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RESUMEN

La enfermedad de Alzheimer (EA) es una enfermedad neurodegenerativa caracterizada
por la pérdida progresiva de memoria y dafio cognitivo. Las placas seniles presentes en los
cerebros de pacientes con EA estan formadas por el péptido B-amiloide (AB), que en su forma
soluble, conocida como oligémeros de AP (APo), es la principal causa de neurotoxicidad en la
EA, ya que presenta diversos blancos dentro de la neurona, como la mitocondria. La
mitocondria es un organelo indispensable para la respiracion celular y el abastecimiento
energético y también participa en la regulacion de los niveles de calcio neuronal. La
sobrecarga de calcio en la mitocondria puede producir la apertura del poro de permeabilidad
transitoria (mPTP), el cual es un poro no selectivo que se forma de manera dependiente a la
concentracion de calcio dentro de la matriz mitocondrial, generando la permeabilizacion de la
membrana interna de la mitocondria e induciendo la muerte neuronal. Sin embargo, los Apo
también afectan a la mitocondria de manera directa, interactuando con diversas proteinas que
son importantes para la mantenciéon de su estructura y su funcionamiento. Una de estas
proteinas es Ciclofilina D, la cual participa en la apertura del mPTP y por tanto regula la
permeabilidad y funcion de la mitocondria. La apertura del mPTP por periodos largos,
potenciada por estimulos apoptdticos como el AP, produce diversos cambios estructurales y

funcionales en la mitocondria, que incluyen aumentos de volumen, disipacion del potencial de
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membrana mitocondrial, disrupcién de las membranas y liberacion descontrolada de calcio y
factores pro-apoptdticos. En consecuencia, el bloqueo de la accion de AP en la mitocondria o
la inhibicion directa de la apertura del mPTP generada por AP, son potenciales estrategias
terapéuticas para la EA.

Estudios previos de nuestro laboratorio han demostrado que la activacion de la via Wnt
canodnica o via Wnt/pB-catenina protege a las neuronas frente a la toxicidad del AP, previniendo
la muerte neuronal, sin embargo, el mecanismo por el cual esta proteccion ocurre no es claro y
aun no se ha explorado si la via Wnt podria ejercer su papel neuroprotector a través de
preservar la estructura y funciéon mitocondrial.

En esta tesis se estudiaron los eventos celulares involucrados en la neurotoxicidad de AP
y si la activacion de la via Wnt canonica, a través del ligando Wnt3a, previene estos eventos
patolégicos relacionados con la disfunciéon mitocondrial, la permeabilizacién de las
membranas mitocondriales y la muerte neuronal en la EA. Para abordar esta interrogante,
hemos propuesto estudiar los efectos de la activacion de la via Wnt en la permeabilidad
mitocondrial inducida por ABo en neuronas hipocampales. Para llevar a cabo este objetivo,
desarrollamos ensayos en células vivas para medir los niveles de calcio mitocondrial y la
induccioén del mPTP en respuesta a ABo. En esta tesis se describe que la pre-activacion de la
via Wnt previene el aumento de calcio mitocondrial y la apertura del mPTP en neuronas
expuestas a APo. De acuerdo a estas observaciones, también mostramos por microscopia
electronica que los cambios morfologicos y estructurales que sufre la mitocondria fueron
completamente prevenidos por Wnt3a, sugiriendo que la inhibicion del mPTP por la
activacion de la via Wnt contribuye a preservar la estructura de la mitocondria, favoreciendo

su buen funcionamiento y la viabilidad de la neurona.
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ABSTRACT

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive
memory loss and cognitive decline. Senile plaques present in AD brains are formed by the
amyloid-f peptide (AB), which on its soluble form, known as AP oligomers (ABo), is the main
cause of neurotoxicity in AD, since presents several targets inside a neuron, such as the
mitochondria. Mitochondrion is an essential organelle for cellular respiration and energy
supply, and also participates in the regulation of neuronal calcium. The mitochondrial calcium
overload can lead to the opening of the permeability transition pore (mPTP), which is a non-
selective pore that is formed in a calcium concentration-dependent manner inside the
mitochondrial matrix, producing the permeabilization of the inner mitochondrial membrane
and inducing neuronal death. However, ABo oligomers also directly affect mitochondria,
interacting with several proteins that are important for the maintenance of its structure and
function. One of these proteins is Cyclophilin D, which participates in the opening of the
mPTP and therefore regulates the permeability and function of the mitochondria. The opening
of the mPTP for long periods, potentiated by apoptotic stimuli such as AP, induces several
structural and functional changes on mitochondria, including a volume increase, dissipation of
the mitochondrial membrane potential, disruption of the membranes and an uncontrolled

release of calcium and pro-apoptotic factors. Thus, blocking the effect of A on mitochondria
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or directly inhibiting AB-dependent mPTP stimulation, are potential therapeutic strategies for
AD.

Previous studies from our laboratory demonstrated that the activation of the canonical
Wnt signaling pathway or Wnt/f-catenin protects neurons against AP toxicity, preventing the
neuronal death, however, the mechanism by which this protection occurs is not clear and
neither has it been explored whether Wnt signaling could exert its neuroprotective role
through the preservation of the mitochondrial structure and function.

In this thesis we studied the cellular steps involved in the AP neurotoxicity and whether
the canonical Wnt signaling activation, through the Wnt3a ligand, prevents these pathological
events related to mitochondrial dysfunction and mitochondrial membrane permeabilization
and the neuronal death in AD. To address this question we proposed to study the effects of
Wnt signaling activation in the mitochondrial permeability induced by AP oligomers in
hippocampal neurons. To accomplish this aim, we performed live cell imaging assays to
mainly measure mitochondrial calcium and the induction of mPTP in response to AP
oligomers. We described in this thesis that the pre-activation of the Wnt signaling pathway
prevents the mitochondrial calcium overload and the mPTP opening in neurons exposed to
Ao. According to these observations, we also showed by electron microscopy, that the
morphological and structural changes that mitochondria undergo were completely prevented
by Wnt3a, suggesting that the inhibition of the mPTP by Wnt signaling activation contributes
to the preservation of mitochondrial structure, favoring its precise function and the viability of

neurons.



1. INTRODUCTION

1.1. Alzheimer’s Disease

Alzheimer’s disease (AD) is one of the most common neurodegenerative disorders,
characterized by a progressive loss of memory and cognitive decline, because mainly affects
brain regions related to these functions (Hardy and Selkoe, 2002). At the neuropathological
level, brains of AD patients are characterized by the presence of different protein aggregates:
senile plaques and neurofibrillary tangles (Serrano-Pozo et al., 2011). Senile plaques are
extracellular depositions of amyloid-B peptide (AP) aggregates (Mattson, 2004), whereas
neurofibrillary tangles are intracellular aggregates of hyperphosphorylated Tau protein (Wang
et al., 2013). Although it is not clearly known which is the molecular triggering factor of the
disease in most of the AD patients, there are several studies suggesting that the AP peptide
play a key pathogenic role in the early stages of the disease (Bates et al., 2009; Hardy and
Selkoe, 2002). AP peptide is generated by the proteolytic processing of the amyloid precursor
protein (APP) by B- and y- secretases to form a peptide of 40 or 42 aminoacid long (Chow et
al., 2010). Once AP has been produced on its monomeric form, it can aggregate to form
soluble species known as AP oligomers (APo) and insoluble aggregates called amyloid fibrils,
which are the result of a higher state of aggregation (Morgan et al., 2004; Ross and Poirier,
2005). Both aggregates form the senile plaques on AD brains (Sakono and Zako, 2010). Since

AP fibrils are neurotoxic both, in vivo and in vitro (Alvarez et al., 2004; Dinamarca et al.,



2006), for several years it was thought that these insoluble aggregates were the main cause of
the neurodegeneration observed in AD (Hardy and Higgins, 1992), however, currently there is
consensus that APo are the main cause of neurotoxicity in AD, since they are the most
neurotoxic species responsible for the synaptic dysfunction observed in this pathology (Cerpa

et al., 2008; Li et al., 2009; Walsh et al., 2002)

1.2. AP oligomers and neurotoxicity

Recent studies have shown a strong correlation between ABo levels and the severity of the
synaptic and cognitive damage (Ferreira et al., 2007; Haass and Selkoe, 2007; McLean et al.,
1999), suggesting that APo are the main effectors of the synaptic loss and neuronal
degeneration in AD (Cerpa et al., 2008; Cleary et al., 2005; Lambert et al., 1998). Studies in
AD animal models, in which APP is overexpressed, have demonstrated that high levels of AP
induces a significant reduction in the presynaptic protein synaptophysin (Mucke et al., 2000),
an observation that has also been made in AD patients, in which the levels of this protein is
decreased from the early stages of the disease (Masliah et al., 2001). On the other hand,
studies from our laboratory show that ABo also affect the postsynaptic terminal, inducing the
reduction of the levels of the postsynaptic density-95 protein (PSD-95) and the NMDA
receptor (Dinamarca et al., 2008; Farias et al., 2009). Furthermore, functional studies have
shown that APo are able to block the long-term potentiation (LTP) in the hippocampus, which
is an electrophysiological correlates of learning and memory processes (Shankar et al., 2008;
Wang et al., 2002). In the same way, different sources of APo electrically facilitates the long-
term depression (LTD) evoked in the CA1 region of the hippocampus, disrupting the synaptic

plasticity, to promote synapse depression (Li et al., 2009). The evidences presented so far



point to AP peptide as the major constituent of senile plaques and to its soluble oligomeric
forms as the highest neurotoxic agents responsible for the early synaptic dysfunction, which is

the initial step for neuronal degeneration observed in AD (Selkoe, 2002).

1.3. Intracellular calcium dysregulation in AD

Besides synapses, AP presents several molecular and cellular targets inside neurons,
contributing to the neuronal damage that this peptide generates in AD. One of these targets is
calcium (Ca®"), which is a fundamental ion in the physiology of neurons and homeostasis,
since modulates many neuronal processes, including membrane excitability, neurotransmitter
release, genes expression, neuronal growth, and viability (Bezprozvanny and Mattson, 2008;
LaFerla, 2002). Neuronal Ca®" signaling is regulated by the balance between influx and release
of the ion. Ca®" influx across the plasma membrane occurs through voltage-gated Ca*"
channels, NMDA receptors and transient receptor potential channels (Alford et al., 1993;
Berridge, 1998). Ca®" release from intracellular Ca*" stores occurs via inositol triphosphate
receptor (IP3R) and ryanodine receptor (RyR) channels in the endoplasmic reticulum (ER)
(Marks, 1997). Moreover, mitochondria also participate in the regulation of neuronal Ca*"
levels through the uptake of this ion, stimulating mitochondrial metabolism and energy
production (Babcock et al., 1997). However, excessive calcium uptake into mitochondria can
lead to opening of the permeability transition pore (PTP) and apoptosis (Spét et al., 2008).
During the slow progression of AD, the early phase of memory loss is exacerbated by the
onset of neuronal cell death, which may also be driven by an increased dysregulation of Ca*"
homeostasis (Berridge, 2011; Demuro et al., 2010). It has been proposed that AP interaction

with the plasma membrane results in elevated intracellular Ca*" concentrations and increased



vulnerability of neurons to excitotoxicity (Mattson et al., 1992). The oligomeric forms of AP
may increase Ca’’ entry by either functioning as channels or by activating channels in the
plasma membrane such as the NMDA receptor (Berridge, 2011; Dinamarca et al., 2010).
Moreover, mitochondrial dysfunction and ER stress are two central pathways leading to the
apoptosis observed in AD (Takuma et al., 2005). The evidence suggests that the ER is under
stress in neurons affected in AD and might contribute to perturbed cellular Ca®>" homeostasis
(Lindholm et al., 2006). Neurons from mice expressing the presenilinl mutation (PS1), which
is part of the y-secretase complex responsible for APP processing, present a large increase in
the amount of Ca®" release by IP3R (Cheung et al., 2008). RyR also contributes to Ca*"
disruption in AD by an enhanced recruitment of active RyRs in the ER in AD mice from
different stages (Stutzmann et al., 2007) and through the increase in the expression and
function of these receptors (Paula-Lima et al., 2011; Supnet et al., 2006). On the other hand,
the increase in cytosolic Ca®" directly affects mitochondria, disrupting its critical function as a
Ca” buffering organelle (Celsi et al., 2009), which disturbs ATP generation and therefore
neuronal viability. For this reason, mitochondrial dysfunction appears an obligatory

downstream step in the pathogenesis of AD (see below).

1.4. Mitochondrial dysfunction in AD.

Mitochondrial dysfunction is an early feature of AD since several abnormalities have been
described in brains from different models of AD (Moreira et al., 2007; Supnet and
Bezprozvanny, 2010; Swerdlow et al., 2010). The activity of respiratory chain enzymes
associated with the mitochondrial complex III (cytochrome-c reductase) and I'V (cytochrome-c

oxidase) is significantly decreased in mitochondria from transgenic (Tg) APP mice (Caspersen



et al., 2005; Manczak et al., 2006) and in isolated mitochondria exposed to AP in vitro
(Canevari et al., 1999). Generation of ROS is also deregulated in AD and an enhanced
production of free radicals and oxidative damage is a feature of the progression of the disease
(Reddy, 2006). In addition, metabolic properties, such as ATP levels and glucose uptake are
also decreased in AD brains from Tg APP mice (Chen and Yan, 2010; Yao et al., 2009). All of
these mitochondrial alterations produced by AP create a negative environment for the
maintenance of an appropriate function of the mitochondria, since directly affect the
electrochemical gradient that is generated along the electron transport chain (ETC), favoring
the leakage of electrons from the ETC and therefore the production of superoxide species, the
loss of mitochondrial membrane potential (mAW), permeability and structure (Reddy, 2009). It
has been clearly demonstrated that A accumulates progressively within AD brains, Tg mice
models and cells overexpressing APP (Devi et al., 2006; Du et al., 2008; Lustbader et al.,
2004). AP produced at the extracellular space, through APP processing, enters the neuron by
the endocytic pathway (Yu et al., 2010) and it has been proposed that its oligomerization
begins intracellularly to produce the neurotoxicity and cell death (Walsh et al., 2000). But
once Ao are localized inside neurons, how can these oligomers directly affect mitochondria?
Mitochondrial accumulation of AP could explain why AP interferes with the function and

structure of this organelle to finally affect neuronal viability.

1.5. Mitochondrial accumulation of AP
The accumulation of AP in mitochondria occurs early in brains of Tg APP mice, between
4 to 5 months, and increases with aging, even before the massive extracellular deposition

occurs (Caspersen et al., 2005), an observation that is in agreement with previous findings



which indicate that intracellular accumulation of AP occurs previously to amyloid plaques
formation (Wirths et al., 2001). The first study that described the presence of AP in
mitochondria was performed by Lustbader et al., in 2004. They demonstrated by
immunofluorescence assay and electron microscopy that AP colocalized with AB-binding
alcochol dehydrogenase (ABAD) inside mitochondria from human AD brain, and that the
interaction between A} and ABAD promotes leakage of ROS, mitochondrial dysfunction and
cell death (Lustbader et al., 2004). Moreover, mitochondrial A accumulation appears to
strongly favor deposition of oligomeric AB;.42 than AB;_4¢. In the same way, Tg animals at 12
months of age present AP;.4; aggregates about six-fold greater than those of AB;.49 (Caspersen
et al., 2005). This increased APi.42/APi.4o ratio is correlated with the high toxicity described
for APj.4 rather than AB;49 in AD brain, probably due to A4, aggregates much more
quickly than A4, providing seeds for further Ap deposition (Bates et al., 2009). However,
how does A gain access to mitochondria? It has been proposed that APP could be located at
the outer mitochondrial membrane (OMM) where can be processed by the mitochondrial y-
secretase (Devi and Anandatheerthavarada, 2010), however this particular event has not been
directly demonstrated and, despite the presence of mitochondrial APP, the evidences suggest
that AP is not likely to be produced locally in mitochondria, and instead, that it is imported
from the cytoplasm into the organelle (Chen and Yan, 2010). It has been demonstrated that the
import of AP into mitochondria occurs through the protein transport machinery of
mitochondria, specifically via the translocase of the OM (TOM), to localize it at the cristae of
mitochondria. The mitochondrial Ap import has been observed both in vivo and in vitro and
even when AP is extracellularly applied (Hansson Petersen et al., 2008). Therefore,

mitochondrial AR accumulation is a key process, which leads to the understanding of how AP



can damage neurons so effectively in AD. Once inside mitochondria, AP can interact with
several proteins that are important for the correct function of this organelle and/or for the
maintenance of its structure. Regarding this idea, one of the proteins that regulates
mitochondrial structure and that interacts with AP is cyclophilin D (CypD), which participates
in the opening of the mitochondrial PTP (mPTP) and therefore regulates the permeability and
function of the mitochondria, affecting both its energetic and calcium buffer functions (Du and

Yan, 2010a).

1.6. Mitochondrial permeability transition pore and AB-CypD interaction

The mPTP is a non-selective pore that is formed and remains open for periods that are
highly dependent on calcium concentration inside the mitochondrial matrix. The opening of
the mPTP for short time periods induces a rapid and regulated calcium release from the
mitochondrial matrix, however, if the pore remains open for long periods, potentiated by an
apoptotic stimulus, such as AP, or by elevated calcium concentrations, which can also be
produced by A, occurs an uncontrolled release of this ion from the mitochondria (Muirhead
et al., 2010; Rao et al., 2013). The permeabilization of the inner mitochondrial membrane
(IMM) induces morphological changes in the mitochondria, including an increased volume, a
phenomenon known as swelling, and the dissipation of the mAYW, disruption of the membrane
and uncontrolled release of calcium and pro-apoptotic factors, such as cytochrome-c, into the
cytoplasm, activating neuronal death cascades (Petronilli et al., 2001) (Figure 1). The detailed
structure of the mPTP is not well established (Celsi et al., 2009), but it is known to be at least
formed by the voltage-dependent anion channel (VDAC) at the OMM, the adenine nucleotide

translocase (ANT) at the IMM, and cyclophilin D (CypD) in the mitochondrial matrix
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Figure 1. Morphological changes of mitochondria during membrane permeability
transition in AD. Mitochondria are structured organelles which in normal or healthy
conditions present a conserved structure of both, the inner mitochondrial membrane (IMM)
and the outer mitochondrial membrane (OMM). This organization allows the formation of the
mitochondrial cristae, which are important since therein resides the electron transport chain
(ETC) to support cellular respiration. Under AD conditions, in the presence of Afo,
mitochondria undergo structural changes as a result of AB-induced mitochondrial membrane
permeability. This phenomenon is triggered by the opening of the mitochondrial permeability
transition pore (mPTP), which produces water and solutes entry into the mitochondria,
inducing increase volume and the loss of the mitochondrial structure, to promote
mitochondrial membrane potential (mAYW) dissipation and the release of pro-apoptotic factors
and calcium to the cytoplasm. These morphological changes that mitochondria undergo during
membrane permeability are known as mitochondrial swelling, which finally generates the loss
of mitochondrial function to activate neuronal death processes.



(Figure 2A) (Baines et al., 2005; Halestrap, 2009; Schinzel et al., 2005). CypD, is a peptidyl
prolyl cis-trans isomerase found in the mitochondrial matrix that has been described as a key
positive regulator of the mPTP, since translocates to the IMM during the opening of the pore
in oxidative stress conditions (Connern and Halestrap, 1994). CypD association with ANT on
the IMM contributes to the formation and opening of the mPTP. Regarding the mechanisms
proposed for the action of AP peptides at the level of mitochondrial membrane permeability, it
has been postulated that AP directly interacts with CypD to induce mPTP opening (Figure
2B). Despite it has been proposed that CypD is the main component required for the mPTP
formation, it has been demonstrated that the pore can be form and open in the absence of
CypD, suggesting that this event may depend on multiple factors (Basso et al., 2005). In
agreement with this idea, studies of protein-protein interaction have shown that A also binds
ANT and that this interaction is stronger than AB-CypD interaction, possibly affecting the
normal physiological function of ANT and the formation of the mPTP (Singh et al., 2009).
Despite this evidences it is very clear that CypD is a key component of the mPTP since
modulates the mPTP sentitivity to Ca®" and the cell susceptibility to apoptotic stimuli (Baines
et al., 2005; Schinzel et al., 2005). On the other hand, and related to AD, it has been
demonstrated that the deficiency of CypD, in an AD transgenic mice background, attenuates
the cellular death induced by AP and improves memory and synaptic function (Du and Yan,
2010a; Du et al.,, 2008). Thus, blocking AP entry to mitochondria or inhibiting CypD-
dependent mPTP stimulated by A, are potential therapeutic strategies for AD. For this reason,
the study of molecules that could be able to prevent the mitochondrial permeability induced by
AP is crucial for the development of tools for the early treatment of neurodegenerative

diseases in which mitochondria are involved.
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Figure 2. Mitochondrial permeability transition pore conformation. A) mPTP is mainly
formed by the voltage-dependent calcium channel (VDAC, in orange), the adenine nucleotide
translozase (ANT, in purple) and Cyclophilin D (CypD, in yellow). Under physiological
conditions mPTP presents a reversible conformation and CypD is not part of the protein
complex and mainly resides into the mitochondrial matrix (MM). The interaction between all
of the components, mediated by an apoptotic stimulus, produces the formation and opening of
the mPTP, which generates an irreversible response, leading to water and solutes entry into the
MM. B) In an AD context, A oligomers induce the translocation of CypD from the MM to
the IMM to facilitate their interaction with ANT, and therefore the formation and opening of
the mPTP. This final step induces uncontrolled release of calcium and mitochondrial swelling.
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1.7. Wnt signaling and its neuroprotective role in AD

Previous studies from our laboratory demonstrated that the activation of the canonical Wnt
signaling pathway protects neurons against AP toxicity in vitro and in vivo (Alvarez et al.,
2004; Toledo and Inestrosa, 2010; Vargas et al., 2014). Wnt ligands are secreted proteins that

mainly activate two Wnt pathways: the canonical, or B-catenin-dependent, signaling pathway

(the Wnt/B-catenin pathway); and the non-canonical signaling pathways (the Wnt/PCP and
Wnt/Ca® pathways) (Figure 3) (Inestrosa and Varela-Nallar, 2014; Willert and Nusse, 2012).
The Wnt/PCP pathway is activated by the interaction of a Wnt ligand with its Frizzled (Fz)
receptor. This binding produces the activation of Dishevelled (Dvl), which in turn activates the
small GTPases Rho and Rac, to finally activate the Jun N-terminal kinase (JNK), regulating
the cytoskeleton reorganization (Rosso et al., 2005). On the other hand, in Wnt/Ca®" pathway,
the binding between Wnt ligand and the Fz receptor activates the trimeric G proteins, which
induces the activation of phospholipase C (PLC) and the production of diacyl-glycerol (DAG)
and inositol triphosphate (IP3), generating an increase in the intracellular Ca®" levels and the
subsequent activation of Ca*"-dependent proteins (Inestrosa and Arenas, 2010). By contrast,
the Wnt/B-catenin pathway is activated by the binding of a Wnt ligand to its Fz receptor and to
the co-receptor LRP5/6. This interaction activates Dvl, which causes the dissociation of the
destruction complex to inhibit glycogen synthase kinase-3 (GSK-3f3) and prevent -catenin
degradation through the proteasome, therefore inducing its accumulation into the cytoplasm,
to finally translocate to the nucleus to trigger the expression of Wnt target genes (Arrazola et
al., 2009; Clevers and Nusse, 2012). About Wnt signaling functions, it has been implicated in

the development and maintenance of the nervous



12

Canonical Wnt Signaling Non Canonical Wnt Signaling
Wnt/PCP Wnt/Ca*?

®

LRP5/6\ "=
'

B-catenin

Cytoskeleton
CamKIll

Figure 3. Canonical and non-canonical Wnt signaling pathways. Left: The activation of
Wnt/B-catenin signaling begins with the binding of Wnt ligand to a Frizzled (Fzd) receptor and
the low density lipoprotein receptor-related protein 5/6 (LRP 5/6), producing the recruitment
of Dishevelled (Dvl) and the subsequent inhibition of the “B-catenin destruction complex”
mainly formed by Axin, adenomatous polyposis coli (APC) and glycogen synthase kinase-3f3
(GSK-3p). The phosphorylation and inhibition of GSK-3p the accumulation of B-catenin,
which is no longer phosphorylated and then translocate to the nucleus to activate the
transcription of Wnt target genes mediated by the TCF/LEF factors. Middle: In the Wnt/PCP
pathway, Wnt-Fzd interaction promotes the activation of Dvl to induce the activation of Rho
and Rac small GTPases. Activation of Rho signals through the Rho-associated kinase (ROCK)
and the activation of Rac signals to the c-Jun N-terminal kinase (JNK), modulating the actin
cytoskeleton. Right: In the Wnt/Ca®" pathway, the binding of Wnt to Fzd activates
heterotrimeric G-proteins which in turns signal through phospholipase-C (PLC) and inositol-
1,4,5-thriphosphate (IP3) to induce the release of intracellular Ca®" and the activation of both
protein kinase C (PKC) and Ca”"/calmodulin-dependent protein kinase type-II (CaMKII).
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system (Inestrosa and Arenas, 2010) because it regulates synaptogenesis (Rosso and Inestrosa,
2013; Salinas and Zou, 2008) and participates in the adult neurogenesis of the hippocampus
(Lie et al., 2005; Varela-Nallar and Inestrosa, 2013). Related to the AD, the canonical Wnt
signaling has been involved in the neuroprotection against AB-induced neuronal damage
(Cerpa et al., 2009) because its activation protects hippocampal neurons from AB-induced cell
death (Alvarez et al., 2004) and also prevents the intracellular calcium increase generated by
AP in neurons, which directly affects mitochondrial calcium levels (Dinamarca et al., 2010;
Quintanilla et al., 2005). However, the mechanism by which this protection occurs is unknown
and neither has it been explored whether Wnt signaling could exert its neuroprotective role
against AB-induced toxicity through the protection of the mitochondria.

Studies from our laboratory have shown that the activation of the canonical Wnt signaling
pathway regulates the expression of the mitochondrial anti-apoptotic protein Bcl-2 (Fuentealba
et al., 2004) and that the up-regulation of this protein protects hippocampal neurons from A[3-
induced mitochondrial damage (Fuenzalida et al., 2007). Moreover, Bcl-2 has also been
involved in the inhibition of the mPTP through its capability to interact with CypD (Eliseev et
al., 2009). On the other hand, a key component of the canonical Wnt signaling, glycogen
synthase kinase-3 (GSK-3p), has been involved in cardioprotection models with the
inhibition of the mPTP through its interaction with several components of the pore inside
mitochondria, including ANT and CypD (Nishihara et al., 2007; Zorov et al., 2009). These
evidences suggest an appealing role for Wnt signaling in neuroprotection through the
regulation of mitochondrial-dependent cell death cascades, especially through the inhibition of
mitochondrial membrane permeability, to favor the maintenance of the structure and therefore

the function of the mitochondria.
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In this thesis we studied the mitochondrial events involved in the neurotoxicity induced
by AP and whether the canonical Wnt signaling activation, through the Wnt3a ligand, prevents
these pathological events in particular related to mitochondrial dysfunction and mitochondrial
membrane permeabilization, which are the earliest events, that will trigger the neuronal death
process in AD brain. The data presented here suggests that Wnt3a protects neurons against
APo-induced neuronal cell death through the inhibition of mPTP opening, preventing the

disruption of the mitochondrial integrity and its loss of function.

1.8. Hypothesis and Objectives

1.8.1. Hypothesis
The activation of the Wnt/B-catenin signaling pathway prevents the mitochondrial membrane

permeability induced by AP oligomers in hippocampal neurons.

1.8.2. Objectives
To study the role of Wnt/B-catenin signaling on mitochondrial dysfunction in hippocampal
neurons exposed to AP oligomers.

Research Objectives:

1. To evaluate the effect of the canonical Wnt signaling activation on mitochondrial calcium

overload caused by A oligomers in hippocampal neurons.

2. To study the role of Wnt in the formation and opening of the mitochondrial permeability

transition pore in ABo-exposed neurons.
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2. CHAPTERI

The next section presents the results obtained in order to accomplish the Research
Objectives N° 1 and 2. This work was submitted to The Journal of Neuroscience on April 30™,
2014 (Manuscript ID: IN-RM-1750-14).

As is shown below, this manuscript describes the protective effects of the canonical Wnt
signaling activation on mitochondrial membrane permeability induced by A. Live cell
imaging assays indicated that Wnt3a ligand prevents the mitochondrial calcium overload
generated by AP exposure on hippocampal neurons, which was also accompanied by a
protection at the mitochondrial membrane potential level and with the inhibition of the mPTP
opening. To directly study the permeability of mitochondrial membranes and cristae
disruption, electron microscopy analysis was performed. The results indicated that the
mitochondrial structure was protected from the ABo damage that is generated in brain
mitochondria of AD when Wnt signaling was previously activated. These results were also
consistent with a prevention of the morphological changes that mitochondria undergo during
the swelling process, such as increase volume and sphericity, which were evaluated from 3D
reconstructions of the mitochondrial network. Thus, the results indicated that the activation of
the canonical Wnt signaling inhibits the mPTP opening to finally, protect neurons against

Ao-induced cell death.
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Abstract

The mitochondrial permeability transition pore (mPTP) is a non-selective pore that is formed
and remains open for periods that are highly dependent on the calcium concentration inside the
mitochondrial matrix. mPTP has been implicated in the pathogenesis of Alzheimer’s disease
because amyloid-B peptide (APB) oligomers (APo) induce its opening, thereby activating
mitochondrial-dependent neuronal death cascades. Previous work from our laboratory
suggested that canonical Wnt signaling, through the Wnt3a ligand, has a neuroprotective effect
against AP toxicity, inhibiting the neuronal death induced by AP peptide; however, the
mechanism by which Wnt signaling activation prevents neuronal death is unclear. To study the
cellular steps involved in the neurotoxicity induced by AP, we performed live cell imaging in
hippocampal neurons to detect specific events related to mitochondrial membrane
permeabilization. This last phenomenon was also evaluated by electron microscopy to detect
mitochondrial membrane integrity and morphological changes on mitochondria, related to
mitochondrial swelling, from hippocampal slices exposed to A in the presence of Wnt3a. We
report here that Wnt3a prevents an APo-induced cascade of mitochondrial events that leads to
neuronal death. This cascade involves: (a) increased mitochondrial calcium, (b) mitochondrial
membrane potential loss, (¢) cytochrome-c release, (d) mPTP opening and (e) mitochondrial
swelling, leading to neuronal death. Thus, our results indicate that the activation of canonical

Wnt signaling protects neurons against ABo damage through the inhibition of mPTP opening.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by memory
loss and cognitive decline (Hardy and Selkoe, 2002). Oligomers from amyloid-B peptide
(APo) are the most neurotoxic species responsible for the neuronal dysfunction in AD (Walsh
et al., 2002; Li et al., 2009). Defects at the mitochondrial level have been described in AD
patients (Supnet and Bezprozvanny, 2010; Swerdlow et al., 2010) and some studies propose
that the AP peptide acts inside the mitochondria affecting its membrane permeability through
mitochondrial permeability transition pore (mPTP) opening (Du and Yan, 2010a). The mPTP
induction, potentiated by an apoptotic stimulus, such as AP, or by elevated calcium
concentrations, produces an uncontrolled release of this ion from the mitochondria (Celsi et
al., 2009) and the permeabilization of the inner membrane, which induces an increased volume
of the mitochondria, a phenomenon known as swelling, and the dissipation of the
mitochondrial membrane potential, disruption of the membrane and release of pro-apoptotic
factors, such as cytochrome-c, into the cytoplasm, activating neuronal death cascades
(Petronilli et al., 2001). The study of molecules that are able to prevent the mitochondrial
permeability induced by AP could lead to the development of tools for the early treatment of
neurodegenerative diseases in which mitochondria are involved, such as AD. Previous studies
from our laboratory demonstrated that the activation of the canonical Wnt signaling pathway
protects neurons against AP peptide toxicity (Alvarez et al., 2004; Toledo and Inestrosa, 2010;
Vargas et al., 2014), however, the steps that mediate the protective role of Wnt3a are

unexplored.
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The Wnt/B-catenin pathway is activated by the binding of a Wnt ligand to its Frizzled
(Fz) receptor and to the co-receptor LRP5/6, inducing B-catenin accumulation in the
cytoplasm to finally translocate to the nucleus to regulate the expression of Wnt target genes
(Arrazola et al., 2009; Clevers and Nusse, 2012). Wnt signaling has been implicated in the
development and maintenance of the nervous system (Inestrosa and Arenas, 2010) because it
regulates synaptogenesis (Salinas and Zou, 2008; Rosso and Inestrosa, 2013) and participates
in the adult neurogenesis of the hippocampus (Lie et al., 2005; Varela-Nallar and Inestrosa,
2013). On the other hand, canonical Wnt signaling is involved in neuroprotection against A3
(Cerpa et al., 2009; De Ferrari et al., 2013) because protects hippocampal neurons from Af-
induced cell death (Alvarez et al., 2004; Inestrosa and Varela-Nallar, 2014) and also prevents
the intracellular calcium increase generated by AP, which directly affects mitochondrial

calcium levels (Quintanilla et al., 2005; Dinamarca et al., 2010).

We report here that Wnt signaling activation regulates mitochondrial calcium levels
altered by APo in hippocampal neurons and prevents mitochondrial membrane potential loss,
thereby preserving the integrity of mitochondrial membranes, as evidenced by the inhibition of
cytochrome-c release, the inactivation of mPTP opening and the prevention of morphological
changes (including in size, shape and ultrastructural features) in mitochondria induced by
exposure to APo. These results suggest that Wnt signaling prevents the mitochondrial
swelling, a process characterized by mPTP opening, that is generated by neuron exposure to

Apo.
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Materials and Methods

Primary culture of rat hippocampal neurons

The experimental procedures with animals were approved by the Bioethical and Biosafety
Committee of the Faculty of Biological Sciences of the Pontificia Universidad Catdlica de
Chile. Rat hippocampal cultures were prepared as described previously (Alvarez et al., 2004;
Caceres et al., 1984). Hippocampi from Sprague-Dawley rats at embryonic day 18 were
removed, dissected free of meninges in Ca>" /Mg -free Hanks’ balanced salt solution (HBSS).
The tissue was resuspended in HBSS containing 0.25% (wt/vol) trypsin and incubated for 15
min at 37°C. After three rinses with HBSS, the tissue was mechanically dissociated in
Dulbecco’s modified Eagle’s medium (GIBCO, Rockville, MD) supplemented with 10% horse
serum (GIBCO), 100 U/ml penicillin and 100 pg/ml streptomycin. Dissociated hippocampal
cells were seeded onto poly-L-lysine-coated wells in plating medium. Cultures were
maintained at 37°C in 5% CO; for 2 h before the plating medium was replaced with
neurobasal growth medium (GIBCO) supplemented with B27 (GIBCO), 2 mM L-glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin. On day 2, the cultured neurons were treated

with 2 uM cytosine arabinoside (AraC) for 24 h.

Formation of amyloid-p oligomers

Synthetic AB;.4» peptide corresponding to wild-type human AB was obtained from Genemed
Synthesis, Inc. (San Francisco, CA). An AP peptide stock solution was prepared by dissolving
freeze-dried aliquots of AP in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma H-8508) at 1
mM, incubated at room temperature for 1 h and lyophilized. For oligomer preparation, the

peptide film was dissolved in dimethyl sulfoxide (DMSO, Sigma D2650) at 5 mM and then
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diluted into distilled water to a final concentration of 100 uM. The preparation was incubated
overnight for AP oligomer formation (Klein, 2002). AP oligomers were visualized by electron
microscopy and analyzed by Tris-Tricine SDS gel electrophoresis, as previously described

(Dinamarca et al., 2010; Godoy et al., 2013; Silva-Alvarez et al., 2013).

Mitochondrial and intracellular calcium imaging

For in vivo cell imaging, neurons were seeded at a density of 1 x 10° cells in 25-mm cover
slips and used for the experiments after 14 days in vitro (DIV). Hippocampal cells were loaded
with the cell-permeant acetoxymethyl ester forms of the visible-wavelength calcium-sensitive
dye Rhod2-AM (2 uM) at 4°C, to favor the mitochondrial localization of the probe, for 3 min
and then with Fluo3-AM (1 puM) in the presence of pluronic F127 detergent (0.02% final
concentration) (Molecular Probes, Carlsbad, CA) for 30 min at 37°C (Peng et al., 1998; Eisner
et al., 2010). Cultures were washed with the recording solution, Tyrode Buffer (135 mM
NaCl, 5 mM KCI, 1.8 mM CaCl,, 1 mM MgCl,, 10 mM HEPES, 5.6 mM glucose, pH 7.3),
and imaged with an Olympus DSU IX81 spinning disk confocal microscope. After a
measurement of the basal Rhod2-AM and Fluo3-AM signals, 20 uM APo was added at 3 min
and the results were registered for 10 min. Rhod2-AM Aex/em = 549/578 nm; Fluo3-AM
Aex/em= 488/526 nm. The estimation of the fluorescence intensity of both probes was
presented as the pseudoratio (AF/Fo) indicated by: AF/Fo = (F-Fpase)/ (Fase-B), where F is the
measured fluorescence intensity of the indicator, Fy,e 1s the fluorescence intensity before the
stimulation and B is the background signal determined from the average of areas adjacent to
the cells (Dinamarca et al., 2010; Quintanilla et al., 2013). The images were analyzed using

NIH Image] software.
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Mitochondrial membrane potential

Time lapse experiments to detect mitochondrial membrane potential changes (Ay,,) were
performed in hippocampal neurons loaded with 50 nM of the fluorescent probe Mitotracker
Orange (Molecular Probes) for 30 min at 37°C (Godoy et al., 2013; Silva-Alvarez et al.,
2013). Fluorescence variations were analyzed in the same manner as the calcium
measurements using an Olympus DSU IX81 spinning disk confocal microscope, considering

Aex/em = 554/576 nm (Buckman et al., 2001).

Immunofluorescence

Hippocampal neurons were seeded onto poly-L-lysine-coated coverslips in 24-well culture
plates at a density of 3.5 x 10" cells per well. After treatment, the cells were loaded with 50
nM Mitotracker Orange for 30 min at 37°C. The cells were rinsed twice in PBS and fixed with
a freshly prepared solution of 4% paraformaldehyde - 4% sucrose in PBS for 20 min and
permeabilized for 5 min with 0.2% Triton X-100 in PBS. After several washes, the cells were
incubated with 1% bovine serum albumin (BSA) in PBS (blocking solution) for 30 min at
37°C, followed by an overnight incubation at 4°C with the primary antibody mouse anti-
cytochrome-c (BD Pharmingen, San Diego, CA). The cells were washed with PBS and then
incubated with an Alexa-conjugated secondary antibody (Molecular Probes) for 30 min at
37°C. The coverslips were mounted in mounting medium (Dako, Glostrup, Denmark). Images
were captured with an Olympus FluoView1000 Confocal Microscope and analyzed using NIH

ImagelJ software.
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Neuronal viability assays

Hippocampal neurons plated on polylysine-coated coverslips (30,000 neurons/cover) were
treated under different conditions for 24 h. Live and dead neurons were analyzed in non-fixed
cells with the LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (Molecular)
(Saraiva et al., 2010). Apoptotic nuclei were analyzed with Hoechst 33342 stain (Molecular

Probes) in fixed cells after the treatments, as previously described (Silva-Alvarez et al., 2013).

Calcein/Cobalt imaging

In vivo detection of mPTP opening was measured using the Image-iT ™ LIVE Mitochondrial
Transition Pore Assay Kit (I135103) from Molecular Probes, with some modification according
to previous studies (Petronilli et al., 1998; Gillessen et al., 2002). Briefly, hippocampal
neurons were seeded at a density of 1 x 10° cells in 25-mm cover slips and used for the
experiments after 14 DIV. The hippocampal cells were loaded with the labeling mix solution
(1 uM calcein-AM, 50 nM Mitotracker Orange, 1 mM CoCl, and 1 pM Hoechst 33342 dye in
Neurobasal media) for 40 min at 37°C. The ex/em peaks of calcein after hydrolysis occur at
494/517 nm. Cytoplasmic signals of calcein were quenched by cobalt without affecting the
mitochondrial signal. As a result of stimulation of mPTP opening, calcein was released from
the mitochondrial matrix due to the permeabilization of the mitochondrial membranes, which
resulted in the redistribution and rapid decay of calcein fluorescence (Petronilli et al., 1999).
Hoechst stain (Aex/em = 350/461 nm) was not followed in the experiment, but it was used to
determine the viability of the neurons before and after ABo exposure. The mitochondrial
calcein staining was checked using a Mitotracker as a mitochondrial positive marker, and
mitochondria that presented both labels were used for the analysis. The ionophore ionomycin

(0.5 uM), which induced Ca®" overload, was used as a positive control for mPTP induction
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(Nicholls and Budd, 2000), and Cyclosporin A (CsA, 20 uM) was used as an inhibitor of the

pore opening (Halestrap et al., 1997).

Hippocampal neuron transfection

For mito-Cherry overexpression in cultured hippocampal neurons, we used NeuroMag (OZ
Bioscience, Marseille, France) according to the manufacturer's protocol. Briefly, neurons from
12 DIV at 40,000-80,000 cells per well were incubated with non-covalent complexes
containing the mito-Cherry plasmid and NeuroMag beads for 15 min over a magnetic plate
and additional 45 min without the magnetic plate as previously described (Marchionni et al.,
2009; Opazo et al., 2010). After 48 h, the neurons were used for treatments and z-stack image

acquisition for 3D reconstruction analysis.

3D image reconstruction

Mitochondrial network images were obtained from mito-Cherry transfected neurons. Z-stack
images of 0.35-pm thickness were obtained with a Nikon Eclipse C2si spectral confocal
microscope, taking between 15 to 20 frames per neuron, from a total of 6 to 8 neurons per
condition, with N=3 independent experiments. The images were reconstructed in 3D
isosurface using Imaris software from the Facility of University of Concepcion, Chile. The
sphericity and volume of each reconstructed mitochondrion were determined as described

previously (Picard et al., 2013).

Slice preparation
Hippocampal slices were prepared according to standard procedures from 2-month-old

C57BL/6J males mice (http://jaxmice.jax.org/strain/000664.html) (Cerpa et al., 2008; Varela-

Nallar et al., 2010). Transverse slices (400 um) from the dorsal hippocampus were cut under
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cold artificial cerebrospinal fluid (ACSF) using a Vibroslice microtome (VSL, WPI) and

incubated in oxygenated ACSF for more than one hour at room temperature before treatment.

Mitochondrial Isolation
Mitochondria were isolated from hippocampal slices according to manufacturer's indications,

using the Mitochondrial Isolation kit for Tissue (Pierce Biotechnology, Rockford, IL).

Western blot

Isolated mitochondria were lysed in 2% CHAPS in Tris buffered saline (TBS: 25mM Tris,
0.15M NaCl, pH 7.2). The samples (30 pg) were subjected to electrophoresis on 15% SDS-
polyacrylamide gels. We used rabbit anti-phosphorylated (Ser9) GSK-3p antibody (Cell
signaling Technology Inc., Danvers, MA), mouse anti-GAPDH antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) as a cytoplasmic loading control and rabbit anti-COXIV

antibody (Cell Signaling Technology Inc.) as a loading control of mitochondrial fraction.

Electron microscopy

Hippocampal slices were used for electron microscopy analysis, according to standard
procedures (Inestrosa et al., 2005; Perkins and McCaffery, 2007; Picard et al., 2013). Briefly,
hippocampal slices were treated and directly fixed in 3% glutaraldehyde in 50 mM cacodylate
buffer (pH 7.2) for 3 days at room temperature. Then, the slices were treated with 1% osmium
tetroxide in cacodylate buffer for 90 min followed by 1% aqueous uranyl acetate, dehydrated
in acetone and embedded in Epon resin. The Epon-embedded lamina of the hippocampal slices
was cut into small pieces and re-included in the resin. Areas to be examined by electron
microscopy (CAl region of the hippocampus) were selected from 1-pm sections stained with

toluidine blue for light microscopy. Ultra-thin sections were cut with a Reichert
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Ultramicrotome, placed on 300-mesh copper electron microscopy grids, stained with uranyl
acetate and lead citrate (Reynolds, 1963), and examined using a Phillips Tecnai 12
transmission electron microscope at 80 kV from the Facility of the Faculty of Biological
Sciences, Pontificia Universidad Catolica de Chile. Between 40 to 50 digital images were
obtained per treatment, and they were analyzed with ImagelJ to manually measure, in a blinded
fashion, the mitochondrial area, diameter and perimeter (Song et al., 2004). The ultrastructural
features of mitochondria, such as the membrane and cristae integrity, were determined in each
mitochondrion at the same time as the measurement of morphological parameters. Membranes
or cristae were considered to be intact when the whole structure was preserved and organized
and the mitochondria appeared normal, as has been previously described (Sun et al., 2007).

Quantitative analysis was performed with n = 3 with GraphPad Prism 5.01.

Quantification and statistical analysis

The data represent the mean and SEM from 3-8 independent experiments for live cell imaging,
each with n=3-4 replicates. N=3 was used for immunofluorescence, mitochondrial network
reconstruction and electron microscopy analysis. p values were obtained using a two-way
ANOVA test for grouped data, and a one-way ANOVA test for bar graphs, plus a post hoc

Bonferroni test. Error bars indicate SEM *p<0.01; **p<0.001; ***p<0.0001.

Results

Intracellular and mitochondrial calcium levels are modulated by Wnt signaling
activation in neurons that are exposed to A} oligomers.
One of the important functions of mitochondria is to control calcium variations inside the cell.

A massive and uncontrolled calcium influx into mitochondria directly affects mitochondrial
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permeability (Du and Yan, 2010b), inducing mitochondrial membrane potential dissipation,
increased membranes permeability and, finally, neuronal death (Celsi et al., 2009).
Intracellular calcium levels were evaluated in 14 DIV hippocampal neurons. To determine the
neuroprotective effect of Wnt signaling activation, recombinant Wnt3a ligand (rWnt3a, 300
ng/ml) was used. Neurons were treated for 24 h with rWnt3a and loaded with the fluorescent
probe Fluo3-AM (1 uM) for 30 min at 37°C. Live cells were analyzed with a spinning disk
confocal microscope, and for calcium measurement, the fluorescence intensity was registered
during a 3-min period (basal), and then the neurons were stimulated with 20 uM Ao or
vehicle and recorded for an additional 7 min. Figure 1A shows representative pseudocolored
images from each treatment immediately before (Figure 1Aa, c) and after 500 s of APo
exposure (Figure 1Ab, d). Surface plots show increased fluorescence intensity in control
neurons exposed to ABo, which was not observed in Wnt3a pre-treated neurons (Figure 1Aa’-
d’). In agreement with a previous study from our laboratory in which the Wnt7a ligand was
used to activate Wnt signaling (Quintanilla et al., 2005), the pretreatment of neurons with
rWnt3a also prevented the intracellular calcium increase induced by APo, evaluated at the

soma (Figure 1Ba) and in neurites (Figure 1Bb).

To evaluate mitochondrial calcium levels, neurons were treated with control media and
rWnt3a protein and then loaded with Rhod2-AM (2 uM) at 4°C for 3 min plus a recovery
period, without a probe, of 30 min at 37°C. Ao exposure induced a significant increase in the
fluorescence intensity compared to the basal period in the same neuron (Figure 2Aa, b)
beginning 300 s from the start of the experiment (Figure 2B). This increase was observed

specifically in neurites, as shown in Figure 2Ca, b in the magnified cropped image and in the
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Figure 1. Wnt signaling activation, through Whnt3a ligand, prevents intracellular calcium
increase induced by AP oligomers in cultured hippocampal neurons. 14 DIV hippocampal
neurons treated with control media or 300 ng/ml of rWnt3a protein for 24 h and loaded with
intracellular calcium indicator Fluo3-AM. A) Representative pseudocolored images obtained
by Spinning Disk Confocal Microscopy immediately before (a,c) and 500 s after (b,d) ABo
exposure. The respective surface intensity distribution plot are shown in a’-d’ images. B)
Quantification of fluorescence intensity changes (AF/Fy) in control and rWnt3a treated
neurons in soma (a) and neurites (b). The graphs show the mean £ SEM of n=8 independent
experiments. ANOVA test, post hoc Bonferroni **p<0.001; *** p<0.0001.



29

Figure 2

>
o

20uM Afo
1

g 1-‘- L]
3 e
28 -
S=., THTHL
g = [
Eim- gl it
'gEM -

£ 1
e
= o8

O 100 200 300 400 500 600
time (s)

=O-Control + vehicle —e— Control+ Afo
—e— Wnt3a + Afo —a— Wnt3a + DKK1 + ABo

D E F

*¥ Lk L3

£ 1.5 | I £ 8 *k ok * I_—'INS
= o = E xRk
— = O 3
L L o 0w = O 42 * %
3% R L
O < © <10 Sk
8= T =
c g s 5 5 £ 10
23 24 23
830 o o S Sos
O iz S = @3
= o0& se
= F= [=
S oo . = o0 r = o0s T

Control Control Wnt3a Wnt3a+DKK1 Control Apo Apo+Ru360 Control Apo Apo+Ru360

+ Afo



30

Figure 2. Mitochondrial calcium increase induced by AP oligomers is prevented by
Wnt3a. 14 DIV hippocampal neurons treated with control media or 300 ng/ml of rWnt3a
protein for 24 h and loaded with mitochondrial calcium indicator Rhod2-AM. A)
Pseudocolored images of neurons treated with control medium or rWnt3a and loaded with
Rhod2-AM. Images were obtained before (a,c) and after (b,d) the addition of ABo. B)
Quantification of fluorescence intensity changes (AF/Fy) in time lapse (AF/Fy) from control,
rWnt3a and rWnt3a+DKK1-treated neurons (DKKI1= 100 ng/mL) . Black horizontal bar
indicates the addition of ABo. C) Respective cropped images (a-d) and the surface intensity
distribution plots (a’-d’) show mitochondrial calcium changes in neurites. D) Representative
graph of the end time point (500s) of the experiment quantified in B) for each condition. E)
Quantification of changes in mitochondrial fluorescence intensity (AF/Fy) at the end of the
time lapse experiment in neurons treated with Ao plus 10 pM Ru360. F) Intracellular
calcium changes (AF/Fy) in response to Ao in neurons previously treated with Ru360. The
graphs show the mean £ SEM of n=6 independent experiments. ANOVA test, post hoc
Bonferroni *p<0.01; **p<0.001; *** p<0.0001.
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surface plots (Figure 2Ca’, b’). By contrast, the increase in mitochondrial calcium produced by
Ao in control neurons was not observed in rWnt3a pre-treated neurons (Figure 2Ac, d and
Figure 2B). These calcium changes were also evaluated at the neurite level, as shown in the
magnification (Figure 2Cc,d) and the surface plots (Figure 2Cc’,d’). The mitochondrial
calcium levels in rWnt3a neurons after ABo exposure were always near the control/vehicle
levels and were significantly different from those of APo-treated neurons (Figure 2B). Figure
2D shows the quantification at the end time point for each treatment compared to the
control/basal conditions. The treatment of neurons with the Wnt antagonist Dikkopf-1 (DKK1,
100 ng/mL), which specifically inhibits the Wnt/B-catenin signaling pathway by interacting
with LRP5/6 co-receptors (Kawano and Kypta, 2003; Purro et al., 2012), completely abolished
the protective effect of Wnt3a against APBo-induced mitochondrial calcium changes (Figure 2B
and Figure 2D). To confirm the specificity of APo for the effect observed on mitochondrial
calcium levels, we inhibited the calcium uptake by the mitochondria with Ru360, which
inhibits the mitochondrial calcium uniporter (MCU) (Ying et al., 1991; Sripetchwandee et al.,
2013), the main route for calcium uptake in brain mitochondria (De Stefani et al., 2011;
Marchi and Pinton, 2014). The treatment of neurons with 10 uM Ru360 for 30 min
significantly inhibited the increase in mitochondrial calcium induced by APo (Figure 2E),
without affecting the cytoplasmic calcium levels (Figure 2F). These results indicate that the
activation of the canonical Wnt signaling pathway through the Wnt3a ligand prevents both

intracellular and mitochondrial calcium increases in hippocampal neurons exposed to Afo.
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ABo induces mitochondrial membrane potential dissipation, which is prevented by
canonical Wnt signaling

After determining the effect of Wnt signaling pathway activation on calcium levels in
response to 20 uM Ao, we decided to evaluate whether mitochondrial membrane potential
(mAy) was altered by exposure of hippocampal neurons to Afo and whether the activation of
the canonical Wnt pathway through the Wnt3a ligand was able to prevent those changes.
Fourteen DIV neurons were treated as described previously with tWnt3a and loaded with the
fluorescent probe Mitotracker Orange (50 nM), which fluoresces according to the
mitochondrial membrane potential, for 30 min at 37°C. The incubation of control neurons with
APo induced a significant loss of Ay, which was evidenced by the decay of the fluorescence
intensity (Figure 3Aa, b). This decrease in mitochondrial membrane potential was less evident
in those neurons that had been pre-treated with rWnt3a (Figure 3Ac, d), and these differences
between control and Wnt3a treated neurons exposed to ABo were significant, as shown in
Figure 3B and Figure 3C, at the end of the experiment. The inhibition of Wnt signaling with
the Wnt antagonists DKK1 and sFRP2 completely inhibited the protective effect of Wnt3a
observed on the mitochondrial membrane potential (Figure 3C). These results indicate that the
activation of the canonical Wnt pathway protects mitochondria, preventing the dissipation of
its membrane potential, which is generated by exposure to APo oligomers, suggesting that
Wnt favors the integrity of the mitochondrial membranes through the stabilization of the

mitochondrial membrane potential.
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Figure 3. Mitochondrial membrane potential (nAy) changes in response to Wnt3a in
neurons exposed to Afo. A) 14 DIV hippocampal neurons treated with control media or
rWnt3a protein for 24 h and loaded with Mitotracker Orange. Representative pseudocolored
images obtained by Spinning Disk Confocal Microscopy immediately before (a,c) and 500 s
after (b,d) APo exposure. The respective surface intensity distribution plot are shown in a’-d’
images B) Quantification of fluorescence intensity changes (AF/Fy) in neurites of control and
rWnt3a neurons. Black bar indicates the addition of ABo. C) Representative graph of the end
time point (500s) of the experiment quantified in D) for each condition, including Wnt
inhibitors, DKK1 (100ng/mL) and sFRP2 (250 nM). The graph shows the mean + SEM of five
independent experiments. ANOVA test, post hoc Bonferroni **p<0.001; *** p<0.0001.
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Cytochrome-c release in hippocampal neurons exposed to ABo is not produced in the
presence of Wnt3a

The loss of mitochondrial membrane potential in ABo-exposed neurons could be generated as
a response of this organelle to mitochondrial membrane permeabilization due to the calcium
increase or a direct effect of APo. To study whether mitochondrial membranes are
permeabilized in response to APo, cytochrome-c release from mitochondria to the cytosol was
evaluated. Fourteen DIV hippocampal neurons were treated with 5 uM Ao in the presence or
absence of rWnt3a for 24 h. After treatment, cells were incubated with Mitotracker to detect
mitochondria, and the neurons were then fixed for immunodetection of cytochrome-c (Figure
4A). Cytochrome-c release was analyzed by the loss of colocalization with mitochondria
through the determination of Manders’ coefficient M2 (Costes et al., 2004; Manders et al.,
1993), which indicates the proportion of cytochrome-c stain over the mitochondria. As shown
in Figure 4B and the colocalization analysis (Figure 4C), APo induces a significant loss of
cytochrome-c localization in mitochondria, which indicates its release from this organelle. By
contrast, neurons co-incubated with ABo and rWnt3a did not present significant changes in
Manders’ coefficient compared to control conditions. These results indicate that the Wnt3a
ligand prevents cytochrome-c release induced by Ao, suggesting that mitochondrial
membranes remain unaltered under these conditions, even in the presence of ABo in the

culture.
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Figure 4. Wnt3a inhibits cytochrome-c release in hippocampal neurons treated with Afo.
A) Neurons treated with 5 uM Ao in the presence or absence of rWnt3a for 24 h were loaded
with Mitotracker Orange (50 nM) and then analyzed by immunofluorescence to detect
cytochrome-c localization. B) Yellow rectangles in A indicate representative magnified
neurites to show colocalization between cytochrome-c in green and the mitochondrial marker
Mitotracker Orange in red. C) Manders’ Coefficient M2 was calculated to determine
cytochrome-c colocalization with mitochondria. One-way ANOVA test was developed with a
post hoc Bonferroni **p<0.001. Quantification represents the results of three independent
experiments, considering 10-15 neurons analyzed per experiment.
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Canonical Wnt signaling activation prevents apoptosis and neuronal death induced by
APo in hippocampal neurons.

To correlate the described effects on mitochondrial calcium levels, mitochondrial membrane
potential and cytochrome-c release with the neuroprotective effect previously described for
Wnt3a ligand against AP fibrils toxicity (Alvarez et al., 2004), we evaluated the toxicity of
Ao and performed two viability assays: Hoeschst staining to detect apoptotic nuclei (Figure
5A) and the Live/Dead assay as a late marker of neuronal death (Figure 5B). Cultures treated
with 5 uM Ao for 24 h presented neurons with nuclear condensation in contrast to control
cultures (Figure 5Aa’,b’). Wnt3a treatment significantly prevented the apoptosis induced by
Ao, and the nuclei of these neurons appeared healthy (Figure 5Ac’,d’). The graph in Figure
5C shows a significant increase in the percentage of apoptotic nuclei in neurons exposed to
APo (34.3 £ 2.43%), whereas Wnt3a plus APo-treated neurons presented a percentage of
apoptotic nuclei similar to control neurons (10.52 £ 0.93%). Similarly, when the Live/Dead
assay was performed (Figure 5D), we observed a significant decrease in the percentage of live
neurons treated with ABo compared to controls (45.72 + 4.44% vs 67.60 = 4.48%). Neurons
that were co-incubated with APo and rWnt3a did not show significant differences compared
with control neurons (79.94 £+ 1.66%) (Figure 5D). These results confirmed the
neuroprotective effect that Wnt canonical signaling activation exerts against AP toxicity and
indicated that the Wnt3a ligand prevents neuronal death induced by the oligomeric forms of

A on hippocampal neurons.
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Figure 5. Wnt3a prevents neuronal death induced by ABo in hippocampal neurons.
Neurons were co-incubated with rWnt3a protein and SuM Ao for 24 h. A) Apoptotic nuclei
were detected with Hoechst stain (1pg/ml) in fixed neurons (a-d). Magnification shows
representative nucleus of neurons treated with control media (a’), ABo (b’), rtWnt3a+ABo (c’)
and rWnt3a alone (d’). B) LIVE/DEAD assay. Neurons were loaded with calcein/EthD1 and
analyzed in a Fluorescence Microscope. Neurons stained in green (positive for calcein)
represent live cells, whereas the red nuclei correspond to death cells. C) Quantification of
percentage of apoptotic nuclei in each condition. D) Quantification of percentage of live
neurons (calcein/EthD1 ratio) in response to treatments. Statistical analysis in both
experiments was carried out using one-way ANOVA test with a post hoc Bonferroni ***
p<0,0001. Quantifications represent the results of three independent experiments.
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Wnt3a prevents mitochondrial permeability transition pore (mPTP) opening induced by
ApBo.

To evaluate the role of mPTP in the toxic effects of ABo on the mitochondria, we used a direct
technique to monitor mPTP opening. This live cell imaging assay was developed by Petronilli
et al. in 1998 (Petronilli et al., 1998) and later validated in a neuronal model (Gillessen et al.,
2002). Briefly, neurons were incubated with calcein-AM in the presence of cobalt. Under
these conditions, cytoplasmic calcein signals were quenched by cobalt without affecting
mitochondrial signals. Under mPTP opening stimulation, calcein fluorescence rapidly decay as
a result of the permeabilization of mitochondrial membranes. To develop the mPTP assay, 14
DIV hippocampal neurons were treated with control media or rWnt3a for 24 h. Then, the
neurons were incubated with a calcein-Co®” mix (1 pM and 1 mM, respectively) for 40 min at
37°C and analyzed immediately by spinning disk confocal microscopy. Representative images
for each treatment are shown before (Figure 6Aa, c) and 500 s after exposure to 20 uM APo
(Figure 6Ab, d). Figures 6Ba-d represent cropped and magnified views indicated by yellow
squares under basal conditions for both treatments, control and rWnt3a-treated neurons
(Figure 6Aa, c). The images shows that ABo stimulation resulted in a rapid decay of
mitochondrial calcein fluorescence (Figure 6Ba compared to Figure 6Bb), indicating mPTP
opening, whereas neurons pre-treated with rWnt3a did not seem to show changes in
fluorescence intensity in response to APo (6Bc compared to Figure 5Bd). These changes are
represented in the graph in Figure 6C, which shows that significant differences between
control and rWnt3a-treated neurons in response to APo stimulation were evident beginning

300 s after the start of the experiment. The ionophore ionomycin (0.5 uM) was used as a
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Figure 6. Wnt signaling pathway prevents mitochondrial permeability transition pore
(mPTP) opening induced by Afo in living neurons. A) Images represent 14 DIV
hippocampal neurons treated with rWnt3a protein or control media and loaded with calcein-
Co™" to mainly stain mitochondria. Images analysis was carried out in live cells in a spinning
disk confocal microscope and the fluorescence intensity decay of mitochondrial calcein was
measured to detect the mPTP opening in response to ABo exposure. B) Yellow rectangles
from A) indicate the respective magnified images of control (a), ABo (b), rtWnt3a+Ao (c) and
rWnt3a (d) treated neurons to show mitochondrial calcein stain and the changes in response to
the different treatments. C) Quantification of the fluorescence intensity changes of
mitochondrial calcein. Twenty uM CsA and 0.5 uM ionomycin were used as negative and
positive controls of mPTP opening, respectively. The graph shows the mean £ SEM of n=7
independent experiments. Black bar indicates the addition of ABo. Two-way ANOVA test,
post hoc Bonferroni *** p<0.0001. D) Representative graph of the end time (500s) of the
experiment quantified in C) for each condition, including Wnt inhibitors, ICG-001 (20 uM)
and sFRP2 (250 nM). Statistical analysis was developed using one-way ANOVA test, post hoc
Bonferroni **p<0.001; *** p<0.0001. E) Western blot shows mitochondrial and cytoplasmic
fractions isolated from hippocampal slices. “M” fraction corresponds to mitochondria and “C”
to cytoplasmic fraction, detected with the loading controls COXIV and GAPDH antibodies,
respectively. Each lane corresponds to duplicates. F) Western blot analysis shows increased
phosphorylated-GSK-3f3 at Ser9 in the mitochondrial fraction in response to 300 ng/mL of
rWnt3a (in hours).
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positive control for mPTP opening (Figure 6C, green curve). In addition, 20 uM
cyclosporineA (CsA), a specific inhibitor of mPTP (Halestrap et al., 1997), was pre-incubated
with neurons for 30 min as a negative control for the mPTP assay in live neurons in response
to ABo (Figure 6C, white curve). By contrast, the inhibition of Wnt signaling with sFRP2
significantly decreased the protective effect of Wnt3a on mPTP opening induced by Ao, as
shown in Figure 6D, which represents the quantification of all conditions at the end time point
of the experiment. I order to know whether the Wnt target genes are involved in the Wnt3a
effect on the mPTP inhibition, we use ICG001, a Wnt/B-catenin-dependent transcription
inhibitor (Emami et al., 2004). Surprisingly we did not find differences compared to
Wnt3a+ARo treatment, which suggests that the protective effect of Wnt3a over mPTP opening
is not dependent on Wnt target genes. Since previous studies suggest that glycogen synthase
kinase-33 (GSK-3p) inhibition, through its phosphorylation at the serine 9 residue, might be
involved in cardioprotection against ischemia/reperfusion injury, through the inhibition of
mPTP opening (Juhaszova et al., 2004; Nishihara et al., 2007; Gomez et al., 2008), we isolated
brain mitochondria from hippocampal slices (Figure 6E) and studied the GSK-33 behavior.
Interestingly, canonical Wnt signaling activation induces the phosphorylation of GSK-3 at
the same residue, inducing its inhibition and therefore the activation of the Wnt signaling
cascade (Stambolic and Woodgett, 1994). According to this, we found that Wnt3a triggers the
accumulation of phosphorylated GSK-3f (Ser9) in the mitochondrial fraction (Figure 6F),
suggesting that Wnt3a ligand may act upstream of Wnt target genes, probably directly on
mitochondria. These results provide direct evidence in live cells that activation of the

canonical Wnt signaling pathway through the Wnt3a ligand prevents mPTP opening in
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hippocampal neurons exposed to ABo toxicity, an effect in which GSK-3f inhibition might be

involved.

APo induce an increase on volume and sphericity of mitochondria which is prevented by
Wnt signaling activation. Three-dimensional reconstruction of mitochondrial network.

Several of the classical features of mPTP opening that characterize mitochondria before
membrane disruption are the morphological changes that occur during this process, such as
crista remodeling and the phenomenon known as swelling, which involves changes in the
mitochondrial volume and shape, which cause the rupture of the outer membrane (Bernardi et
al., 2006). To evaluate this initial step, we measured the volume and sphericity of
mitochondria in response to 5 uM Ao in the presence or absence of rWnt3a. To accomplish
this aim, we performed a 3D reconstruction of mitochondria from hippocampal neurons
transfected with mito-Cherry using Imaris software. Figure 7A shows representative
reconstructed neurites from neurons treated under the different conditions for 24 h. APo-
treated neurons showed rounded and more spherical mitochondria than under control
conditions. In addition, mitochondria co-treated with rWnt3a and APo presented the same
normal morphology as control neurons. Quantitative analysis of whole reconstructed neurons
indicates that APo treatment induced an increase in the sphericity and volume of mitochondria
(Figure 7B and Figure 7C, respectively), a change that was significantly prevented by co-
incubation with rWnt3a. Together, these results indicate that the presence of the Wnt3a ligand
in the hippocampal neuron culture prevents the morphological changes in mitochondria

correlated with mPTP opening that are induced by APo. These findings are in agreement with



43

Figure 7

-
(=]
J

ok g 45 * 3k K

L
©

2
®
1

=
.4
o
2 _
c 2
o c
9 3
1]
2
T =
cx
eE
S8
]
=

Mitochondrial Volume

T T G T T
Control Apo Wnt3a+tApo Wnt3a Control Ao Wnt3atApo Wnt3a

Figure 7. Mitochondrial volume and sphericity changes in response to Ao and Wnt3a
treatments in hippocampal neurons. 14 DIV mito-Cherry-transfected neurons were treated
for 24 h with 5uM Ao and rWnt3a (300 ng/mL) and fixed for 3D reconstruction. A) Three-
dimensional reconstruction of mitochondria from mito-Cherry neurons. Images show
representative mitochondria of a neurite selected from the whole neuron reconstructed (not
shown) for each treatment. White bar corresponds to 10 um. B) Graphs represent the
measurements of mitochondrial sphericity (a) and volume (b) performed with the Imaris
software used for the mitochondrial network recosntruction. Results are the mean of N=3
independent experiments and the statistical analysis was performed by one-way ANOVA test,
post hoc Bonferroni *** p<0.0001.
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the protective effects of Wnt3a against ABo-dependent mPTP activation that were observed in

the live cell experiments.

APo disrupts the membrane structure and crista organization of mitochondria from
hippocampal slices: The role of Wnt signaling in mitochondrial integrity.

To correlate the previously described effect of ABo on mPTP opening based on a fluorescence
assay in live neurons with disrupted mitochondrial structure, mitochondrial integrity
parameters, such as membrane permeabilization and crista organization, were analyzed by
electron microscopy. To accomplish this aim, mouse hippocampal slices were incubated for 4
h with control media or rtWnt3a protein and then co-incubated with 5 uM Ao for 1 h. Treated
tissues were fixed and used to analyze the mitochondrial integrity by electron microscopy.
Microscopic analysis was performed at the CA1 region of the hippocampus (Figure 8Aa).
Specifically, we focused on those mitochondria that belonged to synaptic contacts between
CA3 axons that projected to CA1 dendrites from the stratum radiatum (Figure 8Ab) because it
has recently been suggested that synaptic mitochondria from this region are highly vulnerable
in an AD mouse model (Balietti et al., 2013). Figure 8Ac shows a representative image
obtained by electron microscopy. The image shows preserved tissue with synaptic contacts,
presynaptic vesicles and organelles, such as mitochondria. Ultrastructural analysis of the
mitochondria shows a clear deterioration of both the mitochondrial membranes and cristae
from slices treated with APo, in contrast to control conditions (Figure 8Ba, b). Red arrows
indicate the regions of the mitochondria with permeabilized membranes. Vesicular cristae and
vesicular swollen mitochondria were observed in APo-exposed slices, features of

mitochondrial morphological changes that occur during apoptotic processes (Sun et al., 2007).
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Figure 8. Wnt3a prevents membrane and cristae disruption generated by Afo on
mitochondria. A) Mouse hippocampal slices (400 pm) were pre-incubated for 4h with
rWnt3a and the treated with SuM Ao for 1 h. Slices were fixed and processed for electron
microscopy analysis. a) Representative slice stained with toluidine blue. Black square shows
the CA1 region selected for the analysis. b) 10X zoom from image in (a) shows CA1 neurons.
¢) Representative image obtained with electron microscopy shows intact tissue and preserved
synaptic and mitochondrial structures. B) Electron microscopy. Representative images of
mitochondria are shown for each treatment. Red arrows indicate disrupted mitochondrial
membranes. Bars correspond to 250 nm. C) Ultrastructural analysis. a) Mitochondrial
membrane integrity was analyzed. Graph shows the percentage of mitochondria that exhibit
intact membranes. b) Mitochondrial cristae integrity analysis is represented in the graph that
shows the percentage of mitochondria with intact mitochondria. Statistical analysis from three
independent slices treated, one-way ANOVA test with post hoc Bonferroni * p< 0.01, ***
p<0,0001.
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Moreover, these changes were not observed in mitochondria from slices treated with Wnt3a
ligand plus ABo (Figure 8Bc). Treatment with rWnt3a protein alone did not generate any
changes in mitochondrial structure compared to the control situation (Figure 8Bd), and
treatment with CsA, the mPTP inhibitor, plus ABo completely prevented the morphological
changes generated by the AB peptide (Figure 8C). Quantification of the images indicates that
the percentage of mitochondria with intact membranes and cristae was significantly lower in
ApPo-treated slices than in control samples, with values of 44.8 = 8.1% and 35.5 £ 6.1%,
respectively, whereas slices treated with rWnt3a plus APo did not show a significant decrease
in the proportions of either intact membrane or cristae (12.1 £ 2.1% and 17.6 + 3.1%,
respectively) compared to controls (Figure 8C). These results indicate that the activation of the
canonical Wnt signaling pathway prevents mitochondrial membrane permeabilization and
crista disorganization, favoring the maintenance of mitochondrial integrity as a defense against
the damage generated by APo toxicity.

Mitochondrial swelling induced by APo is prevented by Wnt canonical signaling
activation.

For an in-depth analysis of the mitochondrial morphological changes that occur during the
swelling phenomenon, more specific morphological parameters that change under mPTP
opening were analyzed, such as mitochondrial area, perimeter and diameter (Figure 9 and
Table 1), which are measures of mitochondrial size and shape (Song et al., 2004; Barrientos et
al., 2011). Figure 9Aa shows control mitochondria with compact morphology, intact
membranes, organized cristae and a synaptic distribution of mitochondria in both pre- and
post-synaptic terminals. APo treatment induced dramatic changes in mitochondrial size. Many

mitochondria were greatly enlarged and swollen compared to control mitochondria (Figure
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Figure 9
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Figure 9. Mitochondrial morphological changes induced by Afo are prevented by Wnt
canonical signaling activation. A) Electron microscopy. Representative images obtained
from the electron microscope show different mitochondrial morphologies for each condition.
Bars correspond to 500 nm. One-way ANOVA test, post hoc Bonferroni *p<0.01; **p<0.001;
*#% p<0.0001. B) Morphological changes analysis. Bar graphs represent the average area,
perimeter and diameter of mitochondria in each condition. C) Scatter plots. Graphs indicate
the distribution of area, perimeter and diameter of each analyzed mitochondria inside the
whole mitochondrial population. Red horizontal bars represent median values of each
morphological parameter analyzed.
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Table 1
Group Control APo ABo + rWnt3a rwnt3a
n= 113 118 152 76
Minimum 0.015 0.033 0.025 0.079
25% Percentil 0.127 0.14 0.1343 0.1795
(+10.2)* +5.7)" (+41.3)*
Median 0.214 0.2545 0.1915 0.2395
(+18.9)* (-10.5)* (+11.9)*
75% Percentil 0.542 0.743 0.3465 0.559
(+37.1)*" (-36.1)" (+3.1)*
Maximum 1.571 3.209 2.481 1.523
(+104.2)" (+57.9)* (-3.0)°
Mean 0.3682 0.4828 0.2978 0.3906
(+31.1)* -19.1)*° (+6.1)*
SD 0.3344 0.4922 0.2976 0.324
SEM 0.03146 0.04531 0.02414 0.03716

Table 1. Percentile values and statistical analysis of mitochondrial area from electron
microscopy images. Table represents a percentile-grouped analysis for each treatment. The
values are represented in micrometers’ (um®) and “a” corresponds to the percentage of

increase of each group values when compared to corresponding Control group.
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9AD). rWnt3a treatment prevented these changes, and the mitochondria had the same normal
shape as under control conditions with or without ABo (Figure 9Ac, d). As shown in Table 1,
the mean area per mitochondrion for the Ao group was 0.4828 um?, in contrast to 0.3682,
0.2978 and 0.3906 pm” for the control, Wnt3a+ABo and Wnt3a groups, respectively. For the
measurements of the perimeter, the mean value per mitochondrion for the ABo group was
2.284 pum, in contrast to 2.046, 1.873 and 2.146 pum for the control, Wnt3a+ABo and Wnt3a
groups, respectively. The mean diameter per mitochondrion for the ABo group was 0.8103
um, in contrast to 0.7242, 0.6634 and 0.7521 pum for the control, Wnt3a+ABo and Wnt3a
groups, respectively. According to the one-way ANOVA, the mean for each parameter of the
APo group was significantly different from the mean for each parameter for the other groups
(Figure 9B). Compared to the control group, the mean values for the APo group increased by
31.1% for mitochondrial area, 11.6% for perimeter and 11.9% for diameter. As demonstrated
in the scatter graphs (Figure 9C), the increases in the mean values for the ABo group were a
reflection of an increase in the size of a subset of mitochondria in the upper 50th percentile
rather than an upward shift of the entire population. This result is demonstrated in Table 1
(table not shown for perimeter and diameter), by the 37.1% and 104.2% increases in the 75th
percentile and maximum values, respectively, for mitochondrial area; the 16.9% and 46.6%
respective increases in perimeter; and the 12.9% and 61.4% increases in the mitochondrial
diameter in the APo group vs. the control group, compared to the negligible changes in the
minimum values and only 10.2%, 4.7% and 5.8% increases in the lower 25th percentile for
mitochondrial area, perimeter and diameter, respectively. This detailed analysis suggests that

the structural and morphological changes that occur in mitochondria exposed to APBo are
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correlated with mitochondrial swelling (Cha et al., 2012). By contrast, mitochondria from the
Wnt3a+ABo group did not present these morphological alterations and therefore are
structurally similar to those mitochondria from the control group. In conclusion, the analysis
indicates that Wnt3a treatment prevents the increases in mitochondrial area, perimeter and
diameter induced by APo exposure (Figure 9), preventing mitochondrial swelling and

therefore mPTP opening.

Discussion

Previous studies from our laboratory have shown that activation of the canonical Wnt
signaling pathway has a neuroprotective role against AP} toxicity (Cerpa et al., 2009; Inestrosa
and Varela-Nallar, 2014); however, there is no direct evidence that explains the mechanism by
which this signaling protects neurons from cell death or whether this neuroprotective effect is
due to the role of Wnt signaling in the regulation of cell death cascades that are initiated in the
mitochondria. In this study, we found that the activation of Wnt signaling through the Wnt3a
ligand prevents the mPTP opening induced by the toxicity of ABo (Figure 6A), as well as
inhibits all of the consequent effects, such as the membrane potential loss (Figure 3),
mitochondrial morphological changes (Figure 7 and Figure 9), mitochondrial structure
disruption (Figure 8), and cytochrome-c release (Figure 4) and, therefore, neuronal death

(Figure 5).

It is well documented that AP induces the activation of mPTP in an AD mouse model (Du et
al., 2008) and in vitro (Moreira et al., 2001; Parks et al., 2001; Shevtzova et al., 2001) and that

this activation and the subsequent mitochondrial and neuronal damage depend on the direct
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interaction of A with CypD (Du et al., 2008), the main component of the mPTP (Baines et
al., 2005; Schinzel et al., 2005). The detailed structure of the mPTP is not well established, but
it is proposed to be mainly formed by the voltage-dependent anion channel (VDAC) at the
outer membrane, the adenine nucleotide translocase (ANT) at the inner membrane, and
cyclophilin D (CypD) in the mitochondrial matrix (Halestrap, 2009) which is to date the only
protein component that is essential for the activation of this pore (Basso et al., 2005; Kato et
al., 2009). Moreover, in AD transgenic mice, CypD deficiency attenuates the cellular death

induced by AP and improves memory and synaptic function (Du et al., 2008).

Calcium overload in mitochondria can also induce mPTP opening (Szalai et al., 1999; Celsi et
al.,, 2009), and in agreement with this, it is very well established that calcium plays an
important role in the neurotoxicity of AD in mouse models (LaFerla, 2002; Stutzmann et al.,
2007) and in vitro, because it has been demonstrated that A aggregates prepared from Af}
synthetic peptides induce calcium increases in cultured hippocampal neurons, which directly
impacts the mitochondrial calcium levels (Dinamarca et al., 2010). We evaluated whether our
APo preparation was able to induce mitochondrial calcium changes in neurons and whether
this modulation was prevented by the activation of Wnt signaling. We observed that Ao
increased mitochondrial calcium levels specifically at the neurites of neurons (Figure 1C).
These compartmentalized effects of Ao on mitochondrial calcium changes could be
explained by the specific sensitivity of synaptic mitochondria (rather than non-synaptic
mitochondria) to calcium overload, which cause them to more readily undergo a permeability
transition (Brown et al., 2006). In addition, synaptic mitochondria are more sensitive to direct

AP damage, affecting trafficking and transport to specific regions of the neurons where more



54

energy is required, which would make those mitochondria more sensitive to mPTP (Du et al.,
2010, 2012). In the same way, the CypD levels of synaptic mitochondria are also important in
the sensitivity of synaptic mitochondria to A damage, and high CypD content makes those
mitochondria more vulnerable to permeability transitions (Naga et al., 2007). Interestingly,
ApB-mediated synaptic damage to neurons required Wnt antagonist components, such as DKK1
(Purro et al., 2012), another piece of evidence that suggests that the modulation of Wnt
signaling activity could be important in regulating AP toxicity on neuronal function and
viability.

How could Wnt signaling be regulating the permeability transition and pore activation? Our
results indicate that the Wnt3a ligand prevents mPTP opening induced by Ao in live neurons
(Figure 6). The ability of Wnt signaling to prevent the mPTP induction produced by A could
be mediated by two different mechanisms: 1) controlling intracellular calcium variations
generated by AP, as has been previously suggested (Quintanilla et al., 2005; Dinamarca et al.,
2010); or 2) regulating the direct effect of ABo on mPTP formation and activation (Du et al.,
2010). According to this, several mPTP modulators have been described that also act through
the interaction with mPTP components (Eliseev et al., 2009; Rasola et al., 2010; Saraiva et al.,
2010). One of these modulators is Bcl-2, an anti-apoptotic protein (Kuwana and Newmeyer,
2003), which is downregulated in AD models (Paradis et al., 1996). Our previous studies
shown that Bcel-2 is a Wnt target gene in hippocampal neurons (Fuentealba et al., 2004) and
also participates in mitochondrial stabilization against A} damage (Fuenzalida et al., 2007). In
relation to mPTP-induced apoptosis, Bcl-2 has been shown to prevent cell death through

interaction with the main component of the pore, CypD (Eliseev et al., 2009), giving a novel
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protective function to CypD. Despite this evidence, we observed that the inhibition of
permeability transition mediated by the Wnt3a ligand was not dependent on the activation of
Wnt target genes transcription because ICG-001 treatment did not abolish the protective Wnt
effect on permeability transition inhibition (Figure 6D), strengthening the idea that this effect
is not related to the Bcl-2 action. In has been reported that GSK-3B, one of the main
components of the Wnt signaling pathway, is able to translocate to the mitochondria and to act
on its inactive form (phosphorylated at serine 9) with one of the components of mPTP, the
adenine nucleotide translocase, ANT (Nishihara et al., 2007; Gomez et al., 2008; Juhaszova et
al., 2009) . This interaction is correlated with a 60% decrease in the interaction between CypD
and ANT, which is necessary for mPTP opening (Miura et al., 2009; Zorov et al., 2009; Miura
and Tanno, 2010). Our results showing an increase in the mitochondrial content of
phosphorylated-GSK-3[3 (Figure 7F) is consistent with the idea that the inhibition of GSK-3f3
mediates the Wnt3a function on mPTP regulation and suggest a possible mechanism to
explain how Wnt could modulate mPTP opening and therefore the mitochondrial permeability
induced by AP (Figure 10). However, further analysis of the interaction between
phosphorylated-GSK-3 with CypD will be required to characterize this possible mechanism.

The rapid mPTP opening observed with ABo (Figure 6C) was correlated with the kinetics of
mitochondrial membrane potential dissipation (Figure 3B) and also with the ultrastructural
changes observed by electron microscopy (Figure 8) and the cytochrome-c release from the
mitochondria (Figure 4), as has been previously described (Moreira et al., 2002). Three-
dimensional reconstruction of mitochondria exposed to APo indicated that those mitochondria
undergo morphological changes correlated with mitochondrial permeability transitions (Figure

7), such as changes in mitochondrial shape, which included an increase in the sphericity
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Figure 10
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Figure 10. Proposed mechanism for the action of Wnt3a in the regulation of
mitochondrial mPTP opening. Wnt signaling is activated by the binding of the Wnt3a ligand
to its Fz receptor and the co-receptor LRP5/6. This interaction activates Dvl, which causes the
dissociation of the destruction complex, which involves Axin, APC and GSK-3f3 proteins, to
prevent B-catenin degradation through the proteasome, therefore inducing its accumulation in
the cytoplasm to finally translocate to the nucleus to regulate the expression of Wnt target
genes. This signaling is known as the canonical Wnt signaling pathway, however Wnt can also
acts through another signaling mediator: the GSK-3f3, which participates beyond -catenin and
therefore in a Wnt target genes transcription-independent manner (Wu and Pan, 2010). Wnt
signaling activation produces GSK-3f phosphorylation at the Serine 9 residue to inhibit the
kinase. In our proposed model, this inhibited GSK-33 accumulates into the mitochondria in
response to Wnt signaling activation through Wnt3a ligand. The mitochondrial p-GSK-3f3 and
its accumulation into this organelle have been implicated in the inhibition of mPTP opening by
its binding with ANT. This interaction also correlates with the inhibition of the binding
between ANT and CypD that is necessary for the conformation and opening of the mPTP. Fz:
Frizzled, Dvl: Dishevelled, APC: adenomatous polyposis coli, GSK-3[: glycogen synthase
kinase-3f3, p-GSK-3p: phosphorylated GSK-3[3 at Ser9, ANT: adenine nucleotide translocase,
CypD: cyclophilin D.
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(Figure 7B) and in the volume of each mitochondrion (Figure 7C) (Bernardi et al., 2006). In
agreement with the inhibition of the mPTP opening that we observed with the canonical Wnt
signaling activation, we also showed here that these morphological changes were completely
prevented by Wnt3a (Figure 8 and Figure 9). A detailed analysis of these parameters was
conducted by electron microscopy to correlate these protective effects in an in vivo model
using hippocampal slices from mouse brains, specifically at the CAl region of the
hippocampus (Figure 8A). We evaluated these changes at this particular zone because it has
been reported that mitochondria and synapses from the CA1 show early sensitivity to damage
in an AD context (Balietti et al., 2013). As we expected, we observed dramatic changes in
mitochondrial integrity (Figure 8B) and morphology (Figure 9) in slices that were exposed to
Ao for only 1 h. As we saw before, 1 h of ABo exposure is enough to affect the synapses of
hippocampal neurons, disrupting the clustering of the post-synaptic protein PSD-95 (Inestrosa
et al.,, 2013), which is correlated with the fact that synaptic mitochondria are also more
sensitive than non-synaptic mitochondria (Brown et al., 2006). The ultrastructural study
performed here indicates that the activation of Wnt signaling prevents membrane disruption
and cristae disorganization of mitochondria exposed to APo, as has been described for the
APP/PS1 transgenic mouse model of the AD (Kim et al., 2012), supporting the idea that Wnt
prevents mitochondrial membrane permeability because those parameters that we evaluated
are classical features observed during the swelling phenomenon induced by mPTP, which
finally leads to apoptotic processes and to neuronal death (Sun et al., 2007).

In conclusion, the data showed here present a novel mechanism by which canonical Wnt
signaling protects neurons from Ao toxicity. This mechanism involves inhibiting mPTP

opening and all of its consequences, thereby preventing the neuronal death observed in AD.
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This study suggests a possible new approach for the treatment of AD and opens a new line of

study in the field of Wnt signaling in neuroprotection.
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3. CHAPTERII

The next section presents a detailed description of two specific techniques performed in
this thesis to detect mPTP opening and mitochondrial swelling. The results and protocols
described here are part of the Research Objective N° 2 and allowed the preparation of the
manuscript that is presented below.

This work is going to be published in the series “Methods in Molecular Biology” by
Humana Press/Springer Science + Business Media, edited by John Walker and corresponds to
the Chapter 7 of the volume Neuronal Cell Death - Methods and Protocols, which was edited
by Laura Lossi and Adalberto Merighi, from the University of Turin and Istituto Nazionale di
Neuroscienze (INN), Turin, Italy.

The chapter that is presented below is entitled: Monitoring Mitochondrial Membranes
Permeability in Live Neurons and Mitochondrial Swelling through Electron Microscopy
Analysis, by Arrazola MS and Inestrosa NC. Here, we described the development of a live cell
imaging assay to detect mitochondrial permeability transition, through the loading of live
neurons with calcein/cobalt; and the development of a detailed analysis of morphological and
ultrastructural changes that mitochondria undergo during this process, evaluated by electron

microscopy.
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Monitoring Mitochondrial Membranes Permeability in Live
Neurons and Mitochondrial Swelling through Electron

Microscopy Analysis

Macarena S. Arrazola, and Nibaldo C. Inestrosa

Abstract

Maintenance of mitochondrial membrane integrity is essential for mitochondrial function and
neuronal viability. Apoptotic stimulus or calcium overload lead to mitochondrial permeability
transition pore (mPTP) opening and induce mitochondrial swelling, a common feature of
mitochondrial membrane permeabilization. The first phenomenon can be evaluated in cells
loaded with the dye calcein-AM quenched by cobalt, and mitochondrial swelling can be
detected by electron microscopy through the analysis of mitochondrial membrane integrity.
Here, we described a live cell imaging assay to detect mitochondrial permeability transition
and the development of a detailed analysis of morphological and ultrastructural changes that

mitochondria undergo during this process.

Key words: mitochondrial permeability transition, mitochondrial swelling, live cell

imaging, mitochondrial membrane permeabilization, electron microscopy, mitochondrial

calcein, cobalt, quenching, mitochondrial ultractructure.

Running head: Mitochondrial permeability transition assay and mitochondrial swelling
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1. Introduction

Mitochondria are membranous enclose organelles present in all cellular types, including
neurons, where participate in several vital processes, such as cellular bioenergetics,
metabolism and calcium homeostasis (7, 2). Calcium regulation is essential for the synaptic
function of a neuron (3) and therefore for its viability (4). Calcium ions influx into neurons is
regulated by different cellular compartments, including the endoplasmic reticulum and
mitochondria (35). Calcium overload into mitochondria has been described as an inductor of the
mitochondrial permeability transition (6), which is a phenomenon characterized by the
formation of large conductance permeability transition pores (mPTP) that make the
mitochondrial membrane abruptly permeable to solutes up to 1,500 Da, resulting in the loss of
mitochondrial membrane potential (7). The permeabilization of the mitochondrial inner
membrane induces morphological changes in this organelle, including increased volume, a
phenomenon known as swelling, membranes disruption, cristae disorganization and the release
of pro-apoptotic factors to the cytoplasm, to finally activate neuronal death cascades (8, 9).
For this reason, the maintenance of the structural integrity and function of mitochondria is
crucial for their proper function and, therefore, for neuronal viability.

Mitochondrial swelling can be detected in vitro with a spectrophotometric assay from isolated
mitochondria, as previously described (70), however the amount of material required to obtain
high quality purification is a limiting step when the experimental model in use is a primary
culture of neurons. For this reason, we describe here a direct live cell imaging technique to
monitor the mPTP opening, and the development of a detailed data analysis. This assay was
developed by Petronilli et al. in 1998 (/1) and, later, validated in a neuronal model (712). The

assay is based on the loading of living neurons with a calcein-AM/cobalt mix to quench the
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cytosolic signal of calcein, but leaving intact the mitochondrial stain. The exposure of neurons
to mPTP inductors, such as the ionophore ionomycin (73), or to calcium overload results in
the decay of the mitochondrial calcein fluorescence, indicating mitochondrial permeability
transition. Mitochondrial swelling can be also detected through the study of certain
ultrastructural parameters by transmission electron microscopy (14). We describe here a
detailed analysis to evaluate morphological changes in mitochondria exposed to permeability

transition.

2. Materials

2.1. Mitochondrial Permeability Transition by Live Cell Imaging

1. Glass coverslips of 25 mm diameter (Marienfeld GmbH & Co. KG, Lauda - Kénigshofen,
Germany).

2. 1X Neurobasal Medium (Gibco®, Life Technologies™, Carlsbad, CA).

3. B27 supplement (Gibco®, Life Technologies™).

4. DMSO (Sigma Chemicals, St. Louis, MO).

5. Stock probes: 1mM Calcein-AM, 10 uM Mitotracker Orange CMTMRos and 1 mM
Hoechst 33342 (all from Molecular Probes®, Life Technologies™, Carlsbad, CA) in
DMSO. Store at -20 °C protected from light.

6. 1mM Cobalt (II) chloride hexahydrate (CoCl, x 6H,0) stock solution: To prepare 5 mL
dissolve 1.1897 g in 5 mL of sterile distilled water. Store at -20 °C protected from light.

7. Tyrode buffer: 135mM NaCl, 5SmM KCI, 1.8mM CaCl,, ImM MgCl,, 10 mM HEPES,
5.6 mM glucose, pH to 7.3 with concentrated HCI. To prepare 0.5 L weigh 3.944 g NacCl,

0.186 g KCI, 0.132 g CaCl,, 1.19 g HEPES and 0.280 g glucose and transfer to a 0.5 L
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glass beaker containing 300 mL distilled water. Mix and then add 500 pL 1M MgCl..
Adjust pH with HCI and make up to 0.5 L. Make aliquots of 50 mL in Falcon tubes or
glass bottles and store at -20 °C. Defrost 1 aliquot of Tyrode buffer for the assay, use it
along the day and then discard. For calcium free experiments do not add CaCl, to the
preparation. See Note 1.

Confocal microscope with appropriate laser sources (see below).

Mitochondrial Swelling Detection from Electron Microscopy Analysis

Cold artificial cerebrospinal fluid (ACSF): 124 mM NacCl, 2.69 mM KCI, 1.25 mM
KH;PO4, 1.3 mM MgSOy, 2.6 mM NaHCO3;, 10 mM glucose, 2.5 mM CaCl,. To prepare
a 10x stock solution of ACSF, weigh 72.466 g NaCl, 2.006 g KCI, 1.701 g KH,PO4, 1.565
g MgSO, or 3.203 g MgSO4 x 7H,0, 21.843 g NaHCO; and 19.817 g glucose. Mix and
make up to 1 L. To prepare 1x ACSF solution, dilute 100 mL of the 10x stock solution in
900 mL of distilled water. Oxygenate the solution by bubbling with an O,/CO, mix for 10
min and adjust pH to 7.4 with NaOH/HCI 1N. Add 0.368 g CaCl, x 2H,O and make up to
1L. Check again the pH and if it is necessary readjust pH to 7.4.

Cell strainer 70 um nylon (BD Biosciences, Bedford, MA).

Six-well plates for cell culture.

Silicon tubes.

0.1 M cacodylate buffer, pH 7.2 with HCI: Dissolve 2.14 g of sodium cacodylate in 80
mL of distilled water. Adjust pH to 7.2 and then make up to 100 mL with distilled water.
Fixative solution: 2.5% glutaraldehyde (e.g. Sigma Chemicals): Dilute 1 mL of 25%

glutaraldehyde stock solution into 9 mL of 0.1 M cacodylate buffer, pH 7.2.
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1% osmium tetroxide (OsOy): Dilute 25 mL of a 4% osmium tetroxide stock solution
(Sigma Chemicals) with 75 mL of distilled water. Store at 4°C.

1% uranyl acetate [UO, (OCOCH3;), x 2H,0]: Weigh 10 mg uranyl acetate and dissolve in
I mL distilled water.

Epon resin (e.g. EMbed-812, Electron Microscopy Sciences, Hatfield, PA).

4% uranyl acetate [UO, (OCOCHj3); x 2H,0]: Weigh 0.4 g of uranyl acetate and dissolve
in 10 mL pure methanol.

Lead citrate staining solution: mix 1.33 g Pb(NO;)2, 1.76 g Na3(CsHs07) x 2H,0 and 30
mL distilled water in a 50 mL volumetric flask. Shake vigorously for 1 min and allow
standing with intermittent shaking. After 30 min add 8.0 mL 1 N NaOH and make up to
50 mL with distilled water. Mix until lead citrate dissolves. The final pH is 12.0.

Cooper grids for electron microscopy (e.g. Ted Pella Inc., Redding, CA).

Biosafety cabinet.

CO; incubator.

Vibrating microtome.

Ultramicrotome.

Transmission electron microscope.

Methods

For live cell imaging, all procedures are carried out at 37 °C and under sterilized conditions

unless otherwise specified.

3.1. Mitochondrial Permeability Transition by Live Cell Imaging
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Seed neurons on glass coverslips of 25 mm diameter in a 35 mm dish or in the available
format (see Note 2). Neurons are maintained in Neurobasal medium supplemented with
B27 at 37 °C in an incubator with 5% CO,.

For live cell imaging, load the cells with the fluorescent probes (see Note 3). In this step
work with the cells in a biosafety cabinet protected from light. Before removing the cells
from the incubator, prepare the loading mix: add 1uL of 1 mM calcein-AM stock
solution, 1 pL of 1 M CoCl, and 5 pL of 10uM Mitotracker Orange in 993 uL of
Neurobasal medium to make 1 mL. Final mix concentration is 1uM calcein-AM, 1 mM
CoCl,, 50 nM Mitotracker Orange (see Note 4). Hoechst dye can also be added to the
loading mix to evaluate neuronal viability if necessary. See Note 5.

Wash cells twice with 1 mL Neurobasal medium without supplements (see Note 6). For
25 mm covers add 1 mL of loading mix to the dish and incubate neurons at 37 °C for 30
min, protected from light.

Remove the loaded neurons from the incubator and wash twice with 1 mL of Neurobasal
medium, working in a biosafety cabinet. Change medium to Tyrode buffer and incubate
cells for 10 min at 37 °C to equilibrate probes.

Transfer the cover to the microscope room and assemble the system as shown in Fig. 1A,
B. Use little amounts of solid paraffin between both sides of the cover to fix it at the
microscope system. See Note 7.

Set microscope parameters to start the mPTP live cell assay. For a spinning disk confocal
microscope, use Texas Red filter to detect Mitotracker fluorescence, FITC for calcein-AM
and UV filter for Hoechst, or set the adequate excitation/emission wavelengths depending

on the microscope used (see Note 8). Water immersion objectives are recommendable for
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Fig. 1. Sample assembly for live cell imaging assay. A) Microscope system equipped for
live cell assays. B) Neurons seeded on a glass coverslip mounted in the microscope chamber
with CO, and temperature regulation. The glass cap is used to maintain the gas pressure and
the temperature at 37 °C. C) Closed chamber ready to use and for the stimulation of neurons.
D) Graphical representation of a common record obtained along the experiment after mPTP
induction, i.e. with ionomycin. Mitochondrial calcein fluorescence decay is usually observed
under mitochondrial permeability transition conditions.
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live cell imaging assays. Set temperature to 37 °C and the gas pressure to ensure a
constant flux of 5% CO; in the culture chamber of the microscope.

Set the time of the experiment and the interval between each digital image. It is
recommendable to measure fluorescence changes for 15 min at least, with an image
acquisition time of 10-15 sec between each frame. Measure a baseline for 3 min and then
add the stimulus (Fig. 1C) (see Note 9). Finally, check the focus and start the experiment.
It is recommendable to perform positive and negative controls of the mitochondrial
permeability transition pore opening to check the efficiency of the assay. See Note 10.

For image analysis use the NIH Imagel software and install the “Delta F” plugin. Follow
the sequential steps to analyze fluorescence changes on the images: Open the image with
Image J > Image > Stacks > Z project, type the number of images corresponding to the
basal line, i.e. a 3 min baseline corresponds to 180 sec, if images were taken every 15 sec,
and then the first 12 images correspond to the baseline; so type 1 in the start slice box and
12 in the stop slice > OK. This step creates an average image of the baseline.

Run “Delta F” plugin to determine fluorescence changes from the image stacks: Plugins >
Stacks — T-functions > Delta F. A new image called “Delta F” is generated from this step.
To obtain the value of AF/Fo (variation of the fluorescence between each image
compared to the baseline) follow the next steps on Image J: Process > Image calculator,
on Image 1 select the Delta F image created in the previous step; operation: Divide; and
Image 2 is the average image created first > Yes. A new image is created called “Result of
Delta F”. From this image select a neurite with the polygon selection tool and perform the
analysis: Images > Stacks > Plot z-axis Profile. A “Results” window is displayed with the

mean fluorescence values corresponding to each time point. Plot the data to obtain
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fluorescence changes along the live cell imaging assay, as shown Fig 1D. Repeat this step
with each neurite selected until complete around 8-10 neurites per neuron.

Fluorescence analysis can be done with the mitochondrial calcein images to detect mPTP
opening and also with those obtained from the Mitotracker loading, to detect
mitochondrial membrane potential changes in response to the same stimulus (Fig. 2).
Mitochondrial swelling detection from electron microscopy analysis.

Prepare brain slices from rat or mouse brain (75, 16). Cut transverse slices of 400 um
under cold ACSF using a vibrating microtome.

Incubate the slices in oxygenated ACSF for more than one hour at room temperature
before treatment.

For slices treatment, mount the slices in a 6-well plate modified as shown in Fig. 3, to
keep each dish oxygenated (see Note 11). Dilute all treatments in ACSF in an appropriate
volume to maintain slices immersed and avoid its contact with the air. This step is carried
out at room temperature.

After treatment, transfer the slices one by one, with a soft brush or tweezers, to an
Eppendorf tube containing 1 mL of the fixative and fix for 6 h. See Note 12.

After fixation, wash the slices with 1 mL of 0.1 M cacodylate buffer, pH 7.2 for 18 h at 4
°C.

Perform a secondary fixation with 1% osmium tetroxide for 90 min and then wash with 3
washes, 5 min each in distilled water.

Stain samples with 1% aqueous uranyl acetate for 60 min.

Dehydrate samples in acetone following these sequential steps: 1 x 50%, 1 x 70%, 2 x

95% and 3 x 100% acetone, 20 min each.
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Figure 2
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Fig. 2. Images obtained from the mPTP live cell imaging assay. Neurons were loaded with
the loading Mix, containing calcein-AM, cobalt and Mitotracker Orange. A) Images show
mitochondrial calcein fluorescence dissipation on neurons exposed to 0.5 uM ionomycin
which indicates mitochondrial permeability transition. Images show fluorescence changes at
the beginning (t=0) and at the end (t=600) of the experiment. B) Images show the
mitochondrial membrane potential loss in the same neuron shows in A) under ionomycin
stimulus.
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Place samples in 1:1 Epon:acetone overnight and embed them in 100% Epon resin into a
mold. Place mold containing samples in 60 °C oven for 24 h to polymerize.

Cut ultra-thin sections (60-70 nm) with an ultramicrotome and collect them on 300-mesh
copper electron microscopy grids (Fig. 3). Stain with 4% uranyl acetate for 2 min and lead
citrate for 5 min (17).

Examine the samples in a transmission electron microscope. For morphological analysis
of mitochondria is recommendable to capture digital images with a 16.500 — 20.000 x
magnification.

For mitochondrial ultrastuctural analysis take 40-50 digital images per sample and
evaluate membrane integrity of each mitochondrion by manually detecting structural
abnormalities. Mitochondria with an overall intact structure are considered healthy, but
loss of membrane continuity is considered an index of disruption. The same approach is
applicable to cristae integrity analysis (Fig. 4).

To evaluate mitochondrial swelling, measure morphological parameters, such as area,
diameter and perimeter (/8) with Image] software. Set scale parameters in Imagel:
Analyze > Set scale > introduce distance in pixels and unit of length. See Note 13.

Set the parameters to be measured in ImageJ: Analyze > Set measurements > click in,
Area, Perimeter and Feret’s diameter.

Measure mitochondrial morphology with the polygon selection tool of Image] by
surrounding each mitochondrion and press Ctrl+M on the keyboard to display the Results
window. Plot the results in a column graph and as a scatter plot graph to analyze the

whole population of mitochondria. See Note 14.
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Figure 3
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Fig. 3. Slice preparation and treatment for electron microscopy. Incubation chamber is
used to treat slices separately. Each well contains a cell strainer to keep slices protected from
bubbles generated by the oxygenation system. After the incubation time, slices are immersed
in fixing solution, processed for electron microscopy and sequentially collected on copper
grids for electron microscopy analysis. A representative image obtain with the microscope is
shown at the end of the flowchart.
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Figure 4

Fig. 4. Mitochondrial swelling detection by electron microscopy. Images show normal
mitochondria with intact membrane and cristae (left picture) and a swollen mitochondrion
(right picture) which is larger than normal and also displays membrane disruption and cristae
disorganization, the common features of mitochondrial swelling by permeability transition.
Bar =500 nm.
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4. Notes

1.

To maintain the osmolarity of the Tyrode buffer under calcium free conditions, add 3.997
g NaCl to the preparation instead 3.944 g, to change the concentration from 135 mM to
136.8 mM NaCl.

Glass coverslips of other diameters may be used depending on the chamber that is going
to be mounted to the microscope stage for the live cell assay. Some microscopes have
chamber adaptors for 12, 25 or 40 mm diameter coverslip. If the microscope does not
have chamber adaptors for different coverslip size, glass bottom dishes can also be used to
seed cells.

Try to load just one cover per assay to avoid fluorescence decay during the time waiting
between each experiment.

Other Mitotrackers could be used to evaluate the mitochondrial membrane potential
during the mPTP live cell assay, as Mitotracker Red CMXRos, but higher concentration
of this probe is needed (between 200 nM to 1 uM). It is also important to check the
bleaching of the probe depending on the microscope available.

Add 1uL of 1 mM Hoechst 33342 dye to 1 mL of loading mix. It is recommendable to
measure Hoechst stain only at the beginning and at the end of the experiment and not
along it to avoid probes bleaching.

If the cells were previously treated before the live imaging experiment, it is necessary to
wash them to eliminate the stimulus. Also it is important to wash the cells to deplete them
from B27, since it could interfere with the stimulus that is going to be used for the live

cell assay.
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Put the paraffin only at the edges of the cover to maintain an adequate cellular field to
observe at the microscope. Some systems are magnetically sealed and do not need
paraffin.

Hoechst A ex/em = 350/461 nm. The ex/em peaks of calcein after hydrolysis are 494/517
nm. Mitotracker Orange A ex/em = 554/576 nm.

For live cell imaging, the stimulus can be added manually with a micropipette or through
a peristaltic pump.

Use 0.5 uM of the ionophore ionomycin, as a positive control of mitochondrial
permeability transition. A loss of mitochondrial calcein is appreciated when this stimulus
is added. As a negative control, incubate neurons for 30 min at 37 °C with 20 uM
cyclosporin A (CsA) to inhibit mPTP opening before the stimulus. A control of probe
bleaching is also needed. To evaluate this issue, measure the fluorescence of the probe for
the duration of the experiment by simply adding vehicle.

An oxygenated dish can be manually made by introducing silicone tubes adapted to a
white pipette tip. Fix the tip to the inside wall of the dish until the middle of the well and
connect the tube to the oxygen. Be sure to keep a constant oxygen flux along the
experiment, avoiding bubbles directly on the slices. Mount the slices into a cell strainer
(usually used for organotypic cultures) inside each dish. Under these conditions slices can
be maintained between 6 to 8 h without affecting cell viability (see Fig. 3).

Prepare a fresh fixing solution every time you need it and only in the amount that is
necessary for each experiment. Do not freeze.

To determine distance in pixels, measure the length of the scale bar using the straight line

selections tool of ImageJ and then open the set scale window and introduce the following
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parameters: distance in pixels is automatically determined by the software when the scale
bar is measured with the straight line tool; the known distance corresponds to the length of
the scale bar measured from the image; and the unit length also depends on the scale bar
unit usually in pm. Click on “Global”, and the final scale should be in pixel/pm.

14. The scatter plot graphs allow a deep analysis of the data, because they can be divided by
percentiles to determine which population is affected by a determined treatment, as

previously described (see 18).
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4. DISCUSSION

Even though it is well demonstrated that Wnt signaling is involved in processes related to
neuroprotection in AD (Cerpa et al., 2009; Inestrosa and Varela-Nallar, 2014), there is no
direct evidence explaining the mechanism by which this signaling protects neurons from cell
death or whether this neuroprotective effect is due to the role of Wnt signaling in the
regulation of cell death cascades, and even which are the cellular steps that mediate this
protective effect. Since cell death is mainly regulated at the mitochondria and this organelle is
one of the early targets directly affected in AD (Eckert et al., 2010; Johri and Beal, 2012;
Reddy, 2007) we decided to study whether Wnt signaling activation exerts its protective role
through preventing mitochondrial damage. Because mitochondrial function declines with the
progression of the disease (Swerdlow et al., 2010), and due to its function directly depends on
the mitochondrial membrane integrity and the preservation of its structure (Kroemer et al.,
2007), we explored the role of Wnt signaling in the regulation of mitochondrial permeability
and whether this regulation is a result of the inhibition of one of the main mechanisms
involved in this process: the mPTP opening. This hypothesis allows us to propose that the
regulation of the mitochondrial permeability through Wnt signaling is related to the protection
against AB-induced neuronal death. In this study, we found that the activation of Wnt
signaling through the Wnt3a ligand prevents the mPTP opening induced by the toxicity of

Ao in hippocampal neurons, as well as inhibits all of the consequent effects that affect
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mitochondria, such as the loss of membrane potential, mitochondrial morphological changes,

mitochondrial structure disruption, and cytochrome-c release and, therefore, neuronal death.

4.1. Wnt signaling and APo-induced neuronal death

The activation of Wnt signaling pathway has been physiologically implicated in
fundamental processes of the development, maintenance and function of the central nervous
system (CNS) (Inestrosa and Arenas, 2010). Beyond its essential role in cell proliferation,
tissue patterning, cell fate, migration, morphogenesis and synaptic function (Zou and Salinas,
2014), Wnt signaling has been related to cell survival and neurodegeneration (Harvey and
Marchetti, 2014; Oliva et al., 2013). For several years, our laboratory has been studying the
role of Wnt signaling in the neurodegeneration observed in AD. The first time that canonical
Wnt signaling was related to AD was by De Ferrari and Inestrosa in 2000, and they proposed
that sustained loss of Wnt signaling function may lead to AD (De Ferrari and Inestrosa, 2000).
Later, they showed that AP fibrils induce the destabilization of endogenous levels of B-
catenin, which were recovered with lithium (De Ferrari et al., 2003), a pharmacological
inhibitor of GSK-3f, and therefore and inductor of Wnt signaling activation (Klein and
Melton, 1996). Subsequent studies from our laboratory demonstrated that the direct activation
of the canonical Wnt signaling, through the Wnt3a ligand, prevents neuronal death induce by
AP fibrils and that this activation also rescue the levels of Wnt-related proteins, such as [-
catenin, which were down-regulated by A toxicity (Alvarez et al., 2004), indicating that Wnt
signaling activation plays a key role in neuroprotection against AB-induced neuronal death. To
reproduce the protective role of Wnt3a against AB-induced neuronal death we performed two

viability assays: Hoechst staining to detect apoptotic nuclei and the Live/Dead assay as a late
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marker of neuronal death, however, unlike the studies previously described, we use AP
oligomers instead of fibrils to induce cell death, since currently this state of aggregation is
considered as the most toxic species related to the neuronal and cognitive damage described in
AD (Cleary et al., 2005; Walsh et al., 2000). The APo preparation was analyzed by tris-tricine
geles to confirm the presence of low molecular weight oligomers (dimers to tetramers) and
through electron microscopy to observed their structure (Apendix 1A, B). These ABo produce
a 50% decrease in neuronal viability, which was significant from 5 pM Ao, evaluated at 24 h
treatment (Apendix 1C). With these conditions we performed most of the experiments in
hippocampal neurons and brain slices to induce ABo-dependent damage. As we expected, Wnt
signaling activation with recombinant Wnt3a significantly prevented the apoptosis and
therefore the neuronal death induced by AP. These results confirmed the neuroprotective
effect that Wnt canonical signaling activation generates against AP toxicity, particularly

against the oligomeric forms of Ap.

4.2. Wnt signaling and its regulation of mitochondrial calcium levels

One of the important functions of mitochondria is to control calcium variations inside the
cel. A massive and uncontrolled calcium influx into mitochondria directly affects
mitochondrial permeability (Du and Yan, 2010b) through the mPTP opening (Szalai et al.,
1999), inducing mitochondrial membrane potential dissipation, increased membranes
permeability and, finally, neuronal death (Celsi et al., 2009). In agreement with this, it is very
well established that calcium plays an important role in the neurotoxicity of AD in mouse
models (LaFerla, 2002; Stutzmann et al., 2007) and in vitro, because it has been demonstrated

that AP aggregates, prepared from A synthetic peptides, induce intracellular calcium
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increase, which directly impacts the mitochondrial calcium levels (Dinamarca et al., 2010;
Supnet and Bezprozvanny, 2010). Previous studies related to the role of Wnt signaling in the
regulation of AB-induced intracellular calcium increase have shown that the early activation of
Wnt signaling, with the canonical ligand Wnt7a, prevents the intracellular calcium increase
generated by AP fibrils (Quintanilla et al., 2005) and oligomers (Dinamarca et al., 2010) in
hippocampal neurons. They also showed that these oligomers affect the calcium buffering
function of the mitochondria, because they produce calcium overload into the organelle,
however it has not been explored whether Wnt signaling is able to prevent this calcium
increase into mitochondria and if this process is involved in the neuroprotective role of this
signaling pathway against AP toxicity in AD. The results indicate that our Ao preparation
was able to induce mitochondrial calcium changes in neurons, which was prevented in the
presence of the uniporter inhibitor Ru360 (Ying et al., 1991), with no effect over intracellular
calcium levels induced by ABo. This mitochondrial calcium change was specifically observed
at the neurites of neurons. These compartmentalized effects of ABo on mitochondrial calcium
changes could be explained by the specific sensitivity of synaptic mitochondria (rather than
non-synaptic mitochondria) to calcium overload, which cause them to more readily undergo a
permeability transition (Brown et al., 2006), which is in agreement with recent observations
that indicate that synaptic mitochondria are more sensitive to direct A damage, affecting the
trafficking and transport of the mitochondria to specific regions of the neurons where more
energy is required, even making those mitochondria more sensitive to mPTP (Du et al., 2012).
In the same way, the CypD levels of synaptic mitochondria are also important in the
sensitivity of those mitochondria to A damage and it has been described that high CypD

content in synaptic mitochondria makes them more vulnerable to permeability transitions
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(Naga et al., 2007). Interestingly, and related to the results obtained in this work about the
capability of Wnt3a to prevent mitochondrial calcium overload induced by Ao, it has been
demonstrated that the synaptic damage mediated by AP in neurons required Wnt antagonist
components, such as Dickkopf-1 (DKKT1) (Purro et al., 2012), another piece of evidence that
suggests that the modulation of Wnt signaling activity could be important in regulating Af3
toxicity on neuronal function and viability. In agreement with this idea, we observed that the
inhibition of canonical Wnt signaling with DKK1 plus APo resulted in an increase in
mitochondrial calcium at the soma (Apendix 2), where we did not initially observe significant
changes with ABo alone, which suggests that the inhibition of endogenous Wnt signaling
could be potentiating the effect of ABo over the modulation of mitochondrial calcium levels
and, in this manner, could be participating in the regulation of the permeability transition

induced by Ap.

4.3. Wnt signaling as a novel regulator of mitochondrial permeability

There are several described events that occur as a consequence of the mitochondrial
permeability transition triggered in AD (Moreira et al., 2001). When the IMM is disrupted,
because of the formation of the mPTP, mitochondria undergo some structural changes that
finally affect its function and therefore, the cellular decision between life or death (Newmeyer
and Ferguson-Miller, 2003). The loss of mAY and the release of proapototic factors from the
mitochondria to the cytoplasm are key processes related to mPTP formation and opening
(Petronilli et al., 2001). For this reason, we decided to analyze, in the first instance, both

events under APo treatment in the neurons in which Wnt signaling was previously activated.

Our results indicate that Wnt3a prevents both, the APo-induced mAY dissipation and the
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release of cytochrome-c from the inner space to the cytoplasm. The rapid decay of mAY
observed was correlated with the kinetic of the mPTP opening. This phenomenon was directly
evaluated by a live cell imaging assay based on mitochondrial calcein dissipation, as a result
of the mPTP opening, as was described previously (Gillessen et al., 2002; Petronilli et al.,
1998) and as is detailed in the Chapter II of this thesis. Interestingly, Wnt signaling activation
also prevents the mPTP induction in a similar way as the mPTP inhibitor, cyclosporin A (CsA)
(Halestrap et al., 1997), suggesting a possible mechanism by which Wnt signaling could
regulate neuronal death. All of these mitochondrial alterations related to the mitochondrial
membranes permeability are associated with morphological changes that mitochondria

undergo during mPTP opening (Moreira et al., 2002).

4.4. Ultrastructural changes of mitochondria during permeability transition.

The permeabilization of the IMM induces morphological changes in the mitochondria,
including an increased size and volume, because of water and solutes exchange during mPTP
opening, known as swelling, the disruption of both membranes and cristae disorganization. All
of these events are classical features that mitochondria present in neurons undergoing cell
death (Sun et al., 2007). To correlate the inhibition of mPTP opening mediated by Wnt
signaling activation with these mitochondrial morphological alterations that are generated by
AP in AD, we performed three-dimensional reconstruction of the mitochondrial network from
hippocampal neurons transfected with mito-Cherry. We observed that neurons exposed to Ao
presented mitochondria with increased sphericity and volume, morphological changes
correlated with mitochondrial permeability transition (Bernardi et al., 2006). We also observed

that these morphological changes were completely prevented by Wnt3a.
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A detailed analysis of these parameters was conducted by electron microscopy to correlate
these protective effects in an in vivo model using hippocampal slices from mouse brains,
specifically at the CA1 region of the hippocampus. We evaluated these changes at this
particular zone because it has been reported that mitochondria and synapses from the CA1l
show early sensitivity to damage in AD (Balietti et al., 2013). As we expected, we observed
dramatic changes in the mitochondrial integrity and morphology in slices that were exposed to
Ao for only 1 h. As has been seen before, 1 h of ABo exposure is enough to affect the
synapses of hippocampal neurons, disrupting the clustering of PSD-95 (Inestrosa et al., 2013),
which is correlated with the fact that synaptic mitochondria are also more sensitive than non-
synaptic mitochondria (Brown et al., 2006). The morphological analysis from the electron
microscopy images showed that mitochondria from A-exposed neurons present increased
area, diameter and perimeter, confirming our previous results in cultured hippocampal
neurons, through the 3D reconstruction. We were also able to prevent these changes by the
preincubation of the slices with Wnt3a, reaffirming the idea that Wnt signaling activation
prevents mPTP opening and therefore the morphological changes that mitochondria undergo
during this phenomenon. The ultrastructural study indicated that the activation of Wnt
signaling prevents membrane disruption and cristae disorganization of mitochondria exposed
to APo, features that have been described for the APP/PS1 transgenic mouse model of the AD
(Kim et al., 2012), and that we were able to prevent also with CsA, supporting the idea that
Wnt prevents mitochondrial membrane permeability, preventing the mitochondrial swelling

induced by mPTP opening, which finally leads to apoptotic processes and to neuronal death

(Sun et al., 2007).
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4.5. How could Wnt signaling regulate the permeability transition and pore activation?

It is well documented that AP induces the activation of mPTP in an AD mouse model (Du
et al., 2008) and in vitro (Moreira et al., 2001; Parks et al., 2001; Shevtzova et al., 2001) and
that this activation and the subsequent mitochondrial and neuronal damage depends in part on
the AP interaction with CypD, the main component of the mPTP (Baines et al., 2005; Schinzel
et al., 2005), which is to date the only protein component that is essential for the activation of
this pore (Basso et al., 2005; Kato et al., 2009).

Our results indicate that the Wnt3a ligand prevents mPTP opening induced by ABo in live
neurons. The ability of Wnt signaling to prevent the mPTP induction produced by AP could be
mediated by two different mechanisms: 1) controlling intracellular calcium variations
generated by AP, as has been previously suggested (Dinamarca et al., 2010; Quintanilla et al.,
2005); or 2) regulating the direct effect of ABo on mPTP formation and activation (Du et al.,
2010). However, there are several sources of evidence that suggest that canonical Wnt
signaling activation could regulate mitochondrial membrane permeability directly through the
inhibition of the mPTP formation. For example, it has been reported that GSK-3f, one of the
main components of the Wnt signaling pathway, is able to translocate to the mitochondria and
to act on its inactive form (phosphorylated at serine 9) with one of the components of the
mPTP, the adenine nucleotide translocase, ANT (Gomez et al., 2008; Juhaszova et al., 2009;
Nishihara et al., 2007). This interaction has been correlated with a 60% decrease in the
interaction between CypD and ANT, which is necessary for mPTP opening (Miura and Tanno,
2010; Miura et al., 2009; Zorov et al., 2009). Interestingly, canonical Wnt signaling activation
induces the phosphorylation of GSK-3f at the same residue (Ser-9), inducing its inhibition and

therefore the activation of the Wnt signaling cascade (Stambolic and Woodgett, 1994). These
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findings suggest a possible mechanism to explain how Wnt could modulate mPTP opening
and therefore the mitochondrial permeability induced by AB. Our results showing an increase
in the mitochondrial content of phosphorylated-GSK-3[3 are consistent with the idea that the
inhibition of GSK-3f mediates the Wnt3a function on mPTP regulation and suggest an
explanation about the possible mechanism by which Wnt inhibits the mPTP opening and the
subsequent lethal events generated in neurons, triggered by the mitochondrial permeability
induced by APB. However, further analysis of the interaction between phosphorylated-GSK-3f3

with CypD or ANT will be required to better characterize this possible mechanism.

4.6. Other mPTP modulators and its association with GSK-3f3

Several mPTP modulators have been described because they interact with the mPTP
components or directly regulate the binding between the components of the pore (Eliseev et
al., 2009; Rasola et al., 2010a; Saraiva et al., 2010). The real situation is that all of the
regulators that have been described can interact with some of the main components of the
mPTP or affect or facilitate its interaction, to finally modulate mitochondrial membrane
permeability and cell viability. An example is the mitochondrial hexokinase II (HKII) which
when is detached from the mitochondria, by a selective HK peptide, induces the mPTP
opening and cell death (Chiara et al., 2008). Mitochondrial HKII regulates mPTP induction
through the delivery of a survival signal that stabilizes the mPTP in the closed conformation,
whereas HKII detachment from mitochondria would propagates a conformational change to
molecules of the inner mitochondrial membrane, eventually leading to pore opening (Rasola et
al., 2010b). Other mPTP modulator is the survival kinase Akt, which surprisingly regulates

HKII by promoting its binding to mitochondria, through HKII phosphorylation (Miyamoto et
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al., 2008). Interestingly and in agreement with our proposal, Akt also phosphorylates GSK-3f3
to inactivate it, which has been described to favor the association of HKII to the OMM. By
contrast activation of GSK-33 was shown to induce release of HKII, enhancing susceptibility
to cell death (Robey and Hay, 2006).

Another described modulator of mPTP formation is the pro-apoptotic protein Bax, which
belongs to the Bel-2 family proteins (Chipuk et al., 2010). Bax interacts with ANT (Marzo et
al., 1998) and both cooperate to control de mitochondrial-dependent apoptosis (Marzo, 1998).
On the other hand, Bcl-2 proteins have also been described to interact with VDAC (Rasola et
al., 2010b) and the balance in the interaction between pro- and anti-apoptotic proteins with
VDAC controls the sensitivity of mitochondria to mPTP induction (Mathupala et al., 2006).
Once again, it has been proposed that GSK-3B can control this balance through VDAC
phosphorylation, which would displace Bcl-2 from its interaction with VDAC, favoring the
binding between VDAC and the pro-apoptotic Bax/Bak proteins, and therefore the mPTP
induction (Mathupala et al., 2006). It has been shown that GSK-3f interact with VDAC
(Nishihara et al., 2007) and interestingly in AD, GSK-3p phosphorylates VDAC which is
correlated with HKII and anti-apoptotic Bcl-2 family proteins dissociation from VDAC and
mitochondrial permeability transition in AD neurons (Reddy, 2013). These are other pieces of
evidence that suggest that the regulation of GSK-3f activity could be important in the control
of neuronal sensitivity to mPTP induction, and reinforce the idea that Wnt could inhibit mPTP
formation through GSK-3f inhibition.

As was mentioned before, the anti-apoptotic protein Bcl-2 (Kuwana and Newmeyer,
2003) is another mPTP regulator and has been shown to prevent cell death through its

interaction with the main component of the pore, CypD (Eliseev et al., 2009), giving a novel
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protective function to CypD. Interestingly, Bcl-2 is downregulated in AD models (Paradis et
al., 1996) and has been described as a Wnt target gene in hippocampal neurons (Fuentealba et
al., 2004) and also participates in mitochondrial stabilization against AB damage (Fuenzalida
et al., 2007). Despite this evidence, we observed that the inhibition of permeability transition,
mediated by the Wnt3a ligand, was not dependent on the activation of Wnt target genes
transcription because the treatment of neurons with ICG-001, a Wnt/B-catenin-dependent
transcription inhibitor (Emami et al., 2004), did not abolish the protective Wnt effect on the
inhibition of permeability transition, strengthening the idea that this effect could be mediated
by the modulation of GSK-3B (Nishihara et al., 2007) rather than Wnt-dependent genes.
Further analysis of the interaction between phosphorylated-GSK-3 with CypD/ANT/VDAC

complex will be required to better characterize this possible mechanism.

Altogether, the data shown so far propose a novel mechanism by which canonical Wnt
signaling protects neurons from Ao toxicity. This mechanism involves the inhibition of
mPTP opening and all of its consequences, thereby preventing the neuronal death observed in
AD. This study suggests a possible new approach for the treatment of AD and opens a new

line of study in the field of the role of Wnt signaling in neuroprotection.
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5. CONCLUSIONS

The results presented in this thesis allow us to formulate the following conclusions:

1. Wnt3a ligand prevents the intracellular and mitochondrial calcium increase induced by
Ao in hippocampal neurons, which is prevented by the canonical Wnt signaling inhibitor,
Dickopf-1.

2. Ao produce mAY dissipation in live neurons, which is prevented by the pretreatment
with Wnt3a. Inhibition of Wnt signaling enables Wnt3a ligand to rescue the loss of the mA'Y.
3.  Wnt signaling activation through Wnt3a ligand prevents both, the cytochrome-c release
from the mitochondrial and the neuronal death induced by Afo.

4. Wnt3a prevents the mitochondrial membrane permeability through the inhibition of ABo-
induced mPTP opening, by a mechanism that is independent on the Wnt target genes
transcription, suggesting the participation of a non-conventional Wnt signaling in the
regulation of the mPTP.

5. Wnt3a induces increased levels of inactivated GSK-3f at the mitochondria, suggesting a
possible mechanism on the regulation of mPTP inhibition mediated by Wnt signaling.

6. Wnt signaling activation prevents morphological and ultrastructural changes that
mitochondria undergo during the mitochondrial swelling induced by Afo in cultured

hippocampal neurons and in hippocampal slices.
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Apendix 1. Characterization of APo preparation and neuronal viability. A) Tris-tricine
SDS-PAGE analysis of AP aggregates prepared at 4°C and at 37°C. First lane shows low-
range molecular weight species, corresponding to dimers, trimers and tetramers. Second lane
indicates the presence of A fibrils under these conditions. B) Electron microscopy analysis
shows oligomeric structures from AP preparation at 4°C. Bar represents 100 nm. C)
LIVE/DEAD viability assay performed with the ABo preparation in hippocampal neurons
treated for 24 h. a) Calcein positive neurons (green) correspond to live cells in the culture and
EthD1 positive cells (red nuclei) represent death neurons. b) Quantification of the percentage
of live neurons in response to ABo exposure compared to control neurons. Student T-test, *
p<0,01 (n=3).
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Appendix 2
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Apendix 2. Mitochondrial calcium measurement at the soma in hippocampal neurons.
Fourteen DIV hippocampal neurons were loaded with the mitochondrial calcium indicator,
Rhod2-AM at 4°C to favor mitochondrial loading of the probe. A) Quantification of changes
in mitochondrial fluorescence intensity (AF/Fy) in a time lapse experiment to detect
mitochondrial calcium changes in the soma of hippocampal neurons in response to 20 uM
APo. Neurons were previously treated with: control media, tWnt3a (300ng/ml), or rWnt3a
plus DKK1 (DKK1 = 100 ng/ml), for 24h and then exposed to APo. Black bar indicates the
addition of APo. The graph shows the mean = SEM of n=3 independent experiments. ANOVA
test, post hoc Bonferroni **p<0.001.
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