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ABSTRACT

There is evidence that cognitive decline in Alzheimer's disease (AD) results from deficiencies in synaptic com-
munication (e.g., loss of mushroom-shaped ‘memory spines’) and neurodegenerative processes. This might be
treated with sigma-1 receptor (S1R) agonists, which are broadly neuroprotective and modulate synaptic plas-
ticity. For example, we previously found that the mixed muscarinic/S1R agonist AF710B prevents mushroom
spine loss in hippocampal cultures from APP knock-in (APP-KI) and presenilin-1-M146 V knock-in (PS1-KI) mice.
We also found that the “dopaminergic stabilizer” pridopidine (structurally similar to the S1R agonist R(+)-3-
PPP), is a high-affinity SIR agonist and is synaptoprotective in a mouse model of Huntington disease. Here we
tested whether pridopidine and R(+)-3-PPP are synaptoprotective in models of AD and whether this requires
S1R. We also examined the effects of pridopidine on long-term potentiation (LTP), endoplasmic reticulum cal-
cium and neuronal store-operated calcium entry (nSOC) in spines, all of which are dysregulated in AD, con-
tributing to synaptic pathology. We report here that pridopidine and 3-PPP protect mushroom spines from AP4>
oligomer toxicity in primary WT hippocampal cultures from mice. Pridopidine also reversed LTP defects in
hippocampal slices resulting from application of AP4, oligomers. Pridopidine and 3-PPP rescued mushroom
spines in hippocampal cultures from APP-KI and PS1-KI mice. S1R knockdown from lenti-viral ShRNA expression
destabilized WT mushroom spines and prevented the synaptoprotective effects of pridopidine in PS1-KI cultures.
Knockout of PS1/2 destabilized mushroom spines and pridopidine was unable to prevent this. Pridopidine
lowered endoplasmic reticulum calcium levels in WT, PS1-KO, PS1-KI and PS2 KO neurons, but not in PS1/2 KO
neurons. S1R was required for pridopidine to enhance spine nSOC in PS1-KI neurons. Pridopidine was unable to
rescue PS1-KI mushroom spines during pharmacological or genetic inhibition of nSOC. Oral pridopidine treat-
ment rescued mushroom spines in vivo in aged PS1-KI-GFP mice. Pridopidine stabilizes mushroom spines in
mouse models of AD and this requires S1R, endoplasmic reticulum calcium leakage through PS1/2 and nSOC.
Thus, pridopidine may be useful to explore for the treatment of AD.

1. Introduction

progressive impairment of synaptic connections and neuronal atrophy
(Selkoe, 2002). It is the most prevalent cause of dementia and the sixth

Alzheimer's disease (AD) undermines cognitive functioning through leading cause of death in the United States (Alzheimer's's, 2015). It
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afflicted approximately 6 million Americans as of 2017 and its pre-
valence is expected to drastically increase over the coming decades
(Brookmeyer et al., 2018). The risk of developing AD escalates with age
or harboring certain alleles (e.g., APOE e4) (Saunders et al., 1993).
Although the vast majority of AD cases are considered sporadic, < 1%
are caused by autosomal dominant mutations in proteins such as
amyloid precursor protein (APP), presenilin-1 (PS1) or presenilin-2
(PS2) (Van Cauwenberghe et al., 2016). AD pathology involves aber-
rant changes in neurophysiology (e.g., dysregulation of calcium sig-
naling, oxidative stress, mitochondria dysfunction), inflammation, ac-
cumulation of amyloid-p plaques and aggregation of neurofibrillary
tangles of hyperphosphorylated tau protein (Kumar and Singh, 2015;
Ryskamp et al., 2016). These factors conspire to weaken synaptic
connections, impairing long-term memory storage (Ryskamp et al.,
2016; Selkoe, 2002; Tackenberg et al., 2009). As thin spines convert
into mushroom spines during information storage and in response to
LTP (Bourne and Harris, 2007; Hayashi-Takagi et al., 2015), mushroom
spine deficiency may reflect learning and memory defects in models of
AD. Indeed, in both PS1-KI and APP-KI models of AD, hippocampal
neuron mushroom spines are lost in vitro and in vivo (Sun et al., 2014;
Zhang et al., 2015). Thus, drugs that stabilize mushroom spines could
potentially stave off memory impairment in AD.

S1R is a transmembrane protein of 223 amino acids residing in the
endoplasmic reticulum (ER) where it acts as a chaperone, modulating
the activity of several client proteins of which several are ion channels
(Kourrich et al., 2012). Although SIR was previously thought to have
two transmembrane domains (Brune et al., 2014; Ortega-Roldan et al.,
2015), a recent crystal structure suggested it might have only a single
transmembrane domain (Schmidt et al., 2016). In addition to its role in
neuromodulation (Maurice et al., 2006), S1R regulates neuroplasticity
(Kourrich et al., 2012; Takebayashi et al., 2004; Tsai et al., 2009). For
example, knockdown of S1R in hippocampal neurons causes shrinkage
of spines (Tsai et al., 2009), whereas stimulation of SIR activity pro-
motes hippocampal long-term potentiation and neurogenesis
(Moriguchi et al., 2013). This is of interest in the context of AD because
the density of S1R binding-sites is reduced early in AD in the cortex,
hippocampus and other brain regions (Jansen et al., 1993; Mishina
et al., 2008). Interestingly, common genetic variants of SIR may modify
risk of AD in carriers of the APOE ¢4 allele (Fehér et al., 2012; Huang
et al., 2011; Maruszak et al., 2007; Uchida et al., 2005). S1R agonists
have anti-amnestic properties, rescuing learning and memory impair-
ments from scopolamine or amyloid-f toxicity (Maurice and Goguadze,
2017). S1R agonists also modulate several neuroprotective pathways
and have demonstrated preclinical efficacy in animal models of AD. For
example, the mixed muscarinic/S1R agonist AF710B stabilized mature
mushroom spines in vitro in hippocampal cultures prepared from AD
mice (PS1-KI and APP-KI models) and in vivo treatment of 3xTg-AD
mice with AF710B reduced levels of BACE1, AB;_4», plaques, p25/
CDK5, GSK-3p activity, Tau phosphorylation and memory deficiency in
the Morris water-maze (Fisher et al., 2016). AF710B was also disease-
modifying in McGill-R-Thyl-APP transgenic rats, reducing amyloid
burden and inflammation while enhancing synaptogenesis and cogni-
tion (Hall et al., 2017).

Several other S1R agonists including PRE-084, (—)-MR22,
ANAVEX1-41, ANAVEX2-73, DHEA, and pregnenolone sulfate treat
the hallmarks of AD in vivo following injection of AB.s 35 into the CNS
of rodents by reducing Af;_45, GSK-3f activity, hyperphosphorylated
Tau, neuroinflammation, oxidative stress, endoplasmic reticulum (ER)
stress, apoptosis of hippocampal neurons and memory impairments
(Maurice and Goguadze, 2017; Meunier et al., 2006). Also, the acet-
ylcholine esterase inhibitor donepezil, which is approved for use in the
treatment of AD, is a high affinity S1R agonist and its anti-amnestic and
neuroprotective properties may be partially mediated by SIR (Meunier
et al., 2006). In APPs,,. AD mice knockout of S1R increases oxidative
stress in the hippocampus and promotes memory deficits (Maurice and
Goguadze, 2017; Maurice et al., 2018). These and other examples
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(Mancuso et al., 2012; Maurice and Lockhart, 1997; Mavlyutov et al.,
2013; Mavlyutov et al., 2011; Nakazawa et al., 1998; Ono et al., 2014;
Ryskamp et al., 2017; Smith et al., 2008) show that S1R agonists are
broadly neuroprotective and loss of SIR worsens neurodegenerative
phenotypes.

Pridopidine (a.k.a. ACR16, ASP2314 or Huntexil) was originally
classified as a “dopaminergic stabilizer” due to its ability to increase
locomotion in hypoactive rodents and decrease locomotion in hyper-
active rodents, which was thought to result from modulation of dopa-
minergic tone via low-affinity regulation of dopamine receptor D,
(Rung et al., 2008). More recent studies demonstrated that pridopidine
acts as a high-affinity S1R ligand (Sahlholm et al., 2013). In previous
studies we demonstrated that pridopidine is synaptoprotective in a
mouse model of Huntington disease, behaving as an S1R agonist
(Ryskamp et al., 2017). We further demonstrated that pridopidine ac-
tivates neuroprotective pathways impaired in HD and improves beha-
vioural and transcriptional deficits in HD mice (Garcia-Miralles et al.,
2017; Geva et al., 2016; Kusko et al., 2018). Consistent with these
findings, pridopidine has demonstrated promising results in human HD
trials (de Yebenes et al., 2011; Esmaeilzadeh et al., 2011; Huntington
Study Group, 2013; Lundin et al., 2010). In the present study, we tested
whether pridopidine is synaptoprotective in models of AD and whether
these effects require SIR. We also investigated the importance of
modulating calcium signaling in the synaptoprotective actions of pri-
dopidine.

2. Materials and methods
2.1. Mice

Experiments with mice were permitted by the Institutional Animal
Care and Use Committee of the University of Texas Southwestern
Medical Center at Dallas and followed the National Institutes of Health
Guidelines for the Care and Use of Experimental Animals. Wild type
(WT; C57/B6J), presenilin-1-M146V knock-in (PS1-KI) (Guo et al.,
1999), conditional presenilin double-knockout mice (PS1%°¥/fx pgo~/
7) (Zhang et al., 2010) and amyloid precursor protein knock-in (APP-
KI; a.k.a. AppNL'F) mice harboring Swedish (KM670/671NL) and Be-
yreuther/Iberian (I716F) mutations in the APP gene (Saito et al., 2014;
Zhang et al., 2015) were kindly provided by Dr. Saido (Riken, Japan)
and were housed in a barrier facility (12h light/dark cycle) at UT
Southwestern Medical Center. thyl-GFP line M mice (WT-GFP) (Feng
et al., 2000) were crossed to PS1-KI mice to generate PS1-KI-GFP mice
as we previously described (Zhang et al., 2016). PS1-KI and APP-KI
mice were bred as homozygotes and WT-GFP and PS1-KI-GFP mice
were heterozygous for the GFP allele. Both male and female mice were
included in the study and, as no differences from gender were noted,
data was pooled.

2.2. Preparation of hippocampal cultures and in vitro mushroom spine loss
assay

To study hippocampal mushroom spine loss in vitro, hippocampal
cultures were prepared from WT, PS1-KI, and APP-KI mice as in (Sun
et al., 2014). 24 well plates with coverslips were prepared as follows.
12 mm glass coverslips were washed with 100% acetone, 100% ethanol
and then 70% ethanol and separated onto clean paper towels with
forceps and left to dry. They were then placed in wells of 24 well plates
and exposed overnight (with the lid off) to UV light. These were
wrapped in aluminum foil and stored until use. Just before harvesting
hippocampi, coverslips were coated with poly-p-lysine coated (0.5 ml/
well of 0.1 mg/ml poly-p-lysine in PBS for 30min at 37 °C). Then
postnatal day 0-1 pups were anesthetized on ice and decapitated with
sharp scissors. Brains were removing following linear cuts of the scalp
and skull across the midline and placed in ice cold dissection media
(1 x Hank's Balanced Salt Solution, 16.36 mM HEPES, 10 mM NaHCOs,
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1 x penicillin-streptomycin) in medium petri dishes and hippocampi
were isolated by dissection and surface vasculature was removed.
Hippocampi were cut into ~500 um chunks, poured into 50 ml Falcon
tubes, centrifuged (800 rpm for 4 min), digested with papain dissolved
in NeurobasalA medium (30 min at 37 °C in 500 ul of 114 U papain/
10 ml NBA; Worthington), rinsed and centrifuged (2000 rpm for 4 min;
Neurobasal-A medium (NBA) with 10% FBS and 25 pg/ml DNAse 1),
mechanically dissociated (by trituration in 500 pl of dissection media
with 5mg/ml DNAse I), rinsed by adding dissection media and cen-
trifuging (2000 rpm for 4 min) and rinsed again by replacing dissection
media with plating media (NBA, 1% FBS, 2% B27 and 0.5 mM L-gluta-
mine) and centrifuging (2000 rpm for 4 min). The supernatant was as-
pirated and 2 ml of plating media was added to each Falcon tube per 24
wells to be plated. Hippocampal pellets were dissociated by gentle
trituration with a 1 ml pipette and 80 pl of the cellular suspension was
added to the top of each coverslip for 7 min before increasing the vo-
lume of plating media to 1 ml. Hippocampi from 5 to 6 brains were used
to plate 24 wells of a 24-well plate. During the process of preparing the
cell suspension, 24 well plates were removed from the incubator and
poly-p-lysine was aspirated. Wells were rinsed with dissection media
and then with plating media. After removing the media, a plastic pip-
ette tip was used to position each coverslip in the centre of each well
and any media squeezed out from under each coverslip was aspirated.
The lid was left off to dry out remaining media until plating. This
technique keeps the cell suspension confined to the surface of the
coverslip, which is important for achieving the desired cellular density.
Cells were maintained at 37 °C in a 5% CO,, incubator. For fura-2 ex-
periments, cells were feed weekly by addition of 500 ul of NBA, 2% B27
and 0.5 mM r-glutamine. For morphological analysis of spines based on
TdTomato fluorescence or GCaMP5G imaging experiments, cultures
were transfected on DIV7 with a high calcium phosphate technique
(Jiang and Chen, 2006; Sun et al., 2014). Transfected cultures were fed
on DIV14 with 500 ul of NBA, 2% B27 and 0.5 mM L-glutamine. When
adding drugs to the cultures, drugs were diluted with NBA from 10 mM
stock solutions (in DMSO). The drugs or the vehicle were then added to
the wells. Starting on DIV15-17 for spine analyses or DIV13-15 for
calcium imaging, cultures were treated with pridopidine or R(+ )-3-PPP
at (100 nM or 1 uM).

For analysis of spine morphology, cultures were fixed after 16 h of
drug incubation. When treating with multiple drugs, they were added
together. For fixation, media was removed and 500 pl of cold 4% for-
maldehyde plus 4% sucrose in PBS (pH 7.4) was added to each well.
The plate was placed at 4 °C for 20 min and then wells were washed
twice (10 min each) with cold PBS. A drop of Aqua-Poly/Mount
(Polysciences, Inc.) was added to a microscope slide before transferring
the coverslip using fine tip forceps. Slides were allowed to dry overnight
before imaging. Spines were imaged using a 63 X glycerol objective
(N.A. 1.3) on a confocal microscope (Leica SP5) with the pinhole set to
one airy unit. Z-stacks were captured with a set size of 0.5 pm. Spine
type abundance in one to three dendritic segments / neuron
(~70-90 um) was automatically scored using the NeuronStudio soft-
ware package (Rodriguez et al., 2008) with manual correction while
blinded to the condition. Spine shapes were categorized as described in
(Sun et al., 2014), using the following cutoff values: aspect ratio for thin
spines (AR_thin(crit)) = 2.5, head to neck ratio (HNR(crit)) = 1.3, and
head diameter (HD(crit)) = 0.45 um. Data were analyzed from at least
three batches of cultures for each experiment.

2.3. Preparation of toxic A oligomers

AB1_42 was obtained from California Peptide and Af;_4o-derived
diffusible ligands (ADDLs) were prepared as in (De Felice et al., 2007).
In brief, AP;_4> was aliquoted and dried in hexafluoro-2-propanol and
stored until use at —80 °C. Undiluted, sterile Me,SO4 was added to an
aliquot to make a 5 mM solution of AP;_45. This was diluted to 100 uM
in Ham's F-12 medium without glutamine (BioSource) and incubated
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overnight (4 °C). The solution was then centrifuged at 14,000 x g for
10 min (4 °C) to discard insoluble aggregates (protofibrils and fibrils).
The supernatant, which contained soluble Af3;_4> ADDLs, was added on
DIV15 to WT hippocampal cultures for 48 h, and then cells were fixed
for spine analysis. The concentration of ADDLs was estimated based on
the initial amount of Af3;_4> peptides.

For LTP experiments, APB;_4o (order number H-1368; Bachem, CH-
Bubendorf) was suspended in 100% HFIP (Sigma Aldrich) to approxi-
mately 1 mg/400 ul HFIP and shaken at 37 °C for 1.5h. The HFIP was
removed by evaporation using a Speedvac for approximately 30 min,
and when completely dry, aliquots of 100 ug AB;_4» were stored at
—20°C. The AP;_4, was dissolved in DMSO (Sigma Aldrich) to a con-
centration of 100 uM with the aid of an ultrasonic water bath.

2.4. Brain slice preparation and field excitatory postsynaptic potentials
(fEPSPs) recording

Transverse hippocampal slices (350 um thick) were obtained from
adult (2 month) mice that were isoflurane-anesthetized and decapitated.
The experimental protocols were approved by the Ethical Committee on
Animal Care and Use of the Government of Bavaria, Germany. The brain
was rapidly removed, and slices were prepared in ice-cold Ringer solu-
tion using a vibroslicer (HM650V, Microm International, Walldorf,
Germany). All slices were placed in a holding chamber for at least 60 min
and were then transferred to a superfusing chamber for extracellular or
whole-cell recordings. The flow rate of the solution through the chamber
was 4 ml/min. The composition of the solution was 124 mM NaCl, 3 mM
KCl, 26 mM NaHCO3, 2 mM CaCl,, 1 mM MgSO,4, 10 mM p-glucose, and
1.25 mM NaH,PO,, bubbled with a 95% O, / 5% CO, mixture, and had a
final pH of 7.3. All experiments were performed at room temperature.
AP;_4> stock solution in DMSO was added to the bath solution to give a
final APB;_4o concentration of 50 nM.

Extracellular recordings of fEPSPs were obtained from the dendritic
region of the CA1 region of the hippocampus using glass micropipettes
(1-2MQ) filled with superfusion solution. Steady baseline recordings
were made for at least 30 min before application of tetanic stimuli. For
LTP induction, high-frequency stimulation conditioning pulses (100
pulses @ 100Hz; 4-5V) were applied to the Schaffer collater-
al-commissural pathway via two independent inputs. Pridopidine was
applied via the bath solution for one hour before induction of LTP in
one input. After 60 min of stable LTP Af;_4» has been applied for
90 min and LTP has been induced in the other input.

Amplified fEPSPs were filtered (3 kHz), digitized (15kHz) and mea-
sured and plotted online, using the "LTP-program" software (Anderson
and Collingridge, 2001); available from http://www/ltp-program.com.
Measurements of the slope of the fEPSP were taken between 20 and 80%
of the peak amplitude. Slopes of fEPSPs were normalized with respect to
the 20-min control period before tetanic stimulation.

2.5. Lenti-virus preparation

We used produced lenti-viruses to infect neurons and express nu-
clear localization sequence-green fluorescent protein (NLS-GFP), NLS-
GFP-Cre, Cas9 and sgRNA. For NLS-GFP and NLS-GFP-Cre we used a
lenti-expression vector (FUGW; addgene.org/14883/). We obtained
lenti-Cas9-Blast (addgene.org/52962/) and lenti-GuidePuro (addgene.
org/52963/) for CRISPR experiments. Lenti-viruses were produced by
transfecting HEK293T cells with the plasmid of interest and lenti-viral
production and packaging plasmids (A8.9 and VSVG). These were
mixed in 1 ml of DMEM and 60 pul polyethylenimine (PEI) for 20 min
(RT). Culture media (DMEM + 10% FBS) was exchanged with 11.5ml
of NBA and the transfection mixture was added dropwise around the
dish. Media was harvested 48h later, centrifuged (2000 RPM for
5 min), filtered (0.45 um pore size) and aliquoted into cryotubes, which
were frozen in liquid nitrogen and stored at —80 °C until use. A total
volume of 100 pl of lenti-virus media was added to each well on DIV7.
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These lenti-viruses exhibited selective neuronal tropism as revealed by
GFP expression and MAP2 immunostaining, with a ~90% neuronal
transfection rate (Wu et al., 2016).

2.6. S1R knockdown and overexpression

S1R was knocked down using lenti-virus-mediated shRNA expression
in hippocampal neurons. Plasmids encoding MISSION® shRNA targeting
mouse S1R (clone ID: NM_011014.2-1138s21c1; sequence: CCGGCCTG
TAGTAATCTCTGGTGAACTCGAGTTCACCAGAGATTACTACAGGTTT
TTG) or scrambled shRNA were from Sigma-Aldrich (St. Louis, Mo.,
USA). For overexpression of S1R, cDNA for the human S1R (www.ncbi.
nlm.nih.gov/nuccore/NM_005866.3) was subcloned into the lenti-viral
vector using EcoRI and BamHI restriction sites. Plasmids were produced
and purified using a Maxi-prep (NucleoBond Xtra kit; Macherey-Nagel),
sequenced and lenti-viruses were prepared as described above. 100 pl of
the collected lenti-virus media was added to each well of neuron cultures
on DIV7. Functional analyses in the mushroom spine loss assay and nSOC
imaging assay as well as prior Western blotting experiments (Fisher et al.,
2016) validated the efficacy of the constructs.

2.7. CRISPR/Cas9-mediated deletion of PS1, STIM1 and STIM2

To delete neuronal presenilin-1 (PS1), stromal interaction molecule
1 (STIM1) and/or (STIM2) in hippocampal cultures we used the
CRISPR/Cas9 system. sgRNA sequences targeting mouse STIM1 or
STIM2 were designed using bioinformatics tools (crispr.mit.edu for
predicted specificity and http://www.broadinstitute.org/rnai/public/
analysis-tools/sgrna-design for predicted efficacy) and sgRNA plasmids
targeting PS1 (gPS1), STIM1 (gSTIM1) or STIM2 (gSTIM2) were gen-
erated. A sgRNA sequence targeting the second coding exon of PS1 (
GACGACCCCAGGGTAACTCCCGG) or the first coding exon of STIM1 (
GAATACAGGAGCTAGCTCCG) or STIM2 (GTCGGGATCGGCCGGAG
CGG) was subcloned into the lentiGuide-Puro plasmid (addgene.org/
52963/) as in (Sanjana et al., 2014) following their target guide se-
quence cloning protocol (media.addgene.org/data/plasmids/52/
52963/52963-attachment_IPB7ZL_hJcbm.pdf). The lenti-Cas9-Blast
plasmid (addgene.org/52962/) was used to express Cas9. The efficacy
of this approach was confirmed in (Wu et al., 2016). As in (Platt et al.,
2014), sgRNA (GTGCGAATACGCCCACGCGAT) targeting the bacterial
gene P-galactosidase (LacZ) was used as a negative control (gLacZ).
Functional analysis in the mushroom spine loss assay as well as prior
Western blotting experiments (Wu et al., 2018; Wu et al., 2016) vali-
dated the efficacy of the approach and constructs.

2.8. Fura-2 calcium imaging

Cytosolic calcium was imaged using Fura-2 as described (Sun et al.,
2014) on DIV14-16. Hippocampal cultures were loaded with Fura-2-
AM (5uM; Molecular Probes) in the presence of pluronic acid for
45 min at 37 °C and transferred to a recording chamber filled with ar-
tificial cerebrospinal fluid (ACSF) (140 mM NacCl, 10 mM HEPES, 5 mM
KCl, 2mM CaCl, and 1 mM MgCl,, with the pH set to 7.3). Fura-2 was
excited with 340 and 380 nm light from a DeltaRAM-X illuminator and
510 nm emissions were detected with an Evolve camera and Easy-
RatioPro software (Photon Technology International, Inc.). Calcium
levels were monitored via the ratio of emissions evoked by 340 nm and
380 nm light (340F/380F ratio). To measure the concentration of cal-
cium in ionomycin-sensitive calcium pool, calcium-containing ACSF
was replaced with calcium-free ACSF (containing 100 uM EGTA) 30s
prior to the application of 5uM IO and the calcium signals were re-
corded as R = 340F/380F. The size of the ER calcium pool was esti-
mated by integrating the area under the response curve as described
(Wu et al., 2016). Hippocampal neurons were distinguished from glia as
in (Sun et al., 2014) by their distinctive morphology. Data were ana-
lyzed from at least three batches of cultures for each experiment.
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2.9. GCaMP5G calcium imaging

Calcium in hippocampal neuron spines was imaged as previously
described (Sun et al., 2014). On DIV7 hippocampal cultures were
transfected with a plasmid encoding GCaMP5G (Jiang and Chen, 2006)
using a high calcium phosphate method (CalPhos Transfection Kit;
Clontech). Hippocampal neurons in the cultures were identified as in
(Sun et al., 2014) by their characteristic morphology. GCaMP5 was
excited with a Prior Lumen 200 illuminator (488 nm excitation) and
imaged with an Olympus IX70 inverted epifluorescence microscope
(60 x lens) equipped with a Cascade 650 digital camera (Roper Sci-
entific). Calcium signals were imaged at 0.5 Hz using MetaFluor ima-
ging software (Universal Imaging). Neuronal store-operated calcium
entry (nSOC) was measured by removing extracellular calcium (calcium
free ACSF with 400 uM EGTA) and blocking the SERCA pump with 1 yM
thapsigargin (Tg) for 10 min before replacing this solution with ACSF
containing 2mM calcium, 1 uM Tg and a calcium channel inhibitor
cocktail (1 uM TTX, 50 uM AP5, 10 uM CNQX and 50 uM nifedipine).
Baseline calcium (FO) in calcium-free media was imaged for 40 s prior
to calcium re-addition. F = peak response from calcium add back.
Calcium trace data was obtained using ImageJ (NIH) and mean in-
tensity values were further analyzed in Microsoft Excel. Data were
analyzed from at least three batches of cultures for each experiment.

2.10. Western blotting

Mice were euthanized (euthasol injection and cervical dislocation) and
hippocampi were removed in PBS by dissection from WT and PS1-KI mice
at 3, 6, and 12 months of age. For each hippocampus, 200 pl of cold lysis
buffer (1% CHAPS, 137mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4,
1.4mM KH2PO4, pH7.2, 5SmM EDTA, 5mM EGTA, 1 mM PMSF, 50 mM
NaF, 1 mM Na3VO4 and protease inhibitors) was used to homogenize the
tissue (by trituration) and solubilize protein (rotating at 4 °C for 1 h). After
homogenates were centrifuged in 1.5ml tubes at 10,000 g for 10 min at
4°C, the supernatant was collected. The concentration of protein in each
sample was measured with a NanoDrop. Enough 6 x SDS sample buffer
was added to each sample for a final concentration of 1X. As needed,
samples were diluted with 1x SDS buffer to standardize protein con-
centrations across samples. Culture samples were prepared by lysing cells
with 1 x SDS buffer, followed by brief sonication. Samples were heated at
90 °C for 3 min, separated by SDS-PAGE and analyzed by Western blotting
with mouse anti-S1R mAb (1:200-1:1000, Santa Cruz, sc-137,075), rabbit
anti-sigma-2 receptor/TMEM97 pAb (1:2500; Novus Biologicals,
NBP1-30436), mouse anti-dopamine D, receptor mAb (1:1000; Abcam,
ab88074), mouse-anti-PS1 mAb (1:5000; Millipore, MAB5232) and mouse
anti-tubulin mAb (1:5000, DSHB, E7-c). The HRP-conjugated anti-mouse
(111-035-144) and anti-rabbit (115-035-146) secondary antibodies were
from Jackson ImmunoResearch. Bands were analyzed with ImageJ by
normalizing the density of each band to tubulin signal of the same sample.

2.11. In vivo hippocampal mushroom spine analysis

WT-GFP and PS1-KI-GFP mice were aged to 5months of age and
then treated daily for one month by mouth with 30 mg / kg or prido-
pidine dissolved in water. At six month of age, mice were exsanguinated
and intracardially perfused with ice-cold PBS followed by freshly pre-
pared 4% paraformaldehyde (PFA) in PBS, pH 7.4 (3 min each with the
peristaltic pump perfusing 10 ml per min). The brains were removed
and postfixed in 4% PFA in PBS overnight. 50 pm thick coronal slices
were then made with a vibratome (Leica 1200S). GFP-positive CA1l
pyramidal neurons were then imaged with a Leica SP5 (63 x glycerol
objective, N.A. 1.3). Z-stacks with a step size of 0.5 um captured the
second order apical dendrites. As described above and in (Rodriguez
et al., 2008; Zhang et al., 2015), we used NeuronStudio to quantify the
density of spines and classify them based on shape.


http://www.ncbi.nlm.nih.gov/nuccore/NM_005866.3
http://www.ncbi.nlm.nih.gov/nuccore/NM_005866.3
http://crispr.mit.edu
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http://www.broadinstitute.org/rnai/public/analysis-tools/sgrna-design
http://addgene.org/52963
http://addgene.org/52963
http://media.addgene.org/data/plasmids/52/52963/52963-attachment_IPB7ZL_hJcbm.pdf
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http://addgene.org/52962
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Fig. 1. Pridopidine and 3-PPP prevent loss of mushroom spines from A4, oligomer toxicity or AD mutations in hippocampal cultures. (A) Chemical structures of
pridopidine and 3-PPP adapted from (Sahlholm et al., 2013). (B) Confocal images of dendrites and spines expressing TdTomato in WT hippocampal cultures. Scale
bar = 5pm. (C) Quantitative summary of mushrooms spine prevalence in WT hippocampal cultures treated for 48 h starting on DIV14-15 with vehicle or AP4,
ADDLs (5 uM) and for 16 h prior to fixation with the vehicle (n = 16 neurons for control and AfB,,), 100 nM pridopidine (n = 15 neurons), or 100 nM 3-PPP (n = 16
neurons). (D) Confocal images of spines expressing TdTomato in WT and APP-KI hippocampal cultures. Scale bar = 5 um. (E) Quantitative summary of mushrooms
spine prevalence in WT (n = 13 neurons) and APP-KI hippocampal cultures treated for 16 h on DIV15-16 with the vehicle (n = 15 neurons), 100 nM pridopidine
(n = 15 neurons), 1 uM pridopidine (n = 9 neurons), 100 nM 3-PPP (n = 12 neurons) or 1 uM 3-PPP (n = 12 neurons). (F) Confocal images of spines expressing
TdTomato in WT and PS1-KI hippocampal cultures. Scale bar = 5 pm. (G) Quantitative summary of mushrooms spine prevalence in WT (n = 13 neurons) and PS1-KI
hippocampal cultures treated for 16 h on DIV15-16 with the vehicle (n = 15 neurons), 100 nM pridopidine (n = 17 neurons), 1 M pridopidine (n = 11 neurons),
100nM 3-PPP (n = 15 neurons) or 1 uM 3-PPP (n = 13 neurons). Results are shown as mean * S.E. Experimental conditions were compared to the WT control
condition using the Holm-Bonferroni test. ****p < .0001.

2.12. Statistical analyses treatment with pridopidine (Fig. 1A) or the structurally similar SIR
agonist 3-PPP (Fig. 1A) can prevent this. Primary hippocampal cultures

Data are presented as mean + standard error. Unpaired t-tests were were prepared from WT pups on postnatal day 0-1 and were transfected
used for single comparisons and the Holm-Bonferroni method was used on day in vitro (DIV) 7 with a plasmid encoding TdTomato for later
for multiple comparisons as specified. a was set at 0.05. p < 0.05 = *, visualization of dendritic spine morphology. AP4, was oligomerized to
p < 0.01 =**, p < 0.001 = *** and p < 0.0001 = ****, form synaptotoxic AP4o-derived diffusible ligands (ADDLs) as we pre-

viously described (Popugaeva et al., 2015; Zhang et al., 2015). The
ADDLs were applied for 48 h (5 uM) to the cultures on DIV15. Cultures
were then fixed and coverslips were prepared for imaging. Consistent
with our previous findings (Popugaeva et al., 2015; Zhang et al., 2015),
application of ADDLs reduced the fraction of spines that were classified
as mushroom spines (Fig. 1B, C). A 16-h treatment with 100 nM pri-
dopidine or 3-PPP prevented this reduction in the prevalence of
mushroom spines (Fig. 1B, C). Similar results were obtained when we
quantified the density of mushroom spines. On average for every 10 um

3. Results

3.1. SIR agonists prevent mushroom spine loss from Af toxicity or AD-
causing mutations in hippocampal neuronal cultures

We previously demonstrated that incubating hippocampal cultures
with A4, oligomers causes loss of mushroom spines (Popugaeva et al.,

2015; Zhang et al., 2015). In our initial experiments we tested whether
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of dendritic length there were 2.35 = 0.20 mushroom spines in the
control condition, 1.44 + 0.16 mushroom spines in the AB4, condi-
tion, 2.29 = 0.21 mushroom spines in the AB4> + 100 nM pridopidine
condition and 2.22 * 0.65 mushroom spines in the AB45 + 100 nM 3-
PPP condition. As the pattern of results was similar to when we quan-
tified the relative prevalence of mushroom spines, we used the later
type of analysis for the remainder of this study to remain consistent
with our previous reports.

Mushroom spine loss from AB4, accumulation is also observed in
hippocampal cultures prepared from APP-KI mice and in vivo (Zhang
et al., 2015). The concentration of Af34,, but not Al3,, is elevated in the
media of hippocampal neuron cultures from APP-KI mice (Zhang et al.,
2015). Consistent with these results, we discovered that the abundance
of mushroom spines was reduced in APP-KI cultures compared to WT
cultures (Fig. 1D, E). A 16 h incubation with 100 nM pridopidine, 1 uM
pridopidine, 100 nM 3-PPP or 1 uM 3-PPP was sufficient to elevate the
prevalence of APP-KI mushroom spines to WT levels (Fig. 1D, E).

We expanded our studies to the PS1-KI mouse model of familial AD
(Guo et al., 1999). PS1-KI mice do not generate the synaptotoxic human
AB,5 peptide, as they do not express human APP. We previously de-
monstrated that mushroom spine loss in these neurons is due to ER
calcium signaling defects resulting from the PS1-M146 V mutation (Sun
et al., 2014). As we have observed previously (Sun et al., 2014), the
prevalence of mushroom spines was reduced in PS1-KI cultures com-
pared to WT cultures (Fig. 1F, G). A 16-h incubation with 100 nM
pridopidine, 1 pM pridopidine, 100 nM 3-PPP or 1 uM 3-PPP increased
the fraction of PS1-KI mushroom spines to WT levels (Fig. 1F, G). These
results indicate that pridopidine and 3-PPP protect against mushroom
spine loss from amyloid toxicity and the M146 V mutation in PS1.

3.2. Pridopidine restores hippocampal LTP deficits induced by AB42
oligomers

Long-term potentiation (LTP) causes spine volume to increase in
CA1l hippocampal neurons (Bourne and Harris, 2007; Bromer et al.,
2018) and LTP is impaired by Af4, oligomer toxicity (Rammes et al.,
2015; Rammes et al., 2011), possibly through dysregulation of gluta-
matergic and GABAergic signaling (Lei et al., 2016; Lublin and Gandy,
2010). We tested whether pridopidine can prevent deficits in LTP
caused by Af4, oligomer toxicity. In previous publications (Rammes
et al., 2015; Rammes et al., 2011) we have demonstrated that appli-
cation of synthetic AP4, oligomers for 90 min to murine hippocampal
slices prevents, in a concentration-dependent manner, the development
of CA1-LTP after tetanic stimulation of the Schaffer collaterals with a
half maximal inhibitory concentration of around 2nM. In the present
study, we tested whether pridopidine is able to restore LTP in the
presence of such oligomeric AR, preparations. Under control condi-
tions, 60 min after high frequency stimulation (HFS) delivery, fEPSPs
were potentiated to 147.5% (n = 27), whereas after washing-in Af4,
(50nM) for 90 min, the same stimulus produced a very small LTP
(115.3%; n = 8; data not shown). We tested whether pridopidine at a
concentration of either 30 nM or 100 nM is able to restore LTP in the
presence of oligomeric AP4,. We discovered that both concentrations
reversed the LTP deficits induced by 50 nM A4, (Fig. 2). Neither the
application of A4, nor pridopidine affected fEPSPs per se (data not
shown).

3.3. S1R is required for pridopidine to rescue mushroom spine loss in PS1-
KI hippocampal neurons

Pridopidine and 3-PPP have a similar chemical structure and bind to
S1R with a comparable affinity (Kd ~80nM) (Sahlholm et al., 2013).
Thus, although pridopidine was originally thought to stabilize dopa-
minergic signaling through partial inhibition of D2 receptors (Kd
~10 uM) (Dyhring et al., 2010; Nilsson et al., 2004; Rung et al., 2008),
it's primary action at lower concentrations/doses is hypothesized to
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modulate S1R (Sahlholm et al., 2015). Indeed, we previously found that
the synaptoprotective effects of pridopidine in HD striatal neurons re-
quire S1IR (Ryskamp et al., 2017). We tested here whether S1R is re-
quired for the rescue of PS1-KI hippocampal mushroom spines by pri-
dopidine.

To test the potential role of SIR in synaptoprotection from prido-
pidine and 3-PPP, we co-administered these agonists with the S1R an-
tagonists NE-100, BD1047, or haloperidol (Fig. 3A). WT mushroom
spines were unaffected by 100nM pridopidine or 100nM 3-PPP
(Fig. 3A). However, application of SIR antagonists decreased the
abundance of WT mushroom spines. When pridopidine and 3-PPP were
applied together with S1R antagonists, they were unable to restore WT
mushroom spines to normal levels (Fig. 3A). As before, pridopidine and
3-PPP rescued mushroom spines in PS1-KI cultures. S1R antagonists
alone did not further destabilize mushroom spines in PS1-KI cultures;
however, when applied together with pridopidine or 3-PPP, they
blocked the rescue of mushroom spines (Fig. 3A). We previously found
that AF710B also rescues PS1-KI mushroom spines and that it works
through the combined activation of both muscarinic acetylcholine re-
ceptor M1 (M1R) and S1R (Fisher et al., 2016). Thus, we used the M1R
antagonist pirenzepine to test whether M1R is required for the rescue of
PS1-KI mushroom spines by pridopidine and 3-PPP (Fig. 3A). Applica-
tion of 1uM pirenzepine had no effect on WT or PS1-KI mushroom
spines and it failed to block the rescue of PS1-KI mushroom spines by
pridopidine and 3-PPP (Fig. 3A). These results indicate, that pridopi-
dine and 3-PPP may stabilize PS1-KI spines through activation of S1R.

As pharmacological tools can engage additional targets, we further
tested the synaptoprotective role of S1R using RNAi. To accomplish
this, we infected hippocampal cultures with lenti-viruses encoding
shRNA targeting mouse S1R mRNA (shS1R). We confirmed SIR
knockdown in these cultures as we have previously reported (Fisher
et al., 2016) and we verified that the expression of other potential
targets of pridopidine (dopamine receptor D, and sigma-2 receptor/
TMEMO97) was not affected (data not shown). As we (Fisher et al., 2016)
and others (Tsai et al., 2009) observed, knockdown of S1R in WT hip-
pocampal neurons caused loss of mushroom spines (Fig. 3B, C).
Knockdown of SIR in PS1-KI cultures did not further reduce the
abundance of mushroom spines (Fig. 3B, C). Overexpression of human
S1R rescued the mushroom spine loss phenotype associated with SIR
knockdown in WT cultures, but was insufficient to rescue mushroom
spines in PS1-KI cultures (Fig. 3B, C). As before (Fig. 1F, G), 100 nM
pridopidine (16 h) had no effect on WT mushroom spines (Fig. 3B, C).
Pridopidine was unable to stabilize mushroom spine loss associated
with S1R knockdown in WT cultures (Fig. 3B, C). Also as before
(Fig. 1E, F), pridopidine restored PS1-KI mushroom spines to WT levels;
except when S1R was knocked down in PS1-KI cultures, pridopidine
was rendered ineffective (Fig. 3B, C). Overexpression of human S1R
(hS1R) restored the synaptoprotective properties of pridopidine in PS1-
KI cultures without affecting the fraction of WT mushroom spines
(Fig. 3B, C). Overexpression of human S1R (hS1R) was also unable to
rescue mushroom spine loss in APP-KI cultures (APP-KI = 22.7 *=
2.2% + lenti-NLS-GFP, n = 6 vs. APP-KI + lenti-hS1R 21.6 = 1.55%,
n = 9; unpaired t-test, p > .05) (data not shown). Thus, background
levels of S1R activity are needed for spine stability in WT neurons, but
agonist-mediated activation of S1R is necessary to prevent spine loss in
diseased neurons. These data are consistent with the possibility that
S1R mediates the protective action of pridopidine and further indicates
that pridopidine is an S1R agonist.

As S1R expression may be reduced in AD patients (Jansen et al.,
1993; Mishina et al., 2008) and S1R knockdown destabilized mushroom
spines (Fig. 3B, C), downregulation of SIR may contribute to AD pa-
thology. Thus, we examined whether SIR is downregulated the hip-
pocampus of PS1-KI mice. We euthanized WT and PS1-KI mice at 3, 6
and 12months of age, isolated hippocampi and extracted protein.
Hippocampal lysates were separated by SDS-PAGE and S1R protein
expression was analyzed by Western blotting. We observed no
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Fig. 3. S1IR is required for pridopidine to
rescue mushroom spine loss in PS1-KI hip-
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significant changes in S1R expression between WT and PS1-KI mice at
these ages (data not shown). Thus, mushroom spine loss from the PS1-
KI mutation does not result from decreased S1R protein expression.

3.4. Pridopidine is able to correct mushroom spine loss in presenilin 1 or
presenilin 2 knockout neurons, but not in PS1/2 double knockout neurons

There are 2 presenilin genes that can be mutated in familial AD
(FAD) — PS1 and PS2. In previous studies we demonstrated that FAD
mutations in either PS1 or PS2 affect ER Ca®™ signaling by disrupting
tonic Ca®* release from the ER via PS1 and PS2 leak channels (Tu et al.,
2006b). We took a genetic approach to evaluate importance of PS1 and
PS2 genes for stability of hippocampal mushroom spines. In these stu-
dies we took advantage of PS17°%/f1°X pS2~/~ mice that were utilized
in our previous work (Zhang et al., 2010). When compared to WT
cultures, there was a trend toward mushroom spine loss in PS2 KO
cultures (cultures from conditional presenilin double-knockout mice
(pS1fox/flox pgo =/~ infected with lenti-NLS-GFP on DIV7). The per-
centage of mushroom spines was non-significantly reduced in PS2 KO
cultures (Fig. 4A, B). We also tested whether pridopidine was protective
in this context. A 16-h treatment with 1 uM pridopidine had no effect on
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WT cultures, but elevated the fraction of PS2 KO mushroom spines to
WT levels (Fig. 4A, B). Next, we examined spine morphology in the
absence of both presenilin isoforms. In PS1/2 KO cultures (PS170x/flox,
PS2 ™/~ cultures infected with lenti-NLS-GFP-Cre on DIV7) the density
of mushroom spines was significantly reduced compared to WT cultures
(Fig. 4A, B). In PS1/2 KO cultures treated with pridopidine, mushroom
spines remained sparse (Fig. 4A, B). We used the CRISPR/Cas9 system
to impede PS1 expression. For this we infected hippocampal cultures on
DIV7 with lenti-Cas9 and lenti-guideRNA. GuideRNA targeting the
bacterial LacZ gene was used as a control (gLacZ) and guide RNA tar-
geting the PS1 gene was used to ablate PS1 in neurons (gPS1). We
confirmed the effectiveness of this approach using Western blotting
(Fig. 4C). Some PS1 remained as our lenti-viral approach is selective for
neurons (as indicated by selective and wide-spread neuronal tropism
with lenti-GFP expression in our previous studies), leaving residual PS1
protein in glia. As expected, pridopidine had no effect on mushroom
spines in gLacZ cultures (Fig. 4D, E). We observed a loss of mushroom
spines in gPS1 cultures and 1puM pridopidine prevented this loss
(Fig. 4D, E). These results suggest that PS1 and perhaps PS2 perform a
critical function for mushroom spine stability. In the absence of either
PS1 or PS2, pridopidine can compensate and restore synaptic integrity.
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Fig. 4. Knockout of PS1/2 destabilizes mushroom spines and pridopidine is unable to rescue the spines. (A) Confocal images of spines expressing TdTomato in WT
and PS2 KO/PS1F19*/F1oX hippocampal cultures infected on DIVZ with lenti-virus particles to encode NLS-GFP (PS2 KO) or NLS-GFP-Cre (PS1/2 KO). Scale bar = 5 ym.
(B) Quantitative summary of mushrooms spine prevalence in WT, PS2 KO and PS1/2 KO hippocampal cultures treated for 16 h on DIV15-16 with the vehicle or 1 yM
pridopidine. n = 16 neurons for WT, 17 neurons for WT + pridopidine, 18 neurons for PS2KO, 16 neurons for PS2KO + pridopidine, 8 neurons for PS1/2KO and 8
neurons for PS1/2KO0 + pridopidine. (C) Western blot confirming a reduction in PS1 protein levels in hippocampal cultures infected on DIV7 with lenti-virus particles
to encode Cas9 and guideRNA targeting the PS1 (gPS1) gene. guideRNA targeting the bacterial LacZ gene was used as a control (gLacZ). The upper bands around
50kDa are the full-length PS1 holoprotein. The lower band at 17.5kDa is the cleaved C-terminus of PS1. Residual PS1 in the gPS1 condition is likely from non-
infected glial cells. (D) Confocal images of spines expressing TdTomato in WT hippocampal cultures infected on DIV7 with lenti-Cas9 and lenti-gLacZ or lenti-gPS1.
Scale bar = 5 um. (E) Quantitative summary of mushrooms spine prevalence in WT gLacZ and gPS1 hippocampal cultures treated for 16 h on DIV16 with the vehicle
or 1M pridopidine. n = 9 neurons each for glacZ conditions and 15 neurons each for gPS1 conditions. Experimental conditions were compared to the control
condition using the Holm-Bonferroni test. *p < 0.05. ****p < 0.0001.

However, when both isoforms are knocked out, pridopidine is unable to neurons combined, suggesting redundancy in the function of presenilin
overcome this deficit. isoforms. When PS1-KI neurons were treated with 1uM pridopidine

(16-24h), ER calcium levels were reduced approximately to levels in
3.5. Pridopidine lowers ER calcium levels in hippocampal neurons, but not ~ vehicle-treated WT neurons (Fig. 5A, B). Likewise, when PS2 KO neurons

were treated with 1 uM pridopidine (16-24 h), ER calcium levels were
also reduced (Fig. 5A, B). However, when both PS1 and PS2 were
In addition to the role of cleaved PS1 in the y-secretase complex, the knocked out, pridopidine had no effect on the concentration of ER cal-

holoprotein version of PS1 forms a leak channel in the ER membrane cium (Fig. 5A, 5B). As in Fig. 4, we used the CRISPR/Cas9 system to
(Nelson et al., 2007; Tu et al., 2006a; Zhang et al., 2010). Likewise, PS2 ablate neuronal PS1. Similar to the results in Fig. 5A and B, pridopidine

in PS1/2 KO hippocampal neurons

holoprotein permits leakage of calcium ions from the ER lumen to the decreased ER calcium levels in Cas9/gLacZ-expressing cultures (Fig. 5C,
cytosol (Nelson et al., 2007; Tu et al., 2006a; Zhang et al., 2010). The D). Cas9/gPSl-expression slightly, but non-significantly increased the
absence of PS1 and PS2 would thus be expected to elevate the con- size of the ionomycin-releasable pool (Fig. 5C, D). Cas9/gPS1-expression
centration of calcium in the ER (Zhang et al., 2010). As ER calcium did not prevent the reduction in ER calcium from pridopidine treatment
homeostasis is crucial for synaptic maintenance (Sun et al., 2014; Zhang (Fig. 5C, D). These results suggest that PS1 and PS2 perform a redundant
et al., 2016), we measured the effect of pridopidine on the concentration function in ER Ca®* signaling and that at least one of them is required for

of ER calcium in WT, PS1-KI, PS2 KO and PS1/2 KO hippocampal neu- pridopidine to lower ER Ca®* levels.
rons. To estimate ER calcium levels, hippocampal neurons were loaded

with fura-2 and imaged. External calcium was removed and 30s later 3.6. SIR is required for pridopidine to enhance spine nSOC in PS1-KI

5 uM ionomycin was added to the recording chamber to release calcium hippocampal neurons

from internal stores. The fura-2 ratio was recorded as calcium transited

the cytoplasm on its way out of the cells and the area under the response Chronically elevated ER calcium levels suppress neuronal store-
curve was integrated to estimate the total amount of calcium that was operated calcium entry (nSOC), leading to destabilization of hippo-
released. Following 16-24h of incubation with 1 uM pridopidine, ER campal mushroom spines (Sun et al., 2014). Enhancing nSOC either
calcium levels were significantly reduced in WT hippocampal neurons pharmacologically or by overexpression of STIM2 or EB3 prevents
(Fig. 5A, B). This effect on ER calcium levels was also observed in SH- mushroom spine loss in hippocampal neurons from PS1-KI mice

SY5Y neuroblastoma cells treated with 1 uM pridopidine for 3 h (vehicle- (Pchitskaya et al., 2017; Sun et al., 2014; Zhang et al., 2016). Consistent
treated =1 * 0.093, n =122 vs. pridopidine-treated = 0.404 = with pridopidine's effect on ER calcium levels, we found that it in-
0.042, n = 103, unpaired-t-test, p < .0001) (data not shown). Com- creased nSOC in the spines of cultured PS1-KI neurons expressing
pared to WT hippocampal neurons, ER calcium levels in PS1-KI and PS2 GCaMP5G relative to vehicle-treated PS1-KI neurons (Fig. 6A, B).
KO neurons were slightly, but non-significantly elevated (Fig. 5A, B). Knockdown of S1R had little effect on spine nSOC in PS1-KI neurons,

When both PS1 and PS2 were knocked out, ER calcium levels were sig- but prevented the ability of pridopidine to enhance spine nSOC
nificantly higher (Fig. 5A, B), as reported in our earlier studies (Zhang (Fig. 6A, B). Human S1R (hS1R) was overexpression alone had no effect
et al., 2010). The extent of ER calcium elevation in PS1/2 KO neurons on spine nSOC, but it re-enabled pridopidine to enhance spine nSOC

was more than the extent of ER calcium elevation in PS1-KI and PS2 KO (Fig. 6A, B).
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Fig. 5. Pridopidine lowers ER calcium levels in hippocampal neurons, but not in PS1/2 KO hippocampal neurons. (A) Fura-2340/380 fluorescence ratio traces are
shown for WT, PS1-KI, PS2 KO (PS2 KO/PS1"*/"'°* jnfected with lenti-NLS-GFP on DIV7) and PS1/2 KO (PS2 KO/PS1"°/"°* jnfected with lenti-NLS-GFP-Cre on DIV7)
hippocampal neurons. Regions of interest were placed on cell bodies (red = averaged trace, gray = individual traces). 30s after removing external calcium, 5puM
ionomycin (I0) was added to release calcium from the ER. Calcium imaging was performed on DIV14-16. Cultures were treated with 1 M pridopidine for 16-24 h prior
to starting the experiment (bottom for each genotype) and the vehicle control (top for each genotype). (B) The size of the 10-sensitive calcium pool was estimated by
integrating the area under Fura-2 traces. The results were normalized to the IO-sensitive calcium pool size in WT control cultures. n = 112 neurons for WT (10
coverslips), 118 neurons for WT + pridopidine (8 coverslips), 129 neurons for PS1-KI (9 coverslips), 98 neurons for PS1-KI + pridopidine (7 coverslips), 182 neurons for
PS2 KO (12 coverslips), 152 neurons for PS2 KO + pridopidine (13 coverslips), 330 neurons for PS1/2 KO (20 coverslips) and 291 neurons for PS1/2 KO + pridopidine
(19 coverslips). (C) Fura-2340/380 fluorescence ratio traces are shown for hippocampal cultures infected with lenti-Cas9 and lenti-gLacZ or lenti-gPS1 on DIV7. Calcium
imaging was performed on DIV14-16. Cultures were treated with the vehicle or 1 M pridopidine for 16-24 h prior to starting the experiment. (D) Quantitative summary
of the size of the IO-sensitive calcium pool in glLacZ and gPS1 cultures with or without pridopidine treatment. n = 182 neurons for gLacZ, 149 neurons for glacZ + pri,
76 neurons for gPS1 and 118 neurons for gPS1 + Pri. Data was from 9 to 11 coverslips per condition. Mean = S.E. Pairwise statistical comparisons were made using the
Holm-Bonferroni test. *p < 0.05. **p < 0.01.***p < 0.001. ****p < 0.0001. Vehicle-treated experimental conditions were also compared to the vehicle-treated WT
control condition. ###p < .001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

We then tested whether pridopidine could stabilize mushroom pridopidine (Fig. 7G, H). Thus, inhibition of nSOC either pharmacolo-
spines of WT and PS1-KI neurons when nSOC is suppressed. We pre- gically or by CRISPR/Cas9-mediated deletion of STIM1 and/or STIM2
viously discovered that inhibition of nSOC destabilizes hippocampal thwarted the synaptoprotective action of pridopidine. This is consistent
mushroom spines (Sun et al., 2014). We here confirmed that in WT with the possibility that pridopidine rescues PS1-KI mushroom spines
cultures a 16-h incubation with 10 uM SKF96365 (blocker of TRPC through upregulation of nSOC pathway activity.
channels) deceased the abundance of mushroom spines (Fig. 7A, B). WT

mushroom spines remained sparse even with pridopidine was co-ad- 3.7. Oral pridopidine treatment rescues mushroom spines in PS1-KI mice
ministered with SKF96365 (Fig. 7A, B). As before (Fig. 1F, G), appli-

cation of 100 nM or 1 uM pridopidine, increased the prevalence of PS1- Finally, we tested whether pridopidine can prevent hippocampal
KI mushroom spines compared to vehicle-treated PS1-KI mushroom mushroom spine loss in vivo in PS1-KI mice. At 5 months of age WT-GFP
spines (Fig. 7C, D). 10uM SKF96365 did not further decrease the and PS1-KI-GFP mice began one month of daily treatment with orally
abundance of PS1-KI mushroom spines, but it prevented protection of administered pridopidine (30mg / kg) or the vehicle control. At
mushroom spines by pridopidine (Fig. 7C, D). We also repeated this 6 months of aged, mice were exsanguinated and perfused with fixative.
experiment using a CRISPR/Cas9 approach to impede expression of Brains were removed, postfixed and then sliced with a vibratome. GFP-
STIM1 (gSTIM1), STIM2 (gSTIM2) or STIM1/2 (gSTIM1/2). Lenti- positive pyramidal neurons of CA1 were imaged with a confocal, fo-
Cas9/gSTIM1 expression did not affect the prevalence of WT mushroom cusing on 2nd-order apical dendrites in the stratum radiatum (Fig. 8A).
spines, whereas deletion of either STIM2 or STIM1/2 destabilized WT 8-10 mice were included per condition and 40-50 neurons were im-
mushroom spines (Fig. 7E, F). 1 uM pridopidine (16 h starting on DIV15 aged per condition. Although there were no significant changes in spine
- DIV16) was unable to stabilize WT spines in the absence of neuronal density (for all spine types) from the PS1-KI mutation or pridopidine
STIM2 or STIM1/2 spines (Fig. 7E, F). Pridopidine treatment increased treatment, we observed a significant decrease in the prevalence of
the fraction of PS1-KI mushroom spines compared to vehicle-treated mushroom spines in PS1-KI mice as well as an increase of thin spines in
PS1-KI mushroom spines (Fig. 7G, H). Deletion of STIM1, STIM2 or PS1-KI mice (Fig. 8A, B). This suggested a deficit in mushroom spine
STIM1/2 by expression of Cas9 plus gSTIM1 and/or gSTIM2 caused no maturation and/or maintenance in PS1-KI mice, consistent with our
additional loss of PS1-KI mushroom spines; however, deletion of STIM1, previous findings (Sun et al., 2014; Zhang et al., 2016). Treatment with
STIM2 or STIM1/2 prevented the rescue of PS1-KI mushroom spines by pridopidine normalized the prevalence of both mushroom and thin
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Fig. 6. SIR is required for pridopidine to enhance spine nSOC in PS1-KI hip-
pocampal neurons. (A) GCaMP5G fluorescence traces from spines of PS1-KI
hippocampal neurons during the calcium “add-back” protocol for nSOC mea-
surement (red = averaged trace, gray = individual traces). To deplete ER cal-
cium, external calcium was calcium removed and 1 pM thapsigargin (Tg) was
added to block SERCA pump activity 10 min prior to adding 2 mM calcium back
to the ACSF. Cultures were infected with lenti-scrambled shRNA (top), lenti-
shRNA targeting mouse S1R (shS1R; bottom), or lenti-shS1R and lenti-human
S1R (hS1R) to restore S1R expression on DIV7 and treated with the vehicle
(left) or 1 uM pridopidine (right) for 16-24 h starting on DIV14. (B) The peak of
spine nSOC was quantified. Results were normalized to PS1-KI control cultures
and are shown as mean *+ S.E.n = 84 spines for control shRNA (10 coverslips),
63 spines for control shRNA + pridopidine (7 coverslips), 94 spines for shS1R
(10 coverslips), 80 spines for shS1R + pridopidine (9 coverslips), 100 spines for
shS1R + hS1R (10 coverslips) and 65 spines for shS1R + hS1R + pridopidine
(7 coverslips). Comparisons to the PS1-KI control condition were made with the
Holm-Bonferroni test. ****p < 0.0001. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

spines from PS1-KI mice (Fig. 8A, B), suggesting that it promotes
mushroom spine stability in vivo.

4. Discussion
4.1. SIR as a target for pridopidine in AD
S1R agonists are procognitive, synaptogenetic and neuroprotective

in conditions of neuronal stress (Antonini et al., 2009; Bolshakova et al.,
2016; Hindmarch and Hashimoto, 2010; Ruscher et al., 2011) and as a

499

Neurobiology of Disease 124 (2019) 489-504

result they are beneficial in experimental models of Huntington's dis-
ease (HD) (Bol'shakova et al., 2017; Ryskamp et al., 2017; Squitieri
et al., 2015; Garcia-Miralles et al., 2017; Geva et al., 2016; Kusko et al.,
2018), Parkinson's disease (Francardo et al., 2014) and AD (Fisher
et al., 2016; Hall et al., 2017; Maurice and Goguadze, 2017; Meunier
et al., 2006). For example, we discovered that the mixed muscarinic/
S1R agonist AF710B prevents the loss of mushroom spines in hippo-
campal cultures prepared from APP-KI or PS1-KI mice (Fisher et al.,
2016). We also found that pridopidine and 3-PPP were synaptopro-
tective in a mouse model of HD (Ryskamp et al., 2017). We further
demonstrated that pridopidine activates neuroprotective pathways
impaired in HD and improves behavioural and transcriptional deficits
in HD mice (Garcia-Miralles et al., 2017; Geva et al., 2016; Kusko et al.,
2018).

Several lines of evidence point to the potential involvement of SIR
in AD. The S1R polymorphisms Q2P and C240T/G241 T may influence
risk of developing AD in carriers of the APOE ¢4 allele (Fehér et al.,
2012; Huang et al., 2011; Maruszak et al., 2007; Uchida et al., 2005).
The C240T/G241 T allele decreases expression of S1R (Mishina et al.,
2008), which is significant because downregulation of SIR may con-
tribute to AD pathology. The density of S1R binding sites was reduced
in several brain regions early in AD in PET imaging experiments with
S1R radioligands (Mishina et al., 2008). Decreased S1R radioligand
binding was also observed in cadavers in the CAl area of the anterior
hippocampus (Jansen et al., 1993). This was correlated to pyramidal
cell loss (Jansen et al., 1993), consistent with a role for S1R in sup-
porting the long-term viability of hippocampal neurons. Our results
(Fig. 3) and previously published studies (Fisher et al., 2016; Tsai et al.,
2009) demonstrated that knockdown of SIR in hippocampal neurons
leads to a loss of synaptic spines. Thus, SIR downregulation could
contribute to the neuropathology of AD. Another reason why S1R
downregulation in AD patients might worsen pathology is that SIR
protects against tau hyperphosphorylation by promoting degradation of
p35, an activator cyclin-dependent kinase 5 (cdk5) (Tsai et al., 2015).

Based on these findings we tested whether pridopidine and 3-PPP
are synaptoprotective in models of AD and whether this requires S1R.
We found that pridopidine and the chemically similar S1R agonist 3-
PPP rescued mushroom spine loss in multiple mouse models of AD (A
oligomer toxicity, APP-KI, PS1-KI) (Fig. 1). Interestingly, pre-incubation
with low (nanomolar) pridopidine concentrations reversed hippo-
campal LTP defects induced by application of AP,, oligomers (Fig. 2).

Either pharmacological inhibition or knockdown of SIR prevented
the rescue of mushroom spines by pridopidine (Fig. 3), demonstrating
that S1R is a primary target of pridopidine. This is consistent with the
high affinity of pridopidine for S1R (Sahlholm et al., 2013; Sahlholm
et al., 2015). These results indicate that the beneficial actions of pri-
dopidine are likely to be mediated via activation of SIR, resulting in
bolstering of AD mushroom spines. We also found that oral pridopidine
treatment could stabilize mushroom spines in vivo in aged PS1-KI mice
(Fig. 8), suggesting that pridopidine might act as a disease-modifying
therapeutic in AD.

4.2. Effects of pridopidine on LTP and mushroom spines

As LTP causes mushroom spine formation (Bourne and Harris,
2007) and blockade of LTP by A4, application leads to a reduction in
spine abundance (Rammes et al., 2018), the reversal of LTP deficits and
mushroom spine loss by pridopidine may involve the same mechanism.
Indeed, both LTP and mushroom spine formation are largely induced by
NMDA receptor currents (Matsuzaki et al., 2004; Noguchi et al., 2005)
and SIR activity is thought to promote NMDA receptor function
(Martina et al., 2007; Waters et al., 2018), possibly through increased
trafficking to the plasma membrane (Pabba et al., 2014). Thus, facil-
atation of NMDA receptor activity may have contributed to the rescue
of LTP and mushroom spine loss caused by AP4, oligomer toxicity. Pre-
incubation of CA1 pyramidal neurons with 30 nM pridopidine had no
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Fig. 7. Pridopidine is unable to rescue PS1-KI mushroom spines during nSOC inhibition. (A) Confocal images of spines expressing TdTomato in WT hippocampal
cultures. Scale bar = 5pm. (B) Quantitative summary of mushrooms spine prevalence in WT hippocampal cultures treated for 16 h on DIV15-16 with the vehicle,
100 nM pridopidine, 1 uM pridopidine and/or 10 uM SKF96365. n = 15 neurons per condition. (C) Confocal images of spines expressing TdTomato in PS1-KI
hippocampal cultures. Scale bar = 5 um. (D) Quantitative summary of mushrooms spine prevalence in PS1-KI hippocampal cultures treated for 16 h on DIV15-16
with the vehicle, 100 nM pridopidine, 1 uM pridopidine and/or 10 uM SKF96365. n = 9 neurons for the vehicle control, 6 neurons for 100 nM pridopidine, 11
neurons for 1 uM pridopidine, 13 neurons for SKF96365, 6 neurons for SKF96365 + 100 nM pridopidine and 12 neurons for SKF96365 + 1 pM pridopidine. (E)
Confocal images of spines expressing TdTomato in WT hippocampal cultures infected on DIV7 with lenti-Cas9 and lenti-gLacZ (gLacZ), lenti-gSTIM1 (gSTIM1), lenti-
gSTIM2 (gSTIM2), or lenti-gSTIM1/2 (gSTIM1). Scale bar = 5 pm. (F) Quantitative summary of mushrooms spine prevalence in lenti-virus infected WT hippocampal
cultures treated for 16 h on DIV15-16 with the vehicle or 1 uM pridopidine. n = 11-12 neurons per condition. (G) Confocal images of spines expressing TdTomato in
PS1-KI hippocampal cultures infected on DIV7 with lenti-Cas9 and lenti-gLacZ (gLacZ), lenti-gSTIM1 (gSTIM1), lenti-gSTIM2 (gSTIM2), or lenti-gSTIM1/2 (gSTIM1).
Scale bar = 5 um. (H) Quantitative summary of mushrooms spine prevalence in lenti-virus infected PS1-KI hippocampal cultures treated for 16 h on DIV15-16 with
the vehicle or 1 uM pridopidine. n = 10 neurons for PS1-KI and PS1-KI + pridopidine, 11 neurons for gSTIM1, 15 neurons for gSTIM1 + pridopidine, 19 neurons for
gSTIM2, 15 neurons for gSTIM2 + pridopidine, 13 neurons for gSTIM1/2 and 16 neurons for gSTIM1/2 + pridopidine. Experimental conditions were compared to
the control condition using the Holm-Bonferroni test. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.

effect on basal LTP (Fig. 2A and B), but LTP was slightly reduced by may be time-dependent, because hippocampal slices were treated with
100 nM pridopidine (Fig. 2C and D). The reason for the effect of 100 nM pridopidine for 60 min prior to LTP induction, whereas hippocampal

pridopidine is not completely clear. Both concentrations of pridopidine cultures were treated with pridopidine for 16 h prior to fixation for
mitigated the LTP deficit from AR,4,, which is consistent with the pre- analysis of spine morphology.

vention of mushroom spine loss from A4, oligomers. Although 100 nM S1R knockout mice have a slight, but significant deficit in LTP
pridopidine slightly reduced synaptic strength per se, we did not detect (Snyder et al., 2016) and a mild impairment in spatial memory is ob-
a reduction in mushroom spine prevalence following treatment with served in female S1IR KO mice (Chevallier et al., 2011). The phenotype
pridopidine. The reason for the discrepancy is unclear, but it suggests of S1R KO mice is milder than expected given mushroom spine loss in
that the effect of pridopidine on LTP and mushroom spines prevalence the abence of S1R in cultures. However, constitutive knockouts often
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Fig. 8. Oral pridopidine treatment rescues mush-

WT—GFP PS1 -K|-GFP room spines in PS1-KI mice. (A) Confocal images of
CA1 pyramidal neuron apical spines in brain slices
Control Pridopidine Control Pridopidine from WT-GFP and PS1-KI-GFP mice aged to

6 months. Scale bar = 5um. (B) Quantitative sum-
mary of dendritic spine density (all spine types) and
the prevalence of mushroom spines, stubby spines
and thin spines in hippocampal neurons from WT-
GFP and PS1-KI-GFP mice. Pridopidine (30 mg/kg)
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have compensatory effects, whereas knockdowns could produce a more
substantial phenotype before compensation occurs.

4.3. Effects on calcium signaling from SIR activation by pridopidine

Given S1R's well-established modulatory role on ER calcium sig-
naling (Hayashi and Su, 2007; Srivats et al., 2016), we evaluated
whether pridopidine stabilizes calcium homeostasis in cultured hippo-
campal neurons from WT, PS1-KI and conditional presenilin double-
knockout mice (PS17°¥f°X pS2~/~) infected with lenti-NLS-GFP or
lenti-NLS-Cre viruses as well as in neurons expressing Cas9/gPS1. A
16-24 h treatment with pridopidine lowered ER calcium levels in WT,
gPS1, PS1-KI and PS2 KO neurons, but not PS1/2 KO neurons (Fig. 5)
and pridopidine treatment rescued mushroom spines in PS1-KI, gPS1
and PS2 KO neurons, but not PS1/2 KO neurons (Fig. 4). The lack of an
effect in PS1/2 KO neurons implies that a functional ER calcium leak
pathway (Nelson et al., 2007; Tu et al., 2006a) is required for prido-
pidine to lower ER calcium levels and stabilize mushroom spines. The
reason for this requirement is unclear, but it could entail SIR enhancing
calcium leakage from the ER either by modulating leak activity of PS
channels or regulating the abundance of PS holoprotein in the ER
membrane. It is enticing to speculate that SIR could somehow interfere
with catalytic cleavage of PS1 and thereby limit its incorporation/
function in the y-secretase complex. This might explain how S1R ago-
nists decrease the burden of amyloid plaques (Fisher et al., 2016). Fu-
ture studies are needed to clarify how pridopidine regulates ER calcium
levels in hippocampal neurons and how S1R agonists reduce Af4, ac-
cumulation and aggregation. Consistent with this spine loss phenotype
from PS1 and/or PS2 KO, mild cognitive deficits result from condition
inactivation of PS1 in the mouse forebrain, whereas inactivation of both
PS1 and PS2 results in severe deficits in cognitive performance and
synaptic plasticity, eventually leading to overt neurodegeneration (Sun
et al., 2005).

The reduction of ER calcium levels by pridopidine is expected to
increase nSOC, upregulation of which stabilizes mushroom spines (Sun
et al., 2014). As nSOC is impaired in PS1-KI spines compared to WT
spines (Sun et al., 2014), we tested whether pridopidine might stabilize
PS1-KI mushroom spines by enhancing spine nSOC. A 16-24h treat-
ment with pridopidine elevated nSOC in PS1-KI spines and this required
S1R (Fig. 6). Thus, pridopidine may reinstate mushroom spine stability
in PS1-KI neurons through augmenting signaling in the spine nSOC
pathway. This was supported by data showing that inhibition or genetic
ablation of nSOC activity prevents pridopidine from stabilizing PS1-KI
mushroom spines (Fig. 7).

In contrast, SIR overexpression or incubation with S1R agonists
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Holm-Bonferroni test. Scale bar = 5 um.

suppresses SOC in other cell types (Brailoiu et al., 2016; Srivats et al.,
2016), possibly from S1R binding to STIM1 and obstructing the inter-
action of STIM1 and Orail (Srivats et al., 2016). Also, pridopidine
suppresses supranormal nSOC below synaptotoxic levels in cultured
medium spiny neurons from YAC128 mice that model Huntington's
disease (Ryskamp et al., 2017). nSOC is excessive in this context be-
cause mutant Huntingtin protein sensitizes InsP3R1 to InsP3, causing
leakage of calcium from the ER and activation of nSOC (Tang et al.,
2003; Wu et al., 2018; Wu et al., 2016; Wu et al., 2011). Pridopidine
normalizes calcium homeostasis in YAC128 medium spiny neurons by
negatively modulating InsP3R1 (Ryskamp et al., 2017). However, in the
present experiments pridopidine decreased ER calcium levels and en-
hanced nSOC. This discrepancy suggests that the action of S1R in a
given cell type reflects the assortment of client proteins that SIR can
modulate. For example, although InsP3R1 represents a primary ER
calcium release pathway in medium spiny neurons (Wu et al., 2016),
presenilins represent a primary pathway for ER calcium leakage in
hippocampal neurons (Nelson et al., 2007; Tu et al., 2006a; Zhang
et al., 2010). Also, although S1R can suppress STIM1-dependent SOC,
STIM2 is the primary activator of nSOC in hippocampal neurons (Sun
et al., 2014). Perhaps, S1R does not bind and sequester STIM2 or if SIR
does bind STIM2, it might either have a neutral or a positive mod-
ulatory effect on STIM2-gated nSOC. Either way, decreased ER calcium
levels in hippocampal neurons from pridopidine treatment would in-
crease the activation of nSOC and this could explain the results. In
addition, activation of S1R by pridopidine might lead to actin re-
modeling in spines and/or reduced oxidative stress (Tsai et al., 2009).
Taken together, our data suggests that the ability of pridopidine to
stabilize hippocampal mushroom spines in neurons from AD models
may involve modulation of ER Ca®* signaling and the nSOC pathway.

4.4. Roles of SIR in regulating neurophysiology and mushroom spine
dynamics

The S1R modulates neurophysiology through a number of pathways
including voltage-gated ion channels (Kourrich et al., 2012), InsP3Rs
(Hayashi and Su, 2007; Ryskamp et al., 2017) and nSOC channels
(Ryskamp et al., 2017). S1R also modulates hippocampal neuron firing
from NMDA receptor activation (Martina et al., 2007; Monnet et al.,
1990; Pabba et al., 2014) and other aspects of neuronal functioning via
cAMP, cFos, Bcl-2, NFkB, and CREB (Meunier and Hayashi, 2010).
NMDA receptors play a major role in hippocampal LTP (Lu et al., 2001),
spine maturation (Tada and Sheng, 2006), and learning (Morris et al.,
1986). S1R positively regulates NMDA receptor function in hippo-
campal neurons (Monnet et al., 1990; Monnet et al., 1995), possibly by
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modulating the response to NMDA-mediated calcium signals (e.g., by
suppressing potassium efflux via SK channels) and increasing expres-
sion and trafficking of NMDA receptors to the plasma membrane
(Martina et al., 2007; Pabba et al., 2014). This could facilitate ma-
turation of mushroom spines in response to stimulation with S1R ago-
nists. Thus, through pleiotropic actions S1R regulates a multitude of
proteins, fine-tuning the activity of ion channels in the ER and plasma
membrane as well as many other biochemical processes. This culmi-
nates in diverse roles for S1R in neuromodulation, synaptic plasticity,
learning and memory, and neuroprotection.

Prior studies indicated that S1R regulates dendritic spine size in
hippocampal neurons, as well as oxidative stress and Rac-GTP signaling
(Tsai et al., 2009). A microarray study found that S1R knockdown in
cultured hippocampal neurons affects transcription in several pathways
including those involved in sterol biosynthesis, protein ubiquitination,
the actin cytoskeleton network and oxidative stress (Tsai et al., 2012).
S1R-dependent regulation of oxidative stress could be important for
hippocampal synapses as spine deficits from S1R knockdown were
rescued by reducing oxidative stress (Tsai et al., 2009). Consistent with
these studies, we found that pharmacological inhibition or knockdown
of S1R led to loss of mushroom spines in WT hippocampal cultures
(Fig. 3B, C), confirming an essential role of SIR in the development
and/or maintenance of robust synaptic connections within the hippo-
campus. Interestingly, memory impairment is a common side effect of
the anti-psychotic drug and S1R antagonist haloperidol (Kp for S1R
~3nM) (Abdel-Salam et al., 2012), which could be related to destabi-
lization of hippocampal mushroom spines. The loss of mushroom spines
in WT hippocampal neurons from S1R inhibition suggests that although
S1R behaves as a ligand-operated chaperone, it possesses basal activity
that is important for spine stability. However, the basal activity of SIR
is unable to prevent spine loss from AD-related stress, even when S1R is
overexpressed (Fig. 3B, C). It is unclear whether endogenous ligands
control basal S1R activity and if their signaling changes to compensate
for cellular stress in AD. S1R activity may be regulated by endogenous
ligands such as steroid hormones (e.g., DHEA sulfate, pregnenolone
sulfate and progesterone), membrane lipids (D-erythro-shingosine,
sphinganine and ceramides), neuropeptides (e.g., neuropeptide Y), and
the trace amine N,N-dimethyltryptamine (Fontanilla et al., 2009;
Maurice and Su, 2009; Meurs et al., 2007; Su et al., 2010). S1R activity
may also be modulated by physiological changes including changes in
ER calcium content, ER stress (Hayashi and Su, 2007) and oxidative
stress (Meunier and Hayashi, 2010). Our data suggests that under
conditions of chronic neuronal stress, S1R activity may benefit from a
pharmacological boost to counteract the neurochemical changes in
neurodegenerative diseases.

5. Conclusions

Mushroom spines are destabilized by calcium dysregulation in
multiple mouse models of AD. Pridopidine facilitates calcium signals
that support mushroom spines formation and/or maintenance in cul-
tured APP-KI neurons, PS1-KI neurons and neurons exposed to sy-
naptotoxic A4, oligomers. The actions of pridopidine in hippocampal
neurons are mediated by S1R, which is necessary for mushroom spine
stability in WT hippocampal neurons. By decreasing ER calcium levels
(possibly through promoting ER calcium leakage), pridopidine en-
hances nSOC activity, thereby stabilizing mushroom spines in vitro and
in vivo. In addition, pre-incubation of CA1 pyramidal neurons with low
pridopidine concentrations counteracts the synaptotoxic effects of AB4»
oligomers on LTP. These data suggest that pridopidine might act as a
disease-modifying and neuroprotective therapeutic in AD by stimu-
lating S1R activity. The presented data also provide insights into pri-
dopidine's mechanism of action and highlight the SIR as a potential
target for treating AD.
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