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4. ABSTRACT

Familial Alzheimer’s disease (FAD) is characterized by autosomal-dominant
heritability and early onset. Mutations in the gene encoding presenilin-1 (PS1) are
found in approximately 80% of cases of FAD. The etiology of AD is currently unknown,
however exaggerated intracellular Ca?* signaling may be a major contributing factor in
early and late stages of the disease. Many PS1 mutations affect intracellular Ca?*
homeostasis, although the molecular details are still debated. Altered Ca?* signaling is
observed early in the development of the disease, long before the onset of measurable
histopathology or cognitive deficits. One proposed molecular mechanism underlying
exaggerated Ca?* signaling is mediated by Ca?* release from the endoplasmic
reticulum (ER) through inositol 1,4,5-trisphosphate receptors (InsPsR). In FAD, the
higher open probability of the InsP3R caused by PS mutations is predicted to lead to a
significant increase in the Ca?* microdomain concentration near the Ca?* release
channels and its spatial extent. To date, the involvement of exaggerated Ca?* signaling
in FAD on mitochondrial function has been evaluated only theoretically. Therefore, we
proposed to investigate the role of InsPsR-mediated exaggerated Ca?* signals on
mitochondrial function in the context of FAD. Hypothesis: FAD-PS1 mutations
enhance Ca?* transfer between the ER and mitochondria inducing mitochondrial
malfunction that leads to impaired cell function and death.

We determined the role of Ca?* dysregulation mediated by InsP3R-PS1 mutant
interaction on mitochondrial function using two different in vitro cell models of FAD. Our

findings, support our working hypothesis that cells expressing mutant PS1 are
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subjected to elevated mitochondrial Ca?* levels, due to an exaggerated ER Ca?* leak
through the InsPsR, a decrease of mitochondrial Ca?* extrusion capacity by the
Na*/Ca?* exchanger as a result of decreased expression of NCLX and an increase in
reactive oxygen species (ROS) production. These features may explain the increased
vulnerability and eventual death of these cells due to progressive mitochondrial

dysfunction, promoting a pathological cycle essential to disease progression.
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5. INTRODUCTION

5.1 Alzheimer’s disease, an overview

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and the
most frequent cause of dementia, affecting millions of people worldwide and still
incurable (Cornejo and Hetz 2013). It is characterized clinically as a decline of
intellectual and cognitive functions and irreversible memory loss as major features.
Aging is the major risk factor to develop this disease. In Chile, AD prevalence is near
1-2% in the population between 60 and 75 years old, increases significantly in the group
between 75 and 84 years old, and is near 50% in the population over 85 years old
(Slachevsky, Budinich et al. 2013). Most cases of AD are sporadic and characterized
by a late onset of the classical symptoms. However, nearly 10% of the cases are
dominantly inherited familial AD (FAD) and develop early as a result of mutations in
presenilin-1 (PS1), presenilin-2 (PS2) or amyloid precursor protein (APP) (Cutler, Kelly
et al. 2004). The etiologies of sporadic AD (SAD) and FAD are widely assumed to be
similar. They share the features of accumulated extra- and intra-cellular -amyloid (ApB)
plaques, intracellular neurofibrillary tangles, selective neuronal and synaptic death in
multiple brain regions, with FAD presenting earlier in life and with a more aggressive
progression (Hardy and Selkoe 2002). However, to date, the exact pathogenic
mechanisms of the disease remain unknown and there is no effective treatment for AD.

Presenilins (PSs) are transmembrane proteins that are part of the catalytic core
of the y-secretase complex that is responsible for APP processing. Mutant PSs
contribute to the amiloidogenic pathway that leads to production of toxic Ap species

(Francis, McGrath et al. 2002). Whether FAD mutations cause a gain of function or loss
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of y-secretase function is still a subject of debate (Popugaeva, Pchitskaya et al. 2018).
Extensive studies support the notion that soluble AB oligomers represent toxic species
that affect multiple early molecular mechanisms leading to synaptic dysfunction in AD
(Cleary, Walsh et al. 2005). While excessive production of Ap peptides is observed
early in patients that developed AD and is essential for AD pathology, it is not sufficient.
Some aged individuals have significant AB load, but do not develop cognitive
impairment (lacono, Resnick et al. 2014). Of note, the amiloidogenic pathway, the basis
of the “amyloid cascade” hypothesis, has so far failed to yield disease-modifying
therapies (Mullane and Williams 2013) and does not address other central questions

about the disease pathogenesis.

5.2 The Calcium Hypothesis of AD

Ca?* is a critical second messenger that regulates many physiological and
pathological processes at multiple levels, ranging from gene transcription to membrane
potential and excitability, synaptic plasticity and memory. Disruptions of Ca?*
homeostasis can result in alterations of cell functions (Greer and Greenberg 2008).
Intracellular Ca?* dynamics are tightly associated with cognitive and memory-related
neuronal functions, so any Ca?* dysregulation in the major intracellular store, the
endoplasmic reticulum (ER), could contribute to persistent alterations of cytoplasmic
Ca?* concentration ([Ca?']), which in turn could affect synaptic functions (Berridge
2014). A significant body of research suggests that AD-causing PS mutations are

associated with Ca?* signaling dysregulation independently of their y-secretase function

and AP accumulation. Dysregulation of Ca?* homeostasis in cells from AD patients has
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been observed for more than two decades (Peterson, Gibson et al. 1985). Compelling
evidence suggests that FAD PS mutations result in changes in [Ca?*]i signaling in the
absence of and prior to the appearance of AB plaques, indicating that itis an early event
that could be involved in disease pathogenesis (Stutzmann, Smith et al. 2007)
(Cheung, Shineman et al. 2008) (Gillardon, Rist et al. 2007) (Su, Wang et al. 2010)
(Berridge 2013) (Chakroborty, Kim et al. 2012). The “calcium hypothesis” suggests that
sustained intracellular Ca?* disturbances are a proximal cause of AD (Khachaturian
1987). In this hypothesis, neurons affected by dysregulated Ca?* homeostasis during
aging become compromised, leading to excessive [Ca?*]i and reactive oxygen species
(ROS) generation, mitochondrial dysfunction and eventually apoptosis. One
hypothesis is that PS mutations result in increased Ca?* release from the ER (Mattson
2004), possibly due to increased ER Ca?* loading by SERCA (Sarcoplasmic
endoplasmic reticulum Ca?* ATPase) (Green, Demuro et al. 2008), over-expression of
the ryanodine receptor (RyR) (Chakroborty, Kim et al. 2012) or sensitization of the
InsPsR (Cheung, Shineman et al. 2008) (Cheung, Mei et al. 2010). Interesting,
increases in [Ca?']i can stimulate the metabolism of APP (Hardy and Selkoe 2002,
LaFerla 2002), raising the question as to which one of these processes may be part of
the primary cause of AD. In addition to effects of mutant PS, A generated from APP
processing can disrupt [Ca®*]i homeostasis by triggering Ca?* flux into the cytoplasm
from both extracellular and intracellular sources (Demuro and Parker 2013). In
particular, intracellular Ca?* release evoked by AB42 oligomers involves the opening of
the InsP3R as a result of stimulated production of inositol trisphosphate (IP3) via G-

protein mediated activation of phospholipase-C (PLC), resulting in cytotoxicity. It has
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been proposed that depletion of ER Ca?* stores by AB oligomers may activate store-
operated Ca?* entry, leading to a further increases in [Ca?*] via the STIM/Orai pathway
(Cahalan 2009). Recently, however, it was demonstrated that store-operated Ca?*
entry was attenuated by PSl-associated y-secretase cleavage of STIM1 in PS1
mutant-expressing cells (Tong, Lee et al. 2016). Together, the precise mechanisms of
how AB contributes to Ca?* signaling require further investigation. For FAD, the loss of
Ca?* homeostasis due to several causes such as the combination of risk factor genes
plus the progressive oxidative damage that accumulates with age may be the cause of
disease pathology. In this work we propose to evaluate a potential role of altered [Ca?*]i
homeostasis independent of AB deposition, considering Ca?* dysregulation and the

loss of mitochondrial function as a root cause of AD.
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Figure li: Mechanisms of ER Ca?" dyshomeostasis in Alzheimer’s disease (AD). Mutated
presenilin (PS) increases ER Ca?' release. Various models of AD display increased
expression of RyR, which can also produce elevated Ca?* release from the ER. Additionally,
mutated PS stimulates sarco/endoplasmic reticulum Ca?*-ATPase (SERCA), which can fuel
further release through ER Ca?* channels. Increased ER Ca?* store depletion can activate
store operated Ca?* entry. Function of mitochondria associated membranes (MAMs) are also
altered by mutated PS. Taken from Karagas NE and Venkatachalam K, 2019.
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5.3 Mitochondrial Ca?*

Mitochondria play a major role in Ca?* signaling and homeostasis through its
uptake, sequestration and release (De Stefani, Rizzuto et al. 2016). While this role is
ubiquitous, it is particularly critical in neurons because their function is almost
exclusively dependent on mitochondrial oxidative phosphorylation (OXPHOS) as a
major source of ATP (Herrero-Mendez, Almeida et al. 2009). Mitochondrial Ca?* in
these cells is a key to guarantee activity-dependent regulation of cellular energy
metabolism.

Ca?* is accumulated into the mitochondrial matrix at the expense of energy,
provided by the oxidation of substrates fueling OXPHOS (Deluca and Engstrom 1961).
Thanks to the large electrical gradient across its inner membrane, mitochondria can
import large amounts of Ca?* through the mitochondrial Ca?* uniporter (MCU) Ca?
channel complex, serving to fuel OXPHOS and to provide a potent buffer in periods of
high cytoplasmic [Ca?'], such as during neuronal excitation (Qiu, Tan et al. 2013).
Nevertheless, mitochondrial-matrix Ca?* concentration ([Ca?]m) must be tightly
controlled to maintain a balance between optimal energy production and toxic effects,
including inner mitochondrial membrane (IMM) depolarization and activation of the
permeability transition pore (PTP), reflecting the key role of mitochondrial Ca?* in cell
death.

The molecular identity of the MCU Ca?* ion channel complex was only recently
unveiled (Baughman, Perocchi et al. 2011) (De Stefani, Raffaello et al. 2011). MCU is
the pore-forming subunit of a complex that includes mitochondrial Ca?* uptake proteinl

(MICU1) (Plovanich, Bogorad et al. 2013), MICU2, MCU regulator subunit b (MCUDb)
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(Raffaello, De Stefani et al. 2013), the essential MCU regulator (EMRE), a small
membrane-spanning protein essential for the mitochondrial Ca?* uptake (Chaudhuri,
Sancak et al. 2013) and MCUR1 (Mallilankaraman, Cardenas et al. 2012) (Figure 1i,
De Stefani D, et al 2016). The composition of the MCU channel complex may vary

depending on the cell type and different epigenetic control mechanisms.

Intermembrane
space

Matrix

Caz+

Inner
mitochondrial
membrane

Calcium signaling OFF Calcium signaling ON

Figure 2i: Schematic representation of the Mitochondrial Calcium Uniporter
(MCU) complex in resting condition and under mitochondrial Ca?* uptake controlled
by a multiprotein complex that can consist of MCU and MCUb together with EMRE,
MICU1 and MICU2. MICU1/MICUZ2 heterodimers actas MCU gatekeepers and prevent
vicious Ca?* cycle and energy sinks. (De Stefani D, et al, 2016).
Ca?* that enters into mitochondria can be extruded by the Na*/Ca?* exchanger
NCLX (Palty, Silverman et al. 2010). NCLX is capable of exchanging Ca?* not only with
Na* but also with Li*, a typical feature of the mitochondrial Na*/Ca?* exchanger but not

of the classical plasma membrane transporters NCX or NCKX (Sekler 2015). Several

studies have shown that mitochondrial Na* is lower than cytosolic Na* and this Na*
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gradient may be used as a driving force to extrude Ca?* from the matrix via NCLX.
There is some evidence suggesting that the NCLX is electrogenic, exchanging 3 Na*
ions for 1Ca?* ion (Boyman, Williams et al. 2013), suggesting that the mitochondrial
membrane potential can also regulate the rate of NCLX-mediated Ca** extrusion. Ca?*
efflux mechanisms (including Letm1, a 2H*/Ca?* exchanger) is essential for the
maintenance of mitochondrial function and cell survival and any dysregulation of
[Ca?*]m would lead to mitochondrial Ca?* overload and cell death (Luongo, Lambert et
al. 2017). Because it is crucial to maintain mitochondrial Ca?* homeostasis,
mechanisms are necessary to ensure that in the steady-state the rate of Ca?* influx
does not exceed extrusion capacity and cause Ca?* overload. It is well known that
mitochondrial Ca?* accumulation is a key component in the control of cellular
bioenergetics by regulating several pyruvate dehydrogenase (PDH) and rate-limiting
tricarboxylic acid cycle (TCA) dehydrogenases (a-ketoglutarate- and isocitrate-
dehydrogenases), and possibly components of the respiratory chain and the ATP
synthase. The three dehydrogenases are activated by matrix Ca?* through different
mechanisms. PDH activation depends on the dephosphorylation of the catalytic subunit
by a Ca?*-dependent phosphatase (Denton, Randle et al. 1972), whereas o-
ketoglutarate dehydrogenase (a-KGDH) and isocitrate dehydrogenase (IDH) are
directly activated by Ca?* binding (Rutter and Denton 1988). Increases in [Ca?*]m results
in activation of these three enzymes to fuel ATP synthesis, coupling bioenergetics to
neuronal excitation/activity (Llorente-Folch, Rueda et al. 2015).

The existence of Ca?* nanodomains at sites of close apposition of mitochondria

to ER or plasma membrane Ca?* channels can account for the very rapid and large
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Ca?* uptake by mitochondria in cells. The ER and mitochondria couple at specific sites
termed mitochondria-associated membranes (MAMSs), which are believed to integrate
and coordinate several cellular functions, including synthesis and exchange of
phospholipids, apoptosis, mitochondrial dynamics and Ca?* signaling (Liu and Zhu
2017). Notably, all these processes are affected early during AD pathogenesis and
other neurodegenerative conditions, suggesting a role for MAMs in the pathogenesis
of these diseases (Area-Gomez, de Groof et al. 2018). Furthermore, excessive
mitochondrial Ca?* uptake can be toxic, contributing to increased ROS production,
activation of the PTP and neuronal death (Rasola and Bernardi 2011). Mitochondrial

Ca?* overload and subsequent dysfunction have been implicated in neurodegeneration.

5.4 Mitochondrial dysfunction in AD

The role of mitochondria in cellular bioenergetics and survival is well known. It
has been suggested that mitochondrial deficits are an early event in AD pathogenesis
and other neurodegenerative disorders (Iltoh, Nakamura et al. 2013). Several
mitochondrial functions mentioned above have been shown to be affected in AD,
including diminished glucose metabolism, mitochondrial enzymatic failure, and
increased ROS production, before AB and tau tangles have begun forming (Swerdlow
and Khan 2004). Mitochondrial dynamics are also dysfunctional in early-stage AD,
including disruption in the balance between mitochondrial fusion and fission, and
decreased axonal transport of mitochondria, among others (Lin and Beal 2006). There
Is also a disruption of glycolytic processes, impairments to the enzymatic activity of the

protein complexes of the electron transport chain (ETC), and negative alterations in
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antioxidant enzymatic activity. However, the relationship between exaggerated Ca?*
signaling and altered mitochondrial physiology is unclear. Mitochondria serve as high-
capacity Ca?* sinks, which allow cells to respond to changes in cytosolic Ca?* loads
and aids in maintaining cellular Ca?* homeostasis that is required for normal neuronal
function (Rizzuto, Bernardi et al. 2000). In general, transfer of Ca?* from ER to
mitochondria is necessary to maintain mitochondrial function and cellular bioenergetics
(Cardenas, Miller et al. 2010), which in neurons, given their limited glycolytic capacity,
is essential. The communication between ER and mitochondria is supported by the
presence of MAMs. Zampese et al. showed that overexpression or down regulation of
PS2 modulates Ca?* shuttling between ER and mitochondria through regulating
interaction between the two organelles and potentially increasing mitochondrial Ca?*
uptake (Zampese, Fasolato et al. 2011). Nevertheless, the relationship between
exaggerated ER Ca?* signaling by gain-of-function of ER Ca?* release activity by the
InsP3R or RyR and mitochondrial bioenergetics and dysregulation in AD remains to be
elucidated.

Mitochondrial Ca?* regulates NADH production and ATP synthesis. Increases and
decreases of [Ca?']m during cell activity is translated into parallel changes in the
activities of Ca?*-sensitive dehydrogenases that are part of the TCA cycle (Fernandez-
Morales, Arranz-Tagarro et al. 2012). Several studies have demonstrated down-
regulation of the PDH complex and a-KGDH in postmortem analyses of human AD
brains (Bubber, Haroutunian et al. 2005). These are key rate-limiting enzymes of the
TCA cycle, suggested to be therapeutic targets in age-related neurodegenerative

diseases (Volgyi, Juhasz et al. 2015). In addition, in brain samples of a mouse model
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of AD, decreased mitochondrial respiration and decreased PDH protein levels and
activity were observed as early as 3 months of age (Yao, Irwin et al. 2009).
Inappropriate levels of mitochondrial Ca?* uptake can lead to irreversible deleterious
cellular changes. Whether MCU mediates excitotoxicity was recently evaluated using
gain- and loss-of function experiments that demonstrated that MCU plays a central role
in the cell death observed followed an excitotoxic insult (Qiu, Tan et al. 2013). However,
the impact of altered MCU activity in AD is unknown and further investigation is
required.

In addition, alterations in mitochondrial Ca?* efflux may also play a role. For example,
heart failure has been shown to lead to an increase in cytoplasmic [Na*], which is
suggested to reduce [Ca?']m by enhancing Ca?* efflux via NCLX (Liu, Takimoto et al.
2014). Although reduced [Ca?*]m associated with increased efflux or reduced Ca?*
uptake can have detrimental effects, it is likely that overexpression of MCU or total loss
of NCLX and the resultant accumulation of matrix Ca?* would also be detrimental.
Although several studies have proposed that mitochondrial dysfunction is a primary
cause for AD development, to date no causal studies have directly implicated
alterations in mitochondrial Ca?* exchange with AD, or examined the direct contribution
of mitochondrial Ca?* dynamics and signaling with disease progression (Du, Guo et al.
2008) (Luongo, Lambert et al. 2015). However, recently, it was reported that
dysregulation of mitochondrial Ca?* efflux through NCLX precedes neuropathology and
memory decline in AD, providing a possible missing link between the Ca?*
dysregulation and mitochondrial dysfunction, both phenomena widely described in the

AD literature (Jadiya, Kolmetzky et al. 2019).
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5.5 Summary of antecedents

Our laboratory previously revealed the involvement of the InsP3R in exaggerated
[Ca?*]i signaling observed in many FAD experimental models (Cheung KH 2008)
(Cardenas, Miller et al. 2010) (Muller, Cardenas et al. 2011) (Shilling, Muller et al.
2014). Although the mechanisms are still controversial, these observations indicate that
increased ER Ca?* release caused by FAD PS is an early phenotype and could
accordingly contribute to disease pathogenesis (Honarnejad and Herms 2012). We
have linked this Ca?* dysregulation caused by PS mutations with exaggerated
production of ROS (Muller, Cardenas et al. 2011) and with activation of downstream
Ca?*-dependent pathways, including mis-regulation of the transcription of important
neuronal genes (Miiller, Cardenas et al. 2011). More recently, we described a genetic
approach in which the Ca?* hypothesis of FAD was confirmed (Shilling, Muller et al.
2014). Decreasing InsP3R protein expression by 50% normalized FAD PS-associated
exaggerated neuronal Ca?* signaling. Moreover, this InsPsR reduction rescued the
biochemical, electrophysiological and behavioral phenotypes observed in two different
PS1-FAD animal models, suggesting an important contribution in AD pathogenesis as
an early event involved in the disease.
During this study, we demonstrated clear evidence of intracellular Ca?* dysregulation,
suggesting that cells expressing mutant PS1 may be subjected to elevated
mitochondrial Ca?* levels, triggering a Ca?* overload which is linked to exacerbated by

impaired mitochondrial Ca?* efflux capacity which results in metabolic dysfunction.
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6. HYPOTHESIS

“FAD-PS1 mutations enhance Ca?* transfer between the ER and mitochondria
inducing mitochondrial malfunction that leads to impaired cell function and

death.”

7. General goal

Determine how FAD-associated PS1 mutations affect Ca?* transfer through the InsPsR-

MCU axis and mitochondrial function in human cell culture models.

8. Specific Aims

Aim 1. Determine the role of the FAD-mutant PS1-M146L disruptions of intracellular
Ca?* homeostasis on MCU-mediated mitochondrial Ca?* uptake, extrusion and A¥Ym
under basal and InsP3R agonist stimulation in human neuronal culture cell lines and
FAD-patient fibroblasts.

Aim 2. Explore the effects of the FAD-mutant PS1-M146L on mitochondrial metabolism
by determining the role of Ca?* transfer through the InsPsR-MCU axis in regulating
oxygen consumption rates (OCR) and expression levels of PDH, aKGDH and IDH in

neuronal culture cell lines and FAD-patient fibroblasts.
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9. MATERIALS AND METHODS

9.1 Cell culture and transfection, SH-SY5Y cells

We used the human neuroblastoma SH-SY5Y cell line purchased from ATCC
(American Type Culture Collection, Rockville, MD, USA). SH-SY5Y cells were
maintained in a 1:1 mixture of ATCC-formulated Eagle’s Minimum Essential medium
(EMEM) and F12 medium supplemented with fetal bovine serum (FBS) to a final
concentration of 10% (Hyclone), 100 U/ml penicillin, 100 pug/ml streptomycin and 0.25
ug/ml fungizone (Gibco). The atmosphere was 95% air; 5% CO2 and temperature 37°C.
Human wild-type (WT) PS1 and mutant PS1-M146L cDNAs were subcloned into
pIRES2-EGFP (Clontech) and transfected into SH-SY5Y cells through electroporation
using a Nucleofector™ Technology device and the Cell Line Nucelofector™ Kit V
(Lonza, catalog# VCA-1003). To select stable SH-SY5Y polyclonal lines, transfected
cells were drug-selected in 2 mg /ml Geneticin (G418) (Invitrogen). PS expression was
confirmed by western blot (WB) using a primary antibody against PS1 (CST
catalog#3622). For live cell imaging of [Ca?']m, cells were transiently transfected
through electroporation with either mitoCAR-GECO1 (mCG1; Kpo= 490 nM), a
genetically encoded Ca?* indicator targeted to the mitochondrial matrix, or the
4mtD3cpv, a second-generation chameleon Ca?* indicator (FRET sensor; Kp= 0,6 uM),

and immediately seeded onto glass coverslips.
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9.2 Cell culture, human patient fibroblasts

Human skin fibroblasts derived from FAD and SAD patients and normal
individuals were purchased from the Coriell Institute (Table 1). They were maintained
at 37°C (95% air and 5% CO32) and cultured with EMEM with Earle’s salts and 15%
FBS (Hyclone), 100 U/ml penicillin, 100 ug/ml streptomycin and 0.25 ug/ml fungizone

(Gibco), following provider instructions.

AG06840 Yes PSEN1 ALA246GLU Male 56 YR
AG06848 Yes PSEN1 ALA246GLU Female 56 YR
AGO08711 N/I PSEN1 ALA246GLU Female 34 YR
AGO07559 NO NO NO Female 45 YR
AGO07621 NO NO NO Male 57 YR
AGO08179 NO NO NO Male 54 YR
AG08243 Yes NO NO Male 72 YR
AGO07374 Yes NO NO Male 73 YR
AG09908 Yes PSEN2 ASN141ILE  Female 81 YR
AGO0246E Yes PSEN1 M146V Male 78 YR

Table 1: List of human skin fibroblasts isolated from FAD and control patients obtained from
the Coriell Institute (Camden, NJ).

For live cell imaging of [Ca?*]m, human patients fibroblast were transiently transfected
either with the mCG1 Ca?* indicator using Effectene transfection reagent (Qiagen),
optimal for primary cells due to its low cytotoxicity, or with the FRET sensor 4mtD3cpv,

or with the low affinity R-GECO1 (LAR-GECO1;Kp ~20 uM) that has ~10-fold increase
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in fluorescence intensity upon binding of Ca?*, and immediately seeded onto glass

coverslips.

9.3 Simultaneous measurements of mitochondrial Ca?* uptake and membrane
potential in permeabilized cells.

Human wild-type (wt) PS1 (PSlwt)-, empty vector pIRES2-EGFP- (EGFP)
(Clontech), and FAD-mutant PS1-M146L SH-SY5Y cells were grown in 10 cm tissue-
culture coated dishes and detached with Versene Solution (EDTA, non-enzymatic cell
dissociation reagent) (ThermoFisher, catalog# 15040066). Then, cells were counted (6
X 108), and washed in an extracellular-like Ca?*-free buffer (in mM: 120 NaCl, 5 KCI, 1
KH2PO4, 0.2 MgCl2, 0.1 EGTA, and 20 HEPES-NaOH pH 7.4). Following centrifugation,
cells were transferred to an intracellular-like medium [ICM; permeabilization buffer: 120
mM KCI; 10 mM NaCl; 1 mM KH2PO4; 20 mM HEPES-Tris, pH 7.2; protease inhibitors
(EDTA-free complete tablets; Roche Applied Science, Minneapolis, MN, USA)] that had
been treated with BT Chelex® 100 resin (Bio-Rad, 143-2832) prior to use to attain an
initial free [Ca?*] of ~20 nM and transferred to a cuvette. The cell suspension in the
cuvette was supplemented with 5 mM succinate and placed in a temperature-controlled
(37°C) experimental compartment of a multi-wavelength-excitation dual wavelength-
emission high-speed spectrofluorometer (Delta RAM, Photon Technology
International). Membrane-impermeable Fura-2 K* salt (Ko = 140 nM) or Fura-2FF K*
salt (Ko = 5.5 yM) (final concentration 1 uM) and tetramethylrhodamine ethyl (TMRE,
final concentration 50 nM) were added at 25 sec to measure bath [Ca?]c and

mitochondrial inner membrane potential (A¥m) concurrently. Fluorescence at 340 nm
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excitation/535 nm emission and 380 nm excitation/535 nm emission for the Ca2*-bound
and Ca?*-free Fura-2/Fura-2FF species, along with 560 nm excitation/595 nm emission
for TMRE, respectively was measured at 5 — 2 Hz. 40 ug/ml digitonin was added at 50
sec to permeabilize the cells and allow the cytoplasm to equilibrate with the bath
solution such that the TMRE fluorescence reports the relative A¥Ym. Fura-2/Fura-2FF
fluorescence under these conditions is related to the cytoplasmic [Ca?*] ([Ca?*]c) per
the equation below, where R is the measured fluorescence ratio (340/380 nm) and Sf2
and Sb2 are the absolute 380 nm excitation/535 nm emission fluorescence under O-

[Ca?*] and saturating [Ca?*], respectively.

R = Ruin\ (S
(Ca?t] = ( mm)( fz)* K,
Rmax_R sz

Thapsigargin (Tg; 2 uM) was added at 100 sec to inhibit Ca?* uptake into the ER and
CGP37157 was added at 400 sec to inhibit NCLX-mediated mitochondrial-Ca?*
extrusion. After [Ca?*]c reached a steady state at 700 sec, MCU-mediated Ca?* uptake
was initiated by adding a bolus of 5 pl of 5 mM CaCl: (final concentration 5 uM CaClz)
to the cuvette to achieve an increase in [Ca?*]c. After [Ca?*]c was monitored for 300 sec
following addition of the CaClz bolus, 2 yM CCCP was added to uncouple A¥Ym and
allow unimpeded Ca?* efflux from mitochondria as a measure of the total extent of
uptake. Under these conditions, the Ca?* bolus added to initiate mitochondrial Ca?*
uptake caused a transient depolarization as measured with TMRE that revered after ~

50-60 sec (Payne, Hoff et al. 2017). To confirm that this Ca?* transient was MCU-
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mediated, we performed some experiments in the presence of 1 yM Ru360, an inhibitor

of MCU, which blocked the Ca?* uptake (Mallilankaraman, Cardenas et al. 2012).

9.4 Quantitative measurement of basal [Ca?*]m

SH-SY5Y cells were grown in 10 cm tissue-culture coated dishes and
trypsinized, counted and transiently transfected with a plasmid encoding mCG1 using
electroporation (Nucleofector™ Technology device) and the Cell Line Nucelofector™
KitV (Lonza, catalog# VCA-1003). mCGL1 exhibits an increase in fluorescence emission
at ~610 nm upon Ca?* binding with a Ko of ~490 nM. To verify localization of the probe
in mitochondria, cells were imaged 48-hr post-transfection using confocal microscopy
with a 40x-oil objective at 37°C.

Fluorescence images of mCG1 (560-nm excitation/600-nm emission) and EGFP
(488 nm excitation/510-550 nm emission) and MitoTracker Red (581 nm excitation/644
nm emission) and a transmitted-light image of each individual field, were collected
within 30 sec. To qualitatively estimate basal [Ca?*]m, cells grown in 6 well plates over
12 mm coverslips were transfected transiently with mCG1 and imaged 48 hr post-
transfection using a epifluorescence microscope with a 20X objective at RT. Images of
live cells in complete medium in resting conditions were obtained at 545-nm
excitation/620-nm emission with identical gain- and exposure- settings among
experiments. lonomycin was added to promote Ca?* influx into mitochondria to saturate
the probe (Fmax), which was followed by the addition of EGTA to chelate Ca?* to
determine Fmin. Fluorescence measurements were transformed to [Ca?']m using the

equation.
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[Ca?*] = (ﬂ) « Kp
Fmax —F

Initial Ca?* uptake rates in permeabilized cells were determined for each experiment
using single-exponential fits from the time of Ca?* addition to achievement of a new
steady state to obtain parameters A (extent of uptake) and t (time constant) (IGOR Pro;
RRID:SCR_000325).

To determine the contribution of the Ca?* release by InsP3R, we used a specific
inhibitor, Xestospongin B (XeB) at 5 ym. Previous studies demonstrated that XeB
blocks InsPsR-mediated Ca?* signaling more effectively than Xestospongin C

specifically without affecting the Ca?* pump (Jaimovich, Mattei et al. 2005).

9.5 Simultaneous measurement of cytoplasmic and mitochondrial [Ca?'] in
response to bradykinin stimulation.

SH-SY5Y cells (EGFP, PS1wt and M146L) were grown in 10 cm tissue-culture
coated dishes and detached with Versene, counted and transiently transfected with
mCG1 using the Nucleofector™ Technology device and the Cell Line Nucelofector™
Kit V. After 48 hrs transfection, cells were loaded with 1 yM Fura-2 AM, in Tyrode’s
solution (in mM: 140 NaCl, 5 KCI, 2 CaClz, 1 MgClz, 10 glucose, 10 Hepes-NaOH, 5
sodium pyruvate, pH 7.4) with 0.01% (wt/vol) pluronic F127 for 15 min at RT, to report
[Ca?*]c. After loading, ~3x10° cells were transferred to a cuvette in the temperature-
controlled (37°C) experimental compartment of a multi-wavelength-excitation dual-

wavelength-emission high-speed spectrofluorometer (Delta RAM, Photon Technology
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International). Fluorescence at 560-nm excitation/610-nm (long-pass) emission for
mCG1, along with 340 nm excitation/535 nm emission and 380 nm excitation/535 nm
emission for the Ca?* bound and Ca?*-free Fura-2 species, respectively was measured
at5 Hz. 100 nM Bradykinin (BK) was added at 200 sec to induce InsPsR-mediated ER

Ca?* release. The mCG1 fluorescence was calibrated as described above.

9.6 Live cell imaging of cytoplasmic and mitochondrial [Ca?*].

All imaging experiments were carried out in an extracellular-like medium with 2
mM CacCl2 Tyrode’s solution. For [Ca?*]c determinations, cells were loaded with Fura-
2AM (2 uM) with 0.01% (wt/vol) pluronic F127 for 20 min at RT followed by washing.
For [Ca®*]m determinations, cells were loaded with Rhod-2 (0.5 pM) for 15 min at RT.
For both [Ca?*] determinations, cells were imaged with a 20x objective at RT using an
epifluorescence Olympus 1X-83 microscope equipped with a xenon lamp (Sutter
Lambda LS, Sutter Instruments, Novato, CA), excitation and emission filter wheels
(Sutter Instruments) and a 16-bit Hamamatsu Orca Flash 4.0 sCMOS camera. Images
of live cells under resting conditions and upon stimulation were obtained at 545-nm
excitation/620-nm emission with identical gain- and exposure-settings between
experiments along with 340nm excitation/535 nm emission and 380 nm excitation/535
nm emission for the Ca?* bound and Ca?* -free Fura-2 species respectively was
measured.

To qualitatively estimate basal [Ca?*]m, cells were grown in 10-cm tissue-culture
dishes and transfected with mCG1 or LAR-GECO1 or 4mtD3cpv (FRET sensor), and

imaged 48-hr post-transfection using an epifluorescence microscope with a 20x
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objective at RT. Calibrated measurements of [Ca?*]m were determined by incubating
cells in an extracellular-like medium with 2 mM CaClz Tyrode’s solution. Measure of
[Ca?*]c was obtained when fluorescence of each sensor was stabilized. Bradykinin (BK;
100 nM) or ATP (10 uM) was added at 200 sec and after peaking and reaching a new
steady-state, 3.75 pl of 2 mM CCCP was added (5 pM final). After a new steady was
reached (350 sec), 1.5 yl of 10 mM ionomycin was added (10 pM final) to ensure that
Fmax was achieved for all probes tested, which was followed by the addition of 0 Ca?*
Tyrode’s solution plus EGTA to chelate Ca?* to determine Fmin.

To confirm mitochondrial localization of the various mitochondrial Ca?* sensors, we
used MitoTracker® Deep Red FM, a far red-fluorescent dye (absortion/emission

~644/665 nm) that stains mitochondria in live cells (ThermoFisher Scientific).

9.7 Western blotting.

SH-SY5Y cells (EGFP, PSiwt and M146L-expressing) and human skin
fibroblasts were grown in 10 cm tissue-culture coated dishes, washed with PBS and
lysed with RIPA buffer supplemented with protease inhibitors (cOmplete, Roche), and
protein concentrations were calculated using Pierce BCA Protein Assay kit. Mini-
Protean® TGX™ gel 4-15% or 10% precast gels (Bio-Rad) were transferred to iBlot™
Transferred Stack, PVDF membrane regular size (catalogue #IB401031 from Thermo
Fisher Scientific), using iBlot™ 7-Minute Blotting System (Thermo Fisher Scientific).
Transferred membranes were probed with various antibodies. Antibodies used were,
anti-PS1 (Cell Signaling #3622), anti-MICU1 (Cell Signaling #12524), anti-MCU (Sigma,

#HPA016480) and anti-MCU (Cell Signaling #14997s), anti-MICU2 (Abcam,
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#ab101465), anti-MCURL1 (Cell Signaling #13706), anti-a-actin (Cell Signaling #3700S),
anti-phospho-PDH (Cell Signaling, #31866), anti-PDH (Cell Signaling, #2784), anti-
IDH1 (Cell Signaling #3997), anti-aKGDH (Cell Signaling #28865), anti-p-tubulin
(Invitrogen, #MAB1563) and anti-Hsp60 (Abcam, #ab46798). Membranes were
blocked in 5% fat-free milk for 1 hr at RT, incubated overnight at 4°C with primary
antibody, and then for 2 hrs at RT with anti-rabbit IgG-HRP (Cell Signaling, #7074S) or
anti-mouse IgG-HRP (Cell Signaling, #7076S) secondary antibodies conjugated to
horseradish peroxidase (HRP). Chemiluminescence detection was carried out using
SuperSignal West Chemiluminescent Substrate (Thermo) and a series of timed
exposures images were acquired with a FluorChem Q system (ProteinSimple) to
ensure densitometric analysis were performed at exposures within the linear range. To
ensure equal protein loading across gels, membranes were submerged in stripping
buffer (Restore western blot stripping buffer; Pierce), incubated at 37°C for 20 min, and
re-probed with a loading control antibody. All experiments were done at least in
triplicate. The mean pixels densities of bands were quantified using Image J (NIH) for

densitometric analysis.

9.8 Oxygen consumption measurements.

Oxygen (Oz) consumption is an excellent read-out for mitochondrial respiratory
activity. Measurement of the O2 consumption rate (OCR) is the current experiment of
choice to determine underlying mitochondrial dysfunction (Brand and Nicholls 2011)
With appropriate pharmacological manipulation, it is possible to isolate different

respiratory parameters, including basal respiration, maximal respiration, proton (H*)
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leak and ATP production. Mitochondrial function was investigated in intact cells by
measuring the OCR during sequential addition of mitochondrial respiratory inhibitors.
The seeding density and concentrations of the injection compounds were optimized.
Linear relationships between OCR and number of cells seeded were observed. Control
(EGFP and PS1wt and mutant PS1-M146L SH-SY5Y cells and human fibroblasts were
subjected to OCR measurements in real time at 37°C in an XF96 extracellular flux
analyzer (Agilent). Cells (3x10%) were plated and after 24 hr culture medium was
switched to XF media, pH 7.4 supplemented with 25 mM glucose and 1 mM sodium
pyruvate and 1 mM glutamine and further incubated in a CO2-free incubator for 1 hr
prior to measurements. In the basal state, mitochondrial OCR is predominantly driven
by H* flux through FiFo ATP synthase. Inhibition of the FiFo ATP synthase with 1uM
oligomycin reduces mitochondrial Oz consumption, with the OCR in this phase
predominantly driven by the H* leak (also by substrate oxidation). The uncoupler
carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) was then added, causing
an increase in the H* leak across the inner membrane, creating a H* short circuit and
facilitating the measurement of maximal OCR. The optimal FCCP concentration to
induce maximal respiration was determined for each cell type studied. Next, respiratory
chain activity was inhibited with rotenone plus antimycin A at 1uM. OCR measured in
this phase is due to non-mitochondrial O2 consumption. After each injection, OCR was
measured for 3 min, the medium was mixed and again measured for 3 min. Basal OCR
was calculated as a difference of OCR before and after oligomycin. Maximum OCR
was calculated as difference of OCR after FCCP and that measured after exposure to

rotenone plus antimycin A. This allowed for an estimation of the contribution of
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individual parameters for respiration, proton leak, spare respiratory capacity, non-

mitochondrial respiration and ATP production.

Data were normalized to protein

concentrations by lysing samples after each experiment. The cell number was chosen

to provide a nearly confluent uniform monolayer of cells. Before and after each

experiment, uniformity and integrity of the monolayer was evaluated by DIC

microscopy. Respiration rates are presented as the mean + SEM of 3 or more

independent experiments performed with 3 or more replicate wells in the Seahorse

XF96 analyzer. Significance level was determined by performing ANOVA on the

complete data set with Bonferroni post testing. The results were considered significant

at p < 0.05. The general scheme of mitochondrial stress test is shown in figure 3i.
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Figure 3i: Seahorse XF Cell Mito Stress Test profile of the key parameters of
mitochondrial respiration. Sequential compound injections measure basal respiration, ATP

production,
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leak, maximal respiration,

mitochondrial respiration (Seahorse Bioscience, Agilent).
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9.9 Data analysis and statistics.

Data were summarized as the mean + SEM, and statistical significance of differences
between means was assessed using unpaired Student’s t test or one-way analysis of
variance (ANOVA) for repeated measures. Statistical analyses were performed in Stata
software with appropriate post-test as indicates, p < 0.05 was considered statistically
significant. For comparisons of all samples within the data set, Tukey-Kramer post-test
was used. For pre-selected pairwise comparisons, Bonferroni post-test was performed.
All other data analysis was performed in Excel. For all figures, one asterisk indicates p
< 0.05 and two asterisks indicate p < 0.01, respectively, n.s. indicates no statistical

significance.
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10. RESULTS

10.1 Expression of FAD mutant PS1-M146L causes excessive levels of
mitochondrial Ca?* in SH-SY5Y cells.

To explore whether the expression of mutant PS1-M146L plays a role in
mitochondrial Ca?* uptake and membrane potential in SH-SY5Y cell lines, we first used
a permeabilized-cell assay. To measure MCU-mediated Ca?* uptake activity, we made
real-time measurements of bulk changes in bath (cytoplasmic) [Ca?*] ([Ca?*]) in a
suspension of 6-8x10° permeabilized SH-SY5Y cells stably transfected either with the
empty vector EGFP, PS1wt or mutant PS1-M146L. The expression of the transfected
PS1 proteins was evaluated periodically and confirmed by immunoblot (Figure 1A).
PS1 levels in PS1wt and M146L lines were significantly higher than the endogenous
levels in cells transfected with the empty vector or with EGFP as a control. First, we
permeabilized cells in an intracellular-like medium lacking Ca?* buffers (free [Ca®*] ~
20 nM) with digitonin (Dg), added directly to the cell suspension, affecting the plasma
membrane but leaving the inner mitochondrial membrane (IMM) intact (Payne, Hoff et
al. 2017) (Mallilankaraman, Doonan et al. 2012). Then, we measured simultaneously
the [Ca?*]c using the low affinity ratiometric indicator Fura-2FF (Kp 5.5 uM) (Figure 1B)
and the AWm using TMRE (Figure 3). Thapsigargin (Tg) was used to inhibit SERCA,
preventing Ca?* uptake into the ER and releasing the ER Ca?* stores into the bath that
resulted in a small increase in [Ca?*]c that reached a steady-state ~300 sec (Figure 1B).
Under these conditions, MCU-mediated mitochondrial Ca?* uptake plays the dominant

role in determining [Ca®*]c. CGP37157 (CGP) was then added to inhibit NCLX-
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mediated Ca?* efflux to isolate MCU as the only pathway for transport of Ca?* between
mitochondria and cytoplasm. Again, after reaching a steady-state [Ca?*]c, addition of 5
uL of 5 mM CaClz at 700 sec to the bath, caused a rapid rise in [Ca?*]c to ~5-7 uM
followed by clearance of Ca?* over 100-200 sec in all the cell lines analyzed, but not in
cells in which MCU was pharmacologically blocked by Ru-360 (1 uM) (Figure 1B),
indicating that uptake was mediated solely by MCU. Subsequent dissipation of A¥Ym
with (2 uM) CCCP caused a rapid increase in [Ca®*]c as the total matrix Ca?* content
was released, providing further evidence that mitochondria were responsible for
clearance of cytoplasmic Ca?*. In cells expressing mutant PS1-M146L, the increase in
[Ca?*]c upon CCCP addition was significantly higher than the control cells or
overexpressing PS1wt (Figure 1A), suggesting that mitochondria from cells expressing
PS1-M146L accumulated more Ca?* compared with the control cells.

Calibration of Fura-2FF was carried out in each experiment to define the
magnitude of the [Ca?*]c signals (Figure 2). In these experiments, cells expressing PS1-
M146L released more Ca?* from the than the control cell lines (Figure 2A & 2B),
consistent with previously reported FAD-PS1-induced exaggerated Ca?* release from
the ER. In contrast, no significant differences were found in the Ca?* boluses added to
the different cell lines (Figure 2C). We also estimated the total mitochondrial Ca?*
content. The initial mitochondrial Ca?* taken up during the experiment. The initial
mitochondrial Ca?* content prior to Ca?* addition was calculated by subtracting the peak
value after the addition of 5 yM Ca?* and the value of [Ca?*]c before Tg addition from
the [Ca?*]c after CCCP addition. The average mitochondrial Ca?* content (n = 5) is

shown in Figure 2D. The results from these set of experiments show a greater
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[Ca”"], Fura-FF (uM)

mitochondrial Ca?* uptake in cells expressing the PS1-M146L. Because there were no

significant differences in mitochondrial Ca?* uptake rate among the cell lines (Figure

1C), this may indicate that Ca?* release from the ER after Tg was taken up to a greater

extent by the PS1-M146L-expressing cells.
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Figure 1: Mitochondrial Ca?" uptake in mutant PS1-M146L is unaffected in SH-SY5Y cells. A)
Representative immunoblot of PS1 expression in SH-SY5Y cells stably expressing EGFP, PS1wt or
mutant PS1-M146L and normalized by B-tubulin. B) Calibrated mitochondrial Ca?* uptake in
permeabilized SH-SY5Y cells in response to 5 uM CacCl,. Cells were treated with 0.004% digitonin
(Dg) to permeabilize plasma membrane, 2 uM thapsigargin (Tg) to block ER Ca?* uptake, and 20
UM CGP37157 (CGP) to inhibit mitochondrial Ca?* efflux, added at t=50, 100 and 400s, respectively
as indicated. races represent average from n=5 independent replicates for each cell line shown. C)
Ca?" uptake rates for control, PS1wt and M146L in response to 5 yM CaCl,. Replicate

measurements of 5 independent experiments. No significant differences unpaired test.
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Figure 2: Summary of Quantitative Measurement of Mitochondrial Ca?*levels in
SH-SY5Y cells. A) Estimation of before Tg addition. PS1-M146L expressing cells
shown higher compared with control cells. B) Estimation of total ER Ca?* release from
the ER after Tg addition was obtained subtracting the before CGP addition minus
the before Tg. C) peak after addition of 5 uL of 5 mM CaCl; at 700 sec were no different
among the cell lines. D) Estimation of total mitochondrial Ca?* in SH-SY5Y cells. Values
obtained by subtracting minus the peak value after the addition of 5 yM Ca?* and the
value of [Ca?*]. before Tg addition. Bars represent average +/- SEM total mitochondrial
Ca?* content of 5 independent experiments. Significance was determined by one-way
ANOVA with Dunnett’s post-test using EGFP cells as control: *, p < 0.05.

10.2 Effects of PS1-M146L expression on mitochondrial membrane potential
(AY¥m).
The AW¥m, defined as the electrical potential between the mitochondrial matrix

and the cytoplasm, is an important mitochondrial parameter and a key indicator of cell

health or injury as it relates to the capacity to generate ATP by OXPHOS. Perturbed
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AW¥nm can indicate disrupted respiration, ATP synthesis, or ionic fluxes across the
mitochondrial membrane. The AW¥m provides the driving force for mitochondrial Ca?*
uptake and regulates ROS production. To assess this parameter, we used the lipophilic
cationic compound TMRE, which accumulates within mitochondria in inverse proportion
to A¥m. We used this probe in a quenching mode, which means that the dye
accumulates within mitochondria at high concentration (50 nM) forming aggregates,
which quench the fluorescent emission of the dye. Under these conditions, once the
dye is loaded into mitochondria, a subsequent mitochondrial depolarization will result
in release of dye, lowering its concentration, allowing the disassembly of the
aggregates, unquenching the dye and increasing the fluorescent signal. In our
experimental settings in permeabilized cells, we monitored in real-time the dynamic
changes of AYm. We observed a transient increase in TMRE fluorescence in response
to addition of a bolus of Ca?* as Ca?* influx depolarized A¥m, which recovered as
[Ca?*]c approached a steady state due to closure of MCU (Figure 3). Subsequent
dissipation of A¥Ym with 2 uM CCCP collapsed A¥Ym. TMRE fluorescence in CCCP
was used to normalize AYm between experiments. There was no significant difference
in AYm between the control (EGFP) and PS1wt and PS1-M146L cells, under basal

levels, after Ca?* uptake or after CCCP addition (Figure 3).
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Figure 3: Expression of mutant PS1-M146L did not affect relative mitochondrial membrane
potential (A¥m). A) Traces represent the average from 5 independent replicates for each cell
line shown. [Ca?*]c was measured simultaneously using the low affinity ratiometric indicator
Fura-2FF (Figure 1A) and A¥m using TMRE. SH-SY5Y cells were treated with 0.004%
digitonin (Dg) to permeabilize plasma membrane, 2 uM thapsigargin (Tg) to block ER Ca?* uptake,
and 20 yM CGP37157 (CGP) to inhibit mitochondrial Ca?* efflux, added at t=50, 100 and 400s,
respectively as indicated. Transient depolarization was observed in response to Ca?*, whereas
addition of CCCP collapsed A¥m. B) Summary of relative AWm after Tg, CGP, and Ca?* addition.
No significant differences were observed between mutant PS1-M146L and control cells.
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10.3 Simultaneous measurements of cytoplasmic and mitochondrial [Ca?*] in
intact cells in response to bradykinin.

To determine more directly and physiologically the role of PS1-M146L
expression on mitochondrial Ca?* dynamics, we performed experiments using intact
SH-SY5Y cells stably transfected with EGFP, PS1wt or PS1-M146L, and transiently
transfected with mitoCAR-GECO1 (mCG1; Kp= 490 nM), a genetically-encoded Ca?*
indicator targeted to the mitochondrial matrix. mCG1 exhibits an increase in
fluorescence emission at >610 nm upon Ca?* binding. 48 hours post transfection, 3 x
108 SH-SY5Y cells were loaded with the ratiometric dye Fura-2-AM (1 pM final) in a
Tyrode’s solution (140 nM NaCl, 5 mM KCI, 2 mM CaClz, 1mM MgClz, 10 mM glucose,
10 mM Hepes, 5 mM sodium pyruvate, pH 7.4) to report [Ca®*]c. Once Fura-2 and
mMCG fluorescence had stabilized, bradykinin (BK; 100 nM) was added at 200 sec to
induce InsPsR-mediated ER Ca?* release. Basal [Ca?*]c and [Ca?*]m were significantly
elevated in cells expressing mutant PS1-M146L (red traces in Figure 4; Figure 5C).
Unexpectedly the responses of [Ca?*]c and [Ca?*]m to BK were significantly more robust
in the control cells expressing the empty EGFP vector (green traces in Figure 4; Figure
6). When the [Ca?*]c relaxed to a new elevated steady-state level due to opening of
store-operated Ca?* channels, addition of 5 yM CCCP dissipated A¥m and caused a

rapid [Ca?*]cincrease (Figure 4).
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Figure 4. Simultaneous measurements of [Ca?']c and [Ca%*]m in response to BK
stimulation in SH-SY5Y cells. A) Average traces of cytoplasmic Ca?* in intact cells stably
expressing EGFP, PS1wt or PS1-M146L loaded with Fura-2. Cells were stimulated at 200
sec with BK (100 nM) to induce Ca?* release from internal stores, and subsequently with
CCCP to dissipate AWmand release the Ca?* accumulated in the mitochondria. [Ca?*]. was
calibrated upon addition of ionomycin and EGTA in order to obtain the Fmax and Fmin

respectively. B) Average traces of [Ca?']m from calibrated mCG fluorescence in cells
transiently transfected with mCG.

These results demonstrated that the indicators were functional in each cellular
compartment. They also indicate again that cells expressing the mutant PS1-M146L
had higher levels of basal [Ca?*]c and [Ca?*]m compared to the EFGP and PSiwt
controls. However, no significant differences were observed in the peak of Ca?*
reached in response of BK stimulation. Notably, after CCCP stimulation, mutant PS1-
M146L cells exhibited a larger increase in cytoplasmic and mitochondrial Ca?*
compared with cells expressing EGFP or PS1wt.

To determine if elevated basal [Ca?*]c observed in mutant PS1-M146L cells was
due to constitutive Ca?* release from the ER through the InsPs3R, cells were

preincubated with 5 pM Xestospongin B (XeB), a specific InsPsR inhibitor. XeB
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dramatically reduced the higher basal cytoplasmic and mitochondrial Ca?* in PS1-

M146L cells (Figure 5).
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Figure 5: Effect of InsP3R inhibition on basal [Ca?*]. and [Ca?']m in SH-SY5Y cells. A)
Average traces of cytoplasmic Ca?* in intact cells stably expressing EGFP only, PSiwt or
PS1-M146L loaded with Fura-2. Cells were stimulated at 100 sec with BK (100 nM) to induce
Ca?* release from internal stores and CCCP to cause a subsequent dissipation of A%y and
release Ca?* accumulated in the mitochondria. B) Mitochondrial Ca?* levels in cells transiently
transfected with mCG. C) Comparison of calibrated Fura-2 340/380 measurements of
cytoplasmic [Ca?'] in cells with (control) or without XeB preincubation. D) Comparison of
calibrated mCG fluorescence as a measure of mitochondrial matrix [Ca?*] in cells with or
without XeB preincubation. Bars represent the average +/- SEM total mitochondrial Ca?*
content of 3 independent experiments. Significance was determined by one-way ANOVA with
Dunnett’s post-test using EGFP cells as control: *, p < 0.05.
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To improve the magnitude of the responses to BK, another set of experiments was
performed using DMEM plus 1% of fetal bovine serum (FBS). Under these conditions
the cytoplasmic Ca?* peak obtained by BK stimulation in control cells expressing just
the empty vector EGFP showed a significantly higher response compared to cells
overexpressing either PS1wt or mutant PS1-M146L (Figure 6A). On the other hand, no
significant differences in peak [Ca?*] upon BK stimulation were observed between
control EGFP and mutant PS1-M146L cells (Figure 6B). In addition, in the presence of
XeB, we observed that in control cells EGFP had just a slight decrease in cytoplasmic
Ca?* peak, but cells expressing PS1wt or M146L had a significant reduction in the peak
response to BK in cytoplasmic and mitochondrial Ca?* response elicited by BK

compared to the EFGP only cells (Figure 6A&B).
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Figure 6. Inhibition of InsP3sR decreases mitochondrial and cytoplasmic [Ca?"] in mutant
PS1-M146L expressing cells. A) Comparison of normalized Fura-2 340/380 excitation ratio
as a measure of relative cytoplasmic Ca?* in cells with (control) or without XeB preincubation.
B) Comparison of normalized mCG fluorescence as a measure of relative mitochondrial matrix
Ca?" in cells with or without XeB preincubation. Bars represent the average +/- SEM total
mitochondrial Ca?* content of 3 independent experiments. Significance was determined by
one-way ANOVA with Dunnett’s post-test using EGFP cells as control: *, p < 0.05.
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10.4 Constitutively high basal [Ca?]m by imaging cells expressing mutant PS1-
M146L.

To confirm that mutant PS1-M146L cells exhibited increased mitochondrial
[Ca?*]m responses compared to control cells, we qualitatively estimated [Ca?*]m in cells
grown in 10-cm tissue-culture dishes. Cells were loaded with Fura-2-AM and Rhod-2
and imaged using an epifluorescence microscope with a 20x objective at RT. Images
of live cells in complete medium under resting conditions and upon stimulation were
obtained at 545-nm excitation/620-nm emission with identical gain- and exposure-
settings between experiments. Calibrated measurements of [Ca?*]m were determined
by suspending cells in a high Na*/low K* extracellular-like medium with 2 mM CacCl2
Tyrode’s solution. In agreement with previous mitochondrial flux results obtained by the
PTI assay (Figures 1 & 2), we observed a significantly higher basal Rhod-2
fluorescence intensity in cells expressing mutant PS1-M146L, suggesting again an
increase in [Ca?*]m in these cells compared to control cells (Figure 7). Nevertheless,
because the positively charged fluorescent Ca?* indicator Rhod-2 accumulates only
incompletely in mitochondria (Connolly, Theurey et al. 2018), we also used another
approach. We used a genetically-encoded fluorescent reporter mCG to determine the
relative basal [Ca?*]m. Cells were transiently transfected using a Nucleofector device to
obtain higher expression and efficiency levels of mCG1 in SH-SY5Y cells. To verify
localization to mitochondria and transfection efficiency of mCG1 and qualitatively
estimate basal [Ca?*]m, cells grown in 10-cm tissue-culture dishes were imaged using
an epifluorescence microscope with a 20x objective at RT. Fluorescence images of

mCG1 (560-nm excitation/600-750-nm emission) were all collected within 100 sec.
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Figure 7. Increased basal mitochondrial [Ca?"] in PS1-M146L expressing cells loaded with
Fura-2 and Rhod-2. A) Representative images of cytoplasmic and mitochondrial Ca?* in three
different channels, 340 nm, 380 nm (Fura-2) and 581 nm (Rhod-2). Cells were incubated with
Tyrod’s solution for 100 sec and then perfused with CCCP to cause a dissipation of AYm and
release the Ca?* accumulated in the mitochondria. B) and C) Normalized cytoplasmic and
mitochondrial Ca?* response was calculated as the relative ratio change (340/380nm; Fura-2)
and relative change of Rhod-2 fluorescence (F/F0). Data represent means of three experiments
from different cell preparations. Bars represent average +/- SEM total mitochondrial Ca?* content
of 3 independent experiments. Significance was determined by one-way ANOVA with Dunnett’s
post-test using EGFP cells as control: *, p < 0.05.

As shown in Figure 8, higher basal levels of both cytoplasmic (Fura-2) and
mitochondrial (IMCG1) [Ca?*] were observed in PS1-M146L-expressing cells. The basal
fluorescence intensity of mCG1 was constitutively higher in mutant cells as shown in
lower panels of Figure 8A. To determine the basal differences among the cells in these

experiments, Fura-2 ratios and mCG1l fluorescence of each experiment were
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normalized using raw fluorescence values to compare experiments performed under

identical conditions with identical microscope settings.
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Figure 8. Increased basal mitochondrial [Ca?'] in PS1-M146L expressing cells loaded with
Fura-2- and transiently transfected with mCG. Expression of mito-CAR-GECO1 (mCG)
transiently transfected in cell lines stably expressing either the empty pIRES vector EGFP, PS1wt
or PS1-M146L, were imaged using an epifluorescence microscope with a 20x objective at RT
(560-nm excitation/600-750-nm emission) and GFP expression (488-nm excitation/530-25-nm
emission). A) Representative images in three different channels, 340 nm, 380 nm (Fura-2) and
581 nm (mCG). B) and C) Normalized responses calculated as the relative ratio change
(340/380nm; Fura-2) and relative change of mCG fluorescence (F/F0). Data represent means of
3 experiments from different cell preparations. Bars represent the average +/- SEM total
mitochondrial Ca?* content of 3 independent experiments. Significance was determined by one-
way ANOVA with Dunnett’s post-test using EGFP cells as control: *, p < 0.05.

Cells expressing PS1-M146L presented higher basal levels of cytoplasmic and
mitochondrial [Ca?*] compared with the control cells stably transfected with EGFP only
or PS1wt (Figure 8B) strongly suggesting a mitochondrial Ca?* overload. However,

when cells were treated with Tg, an increase in [Ca?*]c and [Ca?*]m was observed in all
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cells, which was more pronounced in mutant PS1-M146L cells relative to control cells

(Figure 9).
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Figure 9: Increased [Ca?'] in PS1-M146L expressing cells in response to ER Ca?' release.
A) Representative micrographs of the expression of mito-CAR-GECO1 (mCG), loaded with
Fura-2. At 100 seconds, Tg (3 uM) was added to each cell line stably expressing either the
empty pIRES vector EGFP, PSlwt or PS1-M146L. Cells were imaged using an
epifluorescence microscope with a 20x objective at RT (560-nm excitation/600-750-nm
emission) and deep red mitotracker (644/665 nm excitation/emission) to verify mitochondrial
localization. B) Average traces of normalized Fura-2 340/380 ratios in each cell line. C)
Average traces of relative level change of mCG fluorescence F/FQ. The data represent the
means of three experiments from different cell preparations. Bars represent the average +/-
SEM of 3 independent experiments.
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Using another experimental paradigm, we confirmed that upon BK stimulation
the mean value of the [Ca?*]c peak obtained was higher in cells expressing the mutant
PS1-M146L (Figure 10). Figure 10B shows representative traces for each cell type
analyzed demonstrating that the mean value of the peak obtained after BK stimulation

was higher in cells expressing the mutant PS1-M146L.
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Figure 10: Increased mitochondrial [Ca?'] in mutant PS1-M146L expressing cells transfected
with mCG in response to BK. Each cell type was transiently transfected with mCG1 and imaged
48-hr post-transfection using an epifluorescence microscope with a 20x objective at RT. The data
represent 30 individual cells from one coverslip for each cell type and three coverslips for each and
they show similar results. A) Show all traces analyzed in one coverslip of each cell line and B) The
mean obtained of the previous graph (n=3).

As previously described in Figure 4, BK stimulation assays in SH-SY5Y cells were
significantly improved when experiments were done in DMEM/FBS instead of Tyrode’s
solution. In a new set of experiments, cells were imaged using an epifluorescence

microscope with a 20x objective at RT (560-nm excitation/600-750-nm emission) for
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GFP (488-nm excitation/530-25-nm emission) and deep red MitoTracker (644/665 nm
excitation/emission) to verify mitochondrial localization. We visually confirmed that cells
expressing mutant PS1-M146L (GFP positive) had higher mCG fluorescence intensity

in basal conditions compared with control cells (Figure 11).

Figure 11: Representative imaging analysis of SH-SY5Y cells expressing mutant
PS1-M146L. A) Cells loaded with deep red mitotracker (644/665 nm excitation/emission).
B) positive PS1-M146L cells. C) EGFP expression from pIRES vector. D) Merge of three
channels showing in yellow the co-localization of cells expressing mCG and EGFP and
loaded with mitotracker (white arrows).
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10.4.1 Measurement of [Ca?*]m by imaging a FRET sensor.

To discard the possibility that mutant PS1-M146L expressing cells have brighter
mCG signal due to higher transfection efficiency than control cells, we also tested a
different mitochondrial Ca?* sensor, the 4mtD3cpv second-generation chameleon. This
sensor displays Ca?* sensitivities tuned over a 100-fold range (0.6-160 uM), in which a
Ca?*-responsive element alters the efficiency of fluorescence resonance energy
transfer (FRET) between the two fluorescent proteins, CFP and YFP and with a much
larger dynamic range than the GECOs previously used and more sensitivity to small
changes in mitochondrial Ca?*. The absorption or emission spectrum is ratiometric,
which changes with fluctuations in [Ca?*]. This sensor was monitored by calculating the
ratio of two different fluorescence emission intensities, termed the FRET ratio, which is
the ratio of the acceptor (YFP) emission intensity to the donor (CFP) emission intensity
(Park JG., Palmer AE, 2015).

Previously, we observed a consistent constitutive increase in [Ca?*]c and [Ca?*]m
under stimulation with different agonists of ER Ca?* release to levels that may be toxic
in cells that expressed mutant PS1-M146L. The results with this FRET sensor
recapitulated previous results, strongly confirming a significant higher [Ca?*] in the
mitochondria, which was exacerbated under ER Ca?* release in cells expressing the

mutant PS1-M146L (Figure 12).
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Figure 12: Comparison of basal [Ca?']m in SH-SY5Y cells transiently transfected with
4mtD3cpv (FRET sensor) and loaded with deep red mitotracker. A) Representative images
of basal expressions in cells transiently transfected with 4mtD3cpv. Excitation of 4mtD3cpv
was applied at 440 + 10 nm, and emission was recorded at 480 and 535 nm. B) Average traces
of normalized FRET emission ratio over time in each cell line perfused with 2 mM Tyrode’s
solution and stimulated with ATP (10 uM), followed by CCCP addition (5 M). C) FRET emission
ratio in basal conditions and after Tg stimulation. The data represent the means of 4
experiments from different cell preparations. Bars represent the average +/- SEM total
mitochondrial Ca?* relative content of 4 independent experiments. Significance was determined
by one-way ANOVA with Dunnett’s post-test using EGFP cells as control: *, p < 0.05.
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10.5 Mitochondrial hypersensitivity to Ca?* challenges in PS1-M146L cells is due
to enhanced ER Ca?* release.

Mitochondrial matrix Ca?" content has a central role in metabolic
regulation and cell death signaling. Ca?* transfer to mitochondria must be finely
regulated because excess Ca?* will disturb OXPHQOS, also increasing the generation
of ROS that leads to cellular damage, a common feature in several neurodegenerative
diseases, such as AD. In physiological conditions, transient opening of the
mitochondrial transition pore (mPTP) can regulate Ca?* levels in the mitochondrial
matrix (Ichas, Jouaville et al. 1997). However, excess of Ca?* levels and ROS
generation in the mitochondria trigger a dysregulated opening of mPTP, causing the
release of metabolites leading to loss of A¥m and inhibition of OXPHOS among other
effects (Rottenberg and Hoek 2017). To examine the effects of elevated matrix Ca?*
content on mPTP opening, we challenged permeabilized SH-SY5Y cells of each cell
line with boluses of 2-3 uM Ca?* (Figure 13). Cells were permeabilized in an
intracellular-like medium lacking Ca?* buffers (free [Ca?*] ~ 20 nM) and [Ca?*]c and A¥m
were simultaneously measured using Fura-2 and TMRE, respectively. Tg was used to
inhibit Ca?* uptake into the ER, leading to a small increase in [Ca?*]. that reached a
steady state after ~300 sec. Later, CGP was added to inhibit NCLX-mediated
mitochondrial Ca?* extrusion. Under these conditions, MCU-mediated mitochondrial
Ca?* uptake plays the dominant role in determining [Ca?*]c. We applied several pulses
of 2-3 uM CaClz at ~500 sec causing a rapid rise in [Ca?*]c followed by clearance of
Ca?* over 100-200 sec in all the cells analyzed. However, mutant PS1-M146L

expressing cells exhibited greater sensitivity to successive Ca?* challenges, causing a
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dramatic loss of A¥m after the third or fourth bolus of Ca?* compared with control cells
(Figure 13). Therefore, mPTP opening observed in cells expressing the mutant PS1-
M146L emerges as a potential cause of mitochondrial dysfunction due to Ca?* overload

as a response of exaggerated Ca?* release from the ER through the InsPzR.
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Figure 13: Ca?" uptake and efflux and A¥m monitored in permeabilized SH-SY5Y cells
monitored with Fura2-FF and TMRE, respectively and challenged with 3 yM Ca?* boluses.
A) Representative traces of [Ca?*]. and B) representative traces of normalized TMRE fluorescence
intensity of the corresponding experiments. Cells were treated with 0.004% digitonin (Dg) to
permeabilize plasma membrane, 2 uM thapsigargin (Tg) to block ER Ca?" uptake, and 20 uM
CGP37157 (CGP) to inhibit mitochondrial Ca?* efflux, added at t=50, 100 and 300s, respectively
as indicated. B) normalized for each trace.

Next, we measured differences in Tg-induced ER Ca?* leak to compare and
evaluate if the higher content of Ca?* found in the mitochondria in mutant PS1-M146L
cells could be a consequence of enhanced leak from the ER. As shown in Figure 14A,
Tg addition revealed a more active ER Ca?* leak in cells expressing mutant PS1-M146L

compared with control PS1wt and EGFP cells. These results complement previous
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observations that PS1-M146L causes an exaggerated Ca?* release from the ER under
basal conditions due to an increase in InsP3R activity (Cheung KH 2008) (Cheung, Mei
et al. 2010). An increase of Ca?* leak from the ER through sensitization of the InsP3R
Ca?* channel by direct interaction with FAD-linked PS mutants could be responsible for
the sustained and progressive high levels of intracellular Ca?* in cells expressing the
mutant PS1-M146L. In the absence of Tg stimulation, as expected, no enhanced ER
Ca?* leak was observed in PS1-M146L cells (Figure 14C), having a Ca?* signal
dynamic similar to control cells in the absence of Tg (Figure 14E). In addition, the

absence or presence of Tg did not affect the AWm in either of the cell lines studied
(Figure 14 B&D&F).

Then we tested whether the absence of ER Ca?* leak reduced the hypersensitivity of
PS1-M146L cells to mPTP opening when challenged with successive boluses of Ca?*
(Figure 15). We repeated the experiment in the presence or absence of Tg. We found
a slight improvement to Ca?* challenge in the absence of Tg in PS1-M146L cells,
indirectly suggesting a contribution of the ER Ca?* leak to the mPTP opening
stimulation and in consequence increased vulnerability of these cells. No significant
differences were observed in control cells in the presence or absence or Tg, indicating

that Ca?* leak from the ER is not related to sensitivity to Ca?* challenges.
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Figure 14: Elevated Ca?* leak from the ER in PS1-M146L cells. A) Representative traces
from 3 independent experiments of elevated Ca?" leak from the ER after Tg addition in
permeabilized cells expressing PS1-M146L and B) simultaneous AWm detection with TMRE.
C) Representative traces of bath [Ca?*] in mutant PS1-M146L cells in the presence or absence
of Tg and D) the TMRE analysis. E) Comparative graph of representative traces of each cell
type in absence of Tg and F) normalized TMRE fluorescence intensity.

57



v
50 O 1.6 I\
—EGFP + Tg 2
EGFP no Tg 3
40 —PSiwt+Tg @ 14 \
- == PS1wt no Tg 5
s —M146L + Tg 3 \
= =«=M146L no Tg & 1.2
w 304 +CCCP
LlL E 2+ v
® s +Ca" (2uM)
S 1.0 v .
z = +CGP (+/-Tg) *
20+ 2+ T
- *Ca (2uM) @ v
::.N D v N 0.8
+Dg o
S d” E
+CGP(+/- Tg) O 0.6
v z
o]
T T T T T T T 0.4 T T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
C Time (sec) Time (sec)
50 -
=—M146L + Tg
=+=M146L no Tg
40 1
5
2
o 30
u-
©
S
L 20
+'_", +C 2+
& +Dg a  (2uM)
3 10y v
+CGP(+- Tg)
v
04
T 0.4-

T T T T T 1
0 200 400 600 800 1000 1200 0

T T T T T T
. 200 400 600 800 1000 1200
Time (sec)

Time (sec)
Figure 15: Ca?" uptake and efflux and A¥m monitored in permeabilized SH-SY5Y cells in

the presence or absence of Tg. A) Representative traces of Ca?* uptake and efflux and A¥m
monitored in permeabilized SH-SY5Y cells with FuraFF and TMRE, respectively, and
challenged with 2 uM Ca?* boluses in the presence or absence of Tg in each cell line. B)
Representative traces of normalized TMRE fluorescence of each cell line analyzed in A) at
different experimental conditions. C) and D) are traces just from the PS1-M146L cells to better
visualize the differences in the presence or absence of Tg.

To confirm these results and explore more deeply the contribution of the
ER Ca?* leak on mitochondrial Ca?* dynamics, we treated intact cells with BK to induce

physiological InsPsR-mediated Ca?* release from the ER, and with Tg to trigger ER
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Ca?* leak (Figure 16). Briefly, the cells were loaded with the ratiometric cytoplasmic
Ca?* indicator Fura-2 and with Rhod-2 as a fluorescent mitochondrial Ca?* indicator.
As seen previously, PS1-M146L expressing cells showed a significantly higher level of
basal [Ca?*]c compared with control cells, and also higher leak from the ER after Tg
stimulation (Figure 16A). However, the size of the [CaZ*]m response to BK stimulation
in the mutant PS1-M146L cells was lower than control cells (Figure 16B). These results
consistently show that PS1-M146L cells present an increase in both cytoplasmic and
mitochondrial Ca?* levels, due to enhanced ER Ca?* leak and Ca?* release through the
InsP3R resulting in exposure of mitochondria to elevated [Ca?*]c. On the other hand, it
is possible that dysfunction in Ca?* extrusion from mitochondria contributes to the

elevated [Ca?*]m.
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Figure 16: Increased mitochondrial [Ca?"] in mutant PS1-M146L expressing cells. A)
Average traces of normalized Ca?* influx and efflux on intact SH-SY5Y cells loaded with
Fura-2 (A) and Rhod-2 (B). Cells were incubated in 2mM Ca?* Tyrode’s solution and then
stimulated with BK. After Ca?* transient cause by BK, cells were challenged with 2 uM Tg
followed by CCCP. Data represent the means of three experiments from different cell
preparations. Bars represent the average +/- SEM of 3 independent experiments.
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10.6 Impaired mitochondrial Ca?* efflux in PS1-M146L mutant cells.

Mitochondria extrude Ca?* primarily through the Na*/Ca?* exchanger (NCLX). The
ability of mitochondria to release Ca?* is an important function and since the balance of
Ca?* entry and release is responsible for maintenance of mitochondrial Ca?*
homeostasis under normal and pathological conditions. In addition, the rate of Ca?*
transport through NCLX is significantly slower than the rate of Ca?* uptake through
MCU (Belosludtsev, Dubinin et al. 2019). The Na*/Ca?* exchanger is believed to be
electrogenic with the stoichiometry of 3Na*:1Ca?*. In many neurodegenerative
disorders, mitochondrial Ca?* is impaired, often leading to the toxic accumulation of
mitochondrial free Ca?*, previously called, mitochondrial Ca?* overload. This
mitochondrial Ca?* overload is induced by imbalance between mitochondrial Ca?*
uptake and removal and often leads to mitochondrial opening of the mPTP and initiation
of apoptosis (lan Sekler, 2019).

We examined the expression of NCLX in stable SH-SY5Y cells. NCLX
expression was lower in the PS1-M146L expressing cells compared to the control or
PS1wt -expressing cells (Figure 17). To determine the contribution of NCLX to the
mitochondrial Ca?* overload and increased vulnerability to mPTP opening observed in
mutant PS1-M146L expressing cells, we performed the mitochondrial Ca?* uptake
assay on permeabilized SH-SY5Y cells as above. As seen in Figure 18A-B, addition of
CGP reduces the steady-state [Ca?*]c ~300 sec after bolus Ca?* addition in control cells
while cells expressing the mutant PS1-M146L showed no differences in the presence
or absence of CGP (Figure 18C). We observed these differences with more detalil

calculating the final change in [Ca?*]c after the addition of Ca?* in the presence or
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absence of CGP. This final change was significantly different just in control cells,
suggesting an effective inhibition of NCLX and the consequent decrease in [Ca?*]c
(Figure 18F). The transient matrix Ca?' elevations have several effects on
mitochondrial function and their final effects are dependent on a wide range of factors,
one of them the mitochondrial Ca?* efflux. The findings observed in PS1-M146L
expressing cells showing no differences in [Ca?*]c in the presence or absence of NCLX

inhibitors revealed the importance of the significant decrease in NCLX expression and

activity found.
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Figure 17: Decreased expression of NCLX in mutant PS1-M146L cells. Densitometric
analysis (A) and (B) representative immuno-blot of NCLX expression normalized with the
loading mitochondrial control Hsp60 protein, in SH-SY5Y cells stably transfected with EGFP
only, PS1wt or mutant PS1-M146L. The data represent the means of 4 experiments from
different cell preparations. Bars represent the average +/- SEM relative expression of NCLX
from 4 independent experiments. Significance was determined by one-way ANOVA with
Dunnett’s post-test using EGFP cells as control: *, p < 0.05.

To examine more directly the role of NCLX on the Ca?*-extrusion capacity of

mitochondria in cells expressing mutant PS1-M146L, we measured mitochondrial Ca?*
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uptake in permeabilized SH-SY5Y cells in the presence or absence of CGP. CGP
addition revealed constitutive MCU-mediated Ca?* uptake in mutant PS1-M146L cells
but no uptake in control cells (Figure 19A, red trace), which could possibly be attributed
to the elevated [Ca?*]c (~1 uM) in PS1-M146L cells relative to control cells (0.6-0.8 uM)
at the time CGP was added. Nevertheless, the total amount of Ca?* released from the
mitochondria after CCCP addition was similar across all cell lines (Figure 19). The most
significant difference was observed in [Ca?*]m in mutant cells in the presence of CGP,
which was higher relative to control cells, and even higher after CCCP addition. We
also performed experiments in the presence of either low (1 mM) or high (10 mM) bath
[Na*]. Under low-[Na*] conditions, all cells show an increase in the steady-state [Ca?*]c
after uptake, although this may be due to a reduction in A¥m. However, the Ca?* release
from the mitochondria in the mutant PS1-M146L cells after CCCP addition was still

higher in both conditions compared with control cells (Figure 20).
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Figure 18: Ca?" uptake and A¥m monitored in permeabilized SH-SY5Y cells with Fura2-FF
and TMRE, respectively, and challenged with 2 ygM Tg in the presence or absence of CGP.
A) and B) are representative traces of [Ca?']. in control cells expressing EGFP or PSlwt
respectively. C) Representative traces in mutant PS1-M146L cells. D) Graph with all cell lines
analyzed to compare among the different conditions evaluated. E) Representative traces of TMRE
fluorescence of the corresponding experiments (n=3). F) Summary of the final change in [Ca?®'].,
after CCCP addition. The data represent the means of 4 experiments from different cell
preparations. Bars represent the average +/- SEM of final change in [Ca?']. of 4 independent
experiments. Significance was determined by one-way ANOVA with Dunnett's post-test using
EGFP cells as control: *, p < 0.05.
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Figure 19: Cytoplasmic and mitochondrial Ca?* uptake and efflux in permeabilized SH-
SY5Y cells with Tg in the presence or absence of CGP. A) Representative traces of
cytoplasmic and mitochondrial Ca?* in permeabilized SH-SY5Y cells stably expressing EGFP
only, PS1wt or PS1-M146L with Fura-2-FF and Rhod-2. Cells were challenged at 200 sec with
Tg to induce ER Ca?* leak in the presence or absence of NCLX inhibitor CGP. At 500 sec
CCCP was added to cause a dissipation of AYm and release a?* accumulated in the
mitochondria. [Ca?*]. was calibrated upon addition of ionomycin and EGTA to obtain the Fmax

and Fmin respectively. B) Rhod-2 corresponding traces of mitochondrial Ca?* (n=3).
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Figure 20: Effect of low [Na*] on mitochondrial Ca?* uptake in permeabilized SH-SY5Y
cells stably overexpressing either EGFP, PS1wt or mutant PS1-M146L. A) Mitochondrial
Ca?* uptake in permeabilized SH-SY5Y cells stably overexpressing either only EGFP, PS1wt
or mutant PS1-M146L. Cells were treated with 0.004% digitonin (Dg) to permeabilize plasma
membrane, 2 uM thapsigargin (Tg) to block ER Ca?* uptake, and with normal or low Na* levels
(10 mM or 1 mM) to explore NCLX activity. B) Representative traces of normalized TMRE
fluorescence of each cell line analyzed in A) n=2 independent experiments.
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10.7 Inhibition of ER Ca?" leak protects mutant PS1-M146L cells from
mitochondrial Ca2* overload.

Next, we tested if preventing Tg-induced net ER Ca?* leak in the presence or
absence of NCLX activity would protect the mutant PS1-M146L-expressing cells from
mPTP opening in response to successive Ca?* boluses. Using the same experimental
settings described previously for permeabilized-cell assays, addition of 3 uM free Ca?*
again led to a transient uptake of Ca?* by mitochondria, followed by complete loss of
AW¥m in mutant PS1-M146L expressing cells. Addition of Tg alone or Tg and CGP
(Figure 21) increased the sensitivity to Ca?*-induced depolarization. Remarkably, in the
absence of both Tg and CGP, mutant cells were able to resist more than three boluses

of 3 uM free Ca?*, improving considerably the Ca?* uptake capacity.
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Figure 21: Effects of Tg and CGP on Ca?" uptake/buffering capacity and A¥m in
permeabilized mutant PS1-M146L cells. Ca?* uptake and efflux and A¥m monitored in
permeabilized SH-SY5Y cells challenged with 3 uM Ca?* boluses in the presence or absence

of Tg and CGP. A and B are representative traces of [Ca?*]. signals and TMRE fluorescence
respectively (n=3).
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Mitochondrial sense and shape Ca?* signals during cell stimulation via their ability
to take up and subsequently release Ca?* ions. This Ca?* sequestration in the
mitochondrial matrix contributes to the buffering of cytosolic Ca?* elevations and serves
as a signal that activates mitochondrial Ca?* dependent processes (Glancy and
Balaban 2012). Our results indicate that a prolonged accumulation of Ca?* that can
potentially trigger mPTP activation. Partial mPTP opening is often insufficient to trigger
cell death and requires an additional “death” signal, constituting so-called two-hit
mechanism of mPTP opening (Reynolds 1999). One other possible important “hit” is
the levels of reactive oxygen species (ROS) in the mutant PS1-M146L expressing cells.
Previously, we showed an enhanced generation of ROS as a result of an exaggerated
Ca?* signaling caused by PS1-M146L in DT40 and PC12 cells (Muller, Cheung et al.
2011).

However, whether expression of the PS1-M146L mutant enhances ROS production in
SH-SY5Y cells has not been explored. To test this, cells were simultaneously loaded
with MitoSOX, a red mitochondrial superoxide indicator, and Fura-2, in order to monitor
cytoplasmic Ca?* dynamics and ROS production in a high-speed spectrofluorometer.
Briefly, cells were permeabilized in an intracellular-like medium lacking Ca?* buffers
(free [Ca?*] ~ 20 nM using the low affinity ratiometric indicator Fura-2 to measure [Ca?*]c
(Figure 22B) and MitoSOX to simultaneously monitor ROS production (Figure 22A).
Under these conditions, cells expressing mutant PS1-M146L showed a slight increase
in basal ROS production, which was enhanced significantly after BK addition and later

CCCP addition, compared to control cells.
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Figure 22: ROS and [Ca?] determinations in permeabilized SH-SY5Y cells. A) Average
traces of normalized MitoSOX fluorescence. Cells were loaded with 5 yM MitoSOX red
mitochondrial superoxide indicator and Fura-2-FF was used to measure bath [Ca?*]. At 100 sec
Tg was added and at 200 sec cells were stimulated with BK and ~100 sec later with CCCP. B)
Average traces of normalized Fura-FF 340/380 ratio. The data represent the means of three
experiments from different cell preparations. Bars represent the average +/- SEM of 3
independent experiments.

In addition, we similarly determined ROS levels in intact SH-SY5Y cells. Under
these experimental settings, the fluorescence signal obtained was very low and noisy.
We were unable to detect any changes in the presence of Tg, BK or CCCP and the
results only suggest a slightly higher fluorescence signal in cells expressing PS1-
M146L compared with control cells (Figure 23A). On the other hand, the data obtained
to determine the relative intracellular Ca?* levels with Fura-2, showed an increased
basal signal in PS1-M146L expressing cells and a response to Tg, BK and CCCP
(Figure 23 B). Nevertheless, we were unable to have conclusions for the lack of more

experiments in this experimental setting.
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Figure 23: ROS and Ca?" in intact SH-SY5Y cells. A) Average traces of normalized MitoSox
fluorescence. Cells were loaded with 5 pM MitoSOX red mitochondrial superoxide indicator
and Fura-2. At 100 sec Tg was added and at 200 sec the cells were stimulated with BK and
~100 sec later with CCCP. B) Average traces of normalized Fura-2 340/380 ratio
determination. The data represent the means of three experiments from different cell
preparations. Bars represent the average +/- SEM of 2 independent experiments.

10.8 Mitochondrial Ca?* uptake in FAD patient’s fibroblasts
Mitochondrial Ca?* extrusion is equally critical as the Ca?* uptake in order
to achieve mitochondrial Ca?* dependent signaling functions without triggering cell
death. The above experiments demonstrate that mutations in PS1 cause no differences
in MCU-mediated Ca?* uptake between the cell lines analyzed, indicating that MCU
activity is unaffected. However, we found that mutations in PS1 cause mitochondrial
Ca?* overload associated with reduced NCLX expression, which was correlated with
increased the susceptibility to mPTP opening. The results also recapitulated previous
observations that the expression of mutant PS1-M146L led to increased Ca?* release
from the ER through InsPsR under resting conditions or upon BK stimulation.
To complement our study of the role of mutant PS1-M146L in the neuronal cell

line SH-SY5Y, we explored the role of mutant PS1 expression in human patient
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fibroblasts. These cells present technical advantages for the study of mitochondrial-
induced toxicity, because they were isolated from patients by minimally-invasive
methods and present specific cumulative cellular damage due to mutations in PS1 or
PS2. Human skin fibroblasts were purchased from Coriell Institute (Table 1, Materials
and Methods) and cultured with EMEM with Earle’s salts and 15% FBS, following
provider instructions. We first investigated the impact of the mutant PS1 on
mitochondrial Ca?* uptake in fibroblast lines derived from human FAD patients (A246E
PS1 mutation) and normal individuals. Mitochondrial Ca?* uptake determinations were
performed using 4x10° fibroblasts suspended in ICM and permeabilized with Dg, and
[Ca?*]c and AWm were monitored simultaneously. The PSI-A246E fibroblasts showed a
higher initial [Ca?*]c compared with control fibroblasts, recapitulating the same
phenotype observed in SH-SY5Y cells expressing the PS1 mutant (Figure 24A). The
addition of Tg induced a Ca?* leak from the ER in both cell lines, which was greater in
A246E cells.

Next, CGP was added to inhibit NCLX, which caused a small depolarization but
no significant mitochondrial Ca?* uptake in control cells. On the other hand, the addition
of CGP in PS1-A246E fibroblasts caused a complete loss of A¥m (Figure 24B). In
control cells, Ca?* uptake was observed after addition of 1 uM free Ca?*, further
depolarizing the mitochondria. Subsequent addition of 3 uM free Ca?* led to a transient
uptake of Ca?* by mitochondria, followed by complete loss of A¥m. In A246E cells, no
uptake was observed after addition of 1 uM or 3 uM free Ca?* due to the loss of A¥m,
but 4 uM additional Ca?* was released from mitochondria after addition of CCCP

relative to control cells (Figure 24).
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Control and PS1-A246E fibroblasts were incubated in ECM (Extracellular-like
medium) with 0.1 mM EGTA for 30-40 minutes prior to being suspended in ICM to
deplete intracellular Ca?*stores. This pre-incubation in 0-Ca?* reduced the initial [Ca?*]c
in both cell lines and greatly improved AW¥min A246E cells (Figure 25A and B). Under
these conditions, 3 uM free Ca?* again led to a transient uptake of Ca?* by mitochondria
in control cells, followed by complete loss of AWm (Figure 25C). On the other hand,

PS1-A246E cells showed enhanced Ca?* uptake/buffering and AW relative to control
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cells, suggesting that A246E cells have developed mechanisms to protect mitochondria

from constitutively elevated [Ca?']c.
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Figure 25: Mitochondrial Ca?* uptake in patient
fibroblasts depleted. 4X10°8 control and A246E
fibroblasts were pre-incubated during 30 to 40
minutes in 0-Ca?" buffer. Then, suspended in
ICM, permeabilized with Dg, and [Ca?*]c and m
were monitored simultaneously. Sequentially,
was added Tg, CGP37157, 1 and 3 uM free Ca?*
and CCCP. A) [Ca?*]., zoom of the initial phase of
the time course after Tg addition. B) Entire time
course of [Ca?'].. C) Simultaneous TMRE

fluorescence monitoring of AWm.
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10.9 Cytoplasmic and mitochondrial Ca?* in human skin fibroblasts.

We assessed mitochondrial Ca?* uptake in these cells by imaging a genetically-
encoded mitochondrial Ca?* sensors while simultaneously measuring [Ca?*] with Fura-
2. A disadvantage of working with human fibroblasts was the very slow proliferation
rate in culture. Thus, our first approach was to transiently transfect mCG1 using
Effectene transfection reagent (Qiagen), special for primary cells due to its low
cytotoxicity. Cells were grown in 10-cm tissue-culture dishes and were imaged using
an epifluorescence microscope with a 20x objective at RT. Fluorescence images of
mMCG1 (560-nm excitation/600-750-nm emission) were collected.

The first set of patient fibroblasts analyzed included AG06840 (FAD), AG0O7559
(control) and AG08243 (SAD). The fibroblasts from the both the SAD patient and FAD
patients showed higher basal mCG1 fluorescence compared to control fibroblasts
(Figure 26). However, in another set of patient’s fibroblasts, control cells (AG07621)
showed similar fluorescence intensity compared with FAD patients (AG08711 and
A246E) (Figure 27). Finally, in the third set of patient’s fibroblasts analyzed, FAD patient
AG06848 showed a significant increase in mCG1 fluorescence intensity compared with
control cells (AG08179) and with SAD patient (AG07374) (Figure 28). Although we
observed a very high variability among the different patients studied, there was a

tendency found in high basal mitochondrial Ca?* in fibroblasts from FAD patients.
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AG08243

Figure 26: Cytoplasmic and mitochondrial [Ca?'] in patient fibroblasts (Set 1).
Representative micrographs of basal Fura-2 and mCG fluorescence from three different
patients, AG06840 (FAD), AG07559 (control) and AG08243 (SAD). Fibroblast transiently
transfected with mCG (48 hrs) were loaded with Fura-2 in 2mM Ca?* Tyrode’s solution.
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Figure 27: Cytoplasmic and mitochondrial [Ca?'] in patient fibroblasts (Set 2).
Representative micrographs of basal Fura-2 and mCG fluorescence from three different
patients, A246E (FAD), AG07621 (control) and AG08711 (FAD). Fibroblast transiently
transfected with mCG (48 hrs) were loaded with Fura2-am in 2 mM Ca?* Tyrode’s solution.
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AGO08179

AGO07374

Figure 28: Cytoplasmic and Mitochondrial [Ca?'] imaging in patient fibroblasts (Set 3).
Representative micrographs of basal Fura-2 and mCG fluorescence in patient fibroblasts from
three different patients, AG06848 (FAD), AG08179 (control) and AG087374 (SAD). Fibroblast
transiently transfected with mCG (48 hrs) were loaded with Fura-2 in 2mM Ca?" Tyrode’s
solution.

We performed these Ca?* imaging experiments in at least three different cell

preparations from each patient on different days. To trigger ER Ca?* release through

InsPsR, we stimulated patient fibroblasts with 100 nM BK. The BK response within each
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cell line and between experiments was highly variable. Some cells responded to BK
stimulation very quickly with a strong Ca?* transient while other cells responded with a
significant delay after stimulation and a number of cells did not respond (Figure 29). A
summary of the relative cytoplasmic and mitochondrial basal Ca?* was determined for

each experiment from time O to before BK stimulation (Figure 29A and B respectively).
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Figure 29: Relative basal mitochondrial [Ca?*] in patient fibroblasts. Summary of basal
Ca?" levels from all patient fibroblasts studied and described in Table 1: CTRL subjects (green
box), FAD patients (red box) and SAD patients (pink box). A) Mitochondrial Ca?* of fibroblasts
transiently transfected with mCG (48 hrs). B) Cytoplasmic Ca?* in human fibroblasts loaded
with ratiometric Fura-2. Control patients: AG07621, AG08179. FAD patients: AG068840,
AG06848, AG08711, AG09908 and A246E. SAD patients: AG08243 and AGO07374.
Significance was determined by one-way ANOVA with Bonferroni (paired comparison) post-
test using subject control cells as control: *, p < 0.05.

Although we could visually confirm a good transfection efficiency of mCG1 in
patient’s fibroblasts and identified important differences between patients, this mCG1
sensor did not show significant changes under experimental challenges such as CCCP
stimulation. Some cells responded as expected to CCCP with an increase in mCG1
fluorescence, while others did not. Due to this lack of sensitivity of mCG1 sensor, we

decided to transiently transfect patients’ fibroblasts with the FRET sensor 4mtD3cpv
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previously described and used on SH-SY5Y cells (Figure 30, 31, 32). FAD patients
showed a significantly higher FRET fluorescence intensity compared with control cells
(Figure 30, 31, 32) and with fibroblasts from SAD patients, specifically AGO7374 (Figure
31).

AGO087 . ....-Mitotracker
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T

Y 4

Figure 30: Mitochondrial [Ca?"] imaging in patient fibroblasts (Set 1). Representative
micrographs of first set of patient fibroblasts loaded with deep red mitotracker and
transiently transfected with 4AmtD3cpv (FRET sensor). AG08711 (FAD), AG08179 (control)
and AG08243 (SAD). FRET signal corresponds to emission ratio of CFP/YFP.
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Figure 31: Mitochondrial [Ca?'] imaging in patient fibroblasts (Set 2). Representative
micrographs of second set of patient fibroblasts loaded with deep red mitotracker and transiently
transfected with 4mtD3cpv (FRET sensor). AG06848 (FAD), AG07621 (control) and AG07374
(SAD). FRET signal corresponds to emission ratio of CFP/YFP.
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Figure 31: Mitochondrial [Ca?'] imaging in patient fibroblasts (Set 3). Representative
micrographs of second set of patient fibroblasts loaded with deep red mitotracker and transiently
transfected with 4mtD3cpv (FRET sensor). AG06848 (FAD), AG07621 (control) and AG07374
(SAD). FRET signal corresponds to emission ratio of CFP/YFP.
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As with the previous set of experiments, we performed these Ca?* imaging
experiments in at least three different cell preparations of each patient in different days.
To trigger ER Ca?* release through InsP3R, we stimulated patient fibroblasts with 100
UM ATP. However, the ATP response was also very variable as previously observed in
mCG1 experiments (Figure 33). Relative mitochondrial basal Ca?* was determined for

each experiment from time O to before ATP stimulation (Figure 33A).
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Figure 33: Summary of relative basal mitochondrial [Ca?*] in patient fibroblasts with
FRET sensor. A) Representative micrograph of FRET signal intensity to compare FAD,
SAD and control patients. B) Basal FRET signal ratio over CFP fluorescence intensity in all
group of fibroblasts studied. Summary of relative mitochondrial Ca?*. (n=3 for each patient).
The significance of basal Ca?* relative values were determined by Student’s t test, *, p<0.05.
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We also determined the relative change of FRET signal after ATP and CCCP
stimulation. As we can see in Figure 34A, a change in FRET signal was observed after
ATP stimulation in cells from FAD patients. We also observed, after CCCP addition,
that FAD fibroblasts had an increase in FRET signal compared with control cells. This

increase was also higher but not significant in fibroblast obtained from SAD patients.
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Figure 34: Summary of mitochondrial [Ca?'] response to ATP and CCCP in patient
fibroblasts. A) Fold increase of FRET signal after ATP stimulation. B) Fold increase of FRET
signal after CCCP stimulation. Cells were perfused in 2 mM Ca?* Tyrode’s solution and at 100
sec stimulated with 100 uM ATP and at 400 sec CCCP was added. (n=3 for each patient) The
significance of ATP Ca?* relative values were determined by Student’s t test, *, p<0.05.

Although the results with the FRET sensor showed significant differences after
ATP stimulation on human skin fibroblasts from FAD patients, the results had high
variability and fibroblasts from SAD patients did not show significant differences after
ATP stimulation.

Ca?* indicators for use in mitochondria where concentrations of Ca?* can

change over three orders of magnitude (~ 0.1 pM to ~100 uM) are not optimized for
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several reasons. To explore and determine the best tool for mitochondrial Ca?* imaging,
we also tested a low affinity R-GECOL called LAR-GECO1 (Kp ~20 uM) with ~10-fold
increase in fluorescence intensity upon binding of Ca?*. Following the same
experimental conditions used for the previous sensors, in another set of experiments
we determined the basal mitochondrial Ca?* levels in human fibroblasts. As is shown
in Figure 35, a set of patient fibroblasts transiently transfected with LAR-GECOL1 and
see that FAD fibroblast had basal fluorescence intensity higher than control and SAD
cells. In the second set of experiments, FAD fibroblasts presented an increase in basal
fluorescence compared with control patients, but similar to FAD cells from PSEN2
patients (AG09908) (Figure 36). Finally, in the third set of experiments, the
fluorescence intensity of LAR-GECO1 was just slightly higher in FAD and SAD cells
compared with control fibroblast AG08179 (Figure 37).

In this set of experiments, we observed significant variability in the responses to
ATP among the different patients studied and between experiments from the same
patient. However, the average of basal mitochondrial and cytoplasmic relative Ca?*
levels were significantly higher in fibroblasts obtained from FAD patients (Figure 38 A
and B). The cytoplasmic and mitochondrial [Ca?*] peak in response to ATP was also
higher in FAD and SAD patients but not statistically significant compared to control

patients (Figure 38 C and D).
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AGO07559 LAR-GECO1

AGO07374 LAR-GECO1

Figure 35: Mitochondrial [Ca?'] imaging in patient fibroblasts with LAR-GECO1 (Set 1).
Representative micrographs of first set of patient fibroblasts loaded with Fura-2 and
transiently transfected with low affinity Ca?* sensor, LAR-GECO1. Cells used in this set were

A246E (FAD), AGO7559 (control) and AG07374 (SAD).
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Figure 36: Mitochondrial [Ca?"] imaging in patient fibroblasts with LAR-GECO1 (Set 2).
Representative micrographs of first set of patient fibroblasts loaded with Fura-2 and transiently
transfected with low affinity Ca?* sensor, LAR-GECOL1. Cells used in this set were AG06840 (FAD),

AGO07621 (control) and AG08243 (SAD).
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Figure 37: Mitochondrial [Ca?'] imaging on patient fibroblasts (Set 3). Representative
micrographs of patient fibroblasts loaded with Fura-2 (340/380 nm) and transiently transfected with
low affinity Ca2?* sensor, LAR-GECOL1. Cells used in this set were AG06848 (FAD), AG08179
(control) and AG09908 (FAD PSENZ2) and AG08711 (FAD).
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Figure 38: Summary of mitochondrial and cytoplasmic [Ca?'] imaging in patient
fibroblasts. A) Summary of basal mitochondrial Ca?* on control, FAD and SAD fibroblasts
loaded with Fura-2 and transiently transfected with low affinity Ca?* sensor, LAR-GECOL1. B)
Summary of basal cytoplasmic Ca?*. C) Peak mitochondrial Ca?* levels in each experimental
group after ATP stimulation (100 pM) and D) cytoplasmic [Ca?*] peak in three different set of cells
from FAD, control or SAD patients. E) Summary of total relative mitochondrial Ca?* levels after
CCCP stimulation on each group of patients and F) total relative cytoplasmic Ca?* levels. N=3
independent experiments/patient. The significance of basal, peak and total Ca?* relative values
were determined by Student’s t test, *, p<0.05.
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10.10 Aim 1d. Determining the expression levels of the proteins responsible for
mitochondrial Ca?* homeostasis in mutant PS1-M146L SH-SY5Y cells and FAD

human skin fibroblast from FAD patients.

We determined the expression levels of MCU and associated proteins,
specifically MICU2 and MCURL1 by Western blot in the SH-SY5Y cell lines described
previously. Unexpectedly, we found a significant increase in the expression of MCU in
cells expressing PS1wt but not in cells expressing either EGFP only or mutant PS1-
M146L (Figure 39). However, MICU2 and MCURL1 had no significant differences among
different cell lines tested (Figure 39). We used the Hsp60 protein in order to identify
possible differences in mitochondrial mass among the cell lines, however no significant
differences were observed on the relative expression of hsp60 in the mutant PS1-
M146L compared with control cells PS1wt or EGFP (empty vector) cells (Figure 39).
We also examined the relative expression of levels of these proteins in human skin
fibroblasts from FAD, control and SAD patients. However, there was significant
variability in the expression levels of Hsp60, MCU and MCURL1 proteins (Figure 40),
suggesting different roles and contributions of each one of these proteins on the Ca?*

levels observed in previous experiments.
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Figure 39: Relative expression levels of the main proteins responsible for mitochondrial
Ca?" uptake in SH-SY5Y cells. A) Relative expression levels of MCU in SH-SY5Y cells stably
transfected either with EGFP (empty vector), PS1wt or PS1-M146L. B) Representative immuno-
blots of MCU and MCUR1 normalized with mass of mitochondrial proteins (Hsp60) and with the
loading control actin. C) Relative expression of MICU2 normalized to B-tubulin as a loading
control. D) Representative immuno-blots of MICU2. The data represent the means of three
experiments from different cell preparations. Bars represent the average +/- SEM of 3
independent experiments.
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Figure 40: Relative expression levels of the main proteins responsible of mitochondrial
Ca?" uptake in human fibroblasts. A) Relative expression levels of Hsp60 as a ubiquitous
mitochondrial marker on fibroblasts isolated from FAD, control and SAD patients B) Relative
expression levels of MCUR1 normalized by mitochondrial marker and actin as a loading
control. C) Relative expression of MCU normalized by Hsp60 and with actin as a loading
control. D) Representative immuno blots of MCUR1, MCU, Hsp60 and actin from each patient.
Control patients: AG07621, AG08179. FAD patients: AG068840, AG06848, AGO08711,
AG09908 and A246E. SAD patients: AG08243 and AGO07374. N=3 independent
experiments/patient.

As an important player of the phenotype found on SH-SY5Y cells related with
Ca?* extrusion from the mitochondria, we also determined the levels of NCLX in
fibroblasts from patients. The results suggest a common possible cause of

mitochondrial Ca?* overload between SH-SY5Y cells and fibroblast isolated form FAD
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patients, in which nearly all of them show a decrease in the relative expression of
NCLX. However, one FAD patient had a significant increase in NCLX levels (Figure
41). For this reason, it would be important to expand our study to more patients to have
a considerable number of patients to compare, and to determine if enhanced NCLX
expression is correlated with slower disease progression in FAD. Our results show an
important dysregulation in Ca?* handling mechanism where NCLX has a relevant role.
The lower expression levels observed on mutant PS1-M146L expressing cells could
explain the increased mitochondrial Ca?* levels that together with the higher Ca?*

release from the ER has severe consequences on the mitochondrial function.

>

[
[ (L] w
.J *
*

Relative expression of
NCLX/B-tubulin
[4,]

y

(=]

1

sCTRL sFAD aSAD
B Lanes

. A246E

. AG08179
. AG06840
. AG07621
. AG06848
. AG08243
.AG07374
. AG09908

Lanes 1 2 3 4 5 6 7 8

NCLX 1 ™ e -

O~NOO O, WNERE

B-tUbUIIN 1) st e S s S . —

Figure 41: Expression levels of NCLX in skin fibroblasts. A) Summary of relative expression
levels of NCLX in skin fibroblasts isolated from FAD, control and SAD patients B) Representative
immuno-blots of NCLX and tubulin as loading control from each patient. Control patients: AG07621,
AGO08179. FAD patients: AG06840, AG06848, AG09908 and A246E. SAD patients: AG08243 and
AGO07374. N=3 independent experiments/patient. The significance of basal relative expression
values was determined by Student’s t test, *, p<0.05.
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10.11 Mitochondrial function and the role of the IP3R-MCU axis in mutant PS1-

M146L SH-SY5Y cells and human skin fibroblast isolated from FAD patients.

To determine the role of Ca?* release through InsPsR and mitochondrial Ca?*
uptake in regulating oxygen consumption rate (OCR), we performed OCR assays as a
measure of mitochondrial activity in SH-SY5Y cell lines using a Seahorse XF-96
metabolic flux analyzer. We performed mitochondria stress-test assays as described
by Nicholls (Nicholls, Darley-Usmar et al. 2010), in which the OCR was measured under
basal conditions followed by sequential additions of the ATP synthase inhibitor
oligomycin (1 uM), the uncoupling agent that collapses the proton gradient and disrupts
the mitochondrial membrane potential, FCCP (1 uM), and complex | and a complex I
inhibitor rotenone and antimycin A (1 uM) respectively to shut down mitochondrial
respiration. This protocol allowed us an estimation of basal respiration, proton leak,
maximal respiration, spare capacity, non-mitochondrial respiration and ATP production.
First, we found a significant decrease in the global OCR in cells expressing the mutant
PS1-M146L (Figure 42 & 43). When we analyze the different parameters individually,
we find that the basal respiration was significantly diminished in PS1-M146L cells
compared with control cells (Figure 44 A). Differences in basal OCR suggest an altered
ATP consumption or altered ATP synthesis in these mutant cells. Indirectly,
measurement of the additional parameters allowed us to elucidate the possible
contributing factors. The ATP production and the maximal respiration were also
statistically lower in these cells (Figure 44 B and C). To test the effect of Ca?* release

through the InsPsR in OCR, we pre-incubated the cells in the presence of 5 uM of XeB,
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a specific InsPsR inhibitor. We found just a slight increase in basal OCR in the presence
of XeB, but no significant differences were observed in maximal respiration in mutant
PS1-M146L expressing cells (Figure 42 B & 44). However as expected, control cells,

PSiwt and EGFP in the presence of XeB had an important decrease on OCR.

300 300 —EGFP
—EGFP -+=-EGFP+XeB
—PS1wt R+A —PS1wt
250 —M146L 250 +Oligomycin v +==: PS1wt+XeB
. R+A . v —M146L
= _ ) v = -===M146L+XeB
‘= 2004 +0Oligomycin RoRP N (MR STTIN
£ v E
= - r M =
o o
€ 150+ £ 150
e L
[14
5 100 O 100+
be) o
50 50
0 1 1 1 1 1 1 1 0 T T T T T T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70
C Time (min) Time (min)
300 —EGFP
= -:EGFP+CGP 500 R:A - EGFP_CTRL
—PS1wt -.= EGFP + ATP
2501 +Oligomycin = -ml\arlt_+CGP 4 —PS1wt_CTRL
- r i == PS1wt + ATP
- —400- +ATP !
£ 200 W146L+CGP £ 400 v T i —M146L_CTRL
£ £ r A - M146L + ATP
= N e Y
o 8 Bai Y ;
£ 150 o 3004 . [ . ,
e = D ! N, 7
o , - 3 "N, ’
& S e SRR I NN
Q & onpdl [ <) r i
o) & 200 .
(e] L b ,
SMENAISTE 0 .,
100
T T T T

20 40 60
Time (min)

Time (min)

Figure 42: OCR responses to XeB, CGP and ATP in SH-SY5Y cells. A) Averaged traces of
OCR in SH-SY5Y cells stably transfected with EGFP, PS1wt or mutant PS1-M146L. Injection
of 1 uM oligomycin, 1 yM FCCP and 1 uM of Rotenone plus antimicin A was added sequentially
to assess mitochondrial function. B) Averaged traces of OCR in SH-SY5Y cells in the presence
or absence of 2 uM XeB. C) Averaged traces of OCR in SH-SY5Y cells in the presence or
absence of NCLX inhibitor, CGP. D) Averaged traces of OCR in SH-SY5Y cells upon 10 uM
ATP stimulation (n=3 in each condition).
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To evaluate the role of NCLX on OCR, we pre-incubated the SH-SY5Y cells for
30 min at RT with the NCLX inhibitor CGP. The results presented in Figures 42 C & 44,

showed a decrease in all the possible parameters evaluated in this assay in all the cell

lines studied, however CGP-mediated NCLX inhibition in mutant PS1-M146L cells had

an even more toxic effect due to their intrinsic vulnerability observed in different tests.
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Figure 43: Inhibition of InsPsR improved OCR in PS1 mutant M146L cells. Averaged
traces of OCR in SH-SY5Y cells stably transfected with EGFP, PS1wt or mutant PS1-M146L.
Injection of 1 uM oligomycin, 1 yM FCCP and 1 uM of Rotenone plus antymicin was added
sequentially to assess mitochondrial function. Averaged traces of OCR in SH-SY5Y cells A)
in the presence or absence of 5 uM XeB; B) in the presence or absence of 5 uM XeB with or
without ATP stimulation. C) Same traces showed in panel A but just under XeB incubation. D)

Control traces A without XeB (n=3).
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Finally, we evaluated the effect of a more physiological Ca?* release through the InsPsR
upon ATP stimulation on OCR in the SH-SY5Y cells. This stimulation caused a
significant increase in basal OCR in all the cells evaluated, however, no significant
changes were observed in the rest of the parameters examined with the mito-stress
assay (Figure 42 D & 44).

In another set of experiments, we increased the XeB concentration from 2 pM
to 5 uM in order to see a bigger effect on the OCR. At this XeB concentration, we could
see a more important increase in basal OCR in cells expressing the mutant PS1-
M146L, although no significant differences were observed in the rest of control cells
(Figure 43 A & 44). Under the effect of 5 uM XeB, mutant PS1-M146L expressing cells
had a recovery in mitochondrial function, increasing not just basal levels of OCR as
well as maximal respiration under ATP stimulation (Figures 43 B & 44). Thus, we found
a decrease in OCR in cells expressing the mutant PS1-M146L despite having
increased mitochondrial Ca?* levels. This dysfunction might explain the lower ATP
production observed in several models of FAD. Remarkably, the mitochondrial
dysfunction found in FAD cells, can be reverted upon inhibition of ER Ca?* release

through the InsP3R with XeB.
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Figure 44. Summary of different parameters evaluated from mito stress assays in SH-
SY5Y cells stably expressing EGFP only, PS1wt or PS1-M146L. The data represent the
means of three experiments from different cell preparations. Bars represent the average +/-
SEM of 3 independent experiments. Significance was determined by one-way ANOVA with
Bonferroni (paired comparison) post-test using control subjects as control: *, p < 0.05.
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10.12. Determining the role of Ca?* release through IP3R-MCU axis in regulating
OCR in skin fibroblasts from FAD patients

We also determined mitochondrial function parameters using the mito-stress assay on
human skin fibroblasts isolated from FAD, control and SAD patients. As previously

observed in this FAD model, we found high variability among the 10 patients evaluated

(Figure 45).
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Figure 45: Mitochondrial function parameters on human skin fibroblasts. A) Averaged
traces of OCR in human skin fibroblast isolated from FAD, control and SAD patients. Injection of
1 uM oligomycin, 1 yM FCCP and 1 pyM of Rotenone plus antymicin was added sequentially to
assess mitochondrial function. B-G) Summary of different mitochondrial function parameters
evaluated from mito-stress assays. (n=3). Control patients: AG07621, AG08179 and AG07559.
FAD patients: AG068840, AG06848, AG08711, AG09908 and A246E. SAD patients: AG08243

and AG07374.
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Figure 45 shows a marked tendency of a decrease in basal and maximal OCR in FAD

patients (red bars in Figure 45 B). However, the patient AG06848 (FAD) had a normal

basal OCR compared to control cells and also the highest maximal respiration of the

group. We also evaluated the effects of inhibition of ER Ca?* release through the InsP3R

using XeB. This InsP3R specific inhibitor reduced in all the patients evaluated, the levels

of OCR, either basal and maximal, with no significant differences among FAD, SAD

and control group of patients (Figure 46 and 47 for summary).
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Figure 46: OCR responses to XeB in human skin fibroblasts. A) Averaged traces of OCR in
human skin fibroblasts cells from control (green traces), FAD (red traces) and SAD (blue) patients.
Injection of 1 uM oligomycin, 1 yM FCCP and 1 uM of Rotenone plus antymicin was added
sequentially to assess mitochondrial function in the presence (continued line traces) or absence
of 5 uM XeB (discontinued line). B) First set of cells from Control (AG08179), FAD (AG06840) and
SAD (AGO07374) patients. C) Second set of cells from Control (AG07559), FAD (AG0246E) and
FAD (AG08711) patients. D) Third set of cells from Control (AG07621), FAD (AG06848) and SAD

(AG08243) patients. (n=3).
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Figure 47 presents a summary of mitochondrial functional parameters in human skin
fibroblasts in the presence or absence of XeB. A significant reduction in basal OCR
was observed in FAD and SAD patients compared with control individuals (Figure 47
A). In the presence of XeB we observed a significant increase in OCR in SAD patients
compared with control fibroblasts, however the OCR levels in SAD and FAD patients
were not improved in the presence of XeB compared with the basal levels in the
absence of this InsP3R inhibitor. Similar results were obtained regards the maximal
respiration parameter (Figure 47 B), observing an important decrease in the maximal
respiration of FAD patients compared with control cells. No significant differences were
observed among the different patient fibroblasts in ATP production in the presence or
absence of XeB (Figure 47 C). Aninteresting result obtained in these set of experiments
was the significant decrease in the spare capacity response in FAD and SAD cells,
suggesting an alteration in the amount of extra ATP that can be produced by OXPHOS
in case of a sudden increase in energy demand in these cells (Figure 47 D). In the

presence of XeB the spare capacity of all the cells were dramatically reduced.
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Figure 47: Summary of mitochondrial functional parameters in human skin fibroblasts
in the presence or absence of XeB. A) Comparison of basal respiration in all human skin
fibroblast isolated from FAD, control and SAD patients. B) Comparisons of maximal respiration
between fibroblasts isolated from FAD, control and SAD patients. C) Comparisons of ATP
production between fibroblast isolated from FAD, control and SAD patients. D) Comparison of
the spare capacity, E) proton leak and F) non-mitochondrial respiration. Data summarized as
the mean + SEM, and statistical significance of differences between means was assessed
using unpaired t tests or analysis of variance (ANOVA) for repeated measures at the 95% level
(* p <0.05).
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10.13 Role of InsPsR-MCU Ca?* transfer in the expression levels and activity of
PDH and a-KGDH in PS1-M146L SH-SY5Y cells, and in human skin fibroblasts

isolated from FAD patients.

As an important parameter of mitochondrial function, we evaluated the relative
expression of phospho-PDH (p-PDH), IDH and o-KGDH in different experimental
models described previously. Ca?* that enters the mitochondrial matrix stimulates the
TCA cycle by activating these enzymes that are extremely sensitive to Ca?*, where
PDH is activated by Ca?*-sensitive phosphatase activity. The TCA cycle produces the
reducing equivalents (NADH and FADH?) that power the ETC, which produces a proton
gradient across the mitochondrial inner membrane. H* flows down its electrochemical
gradient through the ATP synthase leading to biogenesis of ATP. Almost all of the
processes involved in the regulation of neuronal membrane potential, excitability and
propagation of action potentials exhibit a dependence on [ATP]. Thus, we explored the
effect of InsPsR—MCU Ca?* transfer on the expression of p-PDH, IDH and a-KGDH in
two different sets of experiments.

We found a significant decrease of p-PDH in PS1-M146L SH-SY5Y-expressing
cells that correlated with the higher mitochondrial [Ca?*] levels found with different
approaches in these cells throughout this study (Figure 48 A-D). As we expected, the
addition of XeB in these cells significantly reverted the levels of p-PDH as a
consequence of ER Ca?* release inhibition through the InsPzR (Figure 48 C). No

significant effects of XeB were observed in control cells. We also evaluated the
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expression of a-KGDH and IDH, finding an increase in the relative expression of these

metabolic enzymes compared with control cells (Figure 49).
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Figure 48: Inhibition of InspsR rescues expression of p-PDH in PS1 mutant M146L
expressing cells. A) Relative expression levels of p-PHD on SH-SY5Y cells stably
transfected with either EGFP only, PS1wt or M146L B) Representative immuno blots of p-
PHD normalized for total-PHD levels and tubulin as loading control. C) Relative expression
of p-PHD in the presence or absence of 5 uM XeB. D) Representative immuno blots of p-
PHD normalized for total-PHD levels in the presence or absence of 5 uM XeB. Results are
summarized from 3 experiments under basal conditions. Asterisks indicate p<0.05.
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Figure 49: Increased expression levels of a-KGDH and IDH in PS1-M146L expressing
cells. A) Summary of relative expression levels of a-KGDH and C) IDH in SH-SY5Y cells
stably transfected with either EGFP only, PS1wt or PS1-M146L B) Representative immune-
blots of a-KGDH normalized by tubulin as loading control. C) Relative expression of IDH
normalized by tubulin as loading control. D) Representative immuno blots of IDH. Results
are summarized from 3 experiments under basal conditions. Asterisks indicate p<0.05.

To confirm the results regarding p-PDH and a-KGDH expression, we measured
their expression in human skin fibroblasts isolated from FAD, control and SAD patients.
As in previous assays, we found a great variability in the relative expression of p-PHD
and o-KGDH among the different patients. Nevertheless, we found a significant

decrease in the FAD patient samples compared with the control group studied.
Recapitulating the results observed in SH-SY5Y cells, we also found an increase in the

expression of a-KGDH in the FAD patient group compared with controls (Figure 50).
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Figure 50: A) Summary of expression levels of p-PHD and a-KGDH in human skin
fibroblast from FAD, control and SAD patients. B) Representative immuno blots of p-PDH
normalized for total-PDH levels and tubulin as loading control. C) Relative expression levels
of a-KGDH and corresponding representative immunoblot (D). Differences between groups
were assessed using unpaired t tests or analysis of variance (ANOVA) for repeated-measures
at the 95% level (* p < 0.05).

Although we identified a similar finding in the SAD group, our results weren'’t statistically
significant, and these results may be due to the small number of subjects studied

compared with the other two other groups.
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11. DISCUSSION

Our laboratory has previously revealed the involvement of InsPsR in exaggerated
[Ca?*]isignaling observed in many FAD experimental models (Cheung, Shineman et al.
2008) (Muller, Cardenas et al. 2011) (Shilling, Muller et al. 2014). Although the
mechanisms are still controversial, these observations indicate that increased Ca?*
release caused by FAD PSs is an early phenotype and could accordingly contribute to
disease pathogenesis (Honarnejad and Herms 2012).

Although age is the single most accepted and powerful risk factor of AD, there are a
number of hypotheses regarding the underlying mechanisms of AD pathogenesis. Here
we described a possible underlying mechanism involving an increase of Ca?* in AD that
impinges on mitochondrial function in FAD models. Higher levels of mitochondrial
[Ca?*] due to an exaggerated ER Ca?* leak and release under basal and stimulation
conditions with agonists of the InsPsR, a decrease of mitochondrial Ca?* extrusion
capacity (decreased NCLX expression) and an increase in ROS production, may
explain the increased vulnerability and eventual death of these cells due to progressive

mitochondrial dysfunction.

Mitochondria are organelles that play multiple important functions in the cell. However,
the main function is the production of energy in the form of ATP and almost all other
processes inside mitochondria are related or dependent on bioenergetics. Thus, ATP
synthesis by oxidative phosphorylation is coupled with mitochondrial respiration and
regulated by Ca?" in the matrix. Furthermore, there have been numerous reports

indicating that mitochondrial function is disrupted in early-stage AD (Chen, Tang et al.
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2006). These include diminished glucose metabolism, mitochondrial enzymatic failure,
and increased ROS production (before AB and tau tangles have begun forming).
Whether these mitochondrial-associated dysfunctions are sufficient to cause
neurodegenerative pathogenesis such as in FAD remains uncertain, as they may also
evolve secondarily to a different underlying pathology. A decline in mitochondrial
function may be a natural process of aging but may normally be compensated by
adaptive changes. A loss of these compensatory mechanisms, or a “second trigger”
may convert a subclinical decline into a clinically relevant neurodegenerative
phenotype such AD. PSs are the major AD genes whose mutation contributes to over
90% of FAD cases and affects cytoplasmic Ca?* in AD neurons. Ca?* signaling plays a
central role in regulating many physiological processes and the progressive and
excessive Ca?* entry into mitochondria can lead to opening of a mPTP causing the
collapse of membrane potential and loss of ATP production resulting in apoptosis
(Kroemer, Galluzzi et al. 2007). Furthermore, it has been shown that the inhibition of
mPTP opening pharmacologically using cyclosporine-A or genetically (CypD KO)
reduces neuronal dysfunction and degeneration in AD models (Du, Guo et al. 2008)
(Du, Guo et al. 2011). How these Ca?* entry pathways affected lead to development of
the AD remains unclear.

In several experimental AD models intracellular [Ca?*] is elevated, and these
elevated [Ca?'] appear to be toxic to cells and trigger subsequent pathological
processes, which drive AD pathogenesis. But what are the causes of these increased
of [Ca?'] in AD? We have focused on the role of PS1, where a significant body of

research in our lab and others suggests that AD-bearing PS mutants cause Ca?*
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dysregulation independently of its gamma-secretase function and beta-amyloid
accumulation and due to changes in activity of RyR and InsP3R, showing an enhanced
Ca?* release via both ER-resident channels. Previously, we documented that a
reduction in [Ca?*]i ameliorates the pathology in animal models, specifically targeting
the activity or expression of InsPsR (Shilling D, et al, 2014). However, it is still not well
understood how altered levels of Ca?* in cells expressing mutant PS1 affect
mitochondrial function. It is also well known that under conditions of Ca?* overload due
to sustained release from the stores such as the ER appear to be toxic to cells and
trigger subsequent pathological processes such as opening of the mPTP, which may
drive AD pathogenesis. Our results were clear on the SH-SY5Y cells, however on the
human skin fibroblasts the results were less evident maybe for their bioenergetics
properties differ from a neuronal phenotype.

The results in this work recapitulated previous observations that the expression
of mutant PS1-M146L or A246E in patient fibroblasts led to increased Ca?* release
from the ER through InsP3R under resting conditions or upon stimulation with BK or
ATP. This can account for why we observed higher basal [Ca?*] in both models studied.
This increase in [Ca?']c is theorized to cause mitochondrial Ca?* overload, which is
linked to excessive ROS generation and metabolic and mitochondrial dysfunction.
However, direct evidence of mitochondrial Ca?* overload is scarce. In our investigation
we observed in both FAD models, using different tools and approaches, a significant
increase in basal mitochondrial [Ca?*] in cells expressing mutant PS1 which increased

further upon Tg inhibition of SERCA activity. However, our data revealed no differences
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in MCU-mediated Ca?* uptake between the cell lines analyzed, indicating that MCU
activity is unaffected.

In addition, it is also widely recognized that mitochondrial Ca?* can directly
influence cell death signaling through the opening of the mPTP and indirectly through
its effects on ROS production. Here, we demonstrated that mitochondrial Ca?* overload
causes the opening of the mPTP in cells expressing mutant PS1-M146L, making them
more vulnerable to small perturbances in Ca?* homeostasis. However, this vulnerability
can be successfully reverted inhibiting the ER Ca?* release with InspsR specific inhibitor
(XeB) or through the absence of ER Ca?* leak with Tg.

Another source of mitochondrial Ca?* overload found during this work was
impaired mitochondrial Ca?* efflux due to a significant decrease of NCLX expression in
mutant PS1-M146L expressing cells. This unexpected finding could explain another
possible trigger of Ca?* homeostasis dysregulation, which can contribute to AD
progression promoting in addition to the enhanced ER Ca?* release to metabolic
dysfunction and cell death. There are several mechanisms by which Ca?* can cause
the activation of apoptosis, such as the increase in OMM permeability and also mPTP
opening causing the collapse of membrane potential and loss of ATP production. In this
work we demonstrated the enhanced vulnerability of mutant PS1-M146L cells in
response to Ca?* overload challenged with 2-3 uM of Ca?* boluses. This vulnerability
was recovered by inhibiting the ER Ca?* leak and was fully impair in the presence of
CGP, a NCLX inhibitor, strongly suggesting more than one possible trigger for cell

death.
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Associated with the metabolic dysfunction and in agreement with the
mitochondrial Ca?* overload, we found a significant increase in p-PDH in mutant PS1-
M146L expressing cells and also in FAD patients’ fibroblasts, which was reverted upon
XeB incubation, strongly suggesting Ca?* overload through the involvement of InsP3R.
We also found a decrease in OCR, suggesting diminished ATP production in the mutant
cells in both models used. Diminished mitochondrial respiration may indicate that
overall metabolism is suppressed in these cells, maybe because of energy stress. On
the other hand, we observed a mitochondrial matrix [Ca?*] increase, which would be
predicted to increase OXPHOS. In agreement with our previous results (Muller, Cheung
et al. 2011), we also observed an increase in ROS production in cells expressing the
mutant PS1-M146L, which correlates with AD progression and mitochondrial
dysfunction. All these findings support our working hypothesis that mitochondrial Ca?*
overload through InsP3sR-MCU axis and lack of NCLX expression are disrupted in FAD
leading to cellular dysfunction and promoting a pathological cycle essential to disease
progression. Last year, impaired mitochondrial Ca?* efflux was suggested to be a major
contributor to the disease progression in a mouse model of AD associated with a loss
in expression and functionality of NCLX (Jadiya, Kolmetzky et al. 2019). Genetic rescue
of NCLX expression in 3xTg-AD mice completely ablated age-associated cognitive
decline and reducing neuronal pathology. This is the first study that directly examined
the role of mitochondrial Ca?* signaling in AD with the disease progression, using
similar experimental strategies that the one using in our investigation. Their results
complement those from my study, however, the models used here have important

differences and also important advantages and disadvantages. The cellular models
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used in both studies, specifically brain-derived cell lines such as the human SH-SY5Y
or the mouse N2a cell line, differ in their bioenergetics and neurotoxic properties from
primary neurons (LePage, Dickey et al. 2005). On the other hand, the AD mouse model
and the data obtained from them raises important questions to consider. A wide variety
of human APP and PS constructs have been introduced into the mouse genome. Most
of these lines of mice produce substantial deposits of amyloid but the most classic AD-
associated pathologies never develop (Herrup 2015). Overexpression of human APP
in mice does not produce tangles, neurodegeneration or AD-like dementia, but the
advantages are that the mouse produces plagues, shows memory deficits and AP is
toxic to neurons in culture. A crucial experiment lacking in this work is to determine if
rescuing NCLX expression can correct in part the mitochondrial dysfunction due to
alterations in Ca?* efflux mechanism in cells expressing the mutant PS1-M146L.
A robust amount of evidence suggests other causes for mitochondrial Ca?* overload,
such as ApB-induced increases in ER-mitochondrial contacts, which could result in
elevated ER-to-mitochondria Ca?* transfer and promote matrix overload (Area-Gomez,
Del Carmen Lara Castillo et al. 2012) (Del Prete, Suski et al. 2017, Calvo-Rodriguez,
Hou et al. 2020). In our work we demonstrated no significant differences in rates of
MCU-mediated Ca?* uptake between the cell lines analyzed (Figure 1), indicating that
MCU activity is unaffected.

We have examined specifically the effects of mutant PS1-M146L, the main cause
of FAD, proposing a mechanism of cellular toxicity that involve a Ca?* dyshomeostasis
triggering mitochondrial dysfunction which may contribute to synaptic and neuronal

damage in FAD patients. Here we show new alternatives to develop therapies that
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could treat AD without relying of the amyloid hypothesis, pointing to a critical role in ER
Ca?* leak and mitochondrial Ca?* uptake through MCU or possible enhancing Ca?*
extrusion from the mitochondria through NCLX as possible candidates. We clearly
demonstrated that preventing ER Ca?* leak through the InsP3R with XeB could serve

as a therapeutic approach to avoid mPTP activation.

12. CONCLUSION

In summary, our findings demonstrate that constitutively high basal Ca?* levels provoke
mitochondrial Ca?* overload via ER Ca?* leak and decreased Ca?* efflux due to a

decreased NCLX expression leading to cell death.
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