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La stabilisation des récepteurs AMPA médiée par une signalisation Wnt non canonique

protége de la synaptotoxicité des oligoméres AB,,

Les récepteurs AMPA (AMPARs) sont les principaux responsables de la transmission
excitatrice rapide dans le systeme nerveux central, aussi les neurones d’hippocampe étudiés
ici. AMPARs sont tres dynamiques dans la membrane. Au sein des épines dendritiques, ils
peuvent se déplacer par traffic membranaire entre les compartiments intracellulaires et la
membrane plasmique. Une fois a la surface, ils se déplacent par diffusion latérale et peuvent
s'ancrer réversiblement avec des protéines de la densité postsynaptique ou retourner dans des
compartiments endocytaires. Les oligoméres AB (0AB) augmentent I'endocytose des AMPARs,
diminuent la densité des épines dendritique et provoquent des défaillances globales dans la
transmission synaptique. Ces effets, sont englobés dans le terme "synaptotoxicité des oAR " et
sont un domaine principal d'étude de I'étiologie de la maladie d'Alzheimer. Wnt5a un ligand Wnt
endogéne connu pour activer la voie non-canonique dans les neurones d'hippocampe, génére
une augmentation des courants excitateurs et des aggrégats de PSD95 et protége les
neurones de la synaptotoxicité des oAB. Compte tenu du fait que Wnt5a semble contrecarrer
les effets nocifs causés par les oligoméres AR, nous avons procédé a I'étude du mécanisme par
lequel Wnt5a protége de la synaptotoxicité des oAB. Cela nous a conduit a évaluer l'effet de
Whnt5a sur l'un des facteurs dans la transmission glutamatergique, la dynamique des AMPARs.
Par microscopie a super-résolution dans les neurones d'hippocampe vivants, nous avons trouvé
que Wnt5a module la dynamique et la localisation des récepteurs AMPA. Plus précisément,
Wnt5a stabilise les AMPAs dans les sites spine et dendrite. Ceci est corrélé avec une
augmentation de la co-localisation et de l'interaction entre GIUA2 et PSD95. Ces effets ne sont
exercés que par l'activation non-canonique de la signalisation Wnt, a travers le ligand Wnt5a et
non par les effets canoniques de Wnt7a. Remarquablement, la pré-incubation de Wnt5a
prévient la toxicité des oAB et maintient la dynamique basale des AMPARs. Nos données
suggerent que Wnt5a empéche la synaptotoxicité des oAB en favorisant leur stabilisation dans

les sites synaptiques.

Mots-clés : Wnt, dinamique du récepteur AMPA, AB oligomers, synaptotoxicité, neuroprotection.



La estabilizacion de receptores AMPA, mediada por Wnt5a, protege contra los efectos

sinaptotoxicos de los oligémeros ARy

Los receptores AMPA (AMPARS) son los principales responsables de la respuesta excitatoria
rapida en el sistema nervioso central, incluyendo neuronas hipocampales, estudiadas en esta
tesis. A diferencia de otros receptores glutamatérgicos, los AMPARSs son altamente dinamicos.
Dentro de las espinas dendriticas, se pueden mover hacia y desde compartimentos endociticos
y hacia la membrana plasmatica. Una vez en la superficie, a través de difusion lateral, se
pueden anclar a proteinas de la densidad postsinaptica o regresar a compartimentos
endociticos. Por otro lado, los oligbmeros AR (oAB) aumentan la endocitosis de AMPARS,
disminuyen la densidad de espinas dendriticas y causan una falla generalizada de la
transmision sinaptica excitatoria. Estos efectos, entre otros, se engloban en el término
“sinaptotoxicidad por oAB” y es uno de los principales puntos de estudio en la etiologia de la
enfermedad de Alzheimer. Al contrario, Wnt5a un ligando endégeno conocido por activar la via
no candnica en neuronas hipocampales, genera un aumento en corrientes excitatorias y en los
clusters de PSD95 y protege a las neuronas contra la sinaptotoxicidad causada por oAR.
Debido a esto, procedimos a estudiar el mecanismo por el cual Wntba protege de la
sinaptotoxicidad causada por AB. Esto nos llevé a evaluar los efectos de Wnt5a en uno de los
principales factores en la transmisién glutamatérgica, la dinamica de los AMPARs. Con el uso
de microscopia de super-resoluciéon en neuronas hipocampales vivas, encontramos que Wnt5a
modula la dindmica y localizacion de los AMPARs. Especificamente, Wnt5a estabiliza los
AMPARSs en espinas y dendritas. Lo cual se correlaciona con un aumento en la co-localizacion
e interaccién entre GIuA2 y PSD95. Estos efectos son causados Unicamente por la activacién
no-canodnica de la via Wnt, a través del ligando Wnt5a y no por los efectos canonicos de
Wnt7a. De manera interesante, la pre-incubacion de Wnt5a previene la toxicicidad de los
oligémeros AB y mantiene la dindmica basal de los AMPARs. Esta data sugiere que Wnt5a

promueve la estabilizacion de AMPARs, previniendo los efectos synaptotoxicos de los oAB .

Palabras clave: Wnt, dindmica de receptores AMPA, oligbmeros AR, sinaptotoxicidad,

neuroproteccion.



AMPA receptor stabilization mediated by non-canonical Wnt signaling protects against

AB4, oligomers synaptotoxicity

AMPA receptors (AMPARS) are responsible for most fast excitatory synaptic transmission in the
central nervous system, including hippocampal neurons, studied here. AMPARs are highly
dynamic in the plasma membrane. Within dendritic spines, they transition by membrane
trafficking between intracellular compartments and the plasma membrane. Once at the surface,
they move through lateral brownian diffusion and can reversibly anchor to postsynaptic density
proteins or return to endocytic compartments. AR oligomers (0AB) increase endocytosis of
AMPARSs, diminish dendritic spine density and cause overall failures in excitatory transmission.
These effects, among others, are englobed in the term “0AB synaptotoxicity” and are a main
focus on the study of Alzheimers disease ethiology. On the contrary, Wnt5a - an endogenous
whnt ligand known to activate the non-canonical pathway in hippocampal neurons - generates
an increase in excitatory currents, clusters of PSD95 and protects neurons against oA
synaptotoxicity. Given the fact that Wnt5a seems to counteract the distresses caused by oA,
we proceeded to study the mechanism through which Wnt5a protects from oAB synaptotoxicity.
This led us to evaluate the effect of Wnt5a on one of the most important factors in glutamatergic
transmission, i.e. AMPARs dynamics. By using super-resolution microscopy in live hippocampal
neurons, we found that Wnt5a modulates the dynamic and localization of AMPARS. Specifically,
Wnt5a stabilizes AMPARs in spine and dendritic compartments. This correlates with an
increase in co-localization and interaction between GIuA2 and PSD95. These effects are
exerted only by non-canonical activation of Wnt signaling, through Wnt5a ligand and not by the
canonical effects of Wnt7a. Interestingly, pre-incubation of Wnt5a prevents toxicity of oA and
maintains basal AMPARs dynamics. Our data suggest that Wnt5a prevents oAB effects by

promoting their stabilization in synaptic sites.

Keywords: Wnt, AMPA receptor dynamics, AB oligomers, synaptotoxicity, neuroprotection.
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3. INTRODUCTION

In the intricate machinery that gives shape to the synapse, the identity and amount of molecules
(neurotransmitters, receptors, scaffolding proteins, kinases, etc.) present is fundamental and
have been widely studied. However, to have an efficient synaptic communication, those
elements are not the only variables to keep in mind. It is also crucial for those elements to be

located in the right place, at the right moment.

For efficient synaptic transmission to occur, it is necessary that the system adapts rapidly to
new and ever changing inputs. This is called synaptic plasticity, the ability to change the firing
properties of a synapse, and it relies on many factors, one of them being the fast, initial
response to neurotransmitter release. Specifically, in glutamatergic synapses, AMPA receptors
(AMPARS) are the main mediators of fast excitatory response and variations in the amount of
AMPARSs account for short term plasticity (STP) and long term potentiation (LTP) (Benke et al.,
1998; Makino and Malinow, 2009; Penn et al., 2017). The study of how AMPARs respond to
endogenous inputs could help us to unveil mechanisms to recover from synaptic failure like the

one occurring in Alzheimer’s disease (AD).

3.1. Glutamatergic synapses

Glutamatergic synapses are characterized by the presence of glutamate as the main
neurotransmitter. Glutamate, is a non.essential aminoacid, is synthesized from glutamine and
is the main excitatory neurotransmitter in the vertebrate central nervous system (CNS) (Purves
et al., 2004). In excitatory synapses, the presynaptic site releases excitatory neurotransmitters
and their binding to receptors causes membrane depolarization and an excitatory post-synaptic
potential (EPSP) that increases the probability to generate an action potential. Glutamate
receptors can be divided into metabotropic and ionotropic receptors. Metabotropic glutamate
receptors are associated to G-proteins and transduct signals through second messengers like
PIP, and B-arrestin. There are three types of metabotropic glutamate receptors: group 1, group
2 and group 3. On the other hand, ionotropic receptors contain a channel allowing ions to pass
infout from the cell. There are three types of ionotropic glutamate receptors: AMPAR, NMDA
and kainate receptors (KARSs). This thesis focuses on the study of AMPARS, for reasons that will

be addressed in the following paragraphs.
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A characteristic feature of glutamatergic neurons, is the presence of dendritic spines. These
protrusions are found in the dendrites and constitute the contact point with presynaptic sites.
Like this, in dendritic spines there is an entire machinery to respond accordingly to presynaptic
inputs. Dendritic spines are dynamic structures, that vary in shape and quantity throughout short
and long periods of time. They can be modulated by different inputs and, as will be further

addressed, Wnt signaling is one of them.

3.2. AMPA receptors

AMPARSs are highly conserved and appear early on in evolution (Chiu et al., 1999). Probably,
this is a reflection of the relevance of AMPARSs in synaptic transmission. AMPARs are mainly
expressed in the hippocampus, followed by cerebellum and cortex (Schwenk et al., 2014). They
are highly abundant in hippocampal neurons, compared to other hippocampal cell types. In
basal conditions, it has been reported that the ratio of PSD95:AMPARs:NMDAR molecules is
15:3:1 (Sheng and Hoogenraad, 2007). In hippocampal neurons, AMPARSs located in dendritic
spines, in conjuction with other glutamate receptors (NMDARs and KARs), generate EPSPs
which are transmitted into the soma of the neuron. If the summation of EPSPs reaches the
membrane potential treshold (around -30 mV), an action potential will be generated. As a
consequence, the lack of surface-expressed AMPARS into synapses translates into a lower
probability of action potential generation and decreased synaptic activity. A synapse that does
not contain surface-expressed AMPARs in the postsynaptic site, is refered to as a silent
synapse (Isaac, 2003; Liao et al., 1995). After trains of high frequency stimulation (HFS) (i.e.,
tetanic stimulation), the number of AMPARS increases largely at synapses, underlying in part,
activity dependent synaptic potentiation (Makino and Malinow, 2009; Penn et al., 2017; Wu et
al., 2017). Alternatively, low frequency stimulation (LFS) induces a loss in AMPAR from
synapses leading to synaptic depression (Fuijii et al., 2018; Wu et al., 2017; Zhou et al., 2018) .
For these various reasons, the study of the localization and dynamic of AMPARSs is crucial to

understand the physiology and patophysiology of synaptic transmission.

AMPARSs are ionotropic glutamate receptors. They are composed of 4 subunits (GluA1-4) and

are usually hetero-tetramers, meaning they contain 2 doublets of homodimers. The most
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common composition in hippocampal neurons is by ~80% GIuA1l/GIuA2 hetero-tetramers
followed by ~16% GIluA2/GuA3 (Lu et al., 2009). AMPARs are mainly permeable to Na" and K",
althought depending on their subunit composition, they can also permeate Ca®*. Any receptor
that contains GIuA2 subunit will be impermeable to Ca®, because this subunit contains a
reentrant loop in the channel forming trasmembrane segment that blocks ca® entry. Therefore,
homotetramers formed by GIuA1/GIUAl subunits are calcium permeable AMPARs (CP-
AMPARS), and are of great importance in the generation of long-term potentiation (LTP). The
subunit composition of AMPARSs present in postsynaptic sites can vary depending on activity.
Particularly, it is proposed that GluA1l homotetramers (CP-AMPARS) are inserted into the
plasma membrane after high frequency stimulation or theta-burst stimulation (TBS), allowing an
extra Ca”" influx on top of the one caused by NMDAR currents, and an increase in the firing
pattern frequency (Liu and Savtchouk, 2012; Park et al., 2016b). In fact, it is proposed that ca*
influx via CP-AMPARs causes fast activity-dependent postsynaptic plasticity (Kim and Von
Gersdorff). It has even been proposed that Ca” influx from activated CP-AMPARs causes

inhibition of NMDA currents (Rozov and Burnashev, 2016).

Recently, it has been shown that AMPARs organize themselves into nanodomains within the
dendritic spines (Fukata et al., 2013; MacGillavry et al., 2013; Nair et al., 2013). This contrasts
with the previous idea that they were homogenously distributed along the membrane of
dendritic spines (Baude et al., 1995; Nusser et al., 1994). In fact, now we know that AMPARSs at
the plasma membrane are in a dynamic equilibrium between retention sites within nanodomains
and freely moving outside of nanodomains (Barrera-Ocampo and Chater, 2013; MacGillavry et
al., 2013; Nair et al, 2013). Each dendritic spine contains between 1.4-2.5 AMPARsS
nanodomains, depending on the super-resolution technique used to study it. Nanodomains are
about ~70 nm and contain ~20 AMPARs, but their shape and position can change during time,

although most of them are stable for up to 1 h (Nair et al., 2013).

Another important characteristic of AMPARSs is the fact that once inserted into the plasma
membrane, they can be found in at least, three different conformational states: closed, open or

desensitized. On the close state, there is no or very low glutamate bound to AMPARSs, and no
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current is generated. The binding of at least two glutamate molecules activates AMPARS,
opening the channel and allowing an inward Na* current. Since the affinity of AMPARs to
glutamate is low (~ECso 1.1 = 0.3 mM), the ligand will rapidly disociate from the receptor
(Kessler et al., 2008). However, AMPAR can also enter a desensitized state that has a high
affinity for glutamate (Durr et al., 2014). In this state, AMPARSs can still bind glutamate, but no
current will be generated from it. In addition, each GIuA subunit on the tetramer can bind one
molecule of glutamate, this adds complexity to the system and generates a differential
responses (low/high conductance) depending on the amount and type of subunits binding to

glutamate (Durr et al., 2014; Kessler et al., 2008).

3.2.1. The AMPARs-TARP complex.

Interestingly, AMPARSs are part of a bigger molecular complex in which they are partnered with
transmembrane-AMPARSs associated protein (TARPS). The C-terminal tail of AMPARSs does not
bind directly to the main scaffolding protein of synaptic densities, PSD95. For this reason, the
presence of a TARP able to bind AMPARSs, allows stabilization of the complex on PSD95
through the TARP C-terminal domain, creating an indirect interaction between AMPARs and
PSD95. The process in which AMPARs-TARP complex binds to PSD95, is called “trapping” and
can lead to persistent or transitory immobilization of AMPARSs (Ehlers et al., 2007; Opazo et al.,
2010). TARPs can be phosphorylated and this constitutes a new regulatory mechanism of
AMPARSs activity, trafficking and pharmacology (Jackson and Nicoll, 2011; Kato et al., 2010;

Ziff, 2007).

There is a variety of TARPs, TARP-y2 (Stargazin) is the most studied. Stargazin is highly
expressed in the cerebellum, while still present in hippocampus but with low expression levels.
On the other hand, TARP-y8 is highly enriched in the hippocampal formation (Fukaya et al.,
2006). It has important roles in regulating surface expression of AMPARs (Zheng et al., 2015)
as well as their distribution (Rouach et al., 2005). It is also involved in synaptic plasticity
(Sumioka et al., 2011) and LTP generation (Park et al., 2016a). In the present work, we do not
investigate the identity of the TARP involved in the effects of Wnt5a, but this information will be

necessary to understand the results and perspectives surrounding them.
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TARP-dependent regulation of AMPAR immobilization to scaffolding proteins. The figure
shows Stargazin (TARP-y2), but the principle applies to every TARP. Phosphorylation on the C-
terminal tail of Stargazin, by Ca**-activated CaMKII, causes a change on the net charge of it. By
becoming more negative (due to the addition of phosphate groups), the C-tail is repelled by the
instrinsically negative internal membrane of the plasma membrane and suffers a conformational
change that allows the interaction with PDZ-domains of scaffolding proteins, in this case
PSD95, with the PDZ-binding domains of the TARP C-terminal tail. This will cause the trapping
of the AMPAR-TARP complex into synaptic sites, and the formation of the trimeric AMPAR-
TARP-PSD95 complex. Importantly, each GIuA subunit has the ability to bind a TARP, and

each TARP can bind a PDZ domain. Thus adding different degrees of regulation and trapping

3.2.2. Role of AMPARSs dynamic in synaptic plasticity

Synaptic plasticity is defined as the ability of synapses to accommodate their synaptic efficacy
by a change in the firing properties; that is, to potentiate or depress the synaptic response
depending on the input (Nicoll, 2017). The main paradigms in synaptic plasticity are short-term

potentiation (STP), long-term potentiation (LTP) and long-term depression (LTD). Both forms of
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long-term plasticity (LTP and LTD) have been suggested to be the molecular correlates for
memory and learning (Morris, 1989; Morris et al., 1986). In all of these processes, the role of
synaptic receptors and their location on the synapse, is crucial. Next, the role of AMPARSs in

STP, LTP and LTD will be addressed.

In the classic view of synapses, over 20 years ago, synaptic receptors were considered to be
statically located at a certain position in the postsynapse, waiting to bind a neurotransmitter and
exert their action. Under this view, receptors could be exocytosed or endocytosed to and from
the plasma membrane, directly at synaptic sites (Llscher et al., 1999). In 2002, a third
trafficking route was suggested by Daniel Choquet, according to which AMPARSs could also be
in an intermediate location; the plasma membrane but at extrasynaptic sites (Borgdorff and
Choquet, 2002). From there, they could move through lateral diffusion, always in the plane of
the membrane, to synaptic sites. Presently, and after many studies backing up this hypothesis
(Ashby et al., 2006; Esteves da Silva et al., 2015; Heine et al., 2008; Makino and Malinow,
2009; Penn et al., 2017), it is widely accepted that surface mobility of AMPARs is fundamental

both at rest and at different steps of synaptic plasticity (Hastings and Man, 2018).

Within dendritic spines, AMPARs can be found in endocytic compartments or inserted in the
plasma membrane. The fast dynamic of AMPARs helps to tune synaptic response (Heine et al.,
2008). This occurs mainly by regulating the ratio of naive functional/desensitized AMPARSs
present in the PSD. Depending on the type of stimuli, AMPARs can be either endocytosed or
inserted into the plasma membrane at extrasynaptic sites, from where they can move to the
PSD through lateral diffusion (Opazo and Choquet, 2011). This process is fast, AMPARs can
move from extrasynaptic to synaptic sites, within seconds (Heine et al., 2008). Once present in
the membrane, AMPARS only reside at the neuronal surface, on average, for tens of minutes
(Heine et al., 2008). In addition, within the synapse, mobile receptors represent between 50-
80% of all AMPARSs and, if not anchored to PSD, reside only for a few seconds (~2 s) in the
synapse (Heine et al., 2008; Opazo et al., 2012). On the other hand, AMPARs anchored in the
PSD, remain immobile in the synapse and can remain confined for minutes within PSD95

nanodomains (Nair et al., 2013).
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Donald Hebb, in 1949 published “The Organization of Behaviour”, setting the basis to our
current understanding of synaptic plasticity. He introduced what became known as the Hebbian
rule, he postulated that “...the persistence or repetition of a reverberatory activity (or "trace")
tends to induce lasting cellular changes that add to its stability.[...] When an axon of cell A is
near enough to excite a cell B and repeatedly or persistently takes part in firing it, some growth
process or metabolic change takes place in one or both cells such that A's efficiency, as one of
the cells firing B, is increased.” (Hebb, 1949), more easily remembered as the corollary “cells
that wire together, fire together”. Interestingly, Hebb was introducing many concepts like
synaptic plasticity, spike-timing-dependent plasticity and engrams. Theorical concepts that were

later proof to be true by Eric Kandel, using the Aplysia model (Kandel and Tauc, 1965).

Taking the Hebbian principle with what we have learned in the last 70 years, we know that upon
strong presynaptic stimulation (i.e., increased release of neurotransmitter), like the one
occurring during LTP induction, there is a rapid lateral diffussion of CP-AMPARs from
extrasynaptic to synaptic compartments. This rapid change is a proccess of STP (Rozov and
Burnashev, 2016). Therefore, STP depends greatly on the recruitment of CP-AMPARs from
extrasynaptic pools, by lateral diffusion (Penn et al.,, 2017). CP-AMPARSs have a faster ca*-
entry onset than NMDARSs and the close proximity of both receptors, usually colocalizing, allows

local activation of NMDARs (Rozov and Burnashev, 2016).

Following, NMDA-dependent activation of CaMKII and PKC, there is insertion of new AMPARSs
from endocytic compartments to the plasma membrane, on extrasynaptic sites. Then, lateral
diffusion of AMPARSs from extrasynaptic to synaptic sites, causes an enrichment in AMPARS in
the PSD. There, AMPARS can get stabilized through interactions between TARPs and the PDZ
domains of PSD95 (Opazo and Choquet, 2011) or other scaffolding proteins (see section
6.2.1.). If they are persistently stabilized into the PSD, the postsynaptic excitatory transmission
becomes more efficient in response to glutamate. Overall, generating a more persistent
synaptic connection in time, giving rise to LTP, similar to what was proposed by the Hebbian

theory.

LTP can be subdivided into 2 different stages, which involve different molecular players and

proccessess: early LTP (eLTP) which accounts the changes that occur 1 hour after stimulation
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and late LTP (ILTP) which happens after 1 hour of stimulation and can last for days. eLTP is

protein synthesis-independent, while ILTP is protein synthesis-dependent (Frey et al., 1988) .

The role of extrasynaptically located AMPARSs, has proof to be fundamental for both STP and
eLTP (Penn et al., 2017). Therefore supporting the important role of lateral diffusion of AMPARS
in synaptic plasticity. Interestingly, while lateral diffusion is necessary and sufficient for STP,
lateral diffusion is not sufficient for eLTP (Penn et al., 2017). In eLTP, following lateral diffusion
of already existent membrane-expressed AMPARs at extrasynaptic sites, exocytosis of new
AMPARs into the extrasynaptic membrane is necessary to increase and maintain the pool of
AMPARSs. Therefore eLTP requires at least two steps; exocytosis of AMPARSs to extrasynaptic
sites and their lateral diffusion to synaptic sites (Penn et al., 2017). This is explained next, in the

three-step model for AMPARs mobility (Opazo and Choquet, 2011).

modified from (Opazo and Choquet, 2011)

Representation of the three step model for AMPARs synaptic recruitment in synaptic
plasticity. During LTP (on green), the AMPARsS-TARP complex is inserted into the plasma
membrane (step 1), either at extrasynaptic (dendritic shaft) or synaptic sites (close to the PSD)
in the spine head. From there, it moves through the plane of the membrane (step 2) towards
the PSD and finally AMPARs get immobilized on PSD slots, through indirect interaction
between TARP and PSD95. During LTD (on blue), the AMPARsS-TARP complex gets
destabilized from the PSD (step 1), moves in the plane of the membrane to extrasynaptic sites
(step 2) and finally it gets endocytosed either directly from the spine head or from the dendritic
shaft (step 3).
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Recently, the fundamental role of AMPARs diffusion on LTP has been proof in in-vitro and in-
vivo experiments. The recruitment of new AMPARSs to synapses by lateral surface diffusion is
critical for the LTP to occur (Penn et al., 2017). By blocking lateral AMPAR diffusion and LTP,
fear-conditioning learning also gets impaired, proving a correlate between AMPAR lateral

mobility and learning proccessess (Penn et al., 2017).

More generally, our view not only about the dynamics, but also of the biophysics itself behind
AMPARSs conductance has changed in the last few years. It has been proof that after a single
subthreshold synaptic activation, most of the sodium entering the neuron does it through
AMPARs, and not NMDA or voltage-gated sodium channels (Miyazaki and Ross, 2017).
Sodium, along with potassium, are the main contributors to generate EPSP and action
potentials, from a purelly electrical point of view. Like this, the relevance of AMPARs becomes
even clearer. LTP requires stabilization, lateral diffusion towards synaptic sites and exocytosis
of new AMPARSs. But not only are AMPARSs crucial players in STP and LTP processess, they
are fundamental in diverse forms of synaptic plasticity. LTD, for example, depends on the
unstabilization, release from synaptic sites and endocytosis of AMPARs (Opazo and Choquet,
2011). Therefore, by studying the elements that stabilize or destabilize AMPARSs to and from

synaptic sites, we are studying the basis of synaptic plasticity.

3.3. Alzheimer’s disease

Alzheimer’s disease (AD) was first described in 1907 by Alois Alzheimer. It is a progressive
neurodegenerative disease and the most common cause of dementia in the elderly population,
accounting for an estimated 50-70% of all late-life dementia cases (Feldman et al., 2014).
Clinically, is characterized by cognitive failure and loss of encephalic volume, both features
correspond to late phase states of the disease. AD becomes more and more prevalent since
worldwide, life expectancy increases and populations age. For example, it is estimated that in
western Europe by the year 2040, the population over 60 years of age, with dementia, will
increase from a current 5.4 to 9.9 million, while in Latinamerica the increase would be from 4.6

to 9.1 million (Ferri et al., 2005)
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3.3.1. The tau and the amyloid hypothesis on AD

AD has two well defined pathological hallmarks, the intracellular neurofibrillary tangles formed
by hyperphosphorylated tau protein and the extracellular amyloid plaques, mainly formed of AR
protein (Crews and Masliah, 2010; Selkoe, 2013). Therefore, giving rise to the two main
hypothesis regarding the aetiology of AD; the tau hypothesis and the amyloid cascade
hypothesis. There is compeling evidence for both hypothesis, and the determination of which
one triggers the disease, remains a subject of debate. Next, a short description of both
hypothesis will be given, to later focus our study on the amyloid hypothesis, as subject of this

thesis work.

Tau is a microtubule-associated protein (MAP) and it has over 80 posible phosphorylatoin sites
(Ksiezak-Reding et al., 1992). In AD brains, the amount of phosphorylated tau has been found
to be 3-times higher than in healthy, same age brains (Kopke et al., 1993). It is unclear how the
increase in phosphorylation of tau promotes the formation of neurofibrillary tangles, but it has
been proposed that hyperphosphorylated tau has a lower affinity to microtubules. Considering
the fundamental role of microtubules in neuronal organization and function, differential
treafficking of proteins, compartimentalization of neurons, etc. any disruption of microtubules
would be of great damage. Therefore, tau hyperphosphorylation decreases the affinity of tau to
stabilize microtubules and forms intracellular neurofibrillary tangles, that disrupts the normal

shape and function of neurons (Guerrero-Mufioz et al., 2015).

On the other hand, we find the amyloid cascade hypothesis, on which base we conducted our
experiments. The amyloid cascade considers AB as the trigger element of the pathology. The
rational behing the AB hypothesis is that the abnormal extracellular accumulation of AB in the
brain parenquima leads to synaptic failure and synaptotoxicity followed by neuronal death,
inflammation, cognitive failure and dementia. However, there is low correlation between the
presence of senile plaques and the severity of cognitive deficit. What has been revealing, is the
fact that the presence of a certain species of soluble AR, named AR oligomers (0AB) does show
a higher correlation with neurotoxicity (Benilova et al., 2012; Lue et al., 1999; Tomic et al.,

2009).
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Today, there is no consensus on whether AB has a direct causative role on AD, and if targeting
AB has a significant impact on the progression of the disease. However, there is evidence that
0AB are able to cause tau hyperphosphorylation (Bilousova et al., 2016; Miller et al., 2014;
Sarko et al.,, 2017) and mislocalization of tau from axon to dendrites (Miller et al., 2014).
Therefore, supporting the idea that oAB could be the first insult into AD, causing a cascade of
effects in a AR dependent — tau mediated fashion. Unfortunately, a number of clinical trials that
were promising in the laboratory and pre-clinical studies have resulted inconclusive (Umar and

Hoda, 2018).

In order to understand more deeply what this oligomeric species are and how they relate to

early synaptic failure, we will discuss the processing of APP that gives rise to AB.

3.3.2. APP Processing

The Amyloid Precursor Protein (APP) is a type | transmembrane glycoprotein. In humans, the
gene for APP is located in chromosome 21 and has three splice variants, being APP695 the
predominant isoform in excitatory neurons and inhibitory interneurons (Hick et al., 2015), while
their presence in astrocytes remains unclear. Full length APP is a cell-adhesion molecule (CAM)
and therefore regulates cell-cell interactions in trans. APP, like most CAM proteins, regulate
cell-cell contacts by interacting extracellularly with other CAMs or extracellular matrix
components (i.e., laminin, reelin, etc.) and intracellularly with cytoskeleton machinery. APP is
able to regulate the guidance of the axonal growth cone, the forming and maintenance of
synaptic contacts (Ludewig and Korte, 2017). An important difference between full-length APP
and other CAMs is that APP is found in highly dynamic cellular subdomains like the growth cone
and dendritic spines, whereas other CAMs (ie., cadherins, integrin B1, etc) are forming more
stable, tight adhesions. The role of APP in spine dynamics is directly linked to synaptic
plasticity (Hick et al., 2015; Korte et al., 2012; Ludewig and Korte, 2017). In fact, KO mice for
APP have a deficit in synaptic plasticity, mainly in LTP, that becomes evident with age, while no
changes are seen at young ages (Ring et al., 2007; Seabrook et al., 1999). It is important to
notice that there are two mammalian homologous of APP, APP-like 1 (APLP-1) and APP-like 2

(APLP-2). The three homolog forms show high structural conservancy and high functional
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redundancy. One explanatio for the lack of phenotype at young ages is function compensation
given by the redundant APLP2 (the isoform with the highest degree of sequence homology with

APP).

APP has physiological roles as a full-length protein and also the different proteolytics fragments
product of secretase cleaving have different functions. APP can be cleaved by 4 different
secretases: a-, B-, y- and n-secretase, giving rise to different proteolitic pathways and products.
In the figure below, we see three possible pathways for APP cleaving: n-secretase pathway,
non-amyloidogenic pathway dependent on a-secretase and the amyloidogenic pathway,

dependent on B- and y-secretases to produce AB species.

It has been proposed that presynaptically located APP can have roles in synaptic vesicle
release and short-term plasticity (Korte et al., 2012). APP also interacts with vesicle proteins like

Rab, AP2, synaptotagmin and clathrin, among others (Ludewig and Korte, 2017).
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Proteolytic processing of APP. Full-length APP can be processed by different sequential
combinations of a-, B-, n-, and y-secretases (arrows indicate cleaving sites), giving raise to three
different pathways. On the left, it is shown the n-secretase processing of APP. First, n-
secretase cleavage releases the soluble APPsn, while CTFn remains in the plasma membrane.
CTFn is further processed by a- or B-secretase generating An-a or An-fB. Resulting of the
cleavage of CTFn y-secretase yields the APP intracellular domain (AICD) containing the highly
conserved interaction motif (YENPTY, yellow box) or the short extracellular peptides AB (red)
seen in the amyloidogenic or p3 (red) within the non-amyloidogenic pathway. The non-
amyloidogenic pathway shown in the middle, is driven by the action of a-secretase liberating
APPsa in the extracellular space. Subsequently processing of membrane tethered CTFa by y-
secretase generates the p3 peptide and cytoplasmic AICD. The right panel illustrates the
amyloidogenic processing of APP, led by B-secretase resulting initially in the release of the
APPsB ectodomain. Next, y-secretase makes a second cut of the membrane tethered CTFf

and the AB peptide is secreted along with AICD to the cytoplasm.
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3.3.3. 0AB: isoform, agreggation status and concentration.

When referring to AR species, it is important to notice at least three different characteristics:
isoform, agreggation status and concentration used. Experimentally, has been shown that
biological effects can vary notably depending on these factors (Gulisano et al., 2018; Puzzo et
al.,, 2012). Next, an explanation on the differences his characteristics make on toxicity and
correlation to cognitive impairment, as well as a rationale for the use of AB;.4, oligomers in the

experiments of this thesis.

0ARB, is a term used to describe soluble subproducts of the amyloidogenic cleavage of APP.
Particularly, soluble products ranging between 2-12 peptides (Ballard et al., 2011). During
many years the main focus of research was on the amyloid plaques. The study of oligomeric
species of AB became relevant after the realization of the poor correlation existent between
fibrillar plague deposits and cognitive impairment in both animal models and AD human patients
(Esparza et al., 2013) . On the other hand, soluble oAB show a high correlation with cognitive
decline (Benilova et al., 2012; Lue et al., 1999; Tomic et al., 2009). A study comparing post-
mortem cortex lysates from non-demented patients with AR plaque pathology and AD patients
with AB plaque pathology (Esparza et al., 2013). Interestingly, this study showed that even
though the two groups of patients had equivalent AR plaque pathology, only in the AD group
there was a high correlation (r = 0.88) between AP oligomer concentrations and Af plaque
coverage, whereas in the non-AD AB plaque group, there was a very weak correlation (r = 0.30)
(Esparza et al., 2013). Meaning that despite both groups having AB plaques, only in the AD
group the concentration of oAB was higher. For this reason, we will focus on the study of

soluble oligomeric forms of AR and not, for instance, fibrillary forms.

Now, the isoform of oligomeric AB species can vary greatly. A study, using high-resolution
mass spectrometry in post-mortem frontal cortex of six confirmed cases of AD found a diversity
of 26 different AB proteoforms (Wildburger et al., 2017). Interestingly, the canonical forms of
AB1.40 and AB14> were present in samples from all patients with ABi4, presenting the highest

relative abundance (Wildburger et al., 2017). It is precisely this proteoform, AB,.4, that will be
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used on this thesis. Although, it is important to notice that other forms of soluble AB have also

shown toxicity, specially AB1.40 (Lue et al., 1999) has been also widely used in experimentation.

Finally, the concentration of 0AB,, used is probably hardest to define. It is of course, desirable
to use a concentration closer to the patophysiological concentrations found in AD patients. In
this regard, the most reported measurements correspond to oA in cerebrospinal fluid. Even
though it can be very helpful marker of AR levels in the brain, the truth is that it does not shade
light on the actual concentration of AB in the brain parenquima, concentration to which neurons

are being subjected to.

This subject will be further analyzed in the results and discussion sections.

3.3.4. oA affect synaptic plasticity, the AMPAR view

Synaptic plasticity is greatly affected in hippocampal neurons treated with oAB. Although oAB
cannot fully account for the etiology of AD, evidence in the last decades agrees on the
relevance of oAB accumulation as a hallmark for AD (Dinamarca et al., 2008; Lacor et al., 2004;
Walsh and Selkoe, 2007). Recent work proposes that oAB generate early synaptic failure and
synaptotoxicity leading to neuronal death and progressively, cognitive loss. Also, it has been
reported that oAB could be accountable for generating other hallmarks of AD, like neurofibrillary
tangles caused by tau hyperphosphorylation (Jin and Selkoe, 2015) and can lead to tau

mislocalization (Miller et al., 2014).

How do oAB cause synaptotoxicity?, there is no definitive and single answer. Among the many
effects observed after oAB exposure into hippocampal neurons are: mitochondria damage
(Paula-Lima et al., 2011), pore opening in the plasma membrane (Arrdzola et al., 2017),
AMPARs endocytosis (Hsieh et al., 2006; Jin and Selkoe, 2015), over-activation of NMDA
receptors and calcium homeostasis deregulation (Shankar et al., 2007), decrease in density and
maturity of dendritic spines (Wu et al.,, 2012), decrease in excitatory currents (Cerpa et al.,
2008a; Dinamarca et al., 2008), LTP impairment (Shankar et al., 2007; Townsend et al., 2006;

Walsh et al., 2002) and many others.
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In fact, at least a couple of publications have described how human derived oA, from AD
patients, can directly inhibited LTP, when injected into rat brains and tested in-vivo (Shankar et
al., 2008; Walsh et al., 2002). Probably giving the most crucial proof in favor of the amyloid
hypothesis as the trigger of AD pathology. Moreover AR producing cells were treated with a y-
secretase inhibitor, to decrease the production of oAB and favor monomeric AB in the cell
medium. When the conditioned media was injected into the rat brains, LTP was no longer

disrupted (Walsh et al., 2002) .

It has been widely reported, that oA cause endocytosis of AMPARSs (Hsieh et al., 2006; Miller
et al., 2014; Mifano-Molina et al., 2011). Particularly, oAB4, induces a calcineurin-dependent
dephosphorylation of S845 residue in GIluAl, causing endocytosis of AMPARs (Miller et al.,
2014).

Not only calcinuerin is affected by oAB, also, the activity of CaMKIl can be jeopardized by it. It
has been found that in animal models for AD, the amount of CaMKII clusters is lower and the
same happened in in-vitro treatments with oAB, leading to endocytosis of AMPARs and a
decrease in AMPA current density (Gu et al., 2009). Under different experimental conditions, it
has been proposed that AB-dependent synaptotoxicity is in fact an NMDA-dependent
metaplasticity phenomena involving AMPAR desestabilization (Opazo et al., 2018) . The
proposed mechanism is as follows: within 30 min of treatment with oAB a NMDAR-dependent
activation of CaMKIl occurs, specifically through GIUN2B subunits. This initial and fast CaMKI|I
activation occludes new the further activation of new rounds of CaMKIl (Opazo et al., 2018). A
metaplasticity response causes AMPAR desestabilization and a decrease in dendritic spine
volume, the precise mechanism causing this final effect, remains to be solved (Opazo et al.,

2018).

3.4. Wnt signaling

Whnt ligands are glycoproteins, members of a wide family of morphogenes involved in cellular
organization. They were first discovered in the Drosophila melanogaster and initially, their role
was thought to be exclusively on the pattern formation of the antero-posterior axis in

development. Wnt signaling is highly conserved in the animal kingdom. In rats and humans, for
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example, there are 19 different Wnt ligands and 10 Frizzled receptors, with orthologue pairs and
share ~94% amino acids (Bjarnadottir et al., 2006). In recent years, there has been a novel
interest in studying the roles of Wnt signaling at postnatal stages. Particularly, the study of Wnt
signaling on adults has focused in cancer research and in the postnatal maturation and
maintenance of neurons in the CNS. Nowadays, we know that Wnt signaling plays a role in
processess, as diverse as: adult neurogenesis in dopaminergic (Andersson et al., 2013),
cerebellum (Subashini et al., 2017) and hippocampal neurons (Lie et al., 2005; Okamoto et al.,
2011), dendritic spine growth (Ciani et al., 2011) and dendritic maintenance (Chen et al., 2017),
clustering of PSD95 (Ciani et al., 2011; Farias et al., 2009) and of other synaptic proteins like
Bassoon (Gogolla et al., 2009; Varela-Nallar et al., 2009) , vGlutl (Varela-Nallar et al., 2009)
and SynGAP (Codocedo et al., 2015) to mention a few. Wnts can also modulate synaptic
activity, it has been reported they play a role in presynaptic neurotransmitter release (Cerpa et
al., 2008b), increase in glutamatergic currents (Cerpa et al., 2010a) and LTP activity (Cerpa et
al., 2011, 2015; Ciani et al., 2011) and it has also been involved in neuroprotection (Cerpa et

al., 2010a; Zhang et al., 2015b).

Next, information regarding the biogenesis of mature Wnt ligands, their release and the effects

of different Wnt signaling pathways on the mature CNS, will be addressed.

3.4.1. Biogenesis and post-translational modification of Wnt ligands

There are 19 different Wnt ligands in humans. In general, Wnt ligands are composed of around
350-400 aminoacids with a molecular weight of ~40-45 kDa, with 23 conserved cysteine
residues in their N-terminal domain, allowig for intramolecular disulphide bonds to form

(Rijsewijk et al., 1987).

Wnt proteins suffer from different two post-translational modifications (PTM), that are key for
their secretion and posterior binding to Frizzled receptors. N-glycosilation and palmitoylation,
the addition of palmitate or palmitoleic acid (Komekado et al., 2007; Kurayoshi et al., 2007).
Once these two PTM occur, Wnt proteins are considered to be mature and can be refered as

Whnt ligands. Wnt proteins are translated in the ER and immediately after translation, they suffer
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PTM (glycosylation and palmitoylation) directly at the ER. In charge of catalising the
glycosylation and palmitoylation of newly synthesized Wnt proteins, is Porcupine, an eight
transmembrane domain protein, resident of the ER and member of the membrane-bound-O-
acyl-transferases family (Herr et al., 2012). Both modifications are independent but it has been
described that glycosylation follows palmitoylation (Komekado et al., 2007). The role of
glycosylations is unclear, but is generally accepted that unglycosylated Wnt proteins are
retained in the ER, thus are not secreted (Komekado et al., 2007). Also, it has been described
that glycosylation plays a role in Wnt ligand binding to its Frizzled receptor. More conclusive
evidence shows the fundamental role of palmitoylation in ligand secretion and enhancing their
ability to bind to Frizzled receptors and co-receptors (Komekado et al., 2007). Porcupine
palmitoylates Wnt3a proteins at least at two different residues, Cys77 and Ser209, this action
has found to be crucial for the secretion of Wnt ligands (Komekado et al., 2007; Takada et al.,
2006). In the case of Wnt5a, Cys104 residues are palmitoylated and several asparagine
residues get glycosylated (Kurayoshi et al., 2007). Different Wnt proteins may have different
palmitoylation sites, but the overall mechanism and function, its the same. Either, Porcupine
mutations or site specific mutations on the palmitoylation residues are associated with
intracellular accumulation of Wnt protein (Takada et al., 2006).

Once PTM are completed, Wnt ligands continue the secretory pathway and migrate to the Golgi
Apparatus. There, mature Wnt ligands bind to Wntless, a transmembrane protein essential for
the secretion of Wnt ligands found associated with plasma membrane at the Golgi Apparatus. It
is considered to be a Wnt transpoter protein. The Porcupine-dependent palmitoylation step
previously described seems to be a prerequisite for Wnt binding to Wntless (Komekado et al.,

2007).

Whnt ligands can be secreted into small vesicles, probably exosomes (Gross et al., 2012), which
would allow Wnts to travel longer distance and not interacting with extracellular matrix
components like heparan sulfate proteoglycans, which due to their highly lipidic mature form, is
very likely to happen. Nonethelesss, Wnts can also act on a shorter range distance, suggesting

that could be also be released from their binding to Wntless, therefore the plasma membrane
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and be secreted freely. When this happens, usually Wnt ligands act in a short distance

paracrine or autocrine manner.

Extracellular space . .
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from The Wnt homepage (https://web.stanford.edu/group/nusselab/cgi-bin/wnt/node/263) by Roel Nusse.

The secretory pathway of Wnt ligands. Upon translation at the ER, Wnt proteins (in yellow)
suffer a series of post-translational modifications. The first one being the addition of lipids, which
occurs also at the ER and it is catalyzed by the enzime Porcupine. The palmitoyltransferase
activity of Porcupine, adds a palmitate (lipid) group to the protein. Following on the secretory
pathway, the lipid modified Wnt (palmitated) will continue into the Golgi Apparatus where only
lipid-modified Wnts will bind to the membrane-bound Wntless protein. Wnt and Wntless will
remain attached together into secretory vesicles, or Wnt ligands will be freely-secreted into the

extracellular space.
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3.4.2. Wnt Pathways

Whnt signaling can be roughly divided in two different pathways, noting that this classification is
not straight forward due to the variable interactions of Wnt ligands with different receptors and
co-receptors. The first one, called canonical Wnt pathway, can be subdivided depending on the
requirement of B-catenin and consequent activation of gene transcription (B-catenin
dependent), or the activation of the Wnt/mTOR or Wnt/STOP pathways, the first one leading to
increased protein synthesis and the second one to protein stabilization. On the other hand, the
non-canonical Wnt pathway can be subvided into Wnt/Ca**, which increases intracellular Ca**
concentrations from internal stores and activates CaMKIl, PKC and the phosphatase
calcineurin. The other branch of the Wnt non-canonical pathway is the Wnt/Planar Cell Polarity
(PCP), also refered as Wnt/JNK, and causes activation of a plethora ot small GTPases like
Racl, Daam1/2 and ROCK, and leads to cell polarity and survival. There is evidence arguing for
a loss on the regulation and balance between canonical and non-canonical Wnt signaling in the
early stages of AD. And has even been proposed that a deregulation in the Wnt pathway

triggers the onset of the disease.

In all cases, a Wnt ligand binds to a Frizzled receptor and this binding favor the coupling of a
co-receptor, forming a signaling complex. At least 5 families of co-receptors have been
described. LRP5/6 is related to canonical signaling whereas Ror1/2 or Ryk1, are related to non-
canonical signaling, as depicted on the figure below. It has been proposed then, that co-
receptor binding to the Wnt-Frizzled complex, will confer specificity to the downstream response
and add regulatory mechanisms for the fine tunning of responses (Verkaar and Zaman, 2010).
More recently, new co-receptors has been discovered, like: PTK7, RYK and heparan sulphate

proteoglycan (HSPG)(Niehrs, 2012; Verkaar and Zaman, 2010).
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The Wnt signaling pathways. The Wnt signaling pathways can be divided into two main
branches, canonical (GSK-3p3 dependent) and non-canonical (GSK-33 independent). In the
canonical, binding of a Wnt ligand causes internalization of the Frizzled (Fz) receptor and co-
receptor (LRP5/6), forming an intracellular signalosome that binds GSK-38 and disassembles
the constitutively active B-catenin destruction complex, allowing cytoplasmatic B-catenin
accumulation. Next, B-catenin migrates to the cell nucleus and binds to TCF/LEF transcription
factors, favoring the transcription of Wnt-target genes. The second branch of the canonical
(GSK-3B dependent) Wnt pathway is 3-catenin independent. It diverges from the signalosome
and leads to proteosome inhibition and Stabilization Of Proteins (Wnt/STOP). Also, can cause
the inhibition of TCS2 which will lead to activation of TORC1 and an increase in protein
synthesis (Wnt/mTOR). Non-canonical pathways are independent on GSK-3p3 and B-catenin
action. The co-receptor can be either Rorl/2 or Ryk. In the wnt/Ca** signaling, Fz receptor
activation leads to G-protein and PLC activation, which will cleave PIP, into DAG and IP3, This
will activate 1P3 receptors in the rugose endoplasmic reticulum (RER) allowing Ca” release. The
increase in cytoplasmic Ca®* activates kinases like CaMKIl and PKC or the phosphatase
calcineurin. CaMKII activation, into successive steps (dashed line), leads to the activation of the
transcription factor CREB and consequent gene transcription. Finally, activation of the non-
canonical Wnt/PCP pathway acting on small GTPases like RhoA and Racl, activates kinases

like ROCK, MAPK and JNK to cause cytoskeleton rearrangements and cell survival.
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3.4.3. Wnt signaling in the mature central nervous system

Since the discovery of Wnt signaling, as a crucial developmental signaling pathway, much of the
focus was put in its role in embryonic patterning formation. However, in the last decade a new
interest on the roles of Wnt signaling in the central nervous system, and Particularly in the

already formed, mature CNS, has come to light (Oliva et al., 2018).

That is how it is clear now that Wnt ligands continue on playing a fundamental role in adult
stages and throughout the entire lifespan of an animal. Particularly, in the mature CNS, Wnt
signaling is key on regulating neurogenesis (Schneider et al., 2016; Yao et al., 2016),
maintenance of dendritic arborization (Chen et al., 2017), neurotransmitter release (Cerpa et al.,

2008b; Ciani et al., 2015), among many other functions that are listed in Table 1.

Most of the evidence that will be presented comes from in-vitro experimentation, which in many
cases has found in-vivo confirmation. In any case, increasing evidence, specially in the last few

years, converge on the relevance of Wnt signaling in the physiological functioning of the CNS.
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Table 1. Reported effects of Wnt ligands in the adult central nervous system

Ligand

Effects

Cell Type/TissuefModel

Pathway

Wntl

Wnt2

Wned

Wnt3a

Wnt5a

Wnt7a

Favors neurogenesis
Protects against oxidative stress

Protects against
neurodegeneration
Necessary for neurogenesis

Mediate antidepressant effect
Dendritogenesis and spinogenesis

Mediates antidepressant effect
Promotes neurogenesis

Increases basoon clusters

Increases vGlutl clusters
Increases synaptic vesicle release
Regulates oscillatory activity
Favors neurogenesis

Induces exosome secretion
Counteracts proinflammatory

lipopolysaccharides

Regulates inhibition of mPTP
opening

Increases clustering of PSD95

Increases clustering of SynGAP

Stimulates synaptic differentiation

Increases AMPA and NMDA
currents

Increases fEPSP transmission

Protects against AP oligomers
synaptoxicity

Modulates NO production

Increases dendritic spine density

Favors dendritic maintenance/
plasticity

Recycling of functional GABA
teceptors

Long-term information storage

Prevents memory impairment

Regulates oscillatory activity

Favors neurogenesis

Differentiation, axonal growth,
and repulsion

Promotes dendritic spine growth

Adult midbrain SC (in vivo) /progenitor
neurons (in vitro)

Hippocampal neurons (in vitro)/rats (in
vivo)

Dopaminergic neurons/substantia nigra

Midbrain dopaminergic neurons (in
vitro)

Ventral hippocampus
Cortical neurons (in vitro)

Ventral hippocampus
Dentate gyrus

Hippocampus (in vivo)/hip pocampal
neurons (in vitro)

Hippocampal neurons (in vitro)

Hippocampal neurons (in vitro)

mECx-CA1-CA3 (ex vivo)

Midbrain dopaminergic neurons (in
vitro)

Microglia (in vitro)

Microglia (in vitro)

Isolated mitochondria from
hippocampal slices (in vitro)

Hippocampal neurons (in vitro)
Hippocampal neurons (in vitro)
Hippocampal neurons (in vitro)
Hippocampal neurons (in vitro)

Hippocampal neurons (in vitro)
Hippocampal neurons (in vitro)

Hippocampal neurons (in vitro)
Hippocampal neurons (in vitro)
Hippocampal neurons (in vitro)

Hippocampal neurons (in vitro)

Hippocampus (in vivo)

Rats (in vivo)

mECx-CA1-CA3 (ex vivo)

Midbrain dopaminergic neurons (in
vitro)

Midbrain dopaminergic neurons (in
vitro)

Hippocampal neurons (in vitro)/
hippocampus (in vivo)

Canonical (B-catenin)
Canonical (B-catenin-Akt)
Canonical (P-catenin)

Canonical (B-catenin)

Canonical (B-catenin)
nd.

Canonical (B-catenin)
Canonical (B-catenin)

Canonical (B-catenin)

Canonical (B-catenin)

Canonical (B-catenin)
nd.
nd.

Noncanonical (nd.)
nd.

Canonical (B-catenin)
mitochondrial GSK-3p

Noncanonical (JNK)
Noncanonical (nd.)
Noncanonical (CaMKII)
Noncanonical (CaMKII)

Noncanonical (CaMKII)
Noncanonical (nd.)

Noncanonical (Ror2)
Noncanonical (Ca*, nd.)
Noncanonical (CaMKII)
Noncanonical (CaMKII)
nd.

nd.

nd.

nd.

nd.

Non-canonical (CaMKII)

(continues on next page)



Induces synapse formation

Increases clustering of PSD93

Vesicle cycle

Modulates o7-nAChR.
expression/localization

Increases clustering of vGlut

Increases clustering of
Synaptophysin

Long-term information storage

Induces clustering of bassoon

Hippocampal neurons (in vitro)

Hippocampal neurons (in vitro)
Hippocampal neurons (in vitro)
Hippocampal neurons (in vitro)

Hippocampal neurons (in vitro)
Hippocampal neurons (in vitro)

Hippocampus (in vivo)
Hippocampus (in vivo)

39

Canonical (B-catenin-cyclin
D1)

Canonical (B-catenin-NGN2)

Noncanonical (CaMKII)

Noncanonical (CaMKII)

Noncanonical (CaMKIT)
nd.

nd.
nd.

(Wnt7a/b)

Modulates excitatory
neurotransmitter release

Increases clustering of synapsin 1

Induces stem cell proliferation

Induces neural stem cell
maturation

Hippocampus (ex vivo) Canonical (B-catenin)
Cerebellar neurons nd.

Ventral midbrain and dentate gyrus Canonical (f-catenin)
Dentate gyrus Canonical (f-catenin)

Wnt7b
Promotes dendritic growth
Induces clustering of VAMP2
Induces clustering of Bassoon

Hippocampal neurons Noncanonical (Rac-JNK)
Maossy fibers nd.
Mossy fibers nd.

from (Oliva et al., 2018)

In this thesis, we will focus on the role of Wnt5a in hippocampal neurons, where it acts as a
non-canonical Wnt ligand (Varela-Nallar et al., 2010) . Cumulative evidence suggests that
Wnt5a has an important role in the normal development, maturity and maintenance of
hippocampal neurons. But also has the ability to cause synaptic- and neuroprotection against

OAB.

3.5. Wnt5a and its neuroprotective role against oA

Wnt5a is a member of the Wnt ligands family and has been unequivocally described as an
activator of the non-canonical Wnt pathway in hippocampal neurons. Therefore, several studies
by us and others, have studied the roles of Wnt5a in the organization and maturation of
postnatal and adult hippocampal activity. Within the rat and human brain, Wnt5a is highly
expressed in hippocampus and it is the only non-canonical ligand expressed at detectable
levels (Allen Mouse Brain Atlas webpage). In contrast, Wnt3a and Wnt7a which are also
expressed in the hippocampus, but are considered to act mainly as canonical Wnt ligands.
Interestingly, in mouse and rat hippocampus, Wnt5a is expresed only from postnatal stages,

between P7-P10, with parallel expression of important synaptic proteins, and not earlier in
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development (Chen et al., 2017). Once expressed, Wnt5a is present throughout the entire
lifespan of animals (Chen et al., 2017; Varela-nallar et al., 2010).

Studies show that in hippocampal neurons, Wnt5a increases miniature excitatory postsynaptic
currents, both for AMPAR and NMDA receptors (Varela-Nallar et al., 2010), promotes the
clustering of PSD95 (Farias et al., 2009) and SynGAP (Codocedo et al., 2015), increases de
density of dendritic spines (Ramirez et al., 2016), among other roles described in Table 1. It has
been shown that Wnt5a alone, has a crucial role in synaptic plasticity and structural
maintenance of dendritic arborization (Chen et al.,, 2017). A more recent study showed that
conditional knock-down expression of Wntba in adult mice hippocampus causes severe
memory impairment, which correlates with the decrease in dendritic arborization (Chen et al.,
2017). Demonstrating that Wnt5a, in adult hippocampus, has a functional relevance in
processess of learning and memory. On Table 1 are described the effects of Wnt5a in mature

CNS (Oliva et al., 2018).

Several studies have described a neuroprotective role for Wnt5a against oAB. In-vitro
experiments show that Wnt5a can revert the effects of 0AB42 by recovering: PSD95 clusters,
SynGAP clusters (Codocedo et al., 2015), dendritic spines density, excitatory synaptic currents
(Cerpa et al., 2010a). In hippocampal neurons, Wnt5a activates CaMKIl and JNK, which as
mentioned above are fundamental in the regulation of AMPARs-TARPSs interaction with PSD95
(Opazo and Choquet, 2011; Opazo et al., 2010).Therefore, we reasoned that Wnt5a promotes
the stabilization of AMPARs in rat hippocampal neurons. And by doing so, Wnt5a protects

synaptic organization and functionality, against AB4, oligomers.

In-vivo administration of AB.s.35 oligomers reduce LTP response in hippocampal CAL region,
withouth affecting paired pulse facilitation (PPF). This effect, is blocked when Wnt5a is
administrated before AB.s 35 oligomers. This effects correlate also with a decrease in spatial
learning and memory when animals are treated with AB,s.35 oligomers, which again is reversed
by Wnt5a (Zhang et al., 2015a). Also in-vivo, it has been proof that administrating a mimic of
Whnt5a (Foxy5) through an osmotic pump implanted in the hippocampus of APP/PS1 mice, a

commonly used model for AD, rescue their memory impairment (Vargas et al., 2014).
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3.6. What we know so far

Next, a list of facts, all of them were above mentioned in detail, regarding the two main topics
that this thesis pretends to study and unite. The study of Wnt ligands as modulators of AMPA
receptors is still in its youth, so there is not a great body of evidence that directly links them.
There is, nonethelesss, considerable evidence relating Wnt signaling and excitatory synaptic

transmission.

In the case of Wnt signling and oAB synapto- and neuroprotection, a greater body of evidence

shows that Wnt signaling (mainly Wnt5a) is able to protect from the toxic effects of 0A.

3.6.1. Wnt signaling and AMPA receptors
Not much information exists directly relating Wnt signaling to AMPARs. That's one of the
reasons this research is of novelty and importance to the field. Next, a few bullet points

describing known facts over Wnt signaling and AMPA receptor modulation:

e Wnhnt5a increases the EPSCs of both AMPA and NMDA receptors (Cerpa et al., 2010b).

e Whnt5a increases mEPSCs of both AMPA and NMDA receptors (Varela-Nallar et al.,

2010).

e Whnt7a rapidly promoted synaptic AMPAR recruitment and trapping (Mcleod et al.,

2018).

e Wnt7a increases the presence of extrasynaptic AMPARs, in a CaMKIl and PKA

mediated manner (Mcleod et al., 2018).
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3.6.2. Wnt signaling and oAB-dependent synapto- and neurotoxicity

o 0AB4; significantly reduces AMPA and NMDA currents, with a greater effect on NMDA

currents (Cerpa et al., 2010b).

e Whntba treatments (40 min) occlude the synaptic transmission depression induced by
0AB (Cerpa et al., 2010b). In this case, it was not determined if the protective effect

from Wnt5a was by action (directly or indirectly) over AMPA or NMDA receptors.

e Whntba is able to recover the loss of several synaptic proteins, induced by oAf
treatments. Some of this proteins are: PSD95 (Cerpa et al., 2010b), SynGAP

(Codocedo et al., 2015).

e In-vivo activation of Wnt signaling, through a mimic of Wnt5a, causes memory

improofment in animal mouse model of AD (Vargas et al., 2014).

o Wnt3a prevents oAB-induced mitochondrial permeability transition pore opening in living
neurons. Like this, it prevents mitochondria swelling, mitochondrial membrane potential
loss and cytochrome c release. By preventing this sequence of events, it is proposed

that Wnt3a causes neuroprotection against oAB (Arrazola et al., 2017).

¢ In-vitro experiments have shown that inhibition of Wnt signaling leads to an increase in
the amyloidogenic processing of APP. Thus, linking loss of Wnt signaling to an increase

in oAB content and amyloid depositions (Tapia-Rojas et al., 2016).
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3.7. The problem and the line of attack

Considering the information provided throughout the introduction and what we know about Wnt
signaling in regard to AMPA receptors and 0AB,, (sections 6.6.1 and 6.6.2.), our working
hypothesis is as follows: “Wnt5a causes protection against 0oAB4; by modulating AMPARS

dynamics”.

This thesis presents a study on the mechanism by which Wnt5a is able to cause synaptic
protection against oAB. Throughout this project, we used mainly super-resolution microscopy
techniques, but also biochemical techniques and confocal microscopy. We performed a
sedulous attempt to first study the dynamic of AMPARSs in response to Wnt5a and oA,
independently. Once these responses were characterized, we analyzed the effect of applying
Whntba followed by oAR, to test if there is a preventive effect of Wnt5a. Like this, we discovered
that Wnt5a immobilizes AMPARs and by this means, helps to prevent the effects of AR,

oligomers.
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4. MATERIALS AND METHODS

Molecular Biology
eGFP-Homer 1c plasmid is a gift from S. Okabe (Tokyo University, Tokyo). Coding DNA for
GluAl was first subcloned in the eukaryotic vector prK5 before SEP insertion at its amino-

terminal end by subcloning.

Primary Neuronal Cultures and Transfection

Hippocampal cells of Sprague Dawley embryos E18 were dissected and plated at a density of
75 cells/mm? on poly lysine-coated glass coverslips. Coverslips were placed upside-down over
a layer of astrocytes, to modulate physiological conditions and increase cell growth and viability,
following a Banker protocol. Neurons were transfected at DIV 9-11 with calcium phosphate
method or Effectene (Qiagen, 301427) according to the protocol suggested by the supplier.
Shortly, cDNA and 300 pL buffer solution were mixed with 16 pL of enhancer and 50 pL
Effectene. After every addition, the mix was gently vortexed and left at room temperature for 10
min. On a separate dish, the final mix was added to coverslips and left on incubator (37°C, 95%
0O,) for 50-80 min. Afterwards, coverslips were returned to the original dishes and back to the
incubator. For PALM-STORM experiments, cells were transfected using the Ca2+-phosphate
method (Jiang and Chen, 2006). cDNA constructs used were: 1 ug of Homerl1C::GFP, 0.5 ug

GluAl1-HA and 1 pg of XpH15::mEos. All experiments were performed at 14-16 DIV.

Recombinant Proteins and reagents

Recombinant Wnt5a (645-WN/CF), recombinant Wnt7a (3008-WN/CF) and recombinant sFRP2
(1169-FR/CF) were acquired from R&D Systems, MN. All recombinant proteins were
reconstituted in PBS 1X to a stock solution of 100 pg/mL. rWnt5a was used at a final
concentration of 300 ng/mL, rWnt7a was used at 300 ng/mL or 600 ng/mL, and sFRP-2 was
used at 1 pg/mL or 2 pg/mL. All stocks were stored at -20°C and used within 3 months of
reconstitution. KN93 (Tocris) was pre-incubated for 2h in incubator (37°C, 5% CO,) at 10uM.
Whntba + sFRP2 complex was formed by mixing 300 ng/mL Wnt5a with 1 pg/mL sFRP2 and left

in agitation for 30 min, at 37°C.
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oA preparation

Amyloid-B (AB) protein 1-42 (H-1368, Bachem AG, Switzerland) was dissolved in hexafluor-2-
propanol (HFIP) to 1 mM and let rest at room temperature for 30 min and aliquoted. Tubes were
left under hood, overnight so traces of HFIP evaporate. To remove traces of HFIP, tubes were
taken to SpeedVac and dry down for 1 h. Dried peptides were stored at -20°C until use. One
day before experimentation, the pellet is dissolved in DMSO, mixed carefully with pipette and
sonicated for 1 min. Finally, Neurobasal medium is added to a final concentration of 100 uM,
vortexed and incubated for 24 h at 4°C to allow oligomerization. oA3 were used at 1 yM or 5 yM

with a calculated final concentration of DMSO <0.002%.

Co-immunoprecipitation and Western Blot

Hippocampal cells of Sprague Dawley embryos E18 were dissected and plated at a density of
7500 cells/mm?. For co-immunoprecipitation, cells were washed with PBS and lysed in ice cold
HEPES lysis buffer, supplemented with EDTA, phosphatase and protease inhibitors.
Afterwards, the lysate was centrifuged for 15 min at 14.000 rpm, 4°C and the supernatant was
collected. Twenty microliters of beads was added to the lysate along with 0.5 pL of anti-PSD95,
the mix was left incubating in slow rotation for 2 h at 4°C. Washings were performed on the
same lysis buffer used previously, all supernatant is carefully removed. Loading buffer 2x is
added to the final sample and heated at 95°C for 5 min and loaded into a 10% acrylamide SDS-
PAGE gel. Non-denaturing gel was run without adding SDS, B-mercaptoethanol or heating
samples. Tris-tricine gel was run to separate A species. Primary antibodies used are: Wnt5a
(Abcam, ab72583), PSD95 (Neuromab, clone K28/43), GluA2 (Neuromab, clone L21/31),
GIuN2B (Neuromab, clone N59/36), CaMKIl (Santa Cruz, SC5306), pCaMKIl (Santa Cruz,
SC32289), JNK (Santa Cruz, SC474), pJNK (Cell Signaling, #9251S), 6E10 (BioLegend,
S803004) and tubulin (Santa Cruz, H235). Bands were quantified by pixel density using ImageJ

(NIH).

Live-stainning, immunofluorescence and epifluorescence imaging
After super-resolution imaging, coverslips were removed from the Ludin chamber and placed on

a droplet of Tyrode-1% BSA for 2 min in incubator (37°C, 95% O,). Following, neurons were
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incubated on GIuA2 antibody (1:500) in Tyrode-1% BSA, for 6 min in incubator conditions.
Excess antibody was removed by washing in a droplet of Tyrode-1% BSA, for a few seconds.
Once live-stainning protocol for GIuA2 was ready, cells were fixated in freshly prepared PFA
4%-Sucrose 4% and rinsed in PBS 1X. Cells were washed with 50 mM PBS-NH,CI for 10 min in
order to quench the reactive aldehyde groups, and rinsed with PBS 1X. Blockade was made
with PBS-1% BSA for 30 min at room temperature. Permeabilization was done using PBS-0.3%
Tx-100 for 5 min. Primary antibodies PSD95 (1:500) and VAMP2 (1:2000) were incubated for
60 min at room temperature. Then, rinsed with PBS 1X three times and blocked with PBS-2%

BSA for 30 min.

Secondary isotope-specific antibodies were incubated (1:500) for 30 min at room temperature.
For STORM samples, a second blocking step is done with PBS-1% BSA for 30 min. After
secondary antibody incubation, a second fixation is done with PFA 2%-Sucrose 2%. Finally,
neurons were rinsed with PBS 1X, distilled water and kept on PBS 1X at 4°C for STORM. For
DM5000, neurons were mounted in slides with Fluoromount G-DAPI and kept overnight on a
dark chamber at room temperature. Within a week, images were acquired in microscope or a
DM5000 epifluorescence microscope. For the latter, a 63x oil immersion objective was used, 8-
10 steps of 0.2 um in z-axis were obtained. Images were passed by StackReg plugin for ImageJ
(NIH), to correct any possible drift on the z-stack images. For co-localization analysis the plugin
Just another Co-localization Plugin (JaCOP) (Bolte and Cordelieres, 2006) was used and for
synaptic contacts the plugin SynapcountJ, running in ImageJ. JaCOP allows the gathering of
different co-localization parameters like: Mander’s coefficients 1 and 2, ICA, R, Pearson’s
coefficient, among others. All of these coefficients measure the co-localization of two labelings,
and they have their advantages and drawbacks. We used Mander’s coefficient, which integrates
in its algorithm Pearson’s coefficient as a correlation measurement, but allows easier
interpretation of the results (Dunn et al., 2011). Mander’s overlap coefficient (MOC), as is

formally known, is calculated as follows:

(R xG)
\ EeRr: = Ef G‘r2

MOC =
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Where, Ri and Gi refer to the intensity values on the red and green channel, respectively.
MOC measures the fraction of pixels with positive values for both channels. MOC values range

from 0 to 1, 0 being no co-localization and 1 reflecting 100% co-localization.

uPaint microscopy

Throughout this thesis work, the use of super-resolution microscopy has been a fundamental
part of the experimentation. Particularly, a technique called universal Point Accumulation in on
the Nanoscale Topography (uPaint) developed by. This technique combines two type of
microscopy; Photoactivated Localization Microscopy (PALM) and Total Internal Reflection
Fluoroscence Microscopy (TIRFM). Next, a short explanation of both microscopy techniques
(PALM and TIRF) will be presented individually. Following, a specific description of the uPaint

technique, data analysis and results interpretation, will be explained.

Super-resolution microscopy techniques, do not break the resolution limit; the size of a incident
laser wavelength cannot be changed, and that is the ultimate limit for light microscopy,

according to:

0611
Ty = NA

(Equation 1)
Where: r is the resolution limit on the x,y axis; A is the incident light wavelenght; NA is the

numeric aperture of the lens.

What super-resolution microscopy does, is to bend the resolution limit through clever
techniques. In PALM microscopy, a subset of fluorophores is stochastically switch from an on to
an off state. This allows that at a certain time point, the distance between two on-state
fluorophores is higher than the resolution limit. Like this, each point can be individually located
and mathematically corrected by the Point Spread Function (PSF). A large amount of individual
particles are obtained over time and summated into one reconstructed super-resolved image.
This reconstruction takes into account the particular Point Spread Function (PSF) to
mathematically correct the size and location of the fluorescent particle and therefore, increase

the resolution of the image.
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TIRF microscopy was first developed by in . Its principle is the use a critical angle, called TIRF
angle, in which the incident illumination over the sample, mediums with different refraction
indexes, allows the formation of an evanescent wave. The evanescent wave allows for a small
size of the sample, in proximity with the interface between glass and sample, to receive part or
all the light in a small section. Usually, this allows to visualize into 100-200 nm deep of a
particular sample. This feature increases the signal-to-noise ratio, allowing better detection and
resolution, overall cleaner images. For this reason, TIRF microscopy is widely used to observe

particles in the plasma membrane.

The uPaint technique uses PALM and TIRF in conjugation to obtain live labeling at super-
resolution in plasma membrane proteins. A main difference between uPaint and other super-
resolution techniques is that labeling itself is performed at low density and therefore, the
detection will be at low density as well. Instead, in techniques like PALM and STORM, the
labeling is performed at high density, but due to the use of photoswitchable dyes, detection can
be performed at low density. The combination of these techniques results in the following
advantages:
1. The longest observation time of individual probes, allowing recordings of minutes
tracking the same population of receptor.
2. Versatility of endogenous molecules labeling, since the labeling system basically
depends on a primary antibody coupled to a fluorescent dye.

3. No need of photoswitchable dyes, which can be toxic and harder to produce.

Once the acquisitions are obtained, the offline analysis is as follows:

Trajectories are reconstructed by connecting single particle detections from consecutive frames.
In order to avoid false positives, individual particles are detected for a minimum of ten frames
are included in into the analysis, the ones not complying to this parameter are not considered
for analysis. All trajectories are summed into one super resolution reconstructed image. To

identify the position of each single particle at any given time, the following equation is used:

T(xy) = lpexp — X0y * 57 yo (Equation 2)

2¢0?
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Where : |y is the amplitude of the Gaussian; o is related to the Full Width at Half Maximum
(FWHM) if the diffraction pattern by FWHM = 2.35 o; the parameters x, and y, set up the central

position of the located spot.

Mean Square Displacement (MSD), measures the area covered by a single particle in a fixed
time frame (500 milliseconds). Normally, a freely diffusing particle with no constrictions but
temperature (like in brownian movement) shows a linear MSD behaviour, while particles with
regulated diffusion display a curved MSD, reaching a plateau over time. Therefore, the more

confined the particles are, the lower the MSD curve.

2
_n [x((@+n)= At)— x(ixA8)] "+ [y((i+n)*At)— y(ixAt)]?
MSD(n,At) — Zé\/:{l[ ( ) ]N_n ( )

(Equation 3)

uPaint microscopy (Giannone et al., 2010) was used to detect and track exogenous GIuAl or
endogenous GIuA2 subunits, in single molecule tracking. Neurons were imaged at 37°C in a
Ludin chamber (Life Imaging Services, Basel, Switzerland) in a caged microscope, and bathed
on Tyrode extracellular solution (15 mM D-glucose, 108 mM NaCl, 5 mM KCI, 2 mM MgCl,, 2
mM CaCl,, 25 mM HEPES; pH adjusted to 7.4, 280 mOsm) and mounted in an inverted
motorized PALM microscope (Nikon, Tl-eclipse) equipped with a NA plan-achromat 100x 1.49
NA oil immersion objective and a perfect focus system, mounted on an anti-vibrational table
(TMC, USA). Laser diodes of 488 nm and 642 nm, were used. Images were acquired in total
internal reflection (TIRF; llas, Roper Scientific, Evry, France) configuration, to manipulate tha
illumination angle. Signals were detected with an EMCCD camera (Evolve, Roper Scientific,
Evry, France). With the 488 nm laser, detection of Homerlc::eGFP allowed to identify synapses
and segment according to the labeling of the tagged postsynaptic marker. Within the dendrite,
those regions lacking Homerlc:eGFP were considered to be dendrites.Anti-SEP antibodies
were used to detect GIuA1-SEP molecules. Anti-GIuA2 was in-house made and a gift from Dr.
Eric Gouaux (Portland, USA). All antibodies were coupled to Atto-647N-NHS-ester (Atto-Tec,
Siegen, Germany). Single-molecule fluorescent spots were localized in each frame and tracked
over time. Metamorph software (Molecular Devices, CA, USA) was used for acquisition and

analysis of images. A total of 8000 frames with an exposure time of 20 ms, were obtained per
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cell. The pointing accuracy, a measurement of the precision on locating the detected points,
was calculated as ~50 nm PALM tracer, a plugin running with Metamorph, was used to derive

quantitative data on protein localization and dynamics.

Reliable data analysis depends on a good signal/noise ratio. For this reason, with the help of
PALM Tracer, a threshold is manually set up to determine signal from background. Gaussian
fitting is used to detect particles on each frame of the acquisition video. Also, a watershed
algorithm is used to discriminate close particles and identify them as singles. Once single
particle detections are done, trajectories are reconstructed by connecting detections from one

image to the next.

As a result of the analysis on Metamorph, not only we obtain a super-resolved image of the
trajectories of AMPARSs. Also, we obtain a file with the diffusion coefficient (D, pmzls) which is

the area that a given patrticle travels, per second. We can also obtain the MSD of each particule.

Next, a brief explanation on how each of the paramenters and graphs are obtained. Also, how

to interpret the results.
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LogD histogram: off-line analysis by calculating LogD and their relative frequency compared to
the LogD of the entire population of particles gives an histogram (frequency %) of LogD of

AMPARs dynamics for a given condition, depending on the experimental approach. From this

histogram, different analysis can be made:
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Completely immobile : corresponding to the % of AMPARSs that have a LogD equal to
-5, in the far left end of the LogD histogram. Meaning that those AMPARs move
0.00001 pm?/s. And therefore are considered to be immobile. Biologically, this means
that during the entirety of the recording (around 2 min) those AMPARs were completely
immobile, probably anchored to a protein. It is graphed separately for better

understanding.

Mobility fraction: by calculating the area under the curve (AUC) of the less mobile
population of AMPARs (AUC1), from the more mobile population of AMPARs (AUC2)
and obtaining the relation between AUC2/AUC1, the mobility is obtained. This
parameter is a good representation on the behavior of the entire population of AMPARS

and allows a simple comparison between two conditions.

Trajectories: Quantifying and graphing the amount of trajectories detected is important
because it gives a good idea on the efficacy on the antibody binding. Also, by comparing the
change on the amount of trajectories, we can have an idea if we have more or less labeling
between two time points on the same experiment. In general, it is not desirable to have a
significant increase or decrease on the detected trajectories. This could an artifactual effect or a
biological response that would mask the effect on membrane dynamics of AMPARs and lead to
incorrect interpretation. Due to the high amount of detections, trajectories are graphed in

thousands (x1000).

Data Analysis and Statistics

All experimental data is presented as mean + SEM. For statistical analysis, Prism GraphPad 7.0
was used. Grubb’s test was used to detect outliers in data sets. t-test was used to determine
differences between two conditions. One-way ANOVA was used to determine differences in the
mobility between three or more groups. In all cases a minimum of 3 independent experiments
were performed and n represents the number of total replicates. The significance value used

was *P<0.05.
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5. RESULTS

5.1. Wnt5a immobilizes GluAl-containing AMPARs in a CaMKII-independent manner.

First we tested if, as reported before, Wnt5a (300 ng/mL) activates the non-canonical Wnt
signaling on mature hippocampal neurons. Effectively, Wnt5a treatments activate two important
kinases involved in the non-canonical pathway. CaMKIl and JNK are rapidly activated by
treatment with Wnt5a (Figure 1A-B). The time course reveals that already at 15 min there is a
significant increase of pCaMKIl/CaMKII (Figure 1B, black circles). Similarly, pJNK/INK at 54
and 48 kDa show an increase already at 5 min of treatment with Wnt5a (Figure 1B, grey
circles). In order to test our hypothesis, that Wnt5a affects AMPARs dynamics, we evaluated if
GluAl-containing AMPARs mobility is altered by treatments with Wnt5a. Neurons were co-
transfected with HomerlC:eGFP to visualize the postsynapse and with GIuA1-HA in order to
track them with an anti-HA-Atto-647 antibody (Figure 1C). The epitope for anti-HA is located on
the N-terminal (extracellular) domain of GIuAl, therefore allowing live cell tracking without
affecting membrane integrity (Figure 1C). In every case, basal acquisition corresponds to the
dynamic of AMPARSs before Wnt5a exposure. After ligand addition, acquisitions were made at
15 and 30 min of continuous Wnt5a treatment. We observed that the effect of Wnt5a is time-
dependent. At 15 min we see a decrease in mobilization but only at 30 min after treatment, the
effect is statistically significant (Supplementary Figure 1). For this reason, although in all cases
experiments were done at basal, 15 and 30 min, we will contrast data at basal vs 30 min. This
set of experiments are unpaired, meaning that acquisitions were not made in the same dendrite

before/after treatment, but in different dendrites of the same coverslip.

Figure 1D shows the selected GFP neuron (positively transfected with Homer1C::eGFP) and
the ROI, trajectories and confinement of the detected AMPARS. Figure 1E shows an histogram
of the different diffusion coefficients of detected AMPARSs. This analysis reveals that compared
to basal condition (grey), Wnt5a treatment (red) shifts the curve to the left, into less mobile
coefficients. This proofs that there is a decrease in the mobile population and an increase in the
immobile population of AMPARSs after Wnt5a treatment. The percentage of receptors that have
a diffusion coefficient (LogD) equal to -5; meaning that the diffusion coefficient of that population

of receptors is too slow to be detected therefore, is considered to be completely immobile. In
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this case, Wnt5a seem to increase the completely immobile population of GluAl-containing
AMPARSs, but shows no statistically significant differences (Figure 1F). Nonethelesss, compared
to 15 min after Wnt5a, there is a time-dependence on the effect (Supplementary Figure 1B).
The ratio between mobile/immobile, gives away the mobility of the entire population of
AMPARSs. Figure 1G evidences a significant decrease in the mobility after Wnt5a treatment.
Again, this effect is stronger at 30 min than at 15 min (Supplementary Figure 1C). MSD
expresses a measurement for confinement of single particles. In this case, we see a decrease
in the MSD values after Wnt5a treatment, compared to basal MSD (Figure 1H). This means,
that AMPARs are more confined, covering less distance per unit of time, due to Wnt5a
treatment. Interestingly, when Wnt5a is boiled (10 min at 95°C) and then applied to neurons, the
previously observed shift to the left after Wnt5a is lost (Figure 11), no difference in completely
immobility (Figure 1J) or mobility (Figure 1K). This proofs that the effect of the native functional

Whnt5a protein is responsible for the observed changes in AMPARSs dynamic.

Finally, it has been reported that the activation of CaMKII, one of the main downstream effectors
of Wnt5a, causes phosphorylation of TARP-y2 (Stargazin), promoting the interaction between
PSD95 and AMPARSs leading to receptor stabilization in synaptic sites (Opazo and Choquet,
2011; Opazo et al.,, 2010). Therefore, we performed the same experiment using a CaMKII
inhibitor, KN93. Interestingly, it seems that the stabilization of AMPARs through Wntba is
independent on the activity of CaMKII, because we continue to see the shift of the curve (Figure
1L). Also, the use of KN93 does not affect the completely immobile % of AMPARs due to Wnt5a
treatment (Figure 1M), similarly to what is shown in Figure 1F. The independence on CaMKIl
action is clearly seen in the ratio mobility where there is a clear tendency towards immobilization
between basal KN93 and KN93 + Wnt5a (P=0.08) and no difference between Wnt5a (same
from 1G) and KN93 + Wnt5a (P=0.66) (Figure 1N). In order to test the possibility of KN93
having an effects on its own, control experiments comparing basal mobility with basal mobility
after KN93 pre-treatment were performed, and no effect was detected (Figure 1N). Overall, we
argue that although CaMKII may be a part of the effects of Wnt5a, its activity is not necessary
for the immobilization effect over AMPARSs, caused by Wnt5a. In conclusion, Wnt5a stabilizes

GluAl-containing AMPARSs in a CaMKII- independent manner.
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Figure 1. Activation of non-canonical Wnt signaling immobilizes GluAl-containing
AMPARs in hippocampal neurons. Detection of overexpressed GIuAl on hippocampal
neurons before/after Wnt5a treatment. A) Wntba activates non-canonical Wnt signaling, as
seen by increased phosphorylation of JNK and CaMKIl on hippocampal neurons. B)
Quantification of pCaMKIl and pJNK (54 and 48 kDa), in each case proteins are standardized
against its corresponding total protein. C) Simplified model of the labeling method for detection
of GIuA1-SEP overexpressed protein on AMPARS, anti-SEP-Atto647 was used to track GIuAl
subunits. D) GFP image to detect Homer1C:GFP, second column shows trajectories and third
column, the confinement for GIuA1 under basal conditions and after 15 and 30 min of exposure
to Wnt5a. E) Histogram shows diffusion coefficients of GluAl-containing AMPARs before
(basal, grey) and after treatment with Wnt5a (red). Vertical dotted line separates immobile and

mobility s. F) Completely immobility , corresponding to the frequency of particles with a diffusion
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coefficient equal to -5. % of completely immobile AMPARs for basal and 30 min of Wnt5a
treatment. G) Mobility for basal and after 30 min of Wnt5a, according to E). H) Mean Square
Displacement (MSD) determines the confinement of the particles in basal and Wntb5a
conditions. 1) Histogram of diffusion coefficients for basal versus 30 min boiled (denatured)
Whnt5a. J) % of completely immobile receptors under basal and 30 min boiled Wnt5a. K) mobility
according to 1). L) Histogram of diffusion coefficient of KN93 alone (grey) and KN93+Wnt5a
(red). M) % completely immobile AMPARs under basal (KN93 alone) and KN93+Wnt5a
treatments. N) Mobility according to 1). In each case, a minimum of 5 independent experiments

were performed, n represents the total amount of cells registered. Unpaired t-test. P*<0.05.

5.2. Non-canonical activation of Wnt signaling stabilizes endogenous GluA2-containing
AMPARs.

Considering the immobilizing effect of Wnt5a on overexpressed GluAl-containing AMPARS, we
wanted to test if similar effects are seen on endogenous GluA2-containing AMPARs. To do so,
we used an antibody able to detect endogenous GluA2 subunits on living hippocampal neurons.
As before, the epitope is located on the N-terminal domain of GluA2, allowing live tracking
(Figure 2A). Since GIuA2 is the most abundant AMPARSs subunit in the hippocampus (Schwenk
et al., 2014), this experiment not only complements our previous finding but is also a better
representation on the effects of Wnt5a over the bulk population of receptors. To test if this effect
is ubiquitous for other Wnt ligands, we also used Wnt7a. This ligand has been described to
activate the Wnt canonical pathway in hippocampal neurons (Cerpa et al., 2008b; Davis et al.,
2008). We therefore observe a parallel between non-canonical (300 ng/mL Wnt5a) and
canonical (300 ng/mL Wnt7a) effects.

In this set of experiments, as for the rest of the thesis, paired acquisitions were obtained,
meaning that in each case, a direct comparison can be made because a single dendrite was

imaged before/after treatment.

Similar to the results seen before for GluAl tracking (Figure 1), we observe shorter and more
confined trajectories of AMPARs after 30 min of exposure to Wnt5a (Figure 2B). On the

contrary, there is no effect between basal mobility of AMPARs and 30 min exposure to Wnt7a
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(Figure 2C). Quantification of the diffusion coefficients show a clear change in the curve from
basal (grey) to Wnt5a (red) condition (Figure 2D). Notably, the completely immobile receptors
(LogD equals -5) frequency is significantly increased after Wnt5a treatment, while no difference
is seen after Wnt7a treatment (Figure 2E). In fact, due to Wnt5a there is a ~7% increase in the
completely immobile AMPARSs, while there is virtually no difference caused by Wnt7a (Figure
2E). Analyzes of mobility shows a significant decrease after Wnt5a treatment and again, no
difference is seen after Wnt7a treatment (Figure 2F). Here, the effect is tracked on the same
ROI (neurite) before and after exposure to Wnt5a, represented as points connected by a line
(Figure 2E). Cell by cell analysis shows that ~65% (11 out of 17) of all neurons treated with
Wnt5a decreased their mobility while only ~31% (4 out of 13) of all neurons treated with Wnt7a
showed a decrease in the ratio. The amount of trajectories detected did not change between
different time points (Figure 2G). This is an important point to discard any artifactual effects, like
antibody feeding, this will be further addressed in the discussion section. Finally, we see a small
non-significant decrease in MSD due to Wnt5a, while again, there is no difference what so ever
in MSD after Wnt7a treatment (Figure 2H). Altogether, Wnt5a causes a significant decrease in

the mobility of AMPARS, while under the same conditions, Wnt7a has no effect.

To make sure the lack of effect given by Wnt7a is consistent, we doubled the concentration of
Wnt7a used (to 600 ng/mL). We observed the same effect of Wnt7a, for both low (300 ng/mL)
and high (600 ng/mL) concentration. Therefore, we can safely conclude that there is no effect of

Wnt7a over AMPARs mobilization. Results shown are pooled together.

It is clear that Wnt5a generates immobilization of AMPARS, while Wnt7a, a canonical ligand on
hippocampal neurons, has no effect on the mobility of AMPARSs. Overall, this data proofs that
the activation of the non-canonical Wnt signaling through Wnt5a ligand causes immobilization of

AMPARSs in hippocampal neurons.
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Figure 2. Activation of non-canonical Wnt signaling immobilizes endogenous GluA2-

containing AMPARs. Detection of endogenous GIuA2 on hippocampal neurons before/after
Wntba or Wnt7a treatment. A) Simplified model of the labeling method for detection of
endogenous GluA2-containing AMPARs. B) GFP image to detect HomerlC::eGFP, second
column shows trajectories and third column, confinement for endogenous GIuA2 under basal
conditions and after 30 min of exposure to Wnt5a. C) GFP image to detect HomerlC:GFP,
second column shows trajectories and third column, confinement for endogenous GIuA2 under
basal conditions and after 30 min of exposure to Wnt7a. D) Histograms shows diffusion
coefficient of endogenous GluA2-containing AMPARS under basal (grey) or after 30 min of
treatment with Wnt5a (red) or Wnt7a (blue). E) Completely immobility (corresponding to the
frequency of particles with a diffusion coefficient equal to -5) for Wnt5a (red) or Wnt7a (blue). F)

mobility of AMPARs after 30 min od treatment with of Wnt5a and Wnt7a, each compared with its
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basal mobility according to to D). G) Amount of trajectories detected (in thousands), in each
experiment, no significant differences. H) MSD for Wnt5a (red) or Wnt7a (blue) treated neurons.
In every case, in grey is shown the basal dynamique of receptors. In each case, a minimum of 5
independent experiments were performed, n represents the total amount of cells registered.

Paired t-test. n.s;. non significative, P*<0.05.

5.3. The immobilization effect is dependent on the binding of Wnt5a to its receptor.
In order to test how specific is the effect of AMPARs immobilization to Wnt5a action, we used a
tool to interrupt the binding of Wnt5a to Frizzled receptors. Soluble Frizzled Related Protein 2
(sFRP2) is an endogenous protein with homology to the N-terminal ligand-binding domain of
Frizzled receptors, we used recombinant sFRP2. By co-incubating Wnt5a (300 ng/mL) with an
excess of sFRP2 (1 pug/mL) for 30 min at 37°C in agitation, a complex (Wnt5a + sFRP2) is
formed, blocking the Frizzled binding site on the Wnt5a ligand, preventing Wnt5a to bind to
Frizzled. Like this, we prevent the formation of the Wnt5a-Frizzled complex and block signal
initiation. Because sFRP2 is used in excess (>3 times more sFRP2 than Wnt5a), there is no or
little free-Wnt5a to interact with Frizzled receptors. As a proof of this we ran a non-denaturing
gel for the exact amount of Wnt5a used for experiments (lane 1) and for Wntba + sFRP2
complex (lane 2) and immunoblot against Wnt5a (Figure 3A). Recombinant Wnt5a is labeled in
at ~41 kDa, while on lane 2 there is very weak labeling for Wnt5a at ~41 kDa, suggesting there
is little amount of free-Wntba available, when is complexed with SFRP2. Also, there is labeling
around ~80 kDa (arrow) which is consistent with the predicted molecular weight for the complex
Wnt5a + sFRP2 (~41 kDa + ~31.6 kDa) on lane 2. We estimate there is less than a third of free-
Wnt5a available on lane 2 compared to lane 1, and therefore if any free Wnt5a is available in
our experiments, it is probably at non-functional low concentrations. This is a rough estimation
and further experiments should be performed to properly establish the efficacy of complex

formation. Wnt5a + sFRP2 complex was formed as described in Materials and Methods.

Representative figures of Homerl1C::eGFP, trajectories and confinement are shown (Figure 3B).
Following the same experimental design as before, it is evident that when the Wnt5a + sFRP2

complex is added to live hippocampal neurons, there is no change on the dynamics of
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AMPARSs. As seen in the histogram (Figure 3C) and in the completely immobility (Figure 3D),
there is no difference on the diffusion coefficients between basal and Wnt5a + sFRP2. Also, the
mobility remains unchanged when compared to basal (Figure 3E). In this case, there is a
significant difference on the amount of trajectories detected (Figure 3F). This was not expected

and further experiments should be performed to corroborate the effect.

Depending on the cellular context, sSFRP2 can have different effects on Wnt signaling or even
other signaling pathways (i.e., BMP) (Kongkham et al., 2010; Mii and Taira, 2011; Tokuda et al.,
2014). Therefore, it is necessary to test if by adding sFRP2 alone, the mobility of AMPARS is
affected, or not. Since we are adding an excess of SFRP2 we needed to test if the extra SFRP2,
not bound to Wnt5a, could be exerting any unwanted effects (i.e., complexing with endogenous
Wnt5a, interacting with other Wnt ligands, binding to other molecules, etc). To test this, the
same concentration of SFRP2 (1 pug/mL) used to form the complex, was directly added. Results
show there is no effect on the mobility of AMPARs when comparing basal with 30 min of
incubation with sFRP2 (Figure 3G-H), on the completely immobility (Figure 3I) or in the mobility
(Figure 3J). To further proof the point, a higher concentration (2 pug/mL) of sFRP2 was also
tested and still failed to cause an effect on AMPARs dynamics. Results show both

concentrations pooled together. No differences on the amount of trajectories detected (3K).

We can extract three main conclusions: 1) the immobilization effect reported before (Figure 2)
is dependent on the binding of Wnt5a to its Frizzled receptor, 2) the use of sFRP2 itself does
not alter the dynamics of AMPARs and 3) the effect on immobilization is not caused by an
artifactual effect like antibody feeding, which was also corroborated by the fact that Wnt7a does
not change AMPARs dynamics (Figure 2). This will be further analyzed on the discussion
section. Overall, this data corroborates the fact that Wnt5a induces stabilization of GluAl and

GluA2-containig AMPARS.
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Figure 3. The immobilization of AMPARs due to Wnt5a is dependent on the binding of
Wnt5a to a Frizzled receptor. Detection of endogenous GluA2-containing AMPARs in
hippocampal neurons treated with Wnt5a + sFRP2 complex or sFRP2 alone. A) Immunoblot
against Wnt5a for Wnt5a alone and the Wnt5a + sFRP2 complex, arrow indicates labeling at
approximately 80 kDa (estimated weight for the complex) and arrowhead shows labeling for
Wnt5a at approximately 40 kDa. B) Representative images for Homer::eGFP, trajectories and
confinement for GIuA2 endogenous receptors of neurons under basal and Wnt5a + sFRP2. C)
Frequency distribution of neurons under basal condition (grey) and treated with the Wnt5a+
sFRP2 complex (black). D) Completely immobility (corresponding to the frequency of particles
with a diffusion coefficient equal to -5) for basal (grey) or after 30 min of treatment with
Wnt5a+sFRP2 complex (black). E) mobility of the frequency distribution according to C). F)

Amount of detections (in thousands), in each experiment. G) Representative images for
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HomerlC::eGFP, trajectories and confinement for GIuA2 under basal conditions and after 30
min of exposure to sSFRP2 alone. H) Frequency distribution of neurons under basal (grey) and
sFRP2 (black). I) Completely immobility for basal (grey) or after 30 min of treatment with SFRP2
alone (black). J) mobility according to G). K) Amount of particle detections (in thousands), in
each experiment. In each case, a minimum of three independent experiments were performed,

n represents the total amount of cells registered. Paired t-test. P*<0.05.

5.4. Wnt5a-induced stabilization of AMPARS occurs in synaptic and extrasynaptic sites.

Since Wnt5a causes a significant decrease in AMPARSs mobility (Figure 2). We want to establish
where in the neuron is this immobilization occurring. In that line, we dissected the previous
analysis by separating synaptic and extrasynaptic trajectories, corresponding to the mobility of
endogenous AMPARs found in synaptic or extrasynaptic sites. To differentiate synaptic
trajectories, ROIs surrounding Homerl1C::eGFP labeling were done. Everything not compressed
into synaptic sites (HomerlC::eGFP) was considered to be extrasynaptic. Since uPaint
technique gives us a spatial resolution of 0.1 ym and on average a dendritic spine is 0.5-2 ym

long (Morgan Sheng, 2001), we can easily differentiate between dendrite and spines.

Three different dendritic spines, of the same dendrite are shown under basal conditions and
after 30 min of treatment with Wnt5a, trajectories shown on top and confinement on bottom
(Figure 4A). Spine analysis of the diffusion coefficient shows that Wnt5 causes an important
shift to the left compared to basal conditions, indicating immobilization of AMPARs (Figure 4B).
Analysis of the completely immobility , reveals no significant difference in the immobilization of
AMPARSs, compared to basal conditions (P = 0.48) (Figure 4C). However, there is a significant
difference in mobility analysis between both groups, cell to cell analysis shows that 80% (8/10)
of neurons treated with Wnt5a had a decrease in the mobility of AMPARs (Figure 4D). The
number of trajectories showed no significant difference (Figure 4E). Although there is a
tendency towards lower valuers of MSD after Wnt5a treatment, no clear difference is found on

the MSD curves (Figure 4F).
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The extrasynaptic analysis also shows immobilization of AMPARs after 30 min of treatment with
Wnt5a (Figure 4G). Wnt5a causes a decrease in the diffusion coefficient of AMPARs (Figure
4H). We observe a significant increase in the amount of AMPARs considered to be completely
immobile in Wntb5a-treated neurons (Figure 4l). Also, there is a strong and statistically
significant decrease on the mobility after treatment with Wnt5a, cell to cell analysis shows that
~83% (10/12) of neurons treated with Wnt5a decreased the mobility of their AMPARSs (Figure
4J). The number of trajectories showed no significant difference (Figure 4K). Interestingly,
Wnt5a generates a significant decrease on the MSD curve, which indicates the increased
confinement of AMPARs (Figure 4L). The difference on MSD results for synaptic and
extrasynaptic analysis might be an indicative of a preponderant role of Wnt5a on extrasynaptic

AMPARs immobilization. This will be further analyzed in the discussion section.

We can conclude that Wnt5a promotes the immobilization of AMPARs in synaptic and
extrasynaptic sites. Since the localization of AMPARSs in synaptic and extrasynaptic sites is
differentially regulated, it implies that the effect of Wnt5a is not limited to one action mechanism

and several intermediaries might be involved.
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analysis. J) Quantification of mobility according to G). K) Amount of particle detection (in

thousands), in each experiment. L) Mean Square Displacement (MSD) for extrasynaptic
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analysis. In each case, a minimum of five independent experiments were performed, n
represents the total amount of cells registered. Paired t-test. n.s.; non significative P*<0.05,

P*<0.01.

5.5. Wntb5a increases AMPARs-PSD95 co-localization in dendritic spines.

Following uPAINT experiments, coverslips were removed from the microscope chamber and
neurons were live stained for GIuA2. After fixation and permeabilization, cells were also labeled
with PSD95 and VAMP2 antibodies, dyed for DAPI and observed under a DM5000
epifluorescence microscope. This way, performing parallel experiments on the same coverslips
for uPaint and fluorescence microscopy. Co-localization analysis on GIluA2-PSD95 was
performed on the complete dendrite (including spines) and spines alone. As shown, control,
Wnt5a and Wnt5a + sFRP2 treated neurons were evaluated, in the merge (GIuA2/PSD95)
image circles show the spines evaluated for co-localization and representative images are

shown aside (Figure 5A).

In the dendritic analysis, we observe no statistically significant difference in the co-localization
of GluA2-containing AMPARs and PSD95 (data not shown). But, when spines are analyzed
independently of the dendritic shaft, we observe that Wnt5a causes a small but statistically
significant increase (13 £ 0.01%) of GluA2-PSD95 co-localization on dendritic spines, as seen
by Mander’s 1 coefficient (M1) (Figure 5B, left). Also, there is a similar change on Mander’s 2
coefficient (M2) shows a similar change on co-localization of PSD95-GIuA2 (~15% + 0.03%)
(Figure 5B, middle). This suggests that after 30 min of exposure to Wnt5a, there is an increase
of AMPARs within dendritic spines, colocalizing with PSD95. For both coefficients, there is no
increase in co-localization when neurons are treated with the Wnt5a + sFRP2 complex (as used
before). This, not only supports the effects of Wnt5a, but also correlates with our observations
on uPaint experiments (Figure 4A-E). Interestingly, we also observed a difference between the
amount of co-localization clusters (i.e. times in which both proteins were co-localized,
independent on the level of co-localization) occurring between conditions. Therefore, we
quantified the percentage of clusters that are both PSD95 immunoreactive and GIuA2

immunoreactive (PSD95"/GIuA2"), independent of the level of co-localization (which is shown
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with Mander’'s coefficients). Meaning, those PSD95 clusters that have GluA2-containing
AMPARSs. To our surprise, Wnt5a significantly increases the percentage of clusters that contain
both proteins, when compared to basal conditions (Figure 5B, right). Again, we observe a
significant decrease to basal levels when neurons are treated with the Wntb5a + sFRP2 complex
(Figure 5B, right). Through this analysis, it is impossible to examine if those “new” AMPARs into
PSD95 are functional AMPARS, or not, so we cannot refer to this difference as an increase of
active synapses, but we believe that is a strong indication of that, this point will be addressed in
more detail on the discussion section. To further study the interaction between GIuA2-PSD95,
we performed co-immunoprecipitation assays from lysates of hippocampal neurons treated with
Wnt5a and/or sFRP2 and Wnt7a ligand. Pull-down of PSD95 and detection of GIuA2 shows that
after 30 min of incubation with Wnt5a there is an increase association of GIuA2 with PSD95 of
around 20% (Figure 5C). Although this increase fails to be statistically significant it coincides
with our previous observation of AMPARs increased co-localization with PSD95, in dendritic
spines. Importantly, the total amount of PSD95 and GIuA2 in total hippocampal neuron lysates,
are not significantly changed by any treatment (Figure 5 D). This corroborates the idea that the
changes observed are a product of redistribution of existing AMPARSs, and not a change in their
expression level. It is worth mentioning, that this type of analysis is not adequate to measure
interaction of GIuA2 with extrasynaptic proteins. Therefore, we cannot conclude effects on
extrasynaptic site. We can conclude that activation of the non-canonical Wnt signaling pathway

through Wnt5a causes an increase of AMPARSs at synaptic sites.
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Figure 5. Wntba increases co-localization of GIuA2 and PSD95 on dendritic spines,
without affecting total levels of protein. Following uPAINT experiments, hippocampal
neurons were live-stained for GIuA2, fixed, permeabilized and labeled for PSD95 and images in
an DM-5000 epifluorescence microscope. A) Live staining of GluA2, following fixation and
permeabilization, neurons were labeled with PSD95 and DAPI. Dendrites (dashed rectangle)
and spines were selected (dashed circles) according to the labeling for PSD95. Co-localization
of GluA2 and PSD95 on spines was assessed. Magnification of the representative spines are
shown, three per condition. B) Left graph shows the quantification of Mander's 1 (M1, GIuA2
over PSD95), middle graph shows quantification of Mander's 2 (M2, PSD95 over GIluA2)
coefficient and right graph shows the % of clusters positive for PSD95 and for GIuA2, meaning
postsynaptic densities containing AMPARs. C) After treatment and lysis of neurons, PSD95 was
pulled-down and GIuA2 detected by immunoblot. Below it is shown the pixel density

quantification for each treatment, normalized to PSD95 and compared to basal levels. D)
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Immunoblot analysis of total lysates for PSD95, GIuA2 and tubulin. A minimum of three
independent experiments were done, with between 7-10 neurons per condition.Two-way

ANOVA and Bonferronoi post-test. n.s. non significative, P*<0.05, P**<0.01, P***<0.001.

5.6. Wnt5a does not affect the clusters of PSD95 or GIuA2.

In order to corroborate previous findings, we wanted to test if our treatment causes the reported
increase of PSD95 clustering, after Wnt5a treatment (Farias et al., 2009). To do so, we followed
the same approach as described above. Following uPAINT experiments, under basal conditions
or with treatments for 30 min of Wnt5a or Wnt5a + sFRP2, cells were live-stained for GIuA2,
fixed, permeabilized and labeled for PSD95 (Figure 6A). Cluster analysis shows that there is no
significant differences for any of the parameters analyzed. That is, after 30 min of treatment with
Whnt5a, the amount of clusters per 100 um of dendrite was not affected either for PSD95 (Figure
6B) or GIuA2 (Figure 6E), the fluorescence intensity of the clusters was not significantly affected
either (Figure 6C-F), which it is usually considered to be an indicator that there are no changes
in the total amount of proteins present in the clusters. Therefore, a 30 min treatment of Wnt5a
would not be affecting total protein levels of PSD95 or GluA2. Finally, we see no significant
changes on the size of the clusters for PSD95 (Figure 6D). For GIuA2, the amount of clusters
remains the same but show a tendency towards a decrease in their size (Figure 6G). This data
does not corroborate previous findings and the possible explanations will be addressed on the

discussion section.

Importantly, treatment with Wnt5a seem to affect mainly post-synaptic architecture, which is
consistent with the fact that does not affect paired-pulse ratio, therefore suggesting that the pre-
synaptical terminal is not affected (Cerpa et al., 2010a). This is consistent with our findings that
the amount of synaptic contacts is not altered by treatments with Wnt5a (Supplementary Figure

2).
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Figure 6. Wnt5a does not affect the amount of clusters of PSD95 or GIuA2. Following
UPAINT experiments, hippocampal neurons were live-stained for GIuA2, fixed, permeabilized
and labeled for PSD95 and images in an DM-5000 epifluorescence microscope. A)
Immunofluorescence of PSD95 (green) and GIuA2 (red) for neurons under basal condition and
after 30 min Wnt5a treatment. B) Average PSD95 cluster density, normalized to 100 ym of
dendrite. C) Average fluorescence intensity of PSD95 clusters. D) Histogram of PSD95 cluster
size shows a small, shift to the right. E) Average GIuA2 cluster density, normalized to 100 pm of
dendrite. F) Average fluorescence intensity of GIuA2 clusters. G) Histogram shows a small
decrease in GIuA2 cluster size. A minimum of three independent experiments were done, with

between 7-10 neurons per condition.
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5.7. oAB42 cause a decrease in the mobility of synaptic AMPARS.

In the last years, accumulated evidence supports the idea that oAB are the main and primary
effectors on the synaptotoxicity seen in early stages of AD (Jin and Selkoe, 2015; Shankar et
al., 2007, 2008; Walsh et al.,, 2002). On recent years, it seems that the evidence has gone
further to propose that this could be occurring even before the appearance of neurofibrillary
tangles (Miller et al., 2014). One of the mechanisms proposed on the action of 0AB42 over
synaptic function involves the endocytosis of AMPARSs (Hsieh et al., 2006; Mifiano-Molina et al.,
2011) and the consequent decrease of AMPAR currents and overall failure on glutamatergic

activity.

We used an AB,4, aggregation protocol that enriches soluble oligomeric species, as shown by
electron microscopy (Figure 7A, top), tris-tricine separation and detection with 6E10 antibody
(Figure 7A, bottom). Neurotoxicity was tested by incubating 5 uM APy, for 24h at 37°C, in
incubator (Supplementary Figure 3). Confirming, we are using a preparation mainly composed
of AB,4, oligomers. First, we used 1 uM oAB42 and evaluated the effects on AMPARs dynamic
(Figure 7B, C, D). This concentration has been reported to cause endocytosis of AMPARs and
a decrease in AMPAR currents, when applied for an hours-to-days period (Gu et al., 2009). Our
experimental design studies the effects on the short-term exposure (30 min) to AB4, oligomers.
Nonethelesss, since AMPARs dynamic has not been studied we wanted to established if there
might be an earlier effect at this given concentration. Analysis of the global dynamic reveals no
change between basal and after 30 min of treatment with 1 uM AB,4, oligomers. No changes
were detected on the dynamic of AMPARS, relative frequency of completely immobile receptors,
mobility or number of trajectories (Figure 7B). But, when we examined the synaptic dynamic of
AMPARSs, we see a small, but consistent, tendency towards immobilization of AMPARS, with no
changes in the completely immobile receptors and an interesting tendency towards
immobilization in the mobility (Figure 7C). The extrasynaptic analysis reveals no changes on

AMPARSs dynamic, completely immobile receptors or mobility (Figure 7D).

To verify the tendency seen before, we studied the effects using a higher concentration (5 uM)

of 0oAB42 (Figure 7E, F, G). This concentration has been reported to cause calcineurin-



70

dependent failures in the insertion of AMPARs to the cell membrane (Mifiano-Molina et al.,
2011). On the global analysis, we observe a strong immobilization of AMPARs (Figure 7E).
Interestingly, this immobilization is not increasing the frequency of completely immobile
AMPARSs. Instead, it affects the mobility, therefore immobilizing receptors but not to a complete
stop. Noteworthy, at the synaptic level we also observe a strong immobilization of AMPARS
(Figure 7F), which confirms the tendency seen with 1 pM oAB42 (Figure 7C) and shows the
existence of a concentration-dependent effect. To our surprise, there is no effect whatsoever on
the dynamic of AMPARSs at extrasynaptic levels, either at the completely immobile receptors or
mobility (Figure 7G). At this point, it is very important to emphasize that cAB42 seem to be
acting only at a synaptic level, this because neither at 1 or 5 pM there is an effect at
extrasynaptic levels. This data agrees with recent publications showing that oAB bind and
cluster at excitatory synaptic sites (Sinnen et al., 2016). Another interesting observation is that
already at 15 min the immobilization reaches a peak, since there is virtually no difference
between 15 and 30 min exposure to 0AB42 (Supplementary Figure 4). This leads to the idea
that 0AB42 are causing synaptic immobilization of AMPARSs, which occurs rapidly and steadily
at <15 min. In every experimental condition and analysis, the average number of detected

trajectories remained unaltered.
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Figure 7. Short exposure to oAB42 (5 uM) affects the dynamic of synaptic AMPARs.
Hippocampal neurons were treated with 1 or 5 uM of 0AB42 and dynamic of AMPARs was
measured at basal, 15 and 30 min of treatment. In each case, diffusion coefficient distribution,
completely immobile %, mobility and amount of trajectories detected, are graphed. A) Top
image shows electronic microscopy of AB,, used, corroborating the presence of oligomeric
forms and not fibrills. Bottom image shows immunoblot against 6E10, an epitope for AR,
labeling shows the preparation is enriched in oligomeric species between 30-72 kDa (n-mer)
and not higher or dimers (2-mer) or trimers (3-mer). In every case, from left to right is:
Histogram for coefficient distribution, completely immobility , mobility and number of trajectories
detected in each condition, for: B) 1 uM of AB4, global analysis C) 1 uM of AB,4, spine analysis,
D) 1 uM of AB4, dendritic analysis, E) 5 uM of AB4, global analysis, F) 5 uM of AB4, spine
analysis and G) 5 uyM of AB,4, dendritic analysis. n represents number of cells, a minimum of 3
independent experiments were performed, for each condition. Paired t-test. n.s. non

significative, P*<0.05, P**<0.01.
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5.8. Wnt5a prevents the effects caused by oAB in AMPARs dynamics.

We have already established that Wnt5a causes stabilization of AMPARs at synaptic and
extrasynaptic sites. This effect increases with time exposure to Wnt5a and reaches significance
at 30 min of treatment. We also know, that 5 pM of 0AB42 immobilizes AMPARS, but only at a
synaptic level and reaching a maximum at 15 min of treatment (no difference between 15 and
30 min of treatment). Since our main hypothesis is that the effects of Wnt5a against the
sinaptotoxicity of 0oAB42 is related to a change in the mobility of AMPARs. Therefore, and
according to the time frames established above, we pre-treated neurons with Wnt5a for 15 min,
after wish we added AR, oligomers, as presented in the scheme (Figure 8A). Like this, giving
enough time for both molecules to act and allowing us to determine if Wnt5a prevents the
effects of 5 UM ARy, oligomers. Representative images of the same dendrite throughout the
experiment progression, showing complete dendrite and three individual dendritic spines, for
trajectories and confinement (Figure 8B). Global analysis (Figure 8C, left) shows that after 15
min of treatment with Wnt5a there is a shift from to the left, compared with basal conditions,
indicating some degree of stabilization of AMPARS, as expected. Interestingly, after 15 min of
co-treatment with cAB42 there is no further stabilization of AMPARS. At the same time, analysis
of the completely immobile (% at logD -5) shows no significant changes (Figure 8C, middle).
Mobility denotes a clear tendency towards immobilization of AMPARs, in synchrony with what it
is seen in the histogram (Figure 8C, right). Next, as done before, synaptic and extrasynaptic
dynamic of AMPARs was examined. Histogram of synaptic analysis shows no important
differences on the dynamic of AMPARSs (Figure 8D, left). Similarly, no significant differences are
found for the % at logD -5, meaning that there are is no change on the percentage of completely
immobile receptors for Wnt5a (15 min) alone or Wnt5a co-treated with 0AB42 (Figure 8D,
middle). Except for one neuron, there is no significant differences in the mobility of AMPARS
dynamics (Figure 8D, right). Finally, extrasynaptic analysis was performed (Figure 8E). From
the histogram (Figure 8E, left), it is clear there is a small shift to the left, probably caused by
Wnt5a compared to basal conditions. Interestingly, after co-treatment with oAB42 there is a shift
to the left, indicating that AMPARSs get stabilized in extrasynaptic sites (Figure 7E). In fact, % at
logD -5 shows a tendency to increase due to Wntb5a + AB4, co-treatment (Figure 7E). This

correlates with a decrease in mobility for most of the neurons examined (Figure 7E).
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Overall, this data indicates that after co-treatment of Wnt5a + oAB42 there is stabilization of
AMPARs only at extrasynaptic sites, not affecting synaptic dynamic of AMPARs. As seen
before, Wntb5a stabilizes AMPARs at synaptic and extrasynaptic sites (Figure 4), while ocApR42
do it only at synaptic sites (Figure 7B). Therefore, we believe that Wnt5a can compensate for
the synaptic effects of AB,4, oligomers. Individual application of Wnt5a and oA42 seem to have
the same response in synaptic sites; stabilization of AMPARS. Since synaptic and extrasynaptic
effect vary, we believe the mechanisms involved are different, this will be further address on the
discussion section. In conclusion, Wnt5a prevents the synaptotoxic effects of 0AB42 on
AMPARs dynamic and this would explain the synapto- and neuro-protective effects reported for

Wnt5a against oA toxicity.
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Figure 8. Wnt5a prevents the effects of oAB42 on synaptic immobilization of AMPARSs.

Co-treatment of hippocampal neuron. A) Scheme showing the treatment of neurons, basal
acquisition of AMPARs dynamic at time zero, addition of Wnt5a (300 ng/mL) with a first
acquisition at 15 min, followed by addition of 0AB42 with a final acquisition at 30 min of Wnt5a
exposure and 15 min of AB4, oligomers. B) Representative images of the selected dendrite

(Homerlc::eGFP), trajectories (top) and confinement (bottom) of AMPARs under basal, Wnt5a
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or Wntba + A4 conditions. In every case, basal condition is shown in grey, Wnt5a (15 min
treatment) in red and Wnt5a + 0AB42 (30 min and 15 min of exposure, respectively). C) Global
analysis showing frequency distribution, completely immobile receptors (% LogD -5) and
mobility. D) Synaptic analysis showing frequency distribution, completely immobile receptors (%
LogD -5) and mobility. E) Extrasynaptic analysis showing frequency distribution, completely

immobile receptors (% LogD -5) and mobility.



75

6. DISCUSSION

In this research, we have proof for the first time that Wnt5a immobilizes AMPARSs in synaptic
and extrasynaptic sites of hippocampal neurons. While oAB42 immobilizes AMPARSs only at
synaptic sites, consistent with previous reports arguing an increase in endocytosis caused of

0AB42 exposure (Almeida et al., 2005; Hsieh et al., 2006; Mifiano-Molina et al., 2011) .

Our main finding is that Wnt5a immobilizes GluAl-containing AMPARs (Figure 1E-H) and
endogenous GluA2-containing AMPARs (Figures 2 and 3). This was proof by different controls
like denatured recombinant Wnt5a (Figure 1I-K), Wnt7a (Figure 2) and use of sFRP2
complexed with Wnt5a (Figure 3A-F). The capacity of recombinant Wnt5a to activate CaMKI|
and JNK in hippocampal neurons has been proof by our lab and many others, but it is essential
to test every batch of recombinant protein and in our particular experimental conditions.
Activation of these molecules represent the quintessential proof of activation of Wnt non-
canonical signaling in hippocampal neurons. We proof that under our working conditions
recombinant Wnt5a is able to activate non-canonical downstream effectors like CaMKII and
JNK in a time dependent manner (Figure 1A). Therefore, there is no doubt that recombinant

Whnt5a is activating Wnt non-canonical signaling in hippocampal neurons.

We used recombinant Wnt5a to treat neurons. This has the advantage that is a purified form of
the protein and that at all times, we know the exact concentration used in the experiments,
making them more reliable and reproducible than, for instance, conditioned medium. On the
down side, recombinant Wnt5a lacks palmitoylations and glycosylations found in the
endogenously produced Wnt5a ligand. Lack of glycosylation should not be of importance since
this post-transcriptional modification is involved in secretion of the ligand and we are
exogenously adding it to the extracellular medium already. But, by not being palmitoylated there
is a percentage of Wntba that will not bind to Frizzled receptors. Therefore, it raises the
guestion on whether the effects seen are actually product of a smaller proportion of the ligand,
interacting with Frizzled receptors. This point is indirectly answered by the fact that when the

Wnt5a + sFRP2 complex is added, the effect of Wnt5a on AMPAR mobility, is completely
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ablated (Figure 3B-F) and sFRP2 on its own is not causing any effects on AMPARs mobility

(Figure 3G-K).

Molecular interactors and action mechanism of Wntba-dependent AMPARs
immobilization

Here, we do not identify the type of receptor, either Frizzled or co-receptors (i.e. ROR2, LRP5/6
and Ryk, to mention a few) involved in the signaling of Wnt5a. Nonethelesss, the literature
suggests that in hippocampal neurons, Wnt5a acts through binding to Frizzled9 (Ramirez et al.,
2016), Frizzled2 (Sato et al., 2010) or Frizzled4 (Bian et al., 2015). sFRP2 has a higher affinity
to Wnt5a and it has been extensively used to block the effect of Wnt5a, although it is not
specific to Wnt5a. Since we are working with recombinant Wnt5a, this molecule is the only
predominant form of Wnt5a in our working conditions and the complex formation solution
includes only Wnt5a and sFRP2. So the only possibility for unwanted effects of sSFRP2 would be
if freely available sFRP2 binds to other endogenous Wnt ligands. For this reason, we tested if
sFRP2 alone has an effect on AMPARs mobility. Our data shows that there is no effect over
AMPARSs mobility after 30 min treatment with sSFRP2 (used at the same concentration as found
in the complex) (Figure 3 G-K). Also, since we do not observe any difference in mobility when
adding only sFRP2, we can presume that there is no, or low quantity, of endogenous Whnt
ligands. This can be explained by several facts: 1. By changing the neurobasal growing medium
for Tyrode extracellular solution, we deplete all secreted Wnt and factors from the experimental
conditions and 2. The littte amount of Wnt that could be released by neurons during
experimentation is even less significant since it is considered that astrocytes are the main

secretors of Wnt ligands.

The aim of this study was to determine the effect of Wnt5a on AMPARs dynamics. Therefore,
we did not dissect the specific molecules involved in the immobilization effect. One alternative
would be that Wntba causes modulation of TARPs. It has been described that TARP-y2
(Stargazin) (Bats et al., 2007; Bedoukian et al., 2006; Chen et al., 2000) and TARP-y8 control

AMPARs number, distribution and function (Rouach et al., 2005). Earlier work reported CaMKII
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to be fundamental on the increased interaction of the C-terminal Stargazin with PSD95 (Opazo
et al., 2010). Since the pre-incubation of cells with KN93 did not prevent the Wnt5a
immobilization of AMPARs (Figure 1 L-N), we do not consider CaMKIl activation a necessary
step for Wnt5a-mediated immobilization of AMPARs. Consequently, Stargazin is not the TARP
mediating the immobilization of AMPARs caused by Wnt5a in hippocampal neurons.
Interestingly, the 2h KN93 pre-incubation does not cause changes in the mobility of GIuAl-
containing AMPARs compared to basal mobility (Figure 1 L-N), which questions the role of
CaMKIl in the Wnt5a-dependent immobilization of AMPARSs. Since it was not the aim of this
work to dissect the particular signaling pathway underlying the effects of Wnt5a, further
experiments should be performed to corroborate the CaMKIl-independence of Wntba-
dependent AMPAR immobilization. Specially, since there are publications that show a role of
CaMKIl on synaptic recruitment of AMPARs (Opazo and Choquet, 2011; Opazo et al., 2010). A
different auxiliary protein, TARP-y8 is expressed in higher numbers than TARP-y2 in
hippocampus (Schwenk et al., 2012). Therefore, although we did not test the involvement of
TARP-y8, Wnt5a could be acting over TARP-y8 to cause immobilization of AMPARSs.
Considering that TARP-y8 is mainly found in extrasynaptic sites (Rouach et al., 2005), this
could explain the extrasynaptic immobilization we report (Figure 4 G-L). The possibility that

TARP-y8, and not TARP-y2 mediates these effecst, could be tested in the future experiments.

Another alternative on the mechanism behind Wnt5a actions, relies on the activation of small
GTPases, which would be in agreement with cytoskeleton rearrangements caused by activation
of Wnt non-canonical pathway. It is described that Wnt5a activates Racl, leading to actin
reorganization on dendritic spines (Chen et al., 2017). Therefore, it is plausible for Wnt5a to
cause AMPARs immobilization through actin reorganization on dendritic spines. This idea would

need to be further analyzed.

These data provides evidence suggesting that the mechanisms involved in the immobilization of
AMPARSs in synaptic/extrasynaptic sites are different. First, after Wnt5a treatment the shape of
the curves is different between extrasynaptic and synaptic analysis (compare Figure 4B and
4H, red curves). Secondly, the fact that there is immobilization of AMPARs in synaptic and

extrasynaptic sites, but we only observe an increase in the GIuA2-PSD95 co-localization in
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synaptic sites (Figure 5 A-B) with no changes on extrasynaptic sites (not shown). This suggests
that extrasynaptic immobilization is not mediated by binding to PSD95. Which is supported by
literature, that claims other interactor to be involved in the anchoring of AMPARSs outside the
PSD, like 4.1N (for GluA1) and NSF (for GIuA2). Finally, there is no reason to think there is only
one pathway involved in the immobilization of AMPARs by Wnt5a. It is feasible, for instance,
that TARP - y8 is involved in the extrasynaptic immobilization and that actin reorganization
through Racl or other small GTPases (i.e. Cdc42 and RhoA) are acting at a synaptic level. An
hypothesis that is currently under investigation by our laboratory. Like this, Wnt5a could be
mobilizing AMPARs from endocytic to extrasynaptic compartments and from there, increasing

their presence on synaptic compartments.

Overexpressed GIUA1-SEP versus endogenous GIuA2 labeling

We noticed a difference on the experiments done using GIuAl overexpression versus those
detecting endogenous GIluA2. The overall effect of immobilization of the receptors is
maintained, but it seems that the difference shown in the histograms are bigger when detecting
GluAl (Figure 1E) than GIuA2 (Figure 2D). However, when comparing the completely immobile
fraction after Wnt5a treatment, there is a significant increase for GIuA2 (Figure 2E) whereas in
the GIuAl detection is only increased by ~2%. These difference can be for several reasons.
First, GIuA1l overexpression gives away a higher detection of particles, because of the higher
presence of GluAl-containing receptors. Also, we cannot rule out the possibility that the
mechanisms leading to immobilization of GluAl-containing AMPARs and GluA2-containing
AMPARs are different. Since we did not evaluate the effects of Wnt5a on synaptic plasticity but
only basal activity, we cannot distinguish differences on GIuAl versus GIuA2 activity (i.e.

calcium permeability, conductance, inactivation time, etc).

GluA2-containing AMPARSs and their interaction with PSD95
When examining the co-localization of AMPARs to PSD95 before and after treatment, it was

obvious that Wnt5a increases the co-localization on both Mander’s coefficients (Mander’s 1 and
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2). Importantly, when neurons are treated with Wnt5a + sFRP2 complex, co-localization returns
to basal levels (Figure 5A-B). Although there is no important change in the amount of clusters
for PSD95 or GIuA2 (Figure 6). It is even more interesting the fact that the percentage of PSD95
clusters containing AMPARSs is significantly increased compared to basal conditions, while
again the Wntba + sFRP2 treatment causes no change from basal conditions (Figure 5B). This
suggests a possible effect of Wntba in turning a silent synapse into an active synapse.
Electrophysiological experiments are mandatory in order to confirm this idea. But if true, it would

be a major finding in the regulation of synaptic plasticity.

The fact that we were not able to replicate the effect of Wnt5a over PSD95 clusters is
conflicting. Previous reports used the same concentration of Wntba, similar
immunofluorescence protocol and imaging. The main difference is the type of cell culture used,
they used hippocampal neurons without astrocytes, while in our experiments Banker cultures
were used. This could cause a difference, mainly on the basal state of the neurons. Like this,
Banker-grown neurons could basally have a higher amount of PSD95 clusters, due to the
enriched medium caused by astrocytic factors. Effectively, that is the case, in the paper from
Farias et al., under basal conditions they detect an average of 80 PSD95 clusters per 100 pum of
dendrite (Farias et al., 2009; see Figure 1B), while under our experimental conditions we detect
an average of 150 PSD95 clusters per 100 um of dendrite (Figure 6B), almost twice the amount
detected before. Indeed, after 30 min of treatment they detected a significant increase on the
amount of clusters for PSD95, corresponding to ~95 clusters per 100 um of dendrite. A count
that is much lower than ours either for basal or Wnt5a treated conditions. For this reason, we
think that the difference between culture types (only neurons vs Banker cultured neurons), could

account for the different results for PSD95 cluster density.

It has been described that Wnt5a causes a decrease in presynaptic terminals in hippocampal
neurons (Davis et al., 2008). Therefore, we examined if in our working conditions we observe a
change in synaptic contacts. To do so, hippocampal neurons were treated for 30 min with
Whnt5a at 37°C and 5% CO2, fixed and labeled for immunofluorescence. PSD95 and VAMP2
were used as post- and pre-synaptic markers, respectively and DAPI was used to check

nucleus integrity. Results show that there is no difference on the the amount of synaptic
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contacts, when comparing control and Wnt5a treated neurons (Supplementary Figure 2). This
confirms the idea that the changes seen due to Wnt5a action are occurring at a post-synaptic
level. Still, it is possible that with longer Wnt5a incubations periods there are changes in
synaptic contacts. But it is clear that under our working conditions, the immobilization of

AMPARSs is not dependent on changes on the amount of synaptic contacts.

How specific is the effect of Wnt5a versus Wnt7a on AMPAR immobilization?

We have shown that Wnt5a immobilizes AMPARSs in synaptic and extrasynatic sites (Figure 4).
The fact that Wnt7a exerts no effects on the dynamics of AMPARs (Figure 2), proofs that only
the non-canonical activation of Wnt signaling, through Wnt5a is able to affect AMPARs mobility.
In hippocampal neurons, Wnt5a acts as a non-canonical ligand and Wnt7a as a canonical one.
Although there is a report arguing non-canonical postsynaptic effects of Wnt7a, like increase
spine size, CaMKII activation and increase excitatory transmission (Ciani et al., 2011). There
are big differences in their study and ours. First, they treated neurons for 3-16h, we treated
them for a maximum of 30 min. Second, they used a range of 50-100 ng/mL of recombinant
Wnt7a while we used throughout all the experiments 300 ng/mL. Wnt7a was acquired from the
same supplier (R&D Systems), but they do not explicit if they used the carrier (bovine serum
albumin) or carrier free presentation. Which in our hands, exerts different results. For this
reason and in order to avoid any unwanted interference with our results, we always used the

carrier free recombinant proteins.

Recently, it has been reported that Wnt7a modulates spine plasticity and regulates AMPAR
localization (Mcleod et al., 2018), the data on this points is robust and in tone with previously
reported Wnt7a effects, by the same group (Ciani et al., 2011; Sahores et al., 2010). More
broadly, by means of blocking endogenous Wnt ligands with a mixture of broadly acting sFRPs
and by shFzd7 expression, authors show that Wnt signaling activation is necessary for LTP
activity (Mcleod et al., 2018). In this two observations, there is no direct relation with any Wnt
ligand Particularly and could easily be related to Wnt7a as well as Wnt5a, as the two main Wnt
ligands in the hippocampus. Also, the relationship between Wnt7a-Fz7 receptor is not exclusive,

as Fz7 can interact with Wntl, Wnt3/3a and Wnt7a/b, as reported by CRISPR targeting
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(Voloshanenko et al., 2017). Even more, it has also been reported thart Fz7 as a strong
interaction with Wnt5a, also (Dijksterhuis et al., 2015). For this reason, we believe that limiting
the effect of any particular Wnt ligand to unequivocally to one Frizzled receptor, is a mistake.
The Wnt-Frizzled interaction, is intrinsically ambiguous and promiscuous. One piece of
information that directly relates to the results from our work is the data on AMPARs mobility. We
performed Wnt7a studies on AMPA receptor mobility and found no difference compared to
basal conditions (Figure 2), while McLeod et al., also detected no difference on the general
dynamic of AMPA receptors, but only a difference in the completely immobility . To our opinion,
the observations on AMPA receptor dynamics made by McLeod at al., are not conclusive and
there is no parallel study performed with Wnt5a (Mcleod et al., 2018). That being said, we
believe our data and their data complement each other on the important role of Wnt ligands on

the physiology of mature hippocampal neurons.

0AB42 immobilize AMPARs only at synaptic sites: possible action mechanisms
Extracellularly applied oAB cause a decrease in the AMPAR currents, mainly due to endocytosis
of the receptor (Gu et al., 2009; Hsieh et al., 2006; Liu et al., 2010; Miller et al., 2014; Mifiano-
Molina et al., 2011; Roselli et al., 2005; Zhao et al., 2010). In our experiments, we use two
different concentrations of AB,4, oligomers; 1 and 5 yM (Figure 7). Previous research shows that
treatment with 1 uM o0AB42 for 3 days, causes endocytosis of AMPARs and a decrease in
AMPARSs ionic currents, an effect dependent on CaMKII activation (Gu et al., 2009). However, a
5 uM o0AB42 concentration has been used for shorter term effects, within 30-60 min (Mifiano-
Molina et al., 2011). The rapid effects of 5 yM 0AB42 are dependent on the activity of
calcineurin, which dephosphorylates Ser845 of GIuAl subunits (Mifiano-Molina et al., 2011).
Phosphorylation of Ser845 by PKA causes synaptic insertion of GluAl-containing AMPARS to
extrasynaptic sites. Therefore, oAB42 (through dephosphorylation of GluAl-Ser845) would
actually be decreasing the extrasynaptic population of AMPARSs. Like this, oAB42 could be
preventing LTP from occurring and at the same time, promoting LTD, which has been shown on
several researches (Li et al.,, 2009; Shankar et al., 2008; Townsend et al., 2006). In our
investigation, we observe an effect of 0AB only at synaptic and not at extrasynaptic sites (Figure

7F vs 7G), which is consistent with recent work that establishes that oAf bind and clusters to
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excitatory synaptic sites (Sinnen et al., 2016). It is important to notice that we track endogenous
GluA2-containing AMPARSs, nonetheless since the most common conformation of AMPARS in
hippocampal neurons is the GIuA1l/GIuA2 heterotetramer, we are indirectly tracking
endogenous GluAl as well. Therefore, the hypothesis of AR acting over the phosphorylation
state of GluAl-Ser845, is still reasonable. Our findings are supported by published evidence

that 0AB42 cause a decrease in the activity of AMPARSs (Hsieh et al., 2006).

UPAINT: Technical considerations

This data also allows to examine the existence of any effects on the antibody over the mobility
of AMPARs. The type of antibody we use to live-track AMPARSs is a bivalent IgG-antibody of
~15 nm. The small size of the antibody allows for it to go in and out of the synaptic cleft. An
issue that has to be addressed regarding live cell imaging techniques and antibody use is the
fact that exposure to antibodies alone could be generating an unwanted effect on AMPARs
mobility. Particularly it has been shown that binding of antibodies to certain motifs in the
extracellular domain of membrane receptors causes endocytosis of the receptor. This is called
“antibody feeding” and has been used to study endocytic and recycling pathways. We can
discard the possibility that antibodies causes endocytosis of AMPARS, creating artificial
immobilization, we have relevant controls that confirm our observations. First, when testing
GluA1l-AMPARs mobility, we boiled the recombinant Wnt5a protein and under the same
experimental design, we saw no effect of the denatured Wnt5a. Second, when testing GIuA2-
AMPAR receptor mobility, the use of recombinant Wnt7a caused no effect whatsoever on the
mobility of AMPARSs. Third, when using the Wnt5a+sFRP2 complex, we deplete the effect seen
with Wnt5a alone. Finally, we do not observe changes in the number of trajectories detected.
This proofs that the effects here reported are not artifactual and that effectively, Wnt5a
promotes immobilization of AMPARSs. It is expected that live staining by means of antibody use
(antibody feeding) causes by itself a certain degree of receptor immobilization. But the fact that
sFRP2 depletes the effect of Wnt5a alone, supports the idea of AMPARSs stabilization being

caused by Wntba.
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NMDA receptors

Here, we did not examine the effect of Wnt5a on the dynamics of NMDA receptors. However,
that could be interesting to address because, as mentioned above, Wnt5a also affects the
MEPSC of NMDA receptors. We cannot discard that Wnt5a also affects NMDARS, but since
0APB seem to cause endocytosis only on AMPARs, we focused on study them. Also, we believe
that in case Wnt5a affects both receptors (AMPAR and NMDA receptors) dynamics, probable

that the effects over NMDA receptors are not as rapid as the effects over AMPARSs.

The contribution of this research into the field
This investigation and the recent work done by others (Chen et al., 2017; Subashini et al., 2017)
are paving the way into exploring the multiple roles of Wnt5a in the functioning of excitatory

synapses in hippocampus. A field of study that will for sure continue on expanding.
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7. HIGHLIGHTS

1. Wnt5a stabilizes GluA1- and GluA2-containing AMPARS.
This effect is partially seen after 15 min of treatment and it is statistically significantly
after 30 min of treatment with Wnt5a. It is dependent on the native structure of Wnt5a,
proof by the lack of effect in denatured Wnt5a. Another proof of the specificity of Wnt5a
is the fact that when complexed with sFRP2, no effect is seen. Also, Wnt7a which is
commonly considered as a canonical ligand in hippocampal neurons, has no effect on
AMPARs dynamic. Although it was not a goal of this work to elucidate the molecular
cascades involved in the Wnt5a-dependent stabilization of AMPARS, it seems that is

not CaMKII-dependent.

2. Wnt5a stabilizes AMPARSs at synaptic and extrasynaptic sites.
Further analysis showed that Wnt5a stabilizes AMPARs in synaptic and extrasynaptic
sites. Although the overall effect seems to be the same, the dramatic difference in MSD
at extrasynaptic sites argue for a more critical effect of Wnt5a in extrasynaptic sites
compared to synaptic sites. Nevertheless, we still observe an increase in stabilization at
synaptic sites, this correlates with an increase of AMPARSs co-localization with PSD95 in
dendritic spines. Also, co-immunoprecipitation assays suggest an increased interaction

between GluA2 and PSD95, after 30 min of treatment with Wnt5a.

3. oA immobilize AMPARSs only at synaptic sites.
Two concentrations of 0AB42 were used, 1 or 5 pM and effects were evaluated at 15
and 30 min. Although 1 puM o0Ap42 showed a tendency towards immobilization of
AMPARSs on global and synaptic analysis, no significant effects were observed and no
changes were seen at extrasynaptic sites. At 5 uM the before mentioned tendency was
confirmed; oAB42 immobilize AMPARs at synaptic sites and again, no changes on
extrasynaptic sites were observed. Another important fact is that oA exerted their

effect rapidly, more rapidly than Wnt5a. Already at 15 min of treatment with oAB the
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immobilization effect seems to reach a plateau. For this reason, 5 uM of oA for 15 min,

were the conditions used for next experiments.

Wnt5a compensates the synaptic effects of AB,, oligomers.

Co-treatment analysis of Wntba + o0AB42 shows that AMPARs are stabilized at
extrasynaptic sites, with no changes on synaptic mobility. These results suggest that
there is a compensation of the synaptic effects of oA by Wnt5a. This would explain the
functional changes caused by Wnt5a, meaning increase in excitatory currents and LTP
induction, among others. Furthermore, it explains the synapto- and neuro- protective

effects of Wnt5a against oAp toxicity.
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8. FUTURE DIRECTIONS

We believe this work helps on the understanding of the fine-regulation of synaptic transmission
through endogenous molecules and made a contribution to the knowledge of the mechanistics
behind AD. Knowing in more detail the action mechanism of Wnt5a on synapto- and neuro-
protective function against toxic elements, like oAB, supports its use in the treatment of
neurodegenerative diseases, specially AD. A recent publication uses intranasal administration
of Wnt5a into mice to treat them after ischemia stroke, results are promising and shows there is

a simple, non-invasive administration method for Wnt5a.

Currently, there are non-invasive intranasal treatments to introduce small molecules into the
brain. Already, Wnt3a has been administrated into rats by this mean, reaching mainly the
olfactory bulb, an area which is early and greatly affected by AB accumulation. Therefore, the
possibility of using Wntb5a has treatment for AB synaptotoxicity, on AD murine models. Of
course, more studies are needed to find out a way to locally administrate areas particularly

affected by amyloidosis in humans, not affecting other areas.
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Supplementary Figure 1. Wnt5a causes immobilization of GluAl-containing AMPARS in a

time-dependent manner. In every case, the effect of Wnt5a was evaluated at basal condition,

15 and 30 min after Wntb5a addition, but effects are significant only after 30 min. A) Histogram

of GIuAl tracking. B) Completely immobile receptors at different time points. C) mobility of

AMPARs diminishes with exposure to Wnt5a, it is only statistically significant at 30 min. D)

Mean Square Displacement (MSD) is also significantly diminished after 30 min exposure to

Wnt5a. Endogenous GIuA2 tracking. One-way ANOVA and Bonferroni post-test, P*<0.05,

pP***<0.001.
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Supplementary Figure 2. Wnt5a does not affect the amount of synaptic contacts.

Following uPAINT experiments, hippocampal neurons were fixed, permeabilized and labeled for
PSD95 and VAMP2, as post-synaptic and pre-synaptic markers, respectively. DAPI was used to
confirm viability. A) Control and 30 min Wnt5a-treated neurons labeled for PSD95-DAPI (top),
VAMP2-DAPI (middle) and PSD95-VAMP2-DAPI, to test apposition of PSD95-VAMP2 labeling.
B) Quantification shows no difference in the amount of synaptic contacts under control or Wnt5a

conditions.



98

Supplementary Figure 3. 0AB42 identity and neurotoxicity effects.

To confirm the identity of the AB species we produce with the aggregation protocol described
above, we approach three methods. A) Electron microscopy shows the shape and length and
shape expected for oligomeric species. B) Tris-tricine gel to identify with 6E10 antibody (B-
amyloid detection), confirms that the species are mainly found in the range of 75-30 kDa (n-
mers), with a smaller population around 10 kDa, consistent of dimers (2-mers) and trimers (3-
mers). C) Hippocampal neuron were exposed to 24h of oAB42 (5 puM), Hoescht stainning and

active-caspase3 were observed, before and after treatment.



99

>
S

®

irid

e

Frequency (%)

Diffusion coefficient (log pm?/s)
1.54

P =10.08

-
o

0.5-

Mobile / Immobile

0.0+f47—ma—r

Basal 15 30° Basal 15 30

AB4 AB42

Supplementary Figure 4. 5 uM 0oAB42 immobilizes AMPARSs rapidly in peaking fast.

Global analysis of 5 uM o0AB42. In every case, the effect was evaluated at basal condition, 15
min and 30 min after treatment. A) Histogram of diffusion coefficients at basal, already at 15
min a shift to the left indicates an increase immobilization of AMPARs. B) Completely immobile
fraction, shows a significant difference against basal and after 30 min of treatment. C) Mobility
indicates a P-value of 0.08 between basal and 30 min of treatment, there is no significant

difference between 15 and 30 min of treatment.
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Is L-methionine a trigger factor for

() i

Alzheimer’s-like neurodegeneration?:
Changes in AB oligomers, tau
phosphorylation, synaptic proteins, Wnt
signaling and behavioral impairment in

wild-type mice

Cheril Tapia-Rojac'”, Carolina B Lindsay™™, Carla Montednos-Cliva’, Macarena 5. Arrazola”, Roco ML Retamales”,
Draniiel Bunout’, Sandra Hirsch™ and Nibaldo C Inestrosa’ 45"

Abstract

memmiry imipai ment

Baduground: L-methionine, the prindpal sulfur-containing amino acid inproteins, plays oitical roles in cdl physiology
& an antioxidant and in the breakdown of fats and heaw metals. Previous studies suggesting the use of L-methionine
s a teatment for depression and other diseases indicate that it might also improve memarny and propose a rale in
brain function Howaver, some evidence indicates that an excess of methionine can be harmful and can incease the
risk of developing Type-2 diabeates, heart dissases, centain types of cancer, brain aberatiors such & schizophrenia, and

Results: Her, we repart the effects of an L-methionine-enriched diet in wild-type mice and emphasiz changes in
brain structure and function. The animals in our studypresented 1) higher levels of phosphondated fow protein,

) increased levels of amyloid-fi (A Hpeptdes, including the formation of A oligomers, 3 inoeased keveks of
inflammatory responsed) inceased mddative stress, 5) deceased level of symaptic poteing and &) memaony impaiment
and ko We also observed dysfunction of the Wt signaling pathway.

Condusion: Taken together, the results of our study indicate that an L-methionine-enriched diet causes neunotoic
effects in wivo and might contribute to the appearance of Alzheimers-lke neurodegeneration

Keywords: L-Methioning Amyloid, Taw, Memaony impairment, Alzheimen's desase

Background

Methionine and cysteine are considered to be the principal
sulfur-containing aming aclds in proteins, and they play
crtical moles in cell metabolism. Methionine aids in the
breakdown of fits by both preventing their acoumulstion
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in the artedes [1], aiding the digestive system and facilitat-
ing the eimiration of heavy metals from the body, which
can be converted into cyseine to prevent toxe damage in
the liver. Methionine is alko an imporfant antioeddant
becasse its milfir group can inactivate free radicals [2-5],
and it i one of the three amine scids that the body needs
to produce creatine, which & an esential compound for
energy production and musde bullding [6]. In additon, it
may be weful in the trestment of depression [7, 8]; some
studies hove indicated that methionine might improve
memory fecall and suggested a key role for this amimneacid
in brain processes. Methionine deficences can trigger
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Wnt5a inhibits K* currents in hippocampal synapses through nitric

oxide production
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ARTICLE INFO ABSTRACT
A hisory: Hipporampal synapsss play a key role in memary and leami lry iy cing long -tenm p iatiom and
R b 30 Juy 2004 depresion. mnmhumﬂidmhmwmmdwummdmﬂtnm
Restwd 5 Jane 2085 Wie have previoushy found that Winta induces the producion of nitric ocde (MO, which modu ke NWDA ne-
:mllldmms e oepitor expression in the posts ynaptic regions of hippommpal neunons. Hene, we report that Wnia

demgasz inhi lis a vd @ge-gated K+ cument {Kv oumrent ) and increszses synajptic aci ity in hippocumpal shies. Further
Kepwants supporting a speific roles fior Wintha, the soluble Frizzlsd necsptor protedn {sFEP-2; 2 fundtional Wnt antagomist )
Winssa iﬁﬂﬁ:h*ﬁdﬂrﬁ;ﬂ:aﬂhmﬁmﬁ: o Whitha dizted by aciva-
RO e I tion of 2 ROKE ecepior and incressed HO prod they are d by the shENA-mediated
K oo huhdmdmmdhyfmmd:iqunﬁ:mﬂindmdﬂﬂihyﬁa our results show
il s that Wintha increnses NG prod uction by 2cting on ROE:2 receptors, which in tom inhibit Ky oommens Thess results

revedl 2 nowel mechaniom by which WintSa may regulate the excatability of hi neEuron.
© 2015 Eeevier Inc All righis reserved.

1. b0t on nerwns system [CNS) (Budnik and Salinas, 2011 Inestrosa and

Wint signaling pl2ys an essential role in synaptic manenance, func-
tion and mnnectivity in the developing and sdult mm rmaliancentral
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NI, el e ootde synchase; am G, 1-fo-aabisferasyiomsine; IV, dys
i g O, et alovires:; EGFF @ ahumard o e fheorescen pmasin; TU, Sencder-
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Arenad, 2010 Inestross snd Varels-Mallar, 2004) Wt ligands ane
secreted gyooproteins that stimul ste the frmation of @ ntral and pe-
ripheral synapses [Budnik and 5 alinas, 201 1; Salines, 2002 ) by promot-
ing pre-synaptic ssembly (Ahmsd-Annuar et al, 2006; Cerpa ot al_,
2008; Farizs etal, A7) and the chetering of possynaptic amponats
(G et &1, 200 0 Cuiting etal, 2000 Fariss et i 2009)

Minetesn Wt genes have beenidentified in the vertebrate genome,
&l af which s gnad through the seven-trans membrane-domain Frizded
[ FZD) receptors (Schulte and Bryja, 2007)_Signaling events ocour a8 the
direa anseque nee of FZD activation, via the phes phoprotein di shey-
eled [DVLL These reeptars, with the co-receptar tyresine kinxselike
arphan receptor 2 [ ROR2), are ssledively adivated by WntSa in both
s and invertsbextes | Mikels et ol 2000

Bath types ol remplors sctivate ot lexst three sltemative signaling
pathways: 1) the cnonical Wit Brcatenin pathway, involved in the
co-sctivation of Wil target genes with TelLef trandeription Deotors
[Musse and Varmus, 2012); 2) the Wnt-Flanar Cell Polarity | Wit/PCP)
pathway, scting trough monomenc GTPases and o] un. M-termind k-
nase [ JNKL which regulstes cytes kel eton reorganization (Simons and
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Fructose consumption reduces hippocampal synaptic plasticity
underlying cognitive performance
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Abstract
Metabolic syndrome (MetS) is 2 global epidemic, which imeolves a spectium of metabolic
disorders comprising disbetes and obesity. The impact of MetS on the brain is becoming to be a
concern, however, the poor understanding of mechanisms imvolved has limited the development of
therapeutic sirategies. We induced a MetS-like condition by exposing mice to froctose feeding for
T weeks. There was a dramatic deterioration in the capacity of the hippocampus to sustain synaptic
plasticity in the forms of long-term potentistion (LTF) and long-term depression (LTDY). Mice
exposed to fimctose showed a reduction in the number of contact zones and the size of
postrynaptic densities (FSDs) in the hippocampas, =5 well as 3 decrease in hippocampal
neurozenesis. Thers was an increase in lipid perocddation likely sssociated with 8 deficency in
plasma membrane excitability. Consistent with sn overall hippocampal dysfinction, there was a
subsequent decrease in hippocampal dependent leaming and memory performance, 1.e., spatial
leamning and episodic memory: Most of the pathological sequel of Met5 in the brain was reversed
three month after discomtinme froctose feeding These results are novel to show that MetS trigmers
3 cascade of molecnlar events, which disrupt hippocampal functional plasticity, and specific

“Comesponding author at: CARE Biomedical Cantar, Faculty of Biclogical Sciences, Pontificia Universidsd Caselic de Chila,
Alamods 340, PO. Box 114-1, Samtisge, Chils. ninovtrowsibio poc ol (M.C. Inastrosal).
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Wnt-related SynGAP1 is a
neuroprotective factor of
glutamatergic synapses against A
oligomers
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‘Wt-5a is a synaptogenic factor that modulates glutamatengic synapsas and genarates
neurcprotection against AR oigomers. |t is known that Wni-5a plays a key ol in
the adult nervous systam and synapiic plasticity. Emerging evidenoo indicates that
miRMNAs are actively invoheed in the reguiation of synaptic plasticity. Recently, we showed
thiat Wnt-5a is able to conirol the axprassion of soveral miEMAS including miR-101b,
which has been extensively studied in carcinogenesis. However, its role in brain is
just begnning to be explored. That iz why we aim to study the relationship batween
‘Wnt-5a and miENAS in glutamatargic synapses. We porformed in siico analysis which
predicted that miH-101b may inhibit the epression of synaplic GTPass-Activating
Protein (SynGAP1), a Ras GTPase-activating protein critical for the development of
cognition and proper synaptic function. Through overexpression of miA-1010, we
showed that miR-101b is able to regulate the expression of SynEAP1 in an hippocampal
call line. Moreover and consistent with a decraase of miR-101b, Wnt-5a enhances
SynGAP expression in cultured hippocampal newrons. Additionally, Wni-5a increases
tho activity of SynEAP in a fime-dependant manner, with a similar kinetic to CaMEIl
phosphorylation. This also, comelates with a modulation in the SynGAP clusters dansity.
(O tha other hand, Ag cligomers permanently decreass the number of SyNGAP clusters.
Interestingly, whan neurons are co-incubatad with Wnit-5a and AR oligomers, wa do not
observe the detrimental effect of Ap cligomears, indicating that, Wnt-5a protecis neurons
from the synaptic failure tiggered by AR olioomers. Owverall, cur findings suggest that
SynEAP1 is part of the signaling pathways induced by Wni-5a. Therefore, possibility
exists that SynGAP is involved in the synaptic protection against AR oligomers.

Eaywords Wnl-5a, microRNAS, SyvGAF, Camiil, Alrzhaimar disaass

Introduction

Dendritic spines compartmentalive biochemical cascades at the postsynaptic level and are
enriched in newrotransmitter recepiors, ion channels, and components of varous signaling
pathways (Chen and Sabatind, 2012; Colgan and Yasuda, 2014), indwding the Wnot
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Tetrahydrohyperforin: a
neuroprotective modified natural
compound against Alzheimer’s disease

According to the World Health Organization (WHO), a total
of 35.6 million cases of dementia were estimated in 2010,
with close to 7.7 million new cases each year. In 2008, WHO
dedlared dementia a priority condition. %% of all dementia
cases are considered to be Alzheimer's disease (ALDY). There-
fore, great effort was made to understand the etiology of the
disease and stop or dow down AD progression.

Several different therapies have been developed, inchading
active and passive immunotherapy against the amyloid-g
[AB) protein, dmgs targeting cholinergic synapses (ce., do-
nezepil and rivastigiming) and ghitamatergic synapses (ce.,
memantine), and microtubule stabilization by targeting tau
protein, among many others. Unfortunately, these drugs do
not directly attack the disease, but rather act by compensat-
ing the synaptic transmission loss, and therefore, show only
short-term beneficial effects.

For over ten years we have studied the effects of tetra-
hydrohyperforin, a semisynthetic derivative of the nataral
compound hyperforin found in 5t John's wort | Hyperioum
perforatum). Hyperforin shows low stability and bicavail-
ahility. The chemically reduced derivative tetrahydrohyper-
forin is more stable and therefore more efficient in treat-
ments. Injecting tetrahydrohyperforin into wild-type and
double transgenic mice that model AD (APP_J/P5177), we
have found positive effects at 2 molecular, cellular and cog-
nitive level. Among the effects of tetrahydrohyperforin, we
found that it prevents deposition of AP peptides, prevents
abnormal tan phosphorylation, and mitigates synaptotox-
icity. It also increases adult nenrogenesis in wild-type and
APP__/P51"" mice. These molecalar and cellular changes
are maost likely related to tetrahydrohyperforin's ability to
prevent cognitive deficits when administered to young or
old APP,_/P51"" mice.

In the present perspective, we are going to present and
compare the effects of tetrahydrohyperforin and hyperforin,
propose 1 mechanism of action based on recently published
data, and finally, will discuss foture possibilities of tetrahy-
drohyperforin in AD therapy.

Tetrahydro is a derivative of the matural com-
pound hyperforin: 5t. John's wort has been used since
ancient times for its antidepressive, antiinflammatory and
antiseptic properties as part of popular medicine traditions.
The main active compound of this plant is hyperforin, a
bicydlic polyprenylated acylphloroghicinol. Once extracted,
the compound is highly unstable when expased to light,
heat, or air. More stable analogues of hyperforin were
sought by systematic chemical modification and resulted in
the semisynthetic compound tetrahydrohyperforin, where
two carbonyl groups were reduced to hydroxyl groups. Tet-
rahydrobyperforin shows greater chemdcal stability and oral
binavailability.

Moaost of the pharmacological effects described for hyperfo-

552

rin have been described for tetrahydrohyperforin, as well. In
particular, among the shared effects described for the central
nervous systern (CW5), there are: enhanced performance in
memory paradigm tests, reduction in AR plague size, and
decrease of astrogliosis and varions inflaimmation markers
in brain.

Even more interesting are the discoveries of the neuro-
protective properties of tetrahydrohyperforin. Mext, we are
going to describe the molecular effects of tetrahydrohyper-
forin in 2 mouse model of AD and how these effects prevent
memaory loss.

Tetrahydrohyperforin generates neuroprotective effects
and prevents memory loss in double transgenic mice mod-
eling ADx In our laboratory, we established that hyperforin
is able to disaggregate AP peptides o vitro and have shown
that it prevents Ap meurotoxicity in rat hippocampus
vive [Dinamarca et al., 2006). We have also reported that
intraperitoneal administration of this drug in the most
commonly used mouse model of AD (APP_JPS1%™) oc-
dudes cognitive deficit, reducing the AP plaque size and the
oxidative damage in cortex and hippocampus (Cerpa et al.,
2010). Once the effects of hyperforin were dear, we aimed
at studying tetrahydrohyperforin to elucidate whether it
had similar effects.

Experiments showed that in APP_/PS1* mice, tetra-
hydrohyperforin promotes non-amyloidogenic amyloid
precursar protein (AFP) processing by inhibiting y-secre-
tase-mediated cleavage of APF's C-terminal fragment, C99
(Imestrosa et al., 2011). As mentiomed before, it also increases
nmiynem' in the dentate gyrus of wild-type and APP_J
P51 mice (Abbott et al., 2013). it was farther established
that tetrahydrohyperforin prevents mitochondrial Ca™
overload, and therefore protects against mitochondrial dys-
function (Zolezzi et al, 2013). Overall, tetrahydrohyperforin
both tn vitre and i vive has synapto- and neuroprotective
effects against Af oligomers.

Although the data obtained was relevant, one import-
ant issue was not solved: the mechanism of action through
which tetrahydrohyperforin could be generating these ef-
fects. Several hypotheses have been proposed during the
years. One of them takes into consideration the fact that
hyperforin can act as an N-methyl D-aspartate (NMDA) re-
ceptor antagonist, and therefore, could block reactive oxygen
species (RO5) formation (Kumar et al, 2006). Unfortanate-
ly, there is no further advance in this work. Another pos-
sibility is that tetrahydrohyperforin, similar to hyperforin,
could activate the transient receptor potential cation chanmel
subfamily & (TRPCE) {Leuner et al., 2007). TRPC channels
are non-selective cationic channels thought to be compossd
of six membrane spanning segments with intracellular
amino- and carboxy-termini. Based on sequence similarity
these were divided into two subfamilies: TRPCL/M/S and
TRPCHET. TRPCS channels are principally Ca* permeable
channels ubiquitously found in the body, but importantly
located in the postsynaptic density of hippocampal neurons.

Within the CNS, TRPC3/6 channels have key roles in nen-
ronal survival by transmitting brain-derived neurotrophic
factor (BDNF) signaling and promoting gene expression
via the cAMP response element-binding protein (CREE).
TRPC3 channels are involved in hippocampal excitability.
TRPLCT channels are found only in embryonic stages, so they
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Effects of Tetrahydrohyperforin in Mouse Hippocampal Slices: Neuropro-
tection, Long-term Potentiation and TRPC Channels
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Absiract: Temahydmehyperforin (IDNS5704) is a semi-synthetic compound dermved from byperform (IDN3522) and is the
main active princple of 5t. John's Wort. IDW3704 has shown mumerous beneficial effects when administered to wild-type
and double transgenic (APPswePSEN1AEY) mice that mode]l Alzheimer’s disease. However, its mechanism of acton is
currently unknown. Toward this end, we analysed field excitatory postsynaptic potentials (fEPSPs) in mowse hippocampal
shices incubated with IDN3706 and in the presence of the TRPC3/6/7 activator 1-oleoyl-I-acetyl-m-ghycerol (DAG], the
TRPC channsl blocker SEFP6365, and neurotordc ammyloid B-protein (AF) olipomers. To stady spatial memory, Meris
water maze (MWM) behavioural tests were condocted on wild-type mice treated with IDN5706 and SEF263483. In mdilfco
studies were conducted to predict a potential pharmacophore. IDN5T06 and OAG had a similar stimmlating effect on
fEPSPs, which was inhibited by SEF96365. IDN5706 protected from reduced fEPSPs induced by AP olizomers.
D574 improwed spatial memory m wild-type mice, an effect that was counteracted by co-admimistration of SEFAG365.
Our m siifce smdies suggest stong pharmacophors similanity of IDW5706 and other reporfed TRPCS activaiors
(DM5522, OAG and Hyp#). We propose that the effect of IDN3 706 is mediated through activation of the TRPCI/ET
chammel subfamily. The unveiling of the dmg’s mechanism of action & a necessary step toward the climical use of

IDN5T06 i Alzheimer’s dissase.

Eeywords: Af olizomers, Alzheimer's Disease, nenroprotection, hippocampus, tetrahydrobyperforing, TRPC chanmels.

INTRODUCTION
Alzheimer’s disease (ALV) is characterised by a progres-
sive loss of cognitive abilities, evenmally leading to the
death of the individual [1]. Accurmlation of the amyloid B-
protein (Af), 2 product of the processing of the amyloid pre-
cursor protein (APF), is believed to play a key role in the
cogmitive deficits observed in AT [2]. The mechanmisms in-
wolved in the pathopenic changes riggered by AR oligomers
are mot clearly understood. Af olizomers migger meuromal
dysfunction and cyteskeletal alterations, early manifestations
that lead to aberrant remodelling of dendrites and axoms,
synaptic loss [3], and evenmally, a progressive loss of neu-
romal populations [4]. Synaptic failore is correlated with a
reduction in synaptic proteins and alterafions i synaptic
function [2, 5].
Hyperforin is a prenylated phloroghicino] derivative and
the primary active molecnle respomsible for the ant-
activity of 5t. Jobn's Wort (Hipericum perfora-
tumf[]. It has been nsed for cenmries in Chinese raditonal
medicine &5 3 sedative, antimalarial and dinretic substance

*Address commespondance o this aathor at the CARE Biomodical Contar,
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E-mail: ningstrosaifhio.poc.cl

O29.BETI14 45800+ 00

[7]- Hyperforin has been suggested to enhance memory in
rodents [8] and may have additional anti-nflammatory, ant-
bacterial, antisngiogenic snd sntimmoral effects. Accord-
mgiywehmprmmslyshnwnﬁathypa:ﬁmmmﬂ:mesﬂle
behavioural alterations mduced by intra-hippocampal injec-
tion of AP fibrils in an acute rat model of AD [9]. Hyper-
forin, & namral compound, is chemically instalble, easily oxi-
dised, sensitive to heat and lizht and degrades quickly as
well as its bicactivity may be rapidly lost during storage [10,
11]. Tetrshydrohyperforin (IDM5706) is a semi-synthetic
derivative of hyperforin that has higher stability snd -
creased oral bioavailsbility [12], while maintsining i nen-
Toprofective properties [13].

So far, the mechanism of action of IDM5706 that ex-
plains its memory and behsviour alering effects is ot
known. Stedies mdicate that the canonical transient receptor
potential § (TEPCS) chaomel a fetrameric, non-selective
cation channel is specifically activated by hyperforin [14].
TRPCS channels have also been found to promote dendritic
erowih [15] and play a role in the formation of excitatory
synapses [16]. Here, we report that IDN5T06-mediated act-
vation of TRPC channels improves the symaptic respomse
measured by & reversible ivoease in field exdtatory post-
synaptic potential (fEPSF), has nenroprotective effects on
AR oliomers, and improves spatial memory in wild-type
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