 neurons, leading to a more organized
ER morphology (p < 0.0001) (Fig. 1e). In WT neurons,
pridopidine also significantly increases the percent of mito-
chondrial surface in contact with ER by 1.8% (p = 0.0339)
(Fig. 1b).

Mitochondrial fission is a means to enable mito-
chondria transport along the axon without affecting
trafficking [34]. Therefore, we explored the possibility
that the increased mitochondrial fission in HD neurons
is a compensatory mechanism to improve mitochon-
drial trafficking. We observed that in YAC128 striatal
neurons, mitochondrial anterograde transport is almost
undetected, with approximately 90% of mitochondria in
stationary phase (p = 0.0169) (Fig. 2a, b; supplementary
video 1, 2). Moreover, motile mitochondria in YAC128
neurons move at half the velocity of wild-type neurons
(p = 0.0218). Pridopidine treatment (1 pM) signifi-
cantly increases the proportion of motile mitochondria
(p = 0.0286), restablishing both anterograde and ret-
rograde transport (Fig. 2a—b; supplementary video 3).
These data indicate that pridopidine-induced mitochon-
dria elongation does not negatively influence transport.

Indeed, rescue of mitochondrial dynamics by pridopi-
dine treatment in YAC128 neurons may contribute to the
enhanced mitochondrial maximal respiration (p = 0.0061
for 1 pM Pri, p = 0.002 for 5 pM Pri) and ATP production
(p = 0.0358 for 5 uM Pri) (Fig. 3a—d). In WT neurons,
pridopidine enhances mitochondrial basal respiration

(p = 0.0058 for 1 pM Pri, p = 0.0016 for 5 pM Pri) and
ATP production (p = 0.02 for 5 pM Pri) (Fig. 3b, d). Pri-
dopidine also increases mitochondrial basal (p = 0.0043)
and maximal respiration (p = 0.0177) in human iPSC-
derived neural stem cells from a heterozygous HD patient
(HD-NSCs) with a normal allele of 19 CAG repeats and
an expanded allele retaining 72 CAG repeats (Fig. 3e-h).

Early Pridopidine Treatment Rescues Mitochondrial
Function in HD Cells

To gain further insight into the role of pridopidine in the regula-
tion of mitochondrial function, mitochondrial membrane poten-
tial (Ay,,,) was evaluated as it directly affects ATP production.
To this end, we employed two complementary methods: (i)
tetramethylrhodamine methyl ester (TMRM) fluorescent probe
was used under quenched conditions and its accumulation in
mitochondria was assessed after mitochondrial depolarization
with oligomycin plus FCCP and (ii) tetramethylrhodamine ethyl
ester (TMRE) fluorescent probe accumulation in mitochondria
was directly evaluated by flow cytometry.

Two previously described YAC128 mouse lines [35]
that differ in the levels of mHTT expression, termed here
as low or high YAC128, were used. As in the previous
experiments, WT neurons were used as controls since
AY, is similar between WT and YAC transgenic mice
expressing normal human full-length HTT retaining 18
glutamines (YAC18) [36]. In both lines, YAC128 cor-
tical neurons exhibit lower mitochondrial retention of
TMRM, observed by decreased fluorescence after com-
plete mitochondrial depolarization with oligomycin and
FCCP (p = 0.0193 vs Y128 low; p = 0.0222 vs Y128
high) (Fig. 4a, b), suggesting lower AY, compared
with wild-type cortical neurons. In striatal neurons, we
observe a reduction which is not statistically significant
(Fig. 4c). Remarkably, pridopidine (0.1 and 1 uM) sig-
nificantly increases A¥, in YACI128 cortical and striatal
neurons expressing both high and low levels of mHTT
(YAC128 high: p = 0.015 for 0.1 uM Pri and p = 0.0201
for 1 uM Pri in Ct neurons; p = 0.0407 for 0.1 uM Pri
and p = 0.0017 for 1 uM Pri in St neurons. YAC128 low:
p = 0.0008 for 0.1 pM Pri, and p = 0.0303 for 1 uM Pri
in Ct neurons; p = 0.0274 for 0.1 pM Pri in St neurons)
(Fig. 4a—c). These results indicate that the effect of pri-
dopidine on mitochondrial function is independent of
mHTT expression levels. In WT striatal neurons, 1 uM
pridopidine also increases AY,, (p = 0.0013) (Fig. 4c).

To understand the efficacy of pridopidine treat-
ment under a more potent cytotoxic/oxidative stimuli,
we evaluated AY,, in response to increasing levels of
hydrogen peroxide (H,0,) (Fig. 4d). Concentrations
equal to or above 0.25 mM H,0, affect mitochondrial
function in wild-type neurons. YAC128 neurons are
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more sensitive to H,O,, showing a significant reduc-
tion already at 0.1 mM H,0, (Fig. 4d). YAC128 neurons
exposed to 0.1 mM H,0, for 6 h show ~ 30% loss of AY,,
(p < 0.0001). Pridopidine treatment completely reverts
this H,O,-induced loss of A¥,, (p = 0.001), showing a
TMRM signal similar to YAC128 neurons unchallenged
by H,O, (comparing the two right bars) (Fig. 4e).

In order to test the protective effect of pridopidine in
a human model, the previous experiment was replicated
in lymphoblasts derived from HD patients, assessing
multiple concentrations of pridopidine (0.1-10 pM).
Three different protocols were established (Fig. 4f)
to assess if pridopidine can exert a protective effect
regardless of the timing of administration relative to the
cytotoxic stimulus. Pridopidine was administered either
24 h before H,0,, together with H,O, or 6 h after H,0,
challenge. The maximal protective effect of pridopidine
was observed when pridopidine was administered before
the cytotoxic stimulus of 0.1 mM H,0,, at a concentra-
tion of 5 pM (p = 0.0097). A higher dose of pridopidine
(10 uM) is less efficacious and shows less restoration
of membrane potential (p = 0.1389), indicating a bell-
shaped dose response curve (Fig. 4g). Bell-shaped response
curves are typical of SIR agonists and are demonstrated in
numerous preclinical models [37-42]as well as in clinical
trials [43—45]. The protective effect of pridopidine is only
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observed when pridopidine is administered prior to the
cytotoxic stimuli (Fig. 4g). Simultaneous administration
of pridopidine together with H,0O,, or administration of
pridopidine after H,O, challenge, does not elicit the same
protective effect (Fig. 4h, 1). Importantly, the recovery of
mitochondrial function observed when pridopidine treatment
is administered prior to H,O, stimuli is accompanied by a
significant increase in cell viability of approximately 50%
(p =0.0016) (Fig. 4j).

Pridopidine Ameliorates Reactive Oxygen Species
Production and Antioxidant Defense in HD Cell
Models

The higher susceptibility of HD mitochondria to H,0,
(Fig. 4d) may indicate that HD cells exhibit increased
oxidative stress. To test this hypothesis, we assessed local
flux of H,0, with the fluorescent probe MitoPY1 that
accumulates in mitochondria [29]. Antimycin A (Ant A)-
stimulated cortical and striatal YAC128 neurons show a
significant twofold increase in mitochondrial-driven H,O,
levels compared with WT neurons (p = 0.001 for Ct neu-
rons; p < 0.0001 for St neurons) (Fig. Sa—c). Similarly, HD
NSCs treated with the mitochondrial complex III inhibi-
tor, myxothiazol (Myxo, 3 uM) show a large increase in
mito-H,0, levels compared with control NSCs (p = 0.0365)
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Fig.3 Pridopidine enhances mitochondrial respiration in HD cell
models. a—d Oxygen consumption evaluated in WT and YAC128
cortical/striatal neurons treated with 1 and 5 uM pridopidine for 24 h
using the Seahorse flux analyzer (three independent experiments).
Quantification of b basal respiration, ¢ maximal respiration, and d
ATP production. e-h Oxygen consumption evaluated in neural stem

(Fig. 5d). HD lymphoblasts also present a threefold increase

in CellROX fluorescence in response to H,0, challenge
(p = 0.0206) (Fig. 5e). Pridopidine efficiently decreases
ROS levels in all three cellular HD models assessed. In
both cortical (Fig. 5b) and striatal (Fig. 5c) neurons, prido-
pidine reverts the increased levels of mito-H,O, prompted
by Ant A (4B; p < 0.0001) (4C; p = 0.0005 for 0.1 pM
Pri, p < 0.0001 for 1 uM Pri). In HD-NSCs, 1 uM pridopi-
dine reduces (~ 42%) the observed increase in H,O, levels
induced by complex III inhibition (p = 0.0075) (Fig. 5d). In
HD lymphoblasts, pridopidine treatment (5 pM) decreases
ROS levels by 57% under H,0,-challenged conditions
(p = 0.0001) (Fig. Se).

Recent evidence indicates that the SIR modulates oxi-
dative stress through activation of nuclear factor erythroid
2-related factor 2 (Nrf2) signaling and the downstream
antioxidant response element (ARE) genes [46]. In WT
lymphoblasts, both S1R and Nrf2 protein levels increase
in response to 0.1 mM H,0, challenge (p = 0.0256)
(Fig. 5f=h). Interestingly, HD lymphoblasts exhibit lower
levels of SIR and higher levels of Nrf2 under basal condi-
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cells (NSCs) treated with 1 uM pridopidine for 24 h using the Sea-
horse flux analyzer (three to four independent experiments). Quanti-
fication of f basal respiration, g maximal respiration, and h ATP pro-
duction. Statistical significance: “p < 0.05, *p < 0.01, *p < 0.001
by Kruskal-Wallis test followed by Dunn multiple comparison test. ns
non-significant

tions (p = 0.0106 and p = 0.022, respectively)
(Fig. 5f-h). An increase in Nrf2 levels suggests a
compensatory mechanism in response to the observed
decreased levels of SIR [47]. Reduced expression of
S1R was previously described in other neurodegenera-
tive disorders in which oxidative stress is involved [48,
49], strengthening the potential protective effect of pri-
dopidine by activating the SIR.

HD lymphoblasts fail to respond to the oxidative
stimulus showing no change in the expression of SIR
and Nrf2 (Fig. 5f-h). No increase in Nrf2 suggests
impaired expression of the downstream ARE genes
and an impaired stress response in HD cells, further
explaining the observed increase in ROS production
(Fig. 5e). Therefore, we evaluated the expression of
three Nrf2-ARE pathway-regulated genes: NAD(P)H
dehydrogenase [quinone] 1 (Nqol), heme oxygenase
1 (Hmox1), and glutamate-cysteine ligase catalytic
subunit (GCLc) [50] (Fig. 5i-k). Two of the analyzed
genes show significantly reduced mRNA expression in
HD lymphoblasts (p = 0.0372 for Nqol and p = 0.0463
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Fig.4 Early pridopidine treatment protects YAC128 neurons and
HD lymphoblasts against H,O,-induced mitochondrial dysfunction.
a—c Cortical (Ct, left panel) and striatal (St, right panel) WT and
YACI128 neurons expressing low or high levels of mHTT were treated
with pridopidine for 24 h, and TMRM was used to evaluate changes
in AY,, after depolarization with oligomycin plus FCCP (seven to
ten independent cultures). b Quantification of TMRM release in
cortical neurons. ¢ Quantification of TMRM release in striatal neu-
rons. d H,0,-dependent mitochondrial toxicity was established in
WT and YACI128 cortical/striatal co-cultured neurons by incubating
cells with increasing concentrations of H,0,, followed by staining
with TMRE and analysis by flow cytometry (three independent cul-
tures). € YAC128 neurons pre-treated with pridopidine for 24 h (at
indicated concentrations) were incubated with 0.1 mM H,0,, and
AY,, was evaluated with TMRE by flow cytometry (three independ-
ent cultures). f Timeline of pridopidine incubations in lymphoblasts.
Lymphoblasts were first treated with pridopidine for 24 h followed

for Hmox1) and a tendency for reduced mRNA levels
of GCLc (p = 0.0918). Pridopidine treatment upregu-
lates the expression of Nqol (p = 0.0010) and Hmox1
(p = 0.0308) (Fig. 5i-j), further supporting pridopidine’s
role in regulating oxidative stress.
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by an oxidative stimulus of 6 h with 0.1 mM H,0, (in g, j); prido-
pidine and H,O, incubations were performed simultaneously dur-
ing 6 h before the experiments (in h); pridopidine treatment for 24 h
was preceded by 0.1 mM H,0, incubation for 6 h (in i). g HD human
lymphoblasts were pre-treated with pridopidine for 24 h and then
challenged with H,0, for 6 h, and AY,, was evaluated by quantify-
ing the TMRE signal by flow cytometry. h Lymphoblasts were treated
simultaneously with pridopidine and H,0, and TMRE signal quan-
tified. i Lymphoblasts challenged with H,O, and then treated with
pridopidine and TMRE signal quantified. j Cell viability was evalu-
ated by the MTS assay in HD lymphoblasts treated or not with pri-
dopidine for 24 h followed by 6 h incubation with H,0, (three inde-
pendent experiments). Statistical significance: “p < 0.05, “p < 0.01,
p < 0.001, “p < 0.0001 by Kruskal-Wallis test followed by Dunn
multiple comparison test. No statistical significance was observed
between WT basal vs. YAC128 pridopidine treated conditions (in b
and c). ns non-significant

The S1R Mediates the Beneficial Effects
of Pridopidine on HD Mitochondria

To further confirm that the effects of pridopidine are medi-
ated by the S1R, we silenced the S1R in HD lymphoblasts,
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achieving approximately 83% reduction in protein levels
(Fig. 6a, b). AY,, and oxidative stress were evaluated as
before. S1R loss is sufficient to increase ROS levels 2.7-
fold in HD lymphoblasts (p = 0.0063) (Fig. 6¢), similar to
the observed effect induced by H,O, (p = 0.0005). Hence,
the S1R plays an important role in the oxidative signaling
response. Remarkably, the protective effect of pridopi-
dine treatment on mitochondrial membrane potential upon
H,0, challenge is abolished in the absence of the SIR
(p < 0.0001) (Fig. 6d), indicating that pridopidine effects
on mitochondrial functions are S1R-dependent.

Early Pridopidine Treatment in YAC128 Mice
Delays Onset of Motor Deficits and Regularizes
Mitochondrial Abnormalities

The encouraging findings in vitro led us to assess the neu-
roprotective effect of pridopidine in vivo. WT and YAC128
mice at 1.5 months of age (pre-symptomatic) were treated
with either 30 mg/kg/day pridopidine or vehicle (sterile
water) by oral gavage for 45 days (until 3 months of age;
early symptomatic) (Fig. 7a). YAC128 mice exhibit motor
deficits at 3 months of age in the rotarod performance test
[51]; therefore, this test was applied before and after pri-
dopidine treatment. Motor coordination score was meas-
ured after training as previously described [51], and the
latency to fall was quantified in an accelerated rotarod
from 5 to 40 rpm over 5 min. As expected, at 1.5 months
(pre-treated) YAC128 mice display the same weight and
motor coordination as wild-type mice (Fig. 7b; supplemen-
tary Fig. S3). At 3 months of age, vehicle-treated YAC128
mice show motor deficits compared with vehicle-treated
wild-type mice, as observed by a reduced latency to fall
during the accelerated rotarod test (p = 0.0471) (Fig. 7c).
Conversely, HD mice treated with pridopidine exhibit a
significant motor improvement in the accelerated rotarod,
compared with vehicle-treated HD mice (p = 0.0270)
(Fig. 7c), reaching a latency to fall similar to that of WT
mice. This finding is in line with previous data showing
pridopidine treatment improves motor function and motor
learning [52].

After behavioral analysis, functional mitochondria were
isolated from the mice striatum. Mitochondrial complex
activities in isolated mitochondria were evaluated by meas-
uring the sequential electron flow through the electron trans-
port chain using the Seahorse flux analyzer [31]. Sequential
injections of rotenone, succinate, antimycin A, and ascor-
bate/TMPD induced individual stimulation or inhibition
of mitochondrial complexes I, II, III, and IV, respectively,
allowing the calculation of their activities (Fig. 7d-h). Stri-
atal mitochondria from vehicle-treated YAC128 mice show
significantly higher activity of complexes II (p = 0.0016)
(Fig. 71), III (p = 0.0021) (Fig. 7g), and IV (p = 0.0010)

(Fig. 7h) compared with vehicle-treated wild-type mice, sug-
gesting an early compensatory mechanism.

Mechanisms to increase mitochondrial complex activity
can benefit proton leak and consequently regulate ROS pro-
duction. Indeed, increased complex activities in YAC128
HD mouse striatal cells are accompanied by increased
mitochondrial H,O, production, as measured by resorfin
fluorescence (Fig. 7i—k) before (Fig. 7j) and after (Fig. 7k)
inhibition of complex III with antimycin A (p = 0.0276 in
J; p = 0.0219 in k). These results further strengthen our
in vitro data (Fig. 5), suggesting that abnormal mitochon-
drial ROS production along with abnormal complex activity
may underlie the HD mitochondrial phenotype. In vivo pri-
dopidine treatment in YAC128 mice normalizes the activ-
ity of mitochondrial complexes II and III (p = 0.0306 and
p = 0.0084, respectively) (Fig. 71, g). Pridopidine treatment
also hinders the observed increase of H,0, in HD mito-
chondria (Fig. 7i-k). Pridopidine treatment did not affect
mitochondrial complex activities and H,O, levels in wild-
type mice.

Together, these data demonstrate neuroprotective
effects of pridopidine in vivo in HD mice and sug-
gests that regulation of oxidative stress is a key factor
in the beneficial effect of pridopidine on mitochondrial
function.

Discussion

The SIR is a Ca’*-sensitive ligand-operated receptor chaper-
one located at the MAM, regulating ER-mitochondria Ca?*
shuttling and cell survival [17]. Pridopidine, a high affin-
ity and potent S1R agonist, demonstrates neuroprotective
effects in numerous models of HD and other neurodegenera-
tive disorders. We have evaluated the effect of pridopidine at
0.1-10 pM on mitochondrial function and oxidative status in
HD models. This concentration range was chosen based on
previous studies showing a beneficial effect of pridopidine
at0.1 and 1 pM, in a S1R-dependent manner [8, 10, 53]. At
high concentrations (i.e., 10 pM), pridopidine is expected
to show a bell-shaped response, a known feature of SIR
agonists [54, 55].

In this study, we show that pridopidine improves mito-
chondria-ER interaction in HD primary neurons, further
enhancing mitochondrial respiration and ATP production,
mechanisms highly regulated by Ca®" influx through the
mitochondrial Ca** uniporter [56] (Fig. 8). This increase
in bioenergetics also supports mitochondrial anterograde
transport in neurons. The effect of pridopidine is not con-
fined to the central nervous system or in vitro systems.
Indeed, pridopidine effectively reduces ROS levels via
the SIR in HD neural cells, human lymphoblasts,
and in adult YAC128 mouse mitochondria (Fig. 8).
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Moreover, we show that in YAC128 HD mice, pridopidine treat-
ment restores abnormal mitochondrial complex activity
and H,0, production and maintains motor capabilities in vivo.

Pridopidine Effect on Mitochondria-ER Crosstalk:
Linking Bioenergetics and Movement

The role of MERCS is gaining interest in neurobiology
research as it constitutes key signaling hubs that regulate
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several mechanisms implicated in neurodegeneration.
Interestingly, mitochondria-ER coupling dynamics
vary substantially in neurodegenerative disorders.
Abnormally increased coupling is described
in models of familial and sporadic forms of
Alzheimer’s disease [57-59] as well as in demented
patients with high ventricular levels of AB42 [60].
Reduced mitochondria-ER coupling is observed in
Parkin-son’s disease models with mutant a-synuclein and
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«Fig.5 Pridopidine reverts oxidative challenge-induced ROS produc-
tion and impaired expression of Nrf2/ARE genes in HD cells. a Rep-
resentative image of cortical and striatal YAC128 neurons treated or
not with 1 pM pridopidine, and incubated with MitoPY1 fluorescence
probe. Mitochondrial H,O, levels were recorded before and after
Antimycin A (Ant A, 2 pM), as indicated (considering ~ 20 cells/con-
dition for St neurons and ~ 10 cells/condition for Ct neurons from four
independent cultures). Scale bar = 30 pM. b Quantification of mito-
chondrial H,O, levels in cortical neurons. ¢ Quantification of mito-
chondrial H,0, levels in striatal neurons. d Quantification of mito-
chondrial H,0O, in human NSCs treated with 1 pM pridopidine for
24 h in the presence or absence of myxothiazol (Myxo, 3 pM) as indi-
cated in the graph (four independent experiments). e Quantification of
ROS levels by CellROX in lymphoblasts treated with 0.1 mM H,O,
for 6 h followed by 5 pM pridopidine treatment for 24 h, where indi-
cated (four independent experiments). f-h Control and HD lympho-
blasts were challenged with 0.1 mM H,O, for 0, 0.5, and 2 h and the
total protein levels of SIR and Nrf2 were evaluated by western blot-
ting. Representative images of the blots are depicted in f. Quantifica-
tion of g SIR and h Nrf2 protein levels. Two-way ANOVA indicated
in effect of genotype for both Nrf2 (F(1,12) = 6.987, p = 0.0214) and
SIR (F(1,12) = 31.59, p < 0.001) expression. Data obtained from
three independent experiments. i~k Control and HD lymphoblasts
were treated with pridopidine (5 pM, 24 h), and expression of anti-
oxidant genes Nqol (i), Hmox1 (j), and GCLc (k) were evaluated
by gPCR (three independent experiments). Statistical significance:
*p < 0.05, ™p < 0.01, ™*p < 0.0001 by 2-way ANOVA followed by

Tukey’s multiple comparison test. In e, i-k, ‘p < 0.05, “p < 0.01,

**p < 0.001, *p < 0.0001 by Kruskal-Wallis test followed by Dunn

multiple comparison test. ns non-significant

was also recently described in a HD transgenic model
expressing exon 1 of the HTT gene carrying 115 CAG
repeats [61, 62]. In all cases, Ca*>* exchange between the
two organelles is affected, disrupting mitochondrial ATP
production.

Pharmacological treatments targeted at reinforcing
ER-mitochondria crosstalk prevent axonal degeneration

[49] and rescue locomotor deficits in HD models [63]. A
functional interaction between mitochondria and ER also
stimulates neuronal plasticity and enhances dendritic
spine density [64]. The role of the SIR in maintaining
the integrity and functionality of MERCS is evident,
as inhibition or loss of S1R function reduces contacts
between mitochondria and ER in motor neurons both
in vitro and in vivo [16]. This dysfunctional interplay is
a potential cause for impaired bioenergetics and mito-
chondrial transport towards the synapse. S1R chaper-
ones the IP;R at these sites [17], and its mis-localization
from the MAM causes an overall decrease in O, con-
sumption [65].

Impaired ER-mitochondria connectivity extensively
disturbs mitochondrial respiration and ATP production
[33]. In our HD YAC128 neurons, we observe a signifi-
cant reduction in the mitochondrial-ER connectivity.
Moreover, we detected abnormal ER and mitochondrial
morphology in YAC128 neurons. In fact, inhibition of
wild-type HTT expression drastically alters the structure
of the ER network [66], but whether the distorted ER
network can influence MERCS remains unknown. We
also observe a reduction in the total levels of SIR in HD
neurons and lymphoblasts, as well as its co-localization
with mitochondria, further supporting the role of the SIR
in the regulation of MERCS (Fig. 8a). Pridopidine treat-
ment significantly restores the mitochondria-ER juxta-
position, as well as mitochondrial and ER structure in
YAC128 HD neurons, to WT levels. Pridopidine restora-
tion of mitochondrial-ER coupling may contribute to the
previously reported protective effects of pridopidine on
synaptic plasticity [14] and spine density in HD models
[10], and for increases in mitochondrial bioenergetics
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Fig.6 Pridopidine effects on mitochondrial function are mediated
by the S1R. a Representative image and b quantification of west-
ern blot confirming SIR knockdown (~ 83%) in HD lymphoblasts.
¢ Quantification of CellROX staining in HD lymphoblasts subjected
to SIR siRNA and challenged with H,O, (0.1 mM; 6 h) when indi-

cated (n = 3). d Quantification of Ay, by TMRE signal in control
and S1R-silenced HD lymphoblasts treated or not with H,0, and
pridopidine (5 pM, 24 h, n = 4). Statistical significance: “p < 0.01,

p < 0.001, p < 0.0001 by Kruskal-Wallis test followed by
Dunn multiple comparison test
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Fig. 7 Early pridopidine treatment normalizes mitochondrial complex pridopidine-treated WT and YAC128 mice using a Seahorse appara-

activity and H,O, production in isolated YAC128 striatal mitochon-
dria. a Schematic representation of the in vivo/ex vivo experimen-
tal design: mice were treated with vehicle or pridopidine (blue line)
for 45 days anticipated and followed by rotarod test (R); animal’s
weight (W) was measured once a week during the time of treatment
and pridopidine concentration adjusted. 24 h after treatment conclu-
sion, striatum was dissected, and mitochondria isolated for functional
analyses. Rotarod motor test was performed before (b) and after (c)
the treatment and consisted of three trails on an accelerating rotarod
from 5 to 40 rpm over 5 min; scores were averaged. (d) Electron
flow measurement in striatal mitochondria isolated from vehicle- or
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tus. Mitochondrial complex inhibitors and substrates, 2 pM rotenone,
10 mM succinate, 4 pM antimycin A, and 1 mM ascorbate/100 mM
TMPD, were sequentially injected to calculate mitochondrial com-
plex I (e), complex II (f), complex III (g), and complex IV (h) activi-
ties, respectively. i Mitochondrial levels of H,O, were measured
using Amplex Red probe, and the fluorescence was evaluated for
10 min before (j) and after (k) inhibition of mitochondrial complex
III with antimycin A (2 pM). In i, XY lines show time-dependent
changes in fluorescence after adding Ant A. Statistical significance:
*p < 0.05, p < 0.01, ""p < 0.001 by non-parametric Kruskal-Wallis
test followed by Dunn multiple comparison test. ns non-significant
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and cell survival demonstrated in this study (Fig. 8b).
This effect is mediated via activation of the S1R as dele-
tion of SIR expression abolishes the protective effects of
pridopidine.

Impaired mitochondria-ER connectivity also influences
mitochondrial transport. S1R deficiency disrupts mitochon-
drial axonal transport [16], which is in accordance with our
data, while activation of the S1R enhances mitochondrial
movement [67]. Remarkably, after pridopidine treatment we
observe a significant decrease in the number of stationary
mitochondria in YAC128, that were equally redirected to anter-
ograde and retrograde transport, similar to what was observed
in non-treated WT neurons. Similar results are described with
another S1R agonist, the (+)SKF-10047, in primary neurons
derived from 3xTg-Alzhemer’s disease and non-Tg mice
[67]. Pridopidine also enhances mitochondria velocity in HD
YAC128 neurons. In SOD19%34 co-cultures, a model of ALS
pathology that shows disrupted ER-mitochondria connectiv-
ity [68], pridopidine rescues mitochondrial axonal transport,
mediated by S1R. Although it is not yet elucidated how
MERCS affect mitochondrial movement and velocity, recent
proteomic reports show that Mirol, a Ca** sensor GTPase
that regulates mitochondrial transport, is present in MAMs
and may regulate these contacts [69, 70].

Pridopidine Mediates Regulation of Redox Status
and Cell Survival Through S1R

Increased production of ROS and changes in redox homeo-
stasis are major contributors to neuronal death. Mitochondria
are the primary source of ROS since about 1% of O, con-
sumed generates superoxide anion due to the leakage of elec-
trons at complexes I and III. Our group has previously shown
that striatal cells expressing mHTT exhibit enhanced mito-
chondrial ROS levels, which was related to altered activities
of antioxidant defense systems and decreased response to
oxidant stressors due to impaired Nrf2-ARE transcriptional
pathway [71].

The role of the SIR in the regulation of ROS produc-
tion is evident by the observation that genetic deletion
of the SIR, or its pharmacological inhibition, leads to
increased ROS levels. On the other hand, SIR over-
expression decreases ROS levels via the activation of
Nrf2-ARE regulated genes (Nqol, Hmox1, and GCLc)
[72]. Similar data is obtained in this study using differ-
ent HD models. YAC128 primary neurons, human HD
lymphoblasts, and human HD NSCs all show increased

susceptibility to oxidative stimulus as measured by high
ROS production. Additionally, mitochondria isolated
from YAC128 neurons also show increased ROS produc-
tion after complex III inhibition, which may be related
to increased activity of mitochondrial complexes. In fact,
such an increase in complexes activity can be an early
compensatory event to avoid ATP depletion. At later
stages, no changes in complexes activities or respiratory
activity are described for this model [73].

In HD lymphoblasts, the abnormal increase in ROS
production is associated with low levels of SIR and an
impaired response to oxidative stress. Following H,O,
exposure, WT lymphoblasts show an increase in Nrf2 as a
defense mechanism. This defense mechanism is impaired
in HD lymphoblasts as evident by their inability to increase
Nrf2 levels and an improper response to the oxidative stress.
Cells’ inability to increase Nrf2 hampers their downstream
protective transcriptional increase of ARE-regulated genes,
leading to cell death. Similar increases in ROS levels are
observed in S1R knockout hepatocytes and in COS-7 cells
treated with the S1R antagonists haloperidol, BD 1047, and
BD 1063. On the other hand, S1R overexpression decreases
the levels of ROS two-fold, via activation of the Nrf2-ARE-
regulated genes [72]. Pridopidine treatment significantly
enhances the transcription of Nrf2-ARE-antioxidant defense
genes, further reducing ROS levels and increasing cell sur-
vival. This effect is mediated by activation of the S1R as
genetic deletion of the SIR in HD lymphoblasts abolishes
the protective effect of pridopidine (Fig. 8c).

The observed multifaceted rescue of mitochondrial
function by pridopidine at the cellular level translates to
a beneficial effect in vivo. Treatment of pre-symptomatic
YAC128 HD mice with pridopidine significantly improves
their performance in the rotarod test, implying a delay in
the onset of motor symptoms. This improved performance
is likely to result from maintenance of neuronal function.

An important observation from this study is the effect
of timing: pridopidine was most efficacious for restor-
ing Ay, when administered prior to oxidative challenge.
This observation is additionally enforced by the main-
tenance of motor function in HD mice when they were
treated at early, pre-symptomatic stages with pridopidine.
These data highlight the potential utility of pridopidine
administration at early stages of HD and correlate with
observations from the PRIDE-HD clinical trial in which
pridopidine was most efficacious in maintaining func-
tional capacity in early HD patients [74].
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«Fig.8 S1R agonist pridopidine restores multiple mitochondrial pro-
cesses disrupted in HD cells. a Mitochondria-ER tethering is essen-
tial for mitochondrial health. In healthy cells, mitochondria-ER
tethering is facilitated via SIR stabilization of the tethering com-
plex consisting of IP;R, GRP75 and VDAC [16]. These contacts are
also important to maintain the balance between mitochondrial fis-
sion and fusion (left). In HD cells, mHTT binds to the IP;R at the
ER membrane [75], which may disrupt these contacts and lead to a
reduction in mitochondria-ER tethering, and influence mitochondrial
fission (fragmented, round mitochondria). ER also presents a swol-
len structure (center). Pridopidine activation of the SIR increases
mitochondria-ER tethering and restores mitochondrial and ER mor-
phology (right). b Mitochondria-ER tethering regulates Ca** flux to
the mitochondria via the IP;R (left) [76]. As a result of the disruption
in mitochondria and ER communication in HD cells, mitochondria
bioenergetics is compromised, as observed by decreases in Ay, and
ATP production (center); concomitantly, a reduction in bidirectional
mitochondrial transport is observed. Pridopidine treatment increases
mitochondrial membrane potential, ATP production, and mitochon-
drial trafficking (right). ¢ In healthy cells oxidative insult (i.e. H,O,)
enhances Nrf2 levels, leading to upregulation of ARE genes as a
defense mechanism (left). This response, necessary for cell survival,
is abrogated in HD cells (center). Pridopidine treatment restores
the Nrf2-ARE response to oxidative stress and rescues cell viability
(right)
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