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Abstract
Synapse dysfunction and loss represent key pathological hallmarks of Alzheimer's disease
(AD). Wnt signalling, in particular through the Wnt co-receptor LRP6, has a critical role
in maintaining the structural and functional integrity of synaptic connections in the adult
brain. LRP6 dysfunction and deficient Wnt signalling compromise synaptic circuits during
ageing, contributing to AD pathogenesis. Wnt signalling has been implicated in AD through
a genetic link: A common variant of LRP6 (LRP6-Val) based on a single-nucleotide
polymorphism (SNP) confers reduced Wnt signalling activity in cell lines and is associated
with an increased risk for late-onset AD. However, it is unknown whether LRP6-Val has a
functional impact on synapses in the brain.
To investigate the LRP6-Val variant in a physiological context, a novel knock-in mouse
model was generated for this study. I examined the structure and function of excitatory
hippocampal synapses as well as hippocampus-dependent memory function, using
a multidisciplinary approach combining cell biology, imaging, electrophysiological and
behavioural studies. My findings demonstrate that the LRP6-Val variant compromises
Wnt signalling in an age-dependent manner, leading to pre- and postsynaptic structural
and functional defects in the ageing hippocampus. Shrinkage of presynaptic terminals
and dendritic spines is accompanied by reduced neurotransmitter release. Upregulation
of astrocytes and microglia suggests concomitant neuroinflammation, which may further
contribute to synaptic damage. However, global synaptic transmission is preserved and
memory function remains unaffected in LRP6-Val knock-in mice up to 14 months of age,
possibly due to a homeostatic adjustment of synapse density.
Synaptic defects caused by LRP6-Val may exacerbate synapse vulnerability to further toxic
insults with advancing age, increasing the risk of a pathological transition towards AD. The
results of this study advance our understanding of the role of LRP6-mediated Wnt signalling
for synapse maintenance during ageing and strengthen the link between aberrant Wnt
signalling, synaptic degeneration and Alzheimer's disease.
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Chapter 1

Introduction
1.1
1.1.1

Synapses in the nervous system
Overview

The adult human brain contains about 86 billion nerve cells (Azevedo et al., 2009). These
neurons form the cellular basis of the astonishing capacities of our brains - they allow us
to see and hear, speak, think, remember, plan and feel. Neurons are highly complex and
extremely specialised cells: they are built for communication. Information is transmitted
in neuronal circuits via chemical synapses, tiny connecting junctions that allow a signal to
travel from one cell to another. Synapse density varies widely between brain areas, but an
average number of 1,000 synapses per neuron is a conservative estimate - suggesting that
the human brain contains at least 86 trillion synapses. These connections are the basis of
all neuronal circuits in the brain that receive, process and store information.
The fundamental purpose of a synaptic connection is the transmission of a signal between
two cells. At chemical synapses, an electrical signal propagating through the axon of one
cell (the presynaptic cell) is translated into a chemical signal in the form of neurotransmitter,
which diffuses across a narrow synaptic gap to the adjacent (postsynaptic) cell and is
received there as an electrical and/or biochemical signal. While tiny in size (roughly several
hundred nanometres in diameter), synapses belong to the most complex and specialised
structures in the nervous system. A huge number of proteins, signalling pathways and
regulatory systems are involved in synaptic function. Almost 1,500 different proteins have
been identified from the postsynaptic compartment alone, linking more than 7 % of the
roughly 20,000 protein-coding genes in the human genome to (post)synaptic function
(Bayés et al., 2011). The elaborate protein machineries at synapses also rely on large
numbers of individual components: 60 major presynaptic protein types account for 300,000
individual proteins that are crowded together at a presynaptic terminal (Wilhelm et al.,
2014).
Synapses are not only complex but also very diverse. They form connections between
neuronal and non-neuronal cells (e.g. at the neuromuscular junction (NMJ) between a
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motor neuron and a muscle fibre) and between neurons; synaptic contacts can occur
at different locations on a neuron (connecting axon and dendrite, axon and axon, or
axon and soma); synaptic transmission can either facilitate or inhibit electrical activity
in the postsynaptic cell (excitatory and inhibitory synapses, respectively); and a large
range of different chemicals can act as neurotransmitters (such as glutamate, dopamine
or γ-aminobutyric acid (GABA)).
As the functional units of communication underlying neuronal circuitry, synapses have
attracted a huge amount of research interest, ever since Ramón y Cajal established that
neurons are discrete cells that contact each other (Glickstein, 1991). In 1949, Donald
Hebb introduced the idea that modulations in synaptic connectivity underlie learning
processes (Morris, 1999). Experimental evidence for a link between synaptic changes
and memory storage first came from Eric Kandel's landmark studies of Aplysia (Castellucci
and Kandel, 1976, 1974; Castellucci et al., 1970). Nearly at the same time, Bliss and
Lømo discovered that synapses in the hippocampus could be strengthened for prolonged
periods, a phenomenon that became famous as long-term potentiation (LTP) (Bliss and
Lømo, 1973). This ability of synapses to undergo plastic changes has since become the
focus of intense interest as the neurobiological basis of learning. Today, synapses are
widely regarded as the building blocks of memory formation and storage in the brain.
The synapse also attracts much interest in the context of disease. Many neurological
conditions have been associated with synaptic dysfunction, ranging from neurodevelopmental
and autism spectrum disorders through epilepsy and schizophrenia to neurodegenerative
diseases and dementia (Henstridge et al., 2016; Lepeta et al., 2016; Lüscher and Isaac,
2009). The term synaptopathy is sometimes used to group these very diverse diseases
and highlight their common feature: pathology of the synapse as the driver of disease.
The specific role of synapse loss and dysfunction in neurodegeneration and Alzheimer's
disease will be discussed later (see 1.3.5). In the following sections, I will examine synapse
structure, function and dynamic regulation in more detail.

1.1.2

Structure and function of synapses

The structure of synapses reflects their primary function: enabling a unidirectional signal
flow from the pre- to the postsynaptic cell. The presynaptic machinery is specialised for the
transmission of the message, the postsynaptic apparatus is built for signal reception.

1.1. Synapses in the nervous system
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Presynaptic structure and function
Presynaptic terminals or boutons form along the axon of a neuron. Their most characteristic
feature is the presence of numerous small synaptic vesicles, filled with neurotransmitter.
When an action potential arrives at a presynaptic terminal, the concomitant membrane
depolarisation leads to calcium influx into the terminal, which triggers the fusion of synaptic
vesicles with the plasma membrane and results in the release of neurotransmitter into the
synaptic cleft.
The active zone
Vesicle fusion and neurotransmitter release occur at a restricted and highly specialised
region within the presynaptic plasma membrane, called the active zone (AZ) (Südhof,
2012). In electron micrographs, an electron-dense region at the interface of the presynaptic
terminal and the synaptic cleft indicates a protein-rich structure, the cytomatrix of the active
zone (Kaeser et al., 2011) (Fig. 1.1A). Proteins within the AZ and associated cytomatrix
spatially coordinate the different steps in neurotransmitter release: they tether and guide
synaptic vesicles to the presynaptic membrane, recruit voltage-gated Ca2+ -channels, and
provide the molecular platform for vesicle fusion.

The active zone also ensures the

exact apposition of the pre- and postsynaptic machineries via trans-synaptic cell-adhesion
molecules, enabling fast and efficient signal transmission across the synapse. The core of
active zones is composed of several evolutionarily conserved multi-domain proteins, most
importantly RIM, RIM-BP and Munc13 (Fig. 1.1B). RIMs and RIM-BPs form a biochemical
complex that recruits Ca2+ -channels to the AZ (Hibino et al., 2002; Kaeser et al., 2011;
Wang et al., 2000), whereas Munc13 has a central role in priming the molecular fusion
machinery for vesicle exocytosis (Ishiyama et al., 2014; Khodthong et al., 2011; Ma et al.,
2011). Two other important presynaptic players are the scaffolding proteins Piccolo and
Bassoon - large proteins of the cytomatrix, which provide a guiding skeleton for synaptic
vesicles that is important for vesicle clustering (Hallermann et al., 2010; Mukherjee et al.,
2010) (Fig. 1.1B).
Voltage-gated Ca2+ -channels
Depolarisation-induced Ca2+ entry into the presynaptic terminal is mediated by
voltage-gated calcium channels (VGCCs) (Fig. 1.1B). Opening of VGCCs in response
to an incoming action potential leads to calcium influx along the electrochemical gradient
and a rapid localised elevation of intracellular Ca2+ in the terminal from around 100
nM to micromolar concentrations (Clapham, 2007; Wadel et al., 2007).

VGCCs are
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Figure 1.1: Structure of an excitatory synapse in the brain.
A. Electron micrograph and cartoon showing an excitatory synapse in the CA1 area of the
hippocampus. Glutamate-containing synaptic vesicles are present in the presynaptic terminal,
opposed to a dendritic spine containing the postsynaptic density (PSD). Scale bar, 100nm.
B. Cartoon illustrating the major pre- and postsynaptic structural elements of an excitatory synapse.
Refer to text in 1.1.2. for explanation of individual elements.

hetero-multimeric protein assemblies and exist in a wide range of types and subtypes,
due to encoding of the critical pore-forming CaV α1-subunit by multiple genes, alternative
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splicing and the interaction with a variety of auxiliary channel proteins (Simms and
Zamponi, 2014). Synapses in the central nervous system most frequently employ calcium
channels of the types CaV 2.1 and CaV 2.2 for fast synaptic transmission, giving rise to
P/Q-type channels (Bourinet et al., 1999) and N-type channels (Williams et al., 1992),
respectively.
Synaptic vesicle pools
Synaptic vesicles are small (~40 nm in diameter), spherical secretory organelles that
store and release neurotransmitter. The quantal nature of neurotransmitter release is
based upon the packaging of transmitter molecules into these small, discrete entities.
The number of synaptic vesicles at a presynaptic bouton varies widely, but is typically
within the order of 100 vesicles at hippocampal synapses. Even though synaptic vesicles
all look alike under the electron microscope, they are not all functionally equivalent and
scientists have long grouped them into distinct pools, according to their propensity for
exocytosis. In the classical model, three main groups are distinguished (Alabi and Tsien,
2012; Chamberland and Tóth, 2016; Denker and Rizzoli, 2010; Rizzoli and Betz, 2005):
1. the readily-releasable-pool (RRP) consisting of the few vesicles (~1 % of the total
population) which are docked at the active zone and ready for release; 2. the recycling
pool (~10-20 % of all vesicles) containing vesicles that are more slowly mobilised and
released only after depletion of the RRP; 3. and finally the large reserve pool (~80-90
% of all vesicles) hosting vesicles that are reluctant to release and are only recruited
upon prolonged stimulation. While this model is still used by many scientists, it should
be considered with some caution as it was largely developed based on high-frequency
stimulation experiments, which may not accurately reflect physiological conditions (Harata
et al., 2001; Schneggenburger et al., 2002). For example, under more physiological
prolonged low-rate stimulations, the distinction between the recycling and the reserve pools
becomes blurred (Ikeda and Bekkers, 2009; Rizzoli and Betz, 2004).
Vesicle release
The core molecular machinery at the centre of neurotransmitter release is the
SNARE/SM-complex which mediates vesicle fusion with the plasma membrane (Rizo
and Xu, 2015; Südhof, 2013). This complex is comprised of the SNARE proteins (soluble
NSF attachment receptor proteins), including the vesicular protein Synaptobrevin/VAMP
and the plasma membrane proteins Syntaxin-1 and SNAP-25, and the SM protein
(Sec1/Munc18-like proteins) Munc18 (Fig. 1.1B). During vesicle priming, these proteins
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assemble to form a pre-fusion complex, mediated by an alteration in the binding of Munc18
to syntaxin-1 and the conformational opening of the syntaxin-1 protein (Dulubova et al.,
1999, 2007). A second step of priming involves the activation of the pre-fusion SNARE/SM
complex by the protein Complexin (Hobson et al., 2011; Maximov et al., 2009; Tang et
al., 2006). At this point, the primed vesicle is held tightly adjacent to the presynaptic
plasma membrane and the release machinery is in place to trigger fusion pore opening
upon Ca2+ -influx. This next step relies upon another core protein of the presynaptic release
machinery: the Ca2+ -sensor Synaptotagmin-1 (Syt1). Synaptotagmins are transmembrane
proteins with two binding sites for Ca2+ , of which Syt1 is the most important Ca2+ -sensor
for fast neurotransmitter release (Fernández-Chacón et al., 2001; Pang et al., 2006). Syt1
is localised on the vesicular membrane with its Ca2+ -binding sites extending outwards into
the cytosol (Fig. 1.1B). Upon Ca2+ -binding, Syt1 interacts with the SNARE machinery, and
the force generated by the full SNARE-complex assembly acts on the plasma membrane
and triggers fusion-pore opening and vesicle exocytosis (Fig. 1.1B) (Guzman et al., 2010;
Zhou et al., 2013). After the release of neurotransmitter, the SNARE complexes are
disassembled by NSF/SNAP ATPases. Precisely how this complex release machinery
enables neurotransmitter release within microseconds of Ca2+ -influx, is the subject of
ongoing research. However, one key feature of this intricate molecular apparatus is its
exquisite spatial architecture: the central AZ proteins RIM, RIM-BP and Munc13 mediate
the precise co-localisation of all critical players, tethering Ca2+ -channels to docked vesicles
and establishing organised release sites, which ultimately allow the fast coupling of action
potential arrival to neurotransmitter release (Han et al., 2011; Kaeser et al., 2011).

Vesicle recycling
After synaptic vesicles release their neurotransmitter into the synaptic cleft, they need
to be regenerated. To sustain high-rate synaptic transmission, synaptic vesicle pools
constantly need to be replenished. Doing this via axonal transport from the cell body
would be far too slow, so vesicle recycling happens locally at the presynaptic terminal
via a number of different routes (Kononenko and Haucke, 2015; Rizzoli, 2014; Sudhof,
2004). 1. 'Kiss-and-run/stay' exo-endocytosis: The 'kiss-and-run/stay' pathways involve
immediate clathrin-independent retrieval of a fused vesicle at the AZ through rapid closure
of the opening pore (He et al., 2006; Jockusch et al., 2005; Neef et al., 2014; Xu
et al., 2008).

'Kiss-and-stay' vesicles are directly re-filled at the active zone without

un-docking (they remain in the RRP) (Pyle et al., 2000), whereas 'kiss-and-run' vesicles
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un-dock from the AZ for local recycling (Aravanis et al., 2003). 2. Clathrin-mediated
endocytosis (CME) is a second, slower form of synaptic vesicle recycling. Clathrin-coated
intermediates can be observed at presynaptic terminals (Gad et al., 2000), and acute
(Kasprowicz et al., 2014) or genetic inactivation (Ferguson et al., 2007; Gad et al., 2000)
of clathrin-associated factors perturbs vesicle recycling. However, the comparatively mild
effects of genetic ablation of clathrin or the clathrin-recruiting factor AP-2 (Kononenko et
al., 2014) suggest that the CME pathway is probably not the most important pathway of
vesicle recycling in neurons. 3. Ultrafast endocytosis: Elegant experiments based on
rapid high-pressure-freezing electron microscopy (EM) have revealed an ultrafast form of
vesicle endocytosis at presynaptic terminals, in which docked vesicles collapse fully and
compensatory endocytic invaginations appear within 50 to 100 ms at sites flanking the
AZ (Watanabe et al., 2013a, 2013b). This pathway is distinct from both kiss-and-run
(endocytosis does not occur at the AZ) and CME (it is 200-fold faster than CME and
independent of clathrin (Watanabe et al., 2014)). Ultrafast endocytosis may serve to rapidly
restore the membrane surface area at the presynaptic terminal. 4. Bulk endocytosis: Bulk
endocytosis involves the invagination of a large area of presynaptic membrane distal to the
AZ, followed by the generation of endosome-like vacuoles, from which multiple synaptic
vesicles are subsequently regenerated (Cheung and Cousin, 2013; Richards et al., 2000;
Watanabe et al., 2014). This endocytic pathway is typically observed in response to intense
stimulation.
After membrane endocytosis, the regeneration of functional synaptic vesicles requires
several additional steps: re-formation of uniform vesicles from endosomal structures,
restoration of vesicle protein composition, and finally vesicle acidification and re-filling with
neurotransmitter. Clathrin-associated mechanisms play a central role in the generation of
vesicles from endocytic vacuoles (Heerssen et al., 2008; Kononenko et al., 2013, 2014;
Watanabe et al., 2014) and the correct sorting of vesicle proteins (Kononenko et al.,
2013; Koo et al., 2011). Dedicated transporter proteins such as the vesicular glutamate
transporter vGlut are responsible for re-filling vesicles with neurotransmitter molecules from
the cytosol (Hori and Takahashi, 2012; Omote et al., 2011).
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Postsynaptic structure and function
Neurotransmitter released from the presynaptic terminal diffuses across the synaptic cleft
to the postsynaptic side. In contrast to presynaptic structures, the postsynaptic apparatus
differs significantly between excitatory and inhibitory synapses. In line with the focus of this
thesis, I will describe excitatory postsynaptic morphology and function in greater detail and
only briefly highlight characteristics of the inhibitory postsynaptic machinery.

Dendritic spines
Dendritic spines are small membranous protrusions arising from the dendritic shaft of
various types of neurons. These tiny, highly specialised postsynaptic structures are the
primary recipients of excitatory input in the mammalian brain (Adrian et al., 2014; Hering
and Sheng, 2001; Rochefort and Konnerth, 2012). Spine morphology varies considerably,
but typically consists of a bulbous spine head of 0.5-1 µm diameter that is connected to
the dendritic shaft via a thinner ~1 µm long spine neck. Traditionally, dendritic spines are
classified into three types: thin spines, which have a long, thin neck and only slightly wider
head; mushroom spines with a neck and a larger bulbous head; and stubby spines which
lack an identifiable neck (Bourne and Harris, 2008). While these categories do not do full
justice to the continuum and flexibility of spine shape (Harris et al., 1992; Holtmaat and
Svoboda, 2009; Kasai et al., 2010; Parnass et al., 2000; Schikorski and Stevens, 1999),
they represent a useful framework for morphological studies.

Spine morphology is intimately linked to postsynaptic function. Separated from the dendrite
by a thin neck, the spine head represents an isolated biochemical compartment that
serves as a micro-environment for postsynaptic signals and reactions (Sabatini et al., 2001;
Svoboda et al., 1996; Tashiro and Yuste, 2003; Volfovsky et al., 1999). The head/neck
geometry of spines enables the generation of a rapid and highly localised calcium signal
in the postsynaptic compartment, allowing independent regulation of postsynaptic activity
at individual synapses (Majewska et al., 2000; Volfovsky et al., 1999).

Based on

super-resolution imaging and computational modelling, quantitative descriptions of how
spine morphology affects signal compartmentalisation have been attempted (Takasaki and
Sabatini, 2014; Tonnesen et al., 2014): Both head and neck parameters influence the
kinetics of biochemical signals in spines, whereas plasticity of the spine neck emerges as
a key determinant of electrical signalling within a spine. Spine morphology also plays an
important role in the context of synaptic plasticity (see 1.1.3).
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The excitatory postsynaptic density
Dendritic spines contain within their head the postsynaptic density (PSD), a macromolecular
complex embedded in the postsynaptic membrane. The PSD serves as an integrating
signalling platform for the postsynaptic site, spatially linking and coordinating many of
the key players in postsynaptic signal transduction and processing (Chen et al., 2008;
Kennedy, 2000; Scannevin and Huganir, 2000). In EM images, the PSD appears as an
electron-dense thickening located at the top of a dendritic spine, opposite the presynaptic
active zone (Palay, 1956) (Fig.

1.1A). It is roughly 500 nm wide and 30 nm thick

and contains receptors, ion channels, scaffolding molecules, cytoskeletal elements and
signalling molecules such as kinases and phosphatases (Cheng et al., 2006; Dosemeci
et al., 2007). The core unit of the PSD is formed by the scaffolding protein PSD-95,
a member of the membrane-associated guanylate kinase (MAGUK) protein family (Fig.
1.1B) (Cheng et al., 2006). PSD-95 plays a central role in organising and anchoring key
constituent synaptic proteins, including glutamate receptors (Bats et al., 2007; Chen et
al., 2000; Niethammer et al., 1996), trans-synaptic adhesion molecules (Futai et al., 2007)
and other scaffolding molecules such as Homer and Shank (Fig. 1.1B) (Hayashi et al.,
2009; Kim et al., 1997; Sala et al., 2001; Tu et al., 1999). Many interactions of PSD-95
are mediated by one of its three PDZ domains, short peptide-binding protein domains that
typically interact with the C-termini of membrane proteins (Feng and Zhang, 2009; Kim and
Sheng, 2004; Long et al., 2003; Niethammer et al., 1996). Surface clustering and trafficking
of excitatory postsynaptic receptors is dominantly controlled by core PSD proteins, which
are consequently potent regulators of synaptic strength (Bats et al., 2007; Chen et al.,
2015; Elias et al., 2006). PSD proteins also coordinate local cytoskeletal dynamics through
interactions with actin, which is highly enriched in spine heads and involved in structural
changes underlying synaptic plasticity (see 1.1.3) (Hlushchenko et al., 2016; Rostaing et
al., 2006).

Excitatory postsynaptic receptors
Fast excitatory neurotransmission in the mammalian brain is mediated by α-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPA receptors, AMPARs) (Fig.
1.1B). These are ionotropic glutamate receptors composed of different subunits,
GluA1-GluA4, which are highly homologous but differ in their functional properties. In
the hippocampus, most AMPARs assemble as hetero-tetramers, consisting of two subunits
of GluA2 and two subunits of either GluA1 or GluA3 (Lu et al., 2009; Shi et al., 2001;
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Wenthold et al., 1996). Each subunit has an extracellular glutamate binding site, several
transmembrane domains and a cytoplasmic C-tail, which is a highly variable region and
the principal site of protein interactions and post-translational modifications that govern
subunit-specific trafficking dynamics (Henley and Wilkinson, 2016; Henley et al., 2011;
Huganir and Nicoll, 2013). AMPA receptors mainly function as ion channels for sodium
and potassium - only GluA2-lacking receptors are also permeable to calcium (Verdoorn et
al., 1991). Upon glutamate binding, AMPARs undergo a rapid conformational change that
leads to the opening of a channel pore, ion influx and depolarisation of the postsynaptic
membrane. This is followed by desensitisation of the receptor and the decay of the current
(Gouaux, 2004). The resulting characteristic AMPAR-mediated excitatory postsynaptic
currents (EPSCs) can be recorded by patch-clamping of neuronal cells. AMPA receptors
are anchored to the postsynaptic density through the protein Stargazin (Fig. 1.1B) (Bats
et al., 2007; Chen et al., 2000; Tomita et al., 2005; Twomey et al., 2016). They are,
however, far from static: AMPARs can rapidly cycle in and out of the synaptic membrane
through exo-/endocytosis as well as lateral diffusion (Borgdorff and Choquet, 2002; Groc
and Choquet, 2006; Henley and Wilkinson, 2013). These processes play a critical role for
the dynamic modulation of synaptic strength (see 1.1.3).

The other main type of ionotropic glutamate receptor at excitatory synapses is the
N-methyl-D-aspartate receptor (NMDA receptor, NMDAR) (Fig.
Popescu, 2017; Traynelis et al., 2010).

1.1B) (Iacobucci and

Similar to AMPARs, these hetero-tetrameric

receptors are also composed of several subunits called GluN1, GluN2A-D and GluN3A-B.
All functional NMDARs contain the GluN1 subunit, and most NMDARs appear to be built
from two GluN1 and two GluN2 subunits. Differential splicing gives rise to a variety of
isoforms of these subunits (eight alone for GluN1), which confer different biophysical,
pharmacological and signalling properties on the resulting receptor subtypes (Paoletti et
al., 2013). NMDAR activation requires the simultaneous binding of glutamate and the
co-agonist glycine. In addition to ligand binding, membrane depolarisation is necessary
to open the NMDAR ion channel, due to a voltage-dependent Mg2+ -block (Fig. 1.1B).
This unique property makes the NMDAR a 'co-incidence detector' of coordinated preand postsynaptic activity: its activation is dependent on both presynaptic neurotransmitter
release and postsynaptic membrane depolarisation. NMDARs are non-specific cation
channels and, once opened, allow the passage of sodium, potassium and calcium. Calcium
influx through NMDARs plays a central role in triggering synaptic plasticity mechanisms,
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such as long-term potentiation (see 1.1.3) (Lüscher and Malenka, 2012). The kinetics of
NMDAR channel opening differ significantly from AMPARs, and NMDAR-mediated synaptic
currents are characterised by a much slower rise and decay (Iacobucci and Popescu,
2017). Synaptic NMDA receptors are anchored to the postsynaptic density via a direct
interaction with PSD-95 (Fig. 1.1B) (Chen et al., 2015). Similar to AMPARs, synaptic
trafficking and membrane insertion is dynamically regulated (Hunt and Castillo, 2012; Lau
and Zukin, 2007).
Inhibitory postsynaptic structure and function
The postsynaptic apparatus of inhibitory synapses differs in several aspects from the
excitatory counterpart. Given that this thesis is focused on excitatory synapses, I will only
highlight the key characteristics here. Inhibitory synapses in the CNS typically form directly
on dendritic shafts, so their postsynaptic biochemical and electrical signals are much less
isolated than for excitatory synapses. However, some inhibitory inputs are targeted on
spine heads, where they provide a highly focal inhibitory control (Chiu et al., 2013) with
remarkable dynamic flexibility (Villa et al., 2016). In electron micrographs, the PSD at
inhibitory synapses appears much thinner than at excitatory synapses - the reason for their
original name symmetric synapses (in contrast to the asymmetric excitatory synapses with
their prominent PSD) (Colonnier, 1968).
The central scaffolding protein of the inhibitory synapse is Gephyrin (Tretter et al., 2012;
Tyagarajan and Fritschy, 2014). Similar to PSD-95, Gephyrin is the spatial organiser of
the postsynaptic machinery - it clusters and anchors receptors, links together a range
of signalling molecules and interacts with the cytoskeleton (Kneussel and Betz, 2000).
The main neurotransmitter of inhibitory synapses is γ-amino butyric acid (GABA) and the
corresponding postsynaptic receptors belong to two different classes, GABAA and GABAB
receptors. GABAA receptors are fast ionotropic receptors that open in response to GABA
binding and are permeable to chloride ions (Sigel and Steinmann, 2012). Channel opening
and influx of Cl- through GABAA receptors leads to hyperpolarisation of the postsynaptic
membrane, inhibiting action potential generation.

GABAB receptors are metabotropic

G-protein-coupled receptors, display much slower opening kinetics and engage in complex
signal transduction via second messengers (Bettler et al., 2004; Pinard et al., 2010).
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Outlook: Signal integration - from synapses to circuits
Based on the mechanisms just described, neurotransmitter released from a presynaptic
terminal binds to receptors on the postsynaptic side, leading to channel pore opening
and ion influx into the postsynaptic compartment. Depending on the type of synapse,
the resulting postsynaptic current will be either excitatory (depolarising the membrane) or
inhibitory (hyperpolarising the membrane). The average neuron receives thousands of
both exciting and inhibiting synaptic inputs, widely spread across its dendritic arbour and in
characteristic temporal patterns. Signal summation is the process of spatial and temporal
integration of these individual synaptic inputs, culminating in a binary output: Only if the
integrated synaptic signals depolarise the membrane beyond the spike threshold potential,
an action potential will be generated. Signal summation is therefore a key determinant of
neuronal computation, the process by which input is transformed into output.
Synaptic input is generally received on dendrites and dendritic spines, whereas action
potential generation is initiated near the soma at the axon initial segment. Dendrites
and their biophysical cable and filtering properties therefore play an important role in
synaptic integration (Magee, 2000; Stuart and Spruston, 2015): Signal attenuation along
dendrites is significant, therefore distal synaptic inputs are considerably dampened as they
propagate to the soma (Harnett et al., 2015; Larkum et al., 2009; Nevian et al., 2007).
Dendrites possess a variety of different voltage-gated ion channels (specific to spatial
location within the arbour), which confer active electrical properties to dendrites (Harnett
et al., 2015; Migliore and Shepherd, 2002). Further complexities of dendritic integration
are backpropagation of action potentials from the soma into the arbour (Matsuda et al.,
2016; Stuart and Häusser, 1994; Stuart and Sakmann, 1994) and the occurrence of
localised dendritic spikes (Schiller et al., 2000; Sun et al., 2014). As we are beginning
to understand key aspects of signal processing in dendrites, the next task ahead lies
in relating synaptic integration to neuronal circuit computation that ultimately leads to
behavioural output (Schmidt-Hieber et al., 2017).
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Synapse dynamics

Synapses in the brain are fundamentally dynamic structures.

During early postnatal

development in the CNS, vast numbers of synaptic contacts are initially formed, only
some of which mature and are integrated into functional neuronal circuits, while others are
eliminated in a process of synaptic pruning (Hua and Smith, 2004; Huberman et al., 2008;
Stephan et al., 2012). In the mature brain, established synaptic connections are generally
maintained, and the stability of synaptic circuits is vital for long-term information storage
and normal brain function (Bezprozvanny and Hiesinger, 2013; Lin and Koleske, 2010). In
fact, extensive loss of synapses is a pathological hallmark of a range of neurodegenerative
disorders (Clare et al., 2010; Koffie et al., 2011; Mallucci, 2009a). At the same time,
synapses remain plastic and dynamic throughout adult life. Selective strengthening or
weakening of individual synapses enables remodelling and refinement of neuronal circuitry
in response to sensory stimulation and new learning experiences (Citri and Malenka, 2008;
Holtmaat and Svoboda, 2009; Takeuchi et al., 2014). In this section, I will review key
cellular mechanisms and signalling processes that underlie synapse formation, plasticity,
maintenance and elimination.
Synapse formation
Synapse formation occurs in multiple stages, from the establishment of initial contact
between axon and dendrite through assembly of the pre- and postsynaptic machineries
to synapse maturation and functional specification. These complex processes are guided
and coordinated by the action of both membrane-bound synaptic adhesion molecules
and secreted synaptogenic factors. Initial axo-dendritic contact is mediated by highly
motile transient protrusions (filopodia) that form on both axons and dendrites and explore
their environment for potential targets (Friedman et al., 2000; Niell et al., 2004; Ziv and
Smith, 1996).

This process appears to be largely stochastic in nature, although the

existence of pre-defined sites for synapse formation within dendrites and axons suggests
that the establishment of synaptic contact may not be entirely random (Gerrow et al., 2006;
Sabo et al., 2006). A small subset of filopodia-mediated contacts subsequently become
stabilised, a process that largely depends on the action of several types of trans-synaptic
cell adhesion molecules. These proteins not only mechanically connect and stabilise
future pre- and postsynaptic compartments, but also mediate trans-synaptic recognition
and bidirectional signalling processes (Dalva et al., 2007; McAllister, 2007; Missler et al.,
2012). Examples of such trans-synaptic organisers include Neurexin/Neuroligin complexes
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(Dean et al., 2003; Lisé and El-Husseini, 2006; Nam and Chen, 2005; Tsetsenis et al.,
2014), Cadherin/Catenin pairs (Arikkath, 2009; Arikkath and Reichardt, 2008; Brusés,
2006) and homophilic interactions between SynCAMs (Synaptic cell adhesion molecules)
(see Fig. 1.2) (Biederer et al., 2002; Frei and Stoeckli, 2014; Sara et al., 2005).
The next step in synapse formation involves pre- and postsynaptic differentiation with
recruitment of all relevant synaptic proteins and assembly of the respective molecular
machineries.

Major pre- and postsynaptic building blocks such as AZ and SNARE

components and glutamate receptors are synthesised before synapse formation and are
present in axons and dendrites within discrete mobile transport packets, which are rapidly
recruited to nascent synaptic sites (Ahmari et al., 2000; Bury and Sabo, 2011; Gerrow et al.,
2006; Sabo et al., 2006; Washbourne et al., 2004; Zhai et al., 2001). Some postsynaptic
components such as Shank scaffolding proteins are gradually recruited from local diffuse
pools (Bresler et al., 2004). The above mentioned synaptic cell adhesion molecules are
important players also during this phase of synapse formation, serving as instructors for
synaptic differentiation and inducing the accumulation of synaptic proteins both pre- and
postsynaptically (Bamji et al., 2003; Biederer et al., 2002; Dean et al., 2003; Graf et al.,
2004; Nam and Chen, 2005; Sara et al., 2005). In addition, secreted synaptogenic factors
play a central role at this stage. A variety of diffusible signalling molecules (either derived
from target neurons or surrounding glia) are involved in the stimulation and coordination
of pre- and postsynaptic assembly (Johnson-Venkatesh and Umemori, 2010; McAllister,
2007). Brain-derived neurotrophic factor (BDNF) signals through its receptor TrkB to both
pre- and postsynaptic sites (Luikart et al., 2005; Park and Poo, 2013; Vicario-Abejón
et al., 1998). Similarly, several members of the Wnt family of secreted glycoproteins
stimulate the recruitment of synaptic components on both sides of the synapse (Budnik and
Salinas, 2011; Dickins and Salinas, 2013) (the role of Wnt signalling in synapse formation
will be covered in more depth in 1.2.4). Other synaptogenic molecules are secreted by
neighbouring astrocytes and can act in a variety of ways on developing synapses (Chung
et al., 2015a; Eroglu and Barres, 2010): thrombospondins are potent synaptogenic factors
that regulate presynaptic maturation (Christopherson et al., 2005; Crawford et al., 2012),
cholesterol strengthens presynaptic function (Goritz et al., 2005; Mauch et al., 2001) and
glypicans act postsynaptically to promote clustering of glutamate receptors (Allen et al.,
2012).
The recruitment and assembly of pre- and postsynaptic components results in an
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anatomically identifiable synapse, however further maturation and specification is required
to produce a fully functional synaptic connection. This stage can be quite prolonged and
involves an expansion in synaptic size, spine morphogenesis and the development of
mature electrophysiological properties (McMahon and Dı́az, 2011; Waites et al., 2005;
Yuste and Bonhoeffer, 2004). Synapse growth proceeds on pre- and postsynaptic sites
simultaneously and in a coordinated fashion (Schikorski and Stevens, 1997).

While

initial synaptic contacts are formed on filopodia or dendritic shafts, mature excitatory
synapses are primarily located on dendritic spines. Spine morphogenesis is therefore a
key event in synapse maturation and is regulated by a variety of mechanisms, involving
some of the above mentioned synaptic cell adhesion molecules and secreted factors
(Garcia et al., 2010; Hiester et al., 2013; Tada and Sheng, 2006; Yuste and Bonhoeffer,
2004). Functional synaptic maturation includes multiple changes in the arrangement of ion
channels and transporter pumps, such as a presynaptic switch from N- to more efficient
Q-type voltage-gated calcium channels (Catterall and Few, 2008), and a postsynaptic
modification of chloride pumps that leads to a developmental flip of GABA-mediated
transmission from excitatory to inhibitory (Ben-Ari, 2014). Finally, neuronal activity plays a
critical role in these later stages of synapse maturation. Interference with normal activity
typically leads to a reduction in synapse numbers (Andreae and Burrone, 2014; Bouwman
et al., 2004; Brandon et al., 2003; Kerschensteiner et al., 2009). Many initially formed
synaptic contacts in the postnatal brain are electrically silent, lacking postsynaptic AMPA
receptors (Hanse et al., 2013; Kerchner and Nicoll, 2008). Un-silencing of these young
synapses via recruitment of AMPARs is an activity-dependent process (Ashby and Isaac,
2011; Funahashi et al., 2013; Zhu et al., 2000). I will highlight later that neuronal activity
also plays a key role in synapse elimination (see below). Activity-dependent mechanisms
are therefore central in resolving the main question at the end stage of synapse formation:
which synapses will be stabilised and integrated into mature functional circuits and which
will be eliminated?

Synapse plasticity
The plasticity of the brain is one of its most fascinating properties. Environmental changes
can evoke alterations in neuronal activity, leading to subsequent structural and functional
adaptations of neuronal circuits. The capacity of individual synaptic connections to undergo
selective strengthening or weakening in response to activity patterns lies at the heart of
neuronal plasticity. These changes in synaptic efficacy, broadly referred to as synaptic
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plasticity, play a central role in learning and memory processes (Citri and Malenka, 2008;
Holtmaat and Svoboda, 2009; Takeuchi et al., 2014). I will briefly highlight some key
characteristics of synaptic plasticity.
Various forms and mechanisms of synaptic plasticity exist. Different patterns of neuronal
activity can induce enhancement or depression of synaptic transmission for short or long
periods of time (Citri and Malenka, 2008). Many forms of short-term plasticity (such as
paired-pulse facilitation/depression) are triggered by repetitive bursts of activity in close
temporal proximity, leading to a transient accumulation of calcium in the presynaptic
terminal, which in turn modulates release probability (Fioravante and Regehr, 2011;
Regehr, 2012).

Long-lasting changes in presynaptic transmitter release (presynaptic

long-term potentiation/depression (LTP/LTD)) can also occur at certain synapses in
response to activity changes, typically involving alterations in Ca2+ transients or adaptations
to the release machinery (Castillo, 2012; Monday and Castillo, 2017; Yang and Calakos,
2013).
In contrast to these presynaptic expression forms, most types of long-term alteration of
synaptic efficacy involve adaptations of the postsynaptic machinery, most prominently an
increase or decrease in AMPA receptor content (Citri and Malenka, 2008; Huganir and
Nicoll, 2013; Malinow, 2003; Malinow and Malenka, 2002). The most extensively studied
form of LTP is NMDAR-dependent LTP at the CA3-CA1 synapse in the hippocampus. It
is triggered by glutamate binding to postsynaptic NMDARs coupled with depolarisation of
the postsynaptic membrane, leading to calcium entry through NMDARs. Via activation
of calcium/calmodulin (CaM)-dependent protein kinase II (CaMKII), the rise in calcium
induces downstream signalling cascades, resulting in the delivery and synaptic stabilisation
of AMPARs (Chater and Goda, 2014; Compans et al., 2016; Henley and Wilkinson,
2016; Henley et al., 2011). Previously silent synapses are hereby un-silenced through
incorporation of AMPARs, while other synapses are strengthened by expansion of their
AMPAR content (Kerchner and Nicoll, 2008).

These functional changes are typically

accompanied by morphological alterations, referred to as structural plasticity (Holtmaat
and Svoboda, 2009; Lai and Ip, 2013; Sala and Segal, 2014): LTP induction triggers
the rapid enlargement of existing spines, correlating with a larger PSD, greater AMPAR
abundance and stronger postsynaptic currents. In addition, the formation of new spines
and the stabilisation of recently formed spines also contribute to activity-induced structural
plasticity (Gu et al., 2014; Lai and Ip, 2013). The opposite mechanism to LTP, long-term
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depression (LTD) of synaptic strength, involves the removal of synaptic AMPARs, correlated
with spine shrinkage and retraction (Huganir and Nicoll, 2013; Lai and Ip, 2013; Sala and
Segal, 2014).
Synapse maintenance and stability
Long-term in vivo imaging studies in rodents have demonstrated that most (excitatory)
synapses in the adult brain persist for extended periods of time. The majority of dendritic
spines (between 70 and 90 %) in various cortical areas are stable for up to several months,
and the stability of spines increases considerably in adult compared to young adolescent
mice (Grutzendler et al., 2002; Holtmaat et al., 2005; Zuo et al., 2005a). Axon terminals
appear similarly stable (Majewska et al., 2006). It is therefore conceivable that most
synaptic connections in the mature brain are maintained throughout the lifespan of an
organism. Importantly, stabilised spines formed during development are largely preserved
even during learning-induced plasticity and remodelling, and as such provide a structural
basis for long-term memory retention (Yang et al., 2009a).
The importance of synapse stability for the brain is illustrated by the fact that stable
synaptic connections contribute to the establishment and consolidation of both axonal and
dendritic structures: axonal branches of retinal ganglion cells in the zebrafish are selectively
stabilised when they are associated with stable presynaptic sites (Meyer and Smith, 2006).
Similar studies in Xenopus laevis show that mature and stable synapses confer increased
local axon branch stability (Ruthazer et al., 2006). Synapse stability also promotes stability
of the dendritic arbour, as shared mechanisms exist for spine and dendrite stabilisation
and loss of dendritic spines can lead to dendritic retraction (Lin et al., 2013; Sfakianos
et al., 2007). Maintaining stable synaptic connections is therefore critical for preservation
of neuronal circuitry and the integrity of the network architecture of the brain. The most
compelling evidence for the significance of synapse stability in the brain are the consistent
links between destabilisation of synapses and neurodegenerative disorders (Henstridge et
al., 2016; Lin and Koleske, 2010). Synapse loss in the context of neurodegeneration will
be covered in more depth in section 1.3.5.
Long-term maintenance of vast numbers of precisely positioned synaptic connections in
the adult brain poses considerable challenges. It is important to consider that individual
synaptic components and proteins are constantly degraded and re-synthesised, recycled,
replaced and redistributed, and under the influence of rapid membrane diffusion in and out
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of the synaptic site (Alvarez-Castelao and Schuman, 2015; Gerrow et al., 2006; Renner
et al., 2008). A systematic analysis of turnover kinetics of synaptic proteins found typical
half-lifetimes of 2-5 days (Cohen et al., 2013), whereas previous studies had reported
many synaptic proteins to be even shorter-lived, with half-lifetimes of several hours (Ehlers,
2003; Yao et al., 2007). Several core pre- and postsynaptic components are also rapidly
exchanged between neighbouring synapses, suggesting that synaptic constituents only
transiently localise to synapses and that a dynamic pool of synaptic elements may be
shared by multiple synapses (Gray et al., 2006; Staras et al., 2010; Tsuriel et al., 2006).
Keeping synapses stable, healthy and functional for extended periods of time despite
rapid turnover and redistribution of individual synaptic building blocks requires appropriate
cellular and molecular maintenance mechanisms. In the following, I will discuss some of
these in more detail.
Structural support for synapses
Several types of structural support are essential for the maintenance of an organised
synaptic framework, including from scaffolding proteins, the actin cytoskeleton and cell
adhesion molecules (Fig. 1.2). The size of the postsynaptic density is positively correlated
with the size of the spine head, which in turn relates to spine stability (Gray et al., 2006;
Holtmaat et al., 2006; Kasai et al., 2003). Acute knockdown of the core postsynaptic
scaffold protein PSD-95 reduces spine density and increases the rate of spine turnover
(Ehrlich et al., 2007).

The stabilising effects of PSD-95 are particularly relevant in

activity-dependent processes: spine remodelling and stabilisation after activity-driven
synaptic potentiation require PSD-95, and blockade of neuronal activity occludes the effects
of PSD-95 knockdown (Ehrlich et al., 2007). Other scaffolding molecules associated with
PSD-95, such as Shank and Homer proteins, provide additional structural support (Fig.
1.2) (Sala et al., 2001). Gain of function of Shank1B leads to enlargement of spine
heads via the recruitment of Homer, whereas various Shank mutants display smaller or
more transient dendritic spines (Hung et al., 2008; Roussignol et al., 2005; Sala et al.,
2001).
The actin cytoskeleton provides structural support on both pre- and postsynaptic sides
(Fig. 1.2). Actin is abundantly present at presynaptic terminals (Hirokawa et al., 1989;
Wilhelm et al., 2014) and appears as a meshwork of branched filaments (F-actin) (Korobova
and Svitkina, 2010).

It is localised at the active zone and also surrounds synaptic

vesicle pools (Fig. 1.2) (Li et al., 2010a; Phillips et al., 2001; Sankaranarayanan et
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Figure 1.2: Maintenance mechanisms at a mature excitatory synapse.
Structural support for synapses is provided by scaffolding proteins (PSD-95, Homer, Shank),
the actin cytoskeleton and various trans-synaptic cell adhesion molecules (Cadherin-Catenin,
Eph-Ephrin, Neurexin-Neuroligin, SynCAMs). Secreted factors such as BDNF and Wnts provide
trophic support. Surrounding glia cells such as astrocytes and microglia also contribute to synaptic
maintenance. Different colours of Eph-Ephrin complexes indicate different isoforms.

al., 2003). Presynaptic actin associates with the protein Synapsin, which has a role
in tethering vesicles (Fig. 1.2) (Greengard et al., 1994; Landis et al., 1988; Li et al.,
1995). Numerous experiments have demonstrated the involvement of actin in various
steps of the synaptic vesicle cycle (Cingolani and Goda, 2008; Cole et al., 2000; Dillon
and Goda, 2005; Doussau and Augustine, 2000; Marra et al., 2012; Richards et al.,
2004; Rust and Maritzen, 2015; Sakaba and Neher, 2003; Watanabe et al., 2013a;
Wolf et al., 2015). The actin cytoskeleton also has a key role in the stabilisation and
dynamic regulation of the postsynaptic architecture (Cingolani and Goda, 2008; Dillon
and Goda, 2005; Lin and Koleske, 2010; Stefen et al., 2016). F-actin is highly enriched
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in dendritic spines, with bundled actin fibres in the spine neck and a branched filament
network in the spine head (Fig. 1.2) (Cohen et al., 1985; Fifková and Delay, 1982;
Korobova and Svitkina, 2010; Matus et al., 1982; Okamoto et al., 2004). Postsynaptic
actin interacts with PSD and other scaffolding proteins (Kuriu et al., 2006) and has an
important anchoring function for AMPARs and NMDARs (Allison et al., 1998), thereby
conferring stability to the postsynaptic signalling machinery.

At the same time, the

actin cytoskeleton is highly dynamic, maintained in a delicate equilibrium of continuous
polymerisation and depolymerisation (Cingolani and Goda, 2008; Dillon and Goda, 2005;
Star et al., 2002). This dynamic behaviour of actin underlies the ability of dendritic spines
to undergo structural remodelling during synaptic plasticity (Hering and Sheng, 2001; Lai
and Ip, 2013; Sala and Segal, 2014; Segal, 2005). Based on these dual properties, the
postsynaptic actin network acts as a dynamic skeleton, conferring both stability and the
capacity for structural change to dendritic spines.
The stabilising function of actin is clearly illustrated by experiments that disrupt it: forced
depolymerisation of actin by latrunculin-A reduces spine motility and size, disperses
AMPAR and NMDAR subunits from spines and can ultimately lead to complete spine
collapse (Allison et al., 1998, 2000; Honkura et al., 2008; Okamoto et al., 2004; Star et al.,
2002). A large set of regulatory proteins controls F-actin dynamics, and many of these are
consequently important for long-term synapse and spine maintenance. Key actin regulators
are small Rho-family GTPases such as Rac1 (Rac) and RhoA (Rho) (Nakayama et al.,
2000; Tashiro and Yuste, 2004). These exert antagonistic effects on dendritic spines: Rac
activation promotes F-actin polymerisation and stabilises spines, whereas Rho activation
destabilises actin leading to spine retraction and collapse (Tashiro and Yuste, 2004; Tashiro
et al., 2000). Rac and Rho act via a cascade of downstream effector molecules, which are
consequently also implicated in dendritic spine (de-)stabilisation: Rac activates Pak1 and
LIM kinase (LIMK), resulting in the inhibition of the actin-severing protein Cofilin; knockout
of LIMK results in abnormal spine morphologies (Meng et al., 2002). Rho activates the
Rho-associated protein kinase (ROCK), which in turn alters actomyosin contractility leading
to spine shortening/retraction (Ethell and Pasquale, 2005). Pharmacological or genetic
inhibition of the molecular motor myosin IIB, which binds and contracts actin filaments,
induces defects in spine morphology (Ryu et al., 2006).
Synaptic cell adhesion molecules play a critical role during synapse formation (see
above).

Many are strongly expressed in the adult brain, suggesting their continued

1.1. Synapses in the nervous system

37

involvement in the functioning of mature synapses (Brusés, 2006; Davey et al., 2010;
Migani et al., 2009; Pinkstaff et al., 1999; Varoqueaux et al., 2006). Indeed, interference
with synaptic cell adhesion often causes aberrant spine morphology and/or impairs
synaptic function, for example in the context of synaptic plasticity. Here, I will briefly
highlight some examples.
Cadherins and their intracellular binding partners, catenins, stabilise mature synapses
(Fig. 1.2), particularly in activity-driven processes (Arikkath, 2009; Arikkath and Reichardt,
2008).

Enhanced synaptic activity induces dimerisation of cadherin, suggestive of

increased cadherin-mediated adhesion (Tanaka et al., 2000). Conditional knockout of
N-cadherin in postnatal excitatory neurons of the hippocampus does not affect spine
density or morphology under basal conditions, but prevents stable spine head enlargement
following synapse potentiation (Bozdagi et al., 2010). Gain of function of αN-catenin
increases spine head size and reduces spine turnover, whereas neurons deficient in
αN-catenin display abnormally high spine motility (Abe et al., 2004). Ablation of β-catenin
in mature neurons reduces the proportion of mushroom-shaped spines and increases the
number of thin filopodia-like spines (Okuda et al., 2007).
Another important contributor to synaptic cell adhesion is the Neural Cell Adhesion
Molecule (NCAM), a glycoprotein of the Immunoglobulin (Ig) superfamily with homophilic
binding properties (Dalva et al., 2007; Sytnyk et al., 2017). NCAM was one of the first cell
adhesion molecules to be implicated in synaptic plasticity (Lüthl et al., 1994). In mature
neurons, NCAM accumulates at the postsynaptic membrane, is continuously recruited to
synapses from extrasynaptic regions (Leshchyns'ka et al., 2011) and is upregulated at
postsynaptic sites after induction of LTP (Fux et al., 2003). NCAM-deficient synapses
have thinner PSDs and are unable to accumulate CaMKIIα in response to synaptic activity
(Sytnyk et al., 2006). These findings suggest a role for NCAM in the stabilisation of
potentiated synapses (Sytnyk et al., 2017).
A different type of synaptic cell adhesion is provided by the postsynaptic receptor
tyrosine kinases EphA and EphB, which serve as receptors for the membrane-associated
presynaptic ligands EphrinA/B, forming bi-directional synaptic adhesion complexes (Fig.
1.2) (Hruska and Dalva, 2012; Klein, 2009). Signalling through EphB2 promotes the
stability of dendritic spines through inhibition of the actin-depolymerising protein Cofilin
(Shi et al., 2009). Disruption of this pathway destabilises mature spines and induces
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the reversion to immature filopodia-like spine morphologies (Shi et al., 2009). Similarly,
deletion of EphA4 or blockade of the interaction between EphA4 and Ephrins also leads
to defects in spine morphology, such as thinner spine heads and irregular spine shapes
(Bourgin et al., 2007; Murai et al., 2003). Overexpression of the intracellular domain of
EphA4 induces Rac-mediated formation and stabilisation of spines (Inoue et al., 2009),
however EphA4 activation by Ephrin-A1 can also lead to spine destabilisation via increased
Rho activity (Fu et al., 2007). These opposing effects on spine maintenance suggest that
Eph receptors can influence spine stability bidirectionally, depending on the stimuli and
downstream signalling pathways involved. Besides regulating dendritic spine morphology,
Ephs/Ephrins also interact with scaffolding molecules and stabilise glutamate receptors
at synaptic sites. Ephrin-B3 is enriched at postsynaptic sites, where it stabilises PSD-95
in an activity-dependent way (Hruska et al., 2015). EphB receptors directly interact with
NMDARs through extracellular domains (Dalva et al., 2000), and EphB2-mutants are
deficient in the level of synaptic NMDARs (Henderson et al., 2001).
In summary, mature synapses are structurally supported by diverse regulatory systems,
including inner-synaptic scaffolding molecules, a dynamic skeleton of actin filaments, and
trans-synaptic cell adhesion which stabilises the overall synaptic framework. Beyond this
structural organisation, the stability and maintenance of synapses also depends on trophic
support, provided by secreted factors.
Trophic support for synapses
Secreted factors act as bidirectional signals at mature synapses to promote long-term
synapse stability and functionality. The best-characterised is Brain-derived neurotrophic
factor (BDNF) which signals through the tyrosine kinase receptor TrkB (Fig. 1.2) (Carvalho
et al., 2008; Gottmann et al., 2009; Zagrebelsky and Korte, 2014). BDNF is expressed in
the adult brain (Yang et al., 2009b), synthesised in glutamatergic neurons (Goodman et al.,
1996) and released in an activity-dependent manner from dendrites and dendritic spines
as well as axon terminals (Fawcett et al., 1997; Hartmann et al., 2001; Harward et al.,
2016; Kohara et al., 2001; Kojima et al., 2001; Salio et al., 2007). The TrkB receptor also
localises to both pre- and postsynaptic sites (Aoki et al., 2000; Drake et al., 1999; Wu et al.,
1996), therefore BDNF-TrkB signalling can act bidirectionally on synapses (Fig. 1.2). This
can be achieved in a very localised manner via an autocrine mechanism, in which BDNF is
released from a stimulated spine and subsequently signals through TrkB receptors on the
same spine (Harward et al., 2016).
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BDNF signalling has been studied extensively in the context of synapse formation and
synaptic plasticity, however its role in the stabilisation of mature synapses is less clear.
Abundant evidence from gain-of-function approaches demonstrates that exogenous BDNF
is capable of modulating synapse number and morphology in a mature system (Ji et al.,
2005, 2010; Tyler and Pozzo-Miller, 2003, 2001). The effect of global BDNF deprivation
across the CNS, however, is very area-specific and relatively mild: In hippocampal neurons,
only a minor shift from stable mushroom-type spines towards more immature thin spines
occurs, indicating a potential role of BDNF in the maintenance of mature spine morphology
(Rauskolb et al., 2010). Studies in Xenopus retinal axons showed more clearly that BDNF
signalling through TrkB is required for the stabilisation of presynaptic terminals (Hu et al.,
2005; Marshak et al., 2007). In vitro studies also support a stabilising role for endogenous
BDNF at synapses: Treatment of mature neurons with BDNF-blocking antibodies causes
a reduction in spine density and induces morphological changes indicative of spine
destabilisation (more elongated, thinner spines with smaller head width) (Kellner et al.,
2014). Together, these findings indicate that endogenous BDNF supports synapse and
spine maintenance.
The Wnt protein family constitutes another set of secreted signalling molecules with
synaptogenic and synapse-stabilising functions in the brain (Dickins and Salinas, 2013).
As for BDNF, the role of Wnt signalling has been characterised extensively in the context
of development and synapse formation (see 1.2.4), however, evidence is accumulating to
indicate an important contribution of Wnt signalling to long-term synapse maintenance in
the adult brain. In section 1.2.5, I will examine the role of Wnt signalling at mature synapses
in more detail.
Glial support for synapses
Glial cells abound in the brain and are vital for many aspects of neuronal survival and
function (Barres, 2008). At synapses in particular, neurons and glia have an intimate
relationship, and glial cells play major roles in circuit development, synapse formation and
synaptic function (Clarke and Barres, 2013; Eroglu and Barres, 2010; Jebelli et al., 2015;
Kettenmann et al., 2013; Pfrieger, 2010). In recent years, more insight has been gained
into the role of glia for the maintenance of synaptic connections in the adult brain, with
intriguing implications for synapse loss in neurodegenerative diseases (see 1.3.5).

40

Chapter 1. Introduction

Astrocytes are so closely associated with synapses that it inspired the concept of
the 'tripartite synapse', in which astrocytic processes are regarded as an integral
and functionally essential synaptic element (Araque et al., 1999; Perea et al., 2009;
Pérez-Alvarez and Araque, 2013). It is well established that astrocytes detect and respond
to synaptic activity and glutamate release via internal calcium transients, allowing them to
participate in synaptic communication and influence plasticity processes (Bazargani and
Attwell, 2016; Chung et al., 2015a; Newman, 2003; Pérez-Alvarez and Araque, 2013).
Here, I will focus on the involvement of astrocytes in the maintenance and stabilisation of
synaptic contacts. Around 60 % of hippocampal synapses are in contact with astrocytes
(Fig. 1.2) (Ventura and Harris, 1999), with astrocyte processes predominantly wrapped
around dendritic spines (Campbell and Shatz, 1992; Lehre and Rusakov, 2002). Much like
the spines themselves, these fine astrocytic structures are highly motile and undergo
rapid remodelling, changing their proximity to the synapse by extension or retraction
(Benediktsson et al., 2005; Haber et al., 2006; Hirrlinger et al., 2004). These dynamic
changes in structure are regulated locally at the synapse and coordinated with the motility
of the associated dendritic spines (Haber et al., 2006).

Astrocyte-spine interactions

are more stable at larger and more stable spines (Haber et al., 2006), and synapse
size is positively correlated with the extent of astrocytic contact (Witcher et al., 2007).
This suggests that stable synapses recruit more stable astrocytic contacts and/or that
astrocytes play a role in stabilising synapses. Simultaneous time-lapse imaging studies
of astrocytes and dendritic spines support the latter: Contact with astrocytes increases
the lifetime of dendritic protrusions and promotes their morphological maturation into
stable spines, whereas interference with astrocytic motility impairs the stabilisation of
thin filopodia (Nishida and Okabe, 2007). One of the signalling pathways that mediate
bidirectional communication between astrocytes and spines involves the previously
mentioned Eph/Ephrin interactions.

EphrinA3 localises to astrocytic processes, while

dendritic spines contain the corresponding receptor EphA4 (Fig.

1.2) (Murai et al.,

2003). Acute interference with this interaction leads to distorted spine shapes and impairs
astrocyte-dependent stabilisation of dendritic protrusions (Murai et al., 2003; Nishida and
Okabe, 2007). Consistent with these results, EphA4- or EphrinA3-knockout mice display
abnormal spine morphologies (Carmona et al., 2009; Filosa et al., 2009; Murai et al.,
2003). Therefore, contact-mediated communication between synapses and associated
astrocytic processes influences synapse stability and morphology.
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Microglia are the resident immune cells of the CNS and as such have a principal role in
responding to damage and injury (Kettenmann et al., 2011). However, far from lying in wait
for a pathological insult, they take on an active role in monitoring, shaping and maintaining
the synaptic network in the healthy adult brain (Jebelli et al., 2015; Kettenmann et al.,
2013; Wu et al., 2015). Microglial processes are highly motile and constantly survey the
surrounding environment, in particular synapses (Davalos et al., 2005; Nimmerjahn et al.,
2005; Wake et al., 2009). In vivo imaging studies show that synapses are contacted by
microglia around once per hour for approximately 5 min (Davalos et al., 2005; Nimmerjahn
et al., 2005; Wake et al., 2009). In the visual cortex, over 90 % of microglial processes
are in touch with synapses, contacting both pre- and postsynaptic compartments (Fig.
1.2) (Tremblay et al., 2010). Microglial processes are especially associated with small
and transiently growing dendritic spines (Tremblay et al., 2010). The molecular cues that
attract microglia processes to synaptic sites are largely unknown, however neuronal activity
plays a central role in initiating microglia-synapse interactions: Enhanced neuronal activity
stimulates synaptic surveillance by microglia, whereas suppression of activity reduces
microglia motility and the frequency of synaptic contacts (Tremblay et al., 2010; Wake et
al., 2009). Microglia may therefore actively contribute to the activity-dependent modulation
of the synaptic network.
The physiological relevance of microglia in the mature system has been investigated via
depletion of microglia in the adult mouse brain (Parkhurst et al., 2013; Wang et al.,
2016): Removal of microglia decreases spine turnover and remodelling (especially during
a learning task), reduces the level of major pre- and postsynaptic proteins and impairs
glutamatergic synaptic transmission (Parkhurst et al., 2013). Interestingly, these effects
are recapitulated by microglial BDNF depletion, suggesting a role for microglia-derived
secreted factors in the maintenance and regulation of mature synapses (Fig.
(Parkhurst et al., 2013).

1.2)

Similar findings of synaptic degeneration in the absence of

microglia in the adult retina (Wang et al., 2016) further support the notion that microglia
are important for synapse stability in the mature system.
In conclusion, the adult synaptic network in the brain is maintained through multiple support
systems, including structural maintenance provided by the actin cytoskeleton, scaffold
proteins and cell adhesion molecules, trophic support through various secreted factors,
and non-cell-autonomous mechanisms depending on surrounding glial cells. Neuronal
activity has been highlighted repeatedly as a key stimulus in the selective stabilisation
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of synapses. While progress has been made in elucidating the mechanisms of long-term
synapse maintenance, in contrast to the wealth of knowledge on synapse formation we
still understand comparatively little about synaptic longevity. Given the importance of
synapse stability for long-term brain health, advancing our understanding of the underlying
mechanisms is paramount (see 1.3.5).
Synapse elimination
Synapse disassembly and elimination is an important aspect of the dynamic nature of
synapses. In the healthy brain, synapse elimination is a fundamental part of postnatal
circuit refinement, and also occurs during experience-driven synapse modulation in the
mature brain. Pathological synapse loss is a hallmark of neurodegenerative diseases.
In this section, I will review the features and mechanisms of synapse elimination in the
healthy developing and adult brain. Synapse disassembly in the context of disease will be
examined in 1.3.5.
Synaptic pruning during postnatal development
Synaptogenesis in the nervous system begins with the formation of exuberant numbers of
synapses that generate imprecise and redundant connections. This is followed by postnatal
circuit refinement, during which neuronal activity drives the selective strengthening of
some synapses, whereas remaining supernumerary synapses are pruned (Kano and
Hashimoto, 2009; Purves and Lichtman, 1980).

This phase of concerted synapse

elimination involves the regulated disassembly of large numbers of previously functional
synapses. Developmental synaptic pruning occurs within diverse neuronal circuits in the
peripheral and central nervous systems. Here I will briefly review the three most prominent
model examples.
Synapse elimination at the vertebrate neuromuscular junction (NMJ) is a well-characterised
process: Initially, each muscle fibre receives input from multiple motor neurons, but over
the course of several weeks all but one of these inputs are gradually eliminated. A refined
mature circuit is sculpted out in this manner, in which each muscle fibre is innervated
by exactly one motor neuron.

Neuronal activity is the key driver of this process, as

activity-dependent competition initiates the selective strengthening of one axonal input at
the expense of others, which are subsequently eliminated (Colman and Lichtman, 1993;
Darabid et al., 2014; Sanes and Lichtman, 1999; Wyatt and Balice-Gordon, 2003).
Coordinated synapse elimination also represents a key stage in development of the
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cerebellum: Cerebellar Purkinje cells (PCs) are initially innervated by multiple climbing
fibres (CFs) with uniform synaptic strength. During the first postnatal week, one CF input is
selectively strengthened relative to the others which are weakened and removed, ultimately
resulting in the characteristic mature PC mono-innervation by CFs (Hashimoto and Kano,
2005; Ito, 1984; Mason and Gregory, 1984; Watanabe and Kano, 2011). Various mutant
mice, which fail to eliminate surplus CF inputs, display locomotor ataxia, demonstrating the
functional importance of synapse elimination in the cerebellar circuit (Crepel and Mariani,
1976; Crepel et al., 1980; Kano et al., 1997). CF input elimination is a complex step-wise
process involving multiple distinct phases. Similar to synapse elimination at the NMJ,
activity-driven competition and activation of postsynaptic receptors is a key determinant
(Kakizawa et al., 2000; Kano et al., 1995, 1997). More recently, the involvement of secreted
factors has been demonstrated: PC-derived BDNF acts retrogradely on TrkB receptors in
CF axons, promoting the elimination of CF inputs (Choo et al., 2017).
The visual system provides another example of developmental synaptic pruning
for functional circuit refinement (Hong and Chen, 2011; Hooks and Chen, 2006;
Jaubert-Miazza et al., 2005). Mature projections from the retina terminate in the thalamic
area of the lateral geniculate nucleus (LGN), where they separate into distinct eye-specific
domains. During early development, LGN relay neurons are multiply innervated by several
axons from retinal ganglion cells (RGCs). Around the time of eye opening, excess synaptic
connections from RGCs are pruned, and by the third postnatal week each LGN neuron
receives stable sensory input from only one or two RGC axons (Hong and Chen, 2011;
Jaubert-Miazza et al., 2005).

Selective strengthening of a subset of retinogeniculate

synapses is dependent on spontaneous retinal activity, as activity blockade by tetrodotoxin
(TTX) during the period of eye opening impairs elimination of excess retinal inputs and
delays synaptic strengthening (Hooks and Chen, 2006).
These three model examples highlight a common feature of developmental synapse
elimination: when multiple axonal inputs contact a single target neuron, the selective
strengthening of one or few inputs at the expense of the others is driven by
activity-dependent competition. The temporal sequence of events during dismantling of a
synapse varies and is not well understood. There is some consensus that developmental
synapse elimination is largely mediated by the postsynaptic cell through activity-driven
competition, however postsynaptic disassembly does not necessarily precede presynaptic
retraction. At the mammalian NMJ, both loss of the postsynaptic machinery before axon
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withdrawal as well as the reverse sequence have been observed, suggesting that synapse
elimination can proceed in different ways (Colman et al., 1997; Walsh and Lichtman,
2003).
Synapse disassembly in the adult brain
Live in vivo observations of synapses over prolonged time periods have shown that there
is a continued turnover of synapses, even in mature neural circuits. Although the extent of
synaptic remodelling declines with age, dendritic spines can appear and disappear in days
in the adult brain, forming new synapses and eliminating others (Grutzendler et al., 2002;
Holtmaat et al., 2005; Trachtenberg et al., 2002). This suggests that synapse disassembly
continues to play an important role in the adult brain. Structurally, there is correlation
between spine stability and spine size: Transient spines, which appear and disappear within
a short time, are typically small, whereas more persistent spines tend to be larger (Holtmaat
et al., 2005; Majewska et al., 2006; Zuo et al., 2005a, 2005b).
Similar to synaptic pruning during development, elimination of synapses in the mature
brain is an activity-dependent process. Sensory deprivation through whisker trimming
stabilises newly formed spines and decreases the rate of spine elimination in the
mouse somatosensory cortex (Holtmaat et al., 2006; Zuo et al., 2005b) - conversely,
restoring normal sensory experience after deprivation accelerates synapse disassembly
(Zuo et al., 2005b). These findings indicate that synapse removal is a key feature of
experience-dependent remodelling of synaptic circuitry.
Further evidence of activity-induced synapse elimination in the mature brain comes from
studies of long-term depression (LTD), which is characterised by a prolonged reduction
in synaptic efficacy (Lüscher and Malenka, 2012). LTD-inducing stimulation causes spine
shrinkage and facilitates spine and synapse loss (Bastrikova et al., 2008; Nägerl et al.,
2004; Okamoto et al., 2004; Zhou et al., 2004a). Interestingly, spine loss can occur without
prior spine shrinkage, suggesting potentially independent mechanisms (Bastrikova et al.,
2008). Strong and reliable synapses with a high probability of transmitter release are more
resistant to elimination than weaker synapses, which are preferentially removed from the
circuit (Wiegert and Oertner, 2013). Given that rapid dismantling of certain synapses is a
powerful force of circuit remodelling, targeted synapse elimination has been proposed as a
cellular substrate for learning and memory (Lichtman and Colman, 2000)
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Mechanisms of synapse elimination
In theory, synapse disassembly could be the simple consequence of a failure in synapse
maintenance. Loss of a trophic factor or collapse of scaffolding structures could precipitate
the dispersal of synaptic elements, resulting in the passive disintegration of the synapse.
There is ample evidence that removal of trophic signals such as BDNF or Wnts can
promote synapse disassembly (see 1.3.6) (Belluardo et al., 2001; Gonzalez et al., 1999;
Marzo et al., 2016; Purro et al., 2012). However, several features of synapse elimination,
including its speed, specificity and spatial confinement, suggest the involvement of targeted
mechanisms that actively drive the dismantling of certain synapses. Time-lapse imaging
studies have shown that synapse disassembly can be rapid: excitatory synapses take
less than 90 min to disassemble, and dendritic spines can disappear in less than one
day (Grutzendler et al., 2002; Okabe et al., 2001; Trachtenberg et al., 2002).

The

rate of protein turnover at synapses, on the other hand, is generally slower, with typical
half-lifetimes of one to several days (Cohen et al., 2013; Huh and Wenthold, 1999).
Moreover, synapse elimination is spatially and temporally highly controlled, with the
selective removal of specific synapses within a dendritic tree or axonal arbour (Grutzendler
et al., 2002; Keller-Peck et al., 2001; Trachtenberg et al., 2002). These findings suggest
that synapse disassembly is not just a passive process, but is actively initiated, executed
and controlled.
One proposed model of synapse elimination, originally developed for the mammalian NMJ,
is based on 'punishment' and 'reward' signals from the postsynaptic cell (Jennings, 1994;
Nguyen and Lichtman, 1996; Sanes and Lichtman, 1999). In this model, receptor activation
by neurotransmitter induces two distinct signals within the postsynaptic cell: a local
protective 'reward' signal that maintains the currently active synapses, and a long-range
inter-synaptic 'punishment' signal that destabilises neighbouring, asynchronously active
synapses. The effect of the punishment signal decreases with distance from the active
synapse, so synapses are preferentially eliminated where competing inputs are in close
proximity. BDNF has been suggested as a candidate molecule that could serve both as a
punishment and reward signal for synapse elimination at the NMJ, signalling in its precursor
form (proBDNF) and processed mature form (mBDNF), respectively (Je et al., 2013; Yang
et al., 2009c). BDNF was also implicated as a punishment signal triggering CF-PC synapse
elimination in the developing cerebellum (Choo et al., 2017).
Studies probing the mechanisms underlying CNS synapse elimination have uncovered
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intriguing roles of the immune system. For example, complement proteins can tag weak
synapses, which are subsequently engulfed and pruned by microglia (Kettenmann et al.,
2013; Stephan et al., 2012). The classical complement cascade is an important defence
mechanism of the innate immune system.

A tightly regulated network of circulating

and membrane-bound proteins act synergistically in a sequential manner to mediate
opsonisation of pathogens and cellular debris for elimination by phagocytes (Carroll, 2004;
Ricklin et al., 2010; Sarma and Ward, 2011): The initiating protein C1q binds to and labels
dead cells or pathogens, triggering a protease cascade which results in deposition of the
downstream protein C3. C3, in turn, binds to C3 receptors on macrophages and triggers
phagocytosis of tagged material.
Components of the complement system are widely expressed in the brain and
predominantly synthesised by microglia and astrocytes (Barnum, 1995; Veerhuis et
al., 2011; Woodruff et al., 2010). In the retinogeniculate system, the period of active
synaptic pruning coincides with the appearance of astrocytes, which signal through retinal
transforming growth factor TGF-β to upregulate C1q expression in RGCs (Bialas and
Stevens, 2013; Stevens et al., 2007). C1q and downstream C3 localise to a subset of
immature synapses in the LGN area (Stevens et al., 2007). Deficiency in either C1q or
C3 causes defects in synaptic refinement, retention of multi-innervated LGN neurons and
failure to develop eye-specific input segregation (Stevens et al., 2007). These findings
indicate a role for complement in synaptic pruning, and suggest that C1q tagging could
serve as an 'eat me' signal that triggers targeted synapse removal.
Microglia hold a key role in the actual elimination of complement-tagged synapses (Hong
and Stevens, 2016; Schafer et al., 2013; Wu et al., 2015). Microglia are the only type of
brain cell to express the C3 receptor CR3 (Graeber, 2010; Ransohoff and Perry, 2009;
Veerhuis et al., 1999) and they actively engulf presynaptic RGC inputs during pruning
(Schafer et al., 2012). Disruption of C3/CR3-signalling results in sustained defects in
synaptic connectivity (Schafer et al., 2012). Similar forms of microglia-mediated synapse
engulfment and removal occur in other brain areas such as cortex and hippocampus
(Paolicelli et al., 2011; Tremblay et al., 2010). Together, these findings implicate the
complement system and microglia in synaptic remodelling in the CNS.
Interestingly, the complement system is not the only link between synapse elimination and
the immune system: MHC class I molecules also play a role in synaptic pruning, as mice
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deficient in MHC(I)-mediated signalling fail to refine retinogeniculate projections during
development of the visual system (Huh et al., 2000; Lee et al., 2014). Therefore, various
components of the immune system are involved in the regulation of synapse eliminiation.
Microglia play an important role specifically in complement-mediated synaptic pruning.
Emerging evidence indicates that developmental mechanisms of synapse removal may
become reactivated in the adult brain and contribute to synapse loss in neurodegenerative
disease (see 1.3.5) (Chung et al., 2015b, 2016; Hong and Stevens, 2016; Hong et al.,
2016b; Jebelli et al., 2015; Stephan et al., 2012).
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Wnt signalling in the nervous system
Overview

Wnt proteins are a family of highly conserved secreted glycolipoproteins that activate a
variety of intracellular signalling pathways and control key aspects of development and
tissue homeostasis in all metazoans (van Amerongen and Nusse, 2009; Clevers et al.,
2014; Gordon and Nusse, 2006; Loh et al., 2016; MacDonald et al., 2009; Nusse and
Clevers, 2017). The name Wnt is a combination of the Drosophila gene wingless (wg) and
the vertebrate ortholog int-1, which were discovered 35 years ago (Nusse and Varmus,
1982).

During development, Wnt signalling directs critical events such as embryonic

patterning, cell proliferation, cell migration and cell fate determination (van Amerongen and
Nusse, 2009; Logan and Nusse, 2004; Loh et al., 2016). In the adult vertebrate system,
Wnts are essential for stem cell control and renewal of various types of tissue, including
bone, skin and intestine (Clevers et al., 2014; Koch, 2017; Krausova and Korinek, 2014; Lim
and Nusse, 2013; Ring et al., 2014; Zhong et al., 2014). In the nervous system, Wnts play
key roles in neuronal migration, axon guidance and synaptogenesis as well as synaptic
function and maintenance in the adult brain (Budnik and Salinas, 2011; Dickins and
Salinas, 2013; Ille and Sommer, 2005; Salinas, 2012; Salinas and Zou, 2008). Aberrant
Wnt signalling is implicated in a broad range of human pathologies, most notably cancer,
osteoporosis, metabolic diseases and neurological disorders (Bordonaro, 2009; Canalis,
2013; Clevers and Nusse, 2012; De Ferrari and Moon, 2006; De Ferrari et al., 2014;
MacDonald et al., 2009; Nusse and Clevers, 2017; Polakis, 2012). Wnt signal transduction
involves numerous cell surface receptors and multiple intracellular signalling cascades,
and Wnt signals are regulated and controlled by various endogenous antagonists (Cruciat
and Niehrs, 2013; MacDonald et al., 2009; Niehrs, 2012). In the following sections, I will
review key components of Wnt signalling and describe the main Wnt pathways, before I
highlight the specific roles of Wnts in synapse formation and maintenance.

1.2.2

Wnt signalling components

Wnt ligands
The mammalian genome codes for 19 different Wnts, with homologues found in all
multicellular organisms from sponges to higher vertebrates. Many of these isoforms are
expressed in a tissue-specific manner, and signalling outcomes are dependent on the
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availability of downstream receptors and signal transducers.
Wnt proteins are cysteine-rich and their globular secondary structure is maintained by
intramolecular disulfide bridges (Janda et al., 2012; Willert and Nusse, 2012).

An

N-terminal stretch of around 20 hydrophobic amino acids serves as a signal sequence
for secretion. Wnts undergo substantial post-translational modifications within the ER
that are essential for their function (Langton et al., 2016). Glycosylation of Wnt proteins
occurs at several asparginine residues and is relevant for efficient secretion, but largely
dispensable for signalling activity (Komekado et al., 2007; Kurayoshi et al., 2007; Tang
et al., 2012). Acylation, on the other hand, is critical for Wnt activity: Wnt proteins are
palmitoylated through the attachment of a palmitoleic acid group to a single conserved
serine residue (Janda et al., 2012; Takada et al., 2006). This lipidation is dependent upon
prior protein glycosylation and mediated by the resident ER protein Porcupine (Hofmann,
2000; Komekado et al., 2007; Rios-Esteves and Resh, 2013; Takada et al., 2006; Tang
et al., 2012). The palmitate addition on Wnt proteins is required for proper intracellular
processing and progression through the secretory pathway, as well as signalling activity
through interaction with the Wnt receptor Frizzled (Fig. 1.3) (Barrott et al., 2011; Biechele
et al., 2011; Janda et al., 2012; Takada et al., 2006). The lipid-modification renders Wnts
highly hydrophobic and facilitates their rapid association with cell membranes and proteins
of the extracellular matrix, restricting extracellular diffusion and constraining Wnts to act
mainly as short-range signals (Alexandre et al., 2014; Reichsman et al., 1996).
After glycosylation and lipid modification in the ER, Wnt proteins are trafficked to the Golgi
apparatus where they associate with the multi-pass transmembrane protein Wntless/Evi
(Wls). Wls subsequently escorts Wnts to the plasma membrane for secretion (Bänziger et
al., 2006; Bartscherer et al., 2006; Coombs et al., 2010; Herr and Basler, 2012; Yu et al.,
2014a). After release of Wnt from the cell, Wls is retrieved by endocytosis and recycled
back from endosomes to the Golgi by the retromer complex, before participating in the next
round of ferrying Wnt protein to the cell surface (Belenkaya et al., 2008; Coudreuse et al.,
2006; Franch-Marro et al., 2008; Port et al., 2008; Yang et al., 2008).
Wnt receptors
Wnt proteins can bind to several types of cell surface receptors. The principal class of Wnt
receptors are the Frizzled (Fz) receptors, which possess a seven-pass transmembrane
domain and a large conserved extracellular cysteine-rich domain (CRD) that mediates
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high-affinity binding of Wnts (Fig. 1.3) (Bhanot et al., 1996; Dann et al., 2001; Janda et
al., 2012). Binding of Wnts to the Fz-CRD is achieved through multiple binding interfaces,
including an interaction of the Wnt lipid moiety with a hydrophobic pocket in the CRD (Janda
et al., 2012). There are 10 Fz isoforms in mammals with variable capacity for Wnt signalling
activation, displaying functional redundancy as well as isoform-specific signalling (Kikuchi
et al., 2007; Logan and Nusse, 2004). Frizzled receptors can dimerize and interact with
heterotrimeric G proteins, therefore functioning as G protein-coupled receptors (GPCRs)
(Koval et al., 2011; Nichols et al., 2013). Intracellular interactions of the Fz cytoplasmic
C-tail are critical for signal transduction and coupling to downstream effector molecules.
The key cytoplasmic binding partner of Fz receptors is the scaffold protein Dishevelled
(Dvl), which is involved in the transduction of all major Wnt pathways (Gao and Chen,
2010; Kikuchi et al., 2011). Upon Wnt binding, Frizzleds directly interact with Dvl through
the conserved Fz C-terminal KTxxxW motif, which leads to the recruitment of Dvl and
other downstream signal transducers to the plasma membrane and initiates an intracellular
signalling cascade (Chen et al., 2003; Kikuchi et al., 2011; Tauriello et al., 2012; Umbhauer
et al., 2000; Wong et al., 2003).

Activation of the canonical Wnt pathway (see 1.2.3 and Fig. 1.4) requires the cooperation
of Wnt/Fz with a co-receptor for Wnts, the single-pass transmembrane receptors LRP5/6
(Drosophila homologue: Arrow), which belong to the extended LDLR protein family (see
1.4.1) (He et al., 2004; MacDonald and He, 2012). The large modular extracellular domain
of LRP5/6 is broadly divided into four β-propeller/EGF-like domain repeats containing
multiple distinct binding sites for Wnts (see 1.4.2 for more details on the LRP6 structure).
Wnt binding leads to the formation of a ternary Wnt/Fz/LRP complex (Fig. 1.3) (Bourhis
et al., 2010; Gong et al., 2010; Janda et al., 2017; Tamai et al., 2000). LRP5 and LRP6
are highly homologous and display largely overlapping expression patterns, however LRP6
plays a more influential role and is the best characterised Wnt co-receptor (MacDonald et
al., 2011). Wnt signal transduction through LRP6 relies on the phosphorylation of the LRP6
intracellular domain, mediated by several protein kinases. Pro-directed kinases such as
glycogen synthase kinase 3 (GSK3) initially phosphorylate the signature PPPSPxS repeats
within the cytoplasmic tail of LRP6, priming the receptor for subsequent phosphorylation
at adjacent Ser residues by members of the CK1 kinase family (Davidson et al., 2005;
Tamai et al., 2004; Zeng et al., 2005, 2008). Wnt-induced dual phosphorylation of LRP6
promotes binding and recruitment of the scaffold protein Axin, resulting in downstream
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Figure 1.3: Major components involved in regulation of the Wnt signalling pathway.
Wnt ligands bind to a variety of cell-surface receptors, including Frizzled, LRP6, Ror and Ryk
receptors. Multiple antagonists of the pathway interfere with Wnt signalling: WIF-1 and sFRPs
sequester secreted Wnt ligands; the extracellular deacylase Notum cleaves the palmitate group
of Wnts which is critical for receptor interactions; Dkk1 binds to LRP6 and prevents Wnt-Fz-LRP6
complex formation.

signalling events (MacDonald et al., 2008; Mao et al., 2001b; Zeng et al., 2005). Aside
from functioning as a co-receptor for Wnts, LRP6 is also the main receptor for the Dickkopf
(Dkk) family of endogenous secreted Wnt antagonists, most notably Dkk1 (see below) (Fig.
1.3) (Bafico et al., 2001; Mao et al., 2001a; Semnov et al., 2001).
Besides the core Wnt receptors Fz and LRP5/6, several other transmembrane molecules
have been implicated in Wnt signal transduction, most notably the atypical tyrosine kinase
receptors Ror and Ryk (Fig. 1.3). Ror1 and Ror2 receptors bind Wnt5a similar to Fz
through their CRD motif and can form ternary complexes with Wnt and Fz. They are
predominantly involved in activation of the Wnt/planar cell polarity (PCP) pathway (see
1.2.3 and Fig. 1.4) (Grumolato et al., 2010; Hikasa et al., 2002; Mikels et al., 2009; Oishi et
al., 2003). Wnts also bind to the single-pass transmembrane receptor Ryk (Drosophila
homologue: Derailed) through its WIF (Wnt inhibitory factor) domain (Lu et al., 2004;
Yoshikawa et al., 2003). Ryk can be involved in all main Wnt pathways, and Wnt signalling
through Ryk plays important roles in axon guidance, neuronal migration and neuronal cell
fate specification (Berndt et al., 2011; Clark et al., 2012; Kikuchi et al., 2011; Macheda et
al., 2012). Both Ror and Ryk activation lead to the downstream recruitment of Dvl, which
constitutes the universal relay component of Wnt signalling (Gao and Chen, 2010; Ho et
al., 2012; Huang et al., 2013).
More recently, the multi-pass transmembrane protein Gpr124 was identified as a necessary
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co-activator of canonical Wnt signalling in brain vasculature (Posokhova et al., 2015; Zhou
and Nathans, 2014). The GPCR Gpr124 forms a multi-protein cell surface assembly
together with the Wnt7/Fz complex and the GPI-anchored membrane protein Reck; this
initiates a signalling cascade which mediates angiogenesis and the establishment of the
blood-brain barrier in the CNS (Cho et al., 2017; Zhou and Nathans, 2014). The extent to
which all these different Wnt receptors either cooperate or function independently of each
other remains to be fully elucidated.
Wnt antagonists
Wnt signalling is regulated and controlled in a variety of ways, including by a range of
endogenous antagonists. These natural inhibitors are typically secreted molecules that
act extracellularly to either modify or sequester Wnt ligands or modulate Wnt-receptor
interactions at the plasma membrane (Cruciat and Niehrs, 2013).

Wnt antagonists

contribute to fine-tuning of Wnt signalling and allow tight control over Wnt-regulated cellular
processes.
The largest family of secreted Wnt antagonists are the secreted Frizzled Receptor Proteins
(sFRPs) (Fig.

1.3) (Bovolenta et al., 2008; Cruciat and Niehrs, 2013; Kawano and

Kypta, 2003). Five different sFRPs (sFRP1-5) exist in mammals, all of which possess
a characteristic CRD highly similar to the Fz-CRD (Rehn et al., 1998). Through this
CRD motif, sFRPs bind directly to Wnt proteins and therefore antagonise Wnt signalling
by sequestering the ligands in the extracellular space (Fig. 1.3) (Lin et al., 1997). In
addition, sFRPs may also inhibit Wnt signalling by forming non-functional complexes with
Fz receptors (Bafico et al., 1999; Dann et al., 2001; Rodriguez et al., 2005). Due to their
interference with Wnt signalling at the highest level (the ligand), sFRPs are able to efficiently
antagonise multiple Wnt pathways (Bovolenta et al., 2008; Li et al., 2008; Satoh et al.,
2008).
Wnt-inhibitory factor 1 (WIF-1) is another type of Wnt antagonist that directly binds to
Wnt ligands (Fig. 1.3) (Hsieh et al., 1999). This binding is mediated by a unique and
highly conserved WIF domain, which is also found in the extracellular domain of the Wnt
receptor Ryk (see above and Fig. 1.3). The exact mechanism of Wnt antagonism through
WIF-1 is not well understood, however, similar to sFRPs, WIF-1 appears to be able to
sequester various Wnt ligands and therefore antagonises multiple Wnt signalling pathways
(Surmann-Schmitt et al., 2009). WIF-1 is an important regulator of Wnt activity during
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skeletal development (Surmann-Schmitt et al., 2009), but is also highly expressed in the
developing CNS (Hu et al., 2008).
A more recently identified Wnt antagonist is the enzyme Notum, which suppresses
Wnt activity through direct modification of Wnt ligands. Notum acts as an extracellular
de-acylase and enzymatically removes the palmitoleate group from secreted Wnt proteins
(Fig. 1.3) (Kakugawa et al., 2015; Zhang et al., 2015). The acyl group of Wnts is essential
for signalling as it mediates the interaction of Wnts with Fz (Takada et al., 2006). Notum
therefore inhibits Wnt signalling by rendering Wnts inactive.
The best characterised Wnt antagonists are the Dickkopf (Dkk) proteins, a small
evolutionarily conserved family of secreted glycoproteins with four members in vertebrates,
Dkk1-4, (Cruciat and Niehrs, 2013; Niehrs, 2006). The founding member of the family,
Dkk1, was first identified as a potent Wnt antagonist in Xenopus (Glinka et al., 1998). In
contrast to sFRPs and other inhibitors, which antagonise Wnt signalling by interfering with
the Wnt ligands, Dkks directly interact with the Wnt co-receptors LRP5/6 and therefore
specifically inhibit canonical Wnt signalling (see 1.2.3) (Fig. 1.3). Dkk1, 2 and 4 are
high-affinity ligands for LRP5/6 (Bafico et al., 2001; Mao et al., 2001a; Semnov et al.,
2001); Dkk3 represents a divergent member of the Dickkopf family (Fujii et al., 2014;
Krupnik et al., 1999; Mao and Niehrs, 2003; Mao et al., 2001a, 2002). All Dkks contain
two characteristic conserved CRDs at their N- and C-terminals. Structural analyses of
the interaction between LRP6 and Dkk1 revealed that Dkk1 binds to LRP6 in a bipartite
manner, with the Dkk1 C-terminal binding to the third and fourth LRP6 β-propeller domains,
and a short Dkk1 N-terminal peptide interacting with the first LRP6 β-propeller domain (see
1.4.2) (Fig. 1.3) (Ahn et al., 2011; Bao et al., 2012; Bourhis et al., 2010, 2011; Chen et al.,
2011b; Cheng et al., 2011). This suggests that Dkk1 directly competes with multiple Wnt
ligands binding to distinct portions of LRP6, therefore broadly and efficiently antagonising
canonical Wnt signalling. Dkk1 binding also induces significant conformational alterations
of the LRP6 ectodomain which may contribute to allosteric inhibition of Wnts, in addition to
direct competition for binding to LRP6 (Fig. 1.3) (Matoba et al., 2017).
Apart from LRP5/6, Dkk1 and 2 bind with high affinity to another class of single-pass
transmembrane receptors, Kremen1 and 2 (Mao and Niehrs, 2003; Mao et al., 2002).
Dkk1 can form a ternary complex with LRP6 and Kremen1/2, which is rapidly internalised
and degraded (Mao et al., 2002; Zebisch et al., 2016). Based on this observation it has

54

Chapter 1. Introduction

been suggested that Kremen receptors cooperate with Dkk1 to amplify its antagonistic
activity by removing LRP6 from the plasma membrane and making it unavailable to Wnts
(Mao et al., 2002). However, subsequent studies demonstrated that Dkk1 does not affect
turnover of endogenous LRP6 (Semnov et al., 2008), and mutant Dkk1, which is unable
to bind to Kremen, is fully able to inhibit Wnt signalling (Wang et al., 2008). Analyses of
Kremen-mutant mice showed that Kremen is not universally required for Dkk1-mediated
Wnt antagonism, as the Dkk1-Kremen interaction is relevant only in specific tissues
(Ellwanger et al., 2008). Therefore, the dominant view of Dkk1 mechanism of action is
direct competition with Wnts for binding to LRP5/6 and the disruption of complex formation
between Wnt, Fz and LRP5/6 (Semnov et al., 2001).

1.2.3

Wnt signalling pathways

The most extensively studied and best described signalling pathway activated by Wnts is
the canonical or β-catenin pathway, which regulates the stability of the transcriptional
co-activator β-catenin, thereby controlling the expression of Wnt target genes (Fig.
1.4A-B). In the absence of Wnts, cytosolic β-catenin is constantly degraded by a
macromolecular destruction complex composed of several interacting components: the
scaffold protein Axin, the tumour suppressor protein APC and the two constitutively active
serine-threonine kinases CK1 and GSK3 (Kimelman and Xu, 2006; Stamos and Weis,
2013). Upon recruitment to this complex, β-catenin undergoes sequential phosphorylation
at several Ser/Thr residues of its N-terminal region, mediated by CK1 and GSK3 (Liu et al.,
2002). Phosphorylated β-catenin provides a docking site for the E3 ubiquitin ligase subunit
β-Trcp, leading to ubiquitination and subsequent proteasomal degradation of β-catenin
(Aberle et al., 1997; Kimelman and Xu, 2006; Kitagawa et al., 1999; Stamos and Weis,
2013). By this mechanism, β-catenin is continuously eliminated from the cytoplasm in the
absence of Wnts, and Wnt target genes remain suppressed through repressors associated
with TCF/LEF transcription factors (Fig. 1.4A).
Canonical Wnt signalling is activated upon formation of a ternary complex of Wnt and Fz
with the co-receptor LRP5/6 (Fig. 1.4B) (Clevers and Nusse, 2012; MacDonald and He,
2012; MacDonald et al., 2009; Nusse and Clevers, 2017). As described earlier, Wnt binding
induces the phosphorylation of PPPSPxS motifs in the cytoplasmic tail of LRP6, leading to
receptor activation. Downstream signal transduction from the Wnt complex at the
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Figure 1.4: The main Wnt signalling pathways.
A. In the absence of Wnts, the destruction complex phosphorylates cytoplasmic β-catenin, leading
to its degradation. Wnt target genes are suppressed. B. The canonical Wnt pathway is activated
upon formation of a ternary Wnt-Fz-LRP6 complex at the cell surface, leading to phosphorylation of
the LRP6 C-tail and recruitment of Axin and Dvl. As the destruction complex cannot form, β-catenin
accumulates in the cytoplasm and translocates to the nucleus where it activates Wnt target
genes. C. Wnt/PCP signalling involves Wnt binding to Frizzled, recruitment of Dvl and activation
of the GTPases Rho/Rac. These in turn regulate cytoskeleton dynamics via downstream kinases
(ROCK/JNK). Non-canonical Wnt receptors such as Ror/Ryk can be involved in this pathway.
D. Wnt-Ca2+ signalling leads to release of calcium from intracellular stores and downstream
activation of kinases such as PKC and CaMKII.
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plasma membrane proceeds via two key cytoplasmic players, Dvl and Axin. The scaffold
protein Dvl contains the three main protein domains DIX (Dishevelled, Axin), PDZ and DEP
(Dishevelled, Egl-10, Pleckstrin) (Gao and Chen, 2010). The Dvl PDZ domain mediates a
direct interaction with the C-terminal of Fz (Umbhauer et al., 2000; Wong et al., 2003).
In addition, the DEP domain and Dvl carboxyl region are engaged in interactions with the
cytoplasmic surface of Fz (Tauriello et al., 2012). Therefore, Dvl recruitment to the plasma
membrane by Fz involves multiple interacting regions of these two proteins. The DIX
domain of Dvl has polymerisation-inducing properties, which may promote the formation
of Dvl oligomers at the plasma membrane (see below) (Schwarz-Romond et al., 2005,
2007a, 2007b). Axin binds to the phosphorylated PPPSPxS motif of the LRP6 carboxyl
region (MacDonald et al., 2008; Zeng et al., 2005, 2008) and also interacts directly with the
Dvl DIX domain (Fig. 1.4B) (Fiedler et al., 2011; Kishida et al., 1999b; Schwarz-Romond
et al., 2007b).
The precise mechanism of Wnt-induced receptor activation and recruitment of Dvl and
Axin is a matter of continued debate, and several models have been proposed to date
(MacDonald and He, 2012; MacDonald et al., 2009): The initiation-amplification model
is based on the finding that Fz/Dvl-induced recruitment of Axin and GSK3 initiates
partial LRP6 phosphorylation, which in turn increases the LRP6 interaction with Axin;
this initiates a feed-forward loop between LRP6 and Axin leading to signal amplification
(MacDonald et al., 2008; Wolf et al., 2008; Zeng et al., 2008). The signalosome model is
based on the observation of Wnt-induced clustering of Wnt/Fz/LRP6 receptor complexes
at the membrane, mediated by Dvl polymerisation and resulting in the subsequent
recruitment of Axin and LRP6 phosphorylation (Bilic et al., 2007; Gammons et al., 2016;
Schwarz-Romond et al., 2007a). These two models are not mutually exclusive and may, in
fact, describe different temporal/spatial events of Wnt-induced signal initiation.
Activation of the Wnt receptor complex ultimately leads to the inhibition of β-catenin
phosphorylation and its accumulation in the cytoplasm. How this is achieved is contentious
and multiple biochemical mechanisms - which may exist in parallel - have been proposed
(Kimelman and Xu, 2006; MacDonald and He, 2012; MacDonald et al., 2009; Nusse and
Clevers, 2017). The traditional model emphasises the physical disassembly of the Axin
destruction complex, as the dissociation of Axin from GSK3 interferes with the ability of the
complex to bind and phosphorylate β-catenin (Hernández et al., 2012; Kim et al., 2013a;
Kishida et al., 1999a; Liu et al., 2005; Luo et al., 2007; Willert et al., 1999; Yamamoto
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et al., 1999). This fairly established model has been challenged by the observation of an
intact destruction complex after Wnt stimulation, in which ubiquitination of phosphorylated
β-catenin is suppressed (Azzolin et al., 2014; Li et al., 2012). A distinct mechanism for
the stabilisation of cytoplasmic β-catenin may be the direct inhibition of GSK3 by the
phosphorylated LRP6 C-tail or individual PPPSPxS peptides within it (Cselenyi et al., 2008;
Piao et al., 2008; Stamos et al., 2014; Wu et al., 2009). The phosphorylated PPPSPxS
motifs of LRP6 may therefore fulfil multiple roles in Wnt signal transduction by binding
Axin as well as inhibiting GSK3. In fact, a single LRP6 molecule may simultaneously
recruit Axin and inhibit GSK3 (MacDonald and He, 2012; Wu et al., 2009). Finally, a
drastically different model has been proposed, in which multivesicular bodies are formed
after Wnt receptor endocytosis, sequestering GSK3 and thereby physically separating this
key enzyme from its cytosolic substrates, including β-catenin (Taelman et al., 2010). How
these different models can be integrated and reconciled with each other, remains to be
examined. Alternative mechanisms may correspond to distinct modes of acute versus
chronic Wnt stimulation and might be dependent on the cellular context (MacDonald and
He, 2012; Metcalfe and Bienz, 2011).
Accumulation of β-catenin in the cytoplasm allows its translocation to the nucleus, where it
associates with TCF/LEF transcription factors (Fig. 1.4B) (Cong et al., 2003; Schuijers et
al., 2014; Valenta et al., 2012). The final read-out of canonical Wnt signalling is a change
in the transcriptional profile of the cell. The Wnt targetome is very diverse and most genes
are activated in a cell-type- and developmental stage-specific manner (Ramakrishnan and
Cadigan, 2017; Vlad et al., 2008). Several self-regulatory loops exist within the Wnt
pathway, whereby key pathway components, such as Fz, LRP6 or Dkk1, are themselves
positively or negatively regulated β-catenin (Chamorro et al., 2005; Khan et al., 2007; Niida
et al., 2004; Willert et al., 2002). These internal feedback loops enable tight control over
the amplitude and duration of Wnt signalling activity in cells.
Wnts can also signal independent of β-catenin and transcription. Such non-canonical
signalling pathways do not require LRP5/6 and are subdivided into two distinct branches:
the Planar Cell Polarity pathway and the Wnt/Ca2+ -pathway (Komiya and Habas, 2008;
Sugimura and Li, 2010).

The Planar Cell Polarity (PCP) pathway has a key role in

establishing tissue polarity through regulation of the actin cytoskeleton and control of
cellular movement (Seifert and Mlodzik, 2007; Wang and Nathans, 2007; Yang and
Mlodzik, 2015). Wnt/PCP signalling requires Fz receptors and Dvl, and can also engage
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non-canonical Wnt receptors such as Ryk or Ror (Fig. 1.4C) (Cerpa et al., 2015; Ho et
al., 2012; Lu et al., 2004; Macheda et al., 2012; Nishita et al., 2006; Oishi et al., 2003).
Downstream of Dvl, Wnt/PCP signalling leads to the activation of the small GTPases
Rho and Rac and the associated kinases ROCK (Rho-associated kinase) and JNK (Jun
N-terminal kinase), respectively (Fig. 1.4C) (see section on synapse maintenance in 1.1.3)
(Habas et al., 2001, 2003; Marlow et al., 2002). These signals result in cytoskeletal
rearrangements, influencing cell polarity and motility. Among the Wnt ligands that have
an established role in Wnt/PCP signalling are Wnt4, Wnt5a, Wnt7a and Wnt11 (Andre et
al., 2015; Le Grand et al., 2009; Wu et al., 2013).
The second branch of non-canonical Wnt signalling is the Wnt/Ca2+ -pathway, which also
signals through Fz receptors and Dvl (Fig. 1.4D) (De, 2011; Kohn and Moon, 2005). In this
pathway, Wnt stimulation induces the release of intracellular Ca2+ from the ER via activation
of trimeric G-proteins (Slusarski et al., 1997a, 1997b). Mobilisation of intracellular calcium
activates several Ca2+ -sensitive proteins, including protein kinase C (PKC) and CamKII
(Kühl et al., 2000; Sheldahl et al., 2003). Wnt/ Ca2+ signalling can be initiated by the typical
non-canonical Wnt ligands Wnt5a, Wnt5b and Wnt11 as well as Wnt7a and plays a central
role during embryogenesis (Heisenberg et al., 2000; Kühl et al., 2000; Westfall et al., 2003).

1.2.4

Wnt signalling in synapse formation

The Wnt signalling pathway plays a vital role in the nervous system, from embryogenesis to
higher brain function in the adult. During brain development, Wnts regulate diverse aspects
of neuronal circuit assembly, such as neuronal migration, axon pathfinding, dendritic
development and synapse formation. The role of Wnts in the assembly of synapses has
been studied in various systems, most notably at the mossy fibre/granule cell synapse in
the cerebellum, at the NMJ, and in the hippocampus (Budnik and Salinas, 2011; Dickins
and Salinas, 2013; Park and Shen, 2012; Rosso and Inestrosa, 2013; Salinas, 2012;
Salinas and Zou, 2008; Stamatakou and Salinas, 2014). As this thesis is concerned with
hippocampal synapses, I will here only briefly review the first two and focus mostly on Wnts
in hippocampal synaptic development.
A role for Wnt signalling in the formation of CNS synapses was first identified in the
cerebellum (Lucas and Salinas, 1997). Wnt7a is released from cerebellar granule cells
and acts retrogradely through Dvl1 and GSK3β on mossy fibre axons, stimulating axonal
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remodelling, presynaptic differentiation and clustering of key presynaptic components (Hall
et al., 2000). Loss of Wnt7a and/or Dvl1 results in strong deficits in the accumulation of
presynaptic proteins, defects in synaptic transmission and delayed morphological synapse
maturation (Ahmad-Annuar et al., 2006; Hall et al., 2000). Wnt7a therefore represents a
critical factor for presynaptic assembly in the developing cerebellum.
The neuromuscular junction (NMJ) between motor neurons and skeletal muscle fibres has
been widely used a model system for synapse formation (Sanes and Lichtman, 1999; Wu
et al., 2010a). Initial studies of Wnts in NMJ development were conducted in Drosophila
(Koles and Budnik, 2012; Korkut and Budnik, 2009). Wingless (Wg), the Drosophila
Wnt1 homologue, is secreted from presynaptic motor neuron endings and stimulates the
recruitment of both pre- and postsynaptic components by binding to DFz2 (Fz2 homologue)
and Arrow (LRP6 homologue) receptors located on both sides of the synapse (Packard
et al., 2002). Loss of Wg compromises synapse growth and leads to structural synaptic
defects (Ataman et al., 2006, 2008; Mosca and Schwarz, 2010; Packard et al., 2002). Wg
signalling is therefore required for coordinated pre- and postsynaptic differentiation at the
invertebrate NMJ.
At the vertebrate NMJ, Wnts are required for the clustering of postsynaptic acetylcholine
receptors (AChRs) before muscle innervation (a process called pre-patterning) by binding
to the tyrosine kinase receptor MuSK (Henrı́quez and Salinas, 2012; Jing et al., 2009;
Strochlic et al., 2012). At later stages, Wnts collaborate with the secreted proteoglycan
Agrin (Henriquez et al., 2008), which is derived from motor neuron axons, signals through
MuSK and is the major synaptogenic factor for NMJ formation in vertebrates (Barik et al.,
2014; Sanes and Lichtman, 1999; Wu et al., 2010a). Dvl1 interacts directly with MuSK
and is necessary for Agrin-mediated clustering of AChRs (Henriquez et al., 2008; Luo
et al., 2002). Wnt3 is expressed by motor neurons and drives the formation of AChR
micro-clusters which are stabilised by Agrin (Henriquez et al., 2008). Wnt4 and Wnt11 also
contribute to AChR clustering and muscle innervation (Messéant et al., 2017; Strochlic et
al., 2012). The transmembrane receptor LRP4, which is highly homologous to LRP5/6
and Arrow, is a receptor for Agrin and is required for Agrin/MuSK-induced formation of
the NMJ (Kim et al., 2008; Weatherbee et al., 2006; Zhang et al., 2008; Zong et al.,
2012). Muscle-derived LRP4 also functions as a retrograde signal and induces clustering
of presynaptic proteins (Wu et al., 2012; Yumoto et al., 2012). Together, these findings
demonstrate a key role for Wnt signalling in synapse formation at the NMJ, both through
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collaboration with Agrin and LRP4-directed bidirectional synapse assembly.
Wnts play an important role in pre- and postsynaptic assembly of hippocampal synapses
(Budnik and Salinas, 2011; Dickins and Salinas, 2013; Park and Shen, 2012; Rosso
and Inestrosa, 2013; Sahores and Salinas, 2011; Stamatakou and Salinas, 2014).
Wnt3a, Wnt7a and Wnt7b are the Wnt ligands most strongly implicated in presynaptic
differentiation and maturation: All three Wnts rapidly increase the number of presynaptic
puncta in hippocampal neurons and induce the clustering of core presynaptic proteins
(Ahmad-Annuar et al., 2006; Cerpa et al., 2008; Ciani et al., 2011; Davis et al., 2008;
Sahores et al., 2010; Varela-Nallar et al., 2009). In addition, these Wnt ligands exert
functional presynaptic effects by stimulating synaptic vesicle exocytosis and recycling and
thereby increasing synaptic transmitter release (Ahmad-Annuar et al., 2006; Avila et al.,
2010; Cerpa et al., 2008). Moreover, Wnt7a regulates the expression and clustering
of presynaptic α7-nicotinic acetylcholine receptors (α7-nAChRs) (Farı́as et al., 2007).
Wnt8a also has synaptogenic activity as it promotes presynaptic assembly in hippocampal
neurons (Sharma et al., 2013). Wnts interact with various Frizzled receptors and the
LRP6 co-receptor at presynaptic sites. Wnt3a and Wnt7a signal through Fz1 and Fz5,
respectively, to mediate presynaptic differentiation: Both Fz receptors are localised at
presynaptic sites and induce the clustering of presynaptic components; loss of function
of Fz1 or Fz5 abolishes Wnt-mediated presynaptic assembly (Sahores et al., 2010;
Varela-Nallar et al., 2009). Wnt3a signalling at presynaptic sites requires LRP6 (Avila et al.,
2010). In addition, Wnts may also signal through other receptors to regulate presynaptic
assembly: One study suggested that the non-canonical Wnt ligand Wnt5a binds to Ror
receptors to promote presynaptic protein clustering (Paganoni et al., 2010). Together, these
findings demonstrate a key role for different Wnts in promoting and regulating the formation
of functional presynaptic sites.
Wnts also promote postsynaptic assembly at hippocampal synapses, for which key roles
of Wnt7a and Wnt5a have been described (Stamatakou and Salinas, 2014).

Wnt7a

stimulates the clustering of PSD-95 and the formation and growth of dendritic spines
via a CamKII-dependent mechanism, consistent with activation of the Wnt/Ca2+ pathway
(Ciani et al., 2011).

Increased spine density and size is accompanied by increased

synaptic transmission and synaptic strength (Ciani et al., 2011). Postsynaptic expression
of Dvl1 largely mimics these effects of Wnt7a, whereas postsynaptic loss of Dvl1 prevents
Wnt7a-induced spine morphogenesis (Ciani et al., 2011). These results indicate that
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Wnt7a directly signals to dendrites to promote postsynaptic differentiation and maturation.
A role for Wnt5a in postsynaptic assembly has also been described, although some findings
are controversial.

Wnt5a induces the clustering of PSD-95 through a non-canonical

pathway involving JNK activation (Farı́as et al., 2009), however whether Wnt5a stimulates
spine formation is unclear (Cerpa et al., 2011; Varela-Nallar et al., 2010). Wnt5a also
increases glutamatergic transmission through NMDA receptors, without affecting AMPA
currents (Cerpa et al., 2011). These effects appear to be mediated by Wnt/Ca2+ signalling,
through rapid elevation of postsynaptic Ca2+ levels and CaMKII activation, suggesting that
Wnt5a directly signals to the postsynaptic side (Cerpa et al., 2011; Varela-Nallar et al.,
2010).
Wnt7a specifically promotes excitatory synapse formation without affecting inhibitory
synapses (Ciani et al., 2011). In contrast, Wnt5a is also involved in inhibitory synapse
maturation by increasing the surface level and retention of postsynaptic GABAA receptors,
accompanied by an increase in GABA currents (Cuitino et al., 2010). To date little is known
about the receptors that mediate Wnt signalling at postsynaptic sites.
In summary, Wnt signalling is important at hippocampal synapses for coordinated preand postsynaptic development. Some Wnts act as pan-synaptogenic factors (Wnt5a),
while others promote exclusively excitatory synapse formation (Wnt7a). Some Wnts signal
bidirectionally to both axon and dendrite (Wnt7a), whereas others preferentially stimulate
assembly on one side of the synapse (Wnt5a, Wnt3a). Therefore, different Wnts affect
different types of synapses and may signal through distinct Wnt receptors in dendrites and
axons.

1.2.5

Wnt signalling in synapse function, plasticity and maintenance

While the role of Wnts in the developing CNS has been well characterised, less is known
about their function in the mature nervous system. Wnt ligands and many Wnt signalling
components are expressed in various areas of the adult mammalian CNS, including the
hippocampus, cortex, thalamus and olfactory bulb (De Ferrari et al., 2007; Gogolla et al.,
2009; Sahores et al., 2010; Seib et al., 2013; Shimogori et al., 2004; Wayman et al., 2006).
Accumulating evidence indicates an important contribution of Wnt signalling to synapse
physiology and function, activity-regulated synaptic plasticity and synapse stability in the
adult brain.
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Endogenous Wnts are released by adult neurons during basal synaptic activity (Cerpa
et al., 2011; Rosso et al., 2005). Blockade of these endogenous Wnts by sFRPs reduces
glutamatergic neurotransmission (Cerpa et al., 2011; Ciani et al., 2015; Varela-Nallar et al.,
2010). Genetic deficiency in Wnt signalling results in reduced synaptic vesicle numbers and
decreased transmitter release (Ahmad-Annuar et al., 2006; Ciani et al., 2015). Application
of exogenous Wnts, on the other hand, acutely enhances excitatory synaptic transmission
in mature hippocampal neurons (Avila et al., 2010; Beaumont et al., 2007; Cerpa et al.,
2008; Ciani et al., 2011, 2015; Varela-Nallar et al., 2010). Therefore, Wnts are required in
mature neuronal circuits for basal synaptic function.
Expression and/or release of Wnts is stimulated in particular by neuronal activity. In
hippocampal neurons, depolarisation promotes the release of Wnts, and NMDA receptor
activation specifically upregulates the expression of Wnt2 and the release of Wnt3a (Chen
et al., 2006; Wayman et al., 2006; Yu and Malenka, 2003). Neuronal activity may also
promote Wnt signalling through suppression of Wnt inhibitors such as sFRP3 (Jang et al.,
2013). Wnt receptors are also influenced by changes in neuronal activity: patterned activity
induced by high-frequency stimulation (HFS) promotes the mobilisation of Fz5 to the cell
surface and to synaptic sites - an effect that is blocked by sFRP Wnt antagonists (Sahores
et al., 2010). Therefore, activity-induced release of endogenous Wnts induces surface
trafficking of Fz5, enhancing neuronal sensitivity to further stimulation.
The importance of activity-mediated upregulation of Wnts has been demonstrated in
vivo.

Exposure to an enriched environment (EE), which provides enhanced sensory

experience, stimulates Wnt7a/b expression in CA3 pyramidal neurons in the hippocampus,
accompanied by synaptic remodelling at mossy fibre terminals (Gogolla et al., 2009).
Local blockade of Wnts with sFRP1 suppresses EE-induced synaptic remodelling, whereas
administration of exogenous Wnt7a mimics the effect of EE (Gogolla et al., 2009). These
results suggest that Wnts are under the control of neuronal activity in the intact adult brain
and contribute to activity-dependent synaptic plasticity. Indeed, a role for Wnts in LTP has
been demonstrated by several studies: Tetanic stimulation and LTP induction at CA3-CA1
synapses in acute hippocampal brain slices activates the canonical Wnt/β-catenin pathway
(Chen et al., 2006). Antibody-mediated blockade of Wnt3a mildly decreases LTP, whereas
activation of Wnt signalling by exogenous Wnt3a enhances LTP (Chen et al., 2006).
Wnt5a similarly facilitates the induction of synaptic potentiation (Cerpa et al., 2011).
sFRP-mediated blockade of endogenous Wnt signalling strongly impairs LTP maintenance
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(McLeod et al., under review). Prolonged Dkk1-mediated suppression of Wnt signalling in
vivo in the adult brain abolishes theta-burst-induced LTP (Marzo et al., 2016). Collectively,
these findings demonstrate that Wnts are required for LTP and play a critical role for
activity-mediated synaptic plasticity in the adult brain.
The physiological relevance of Wnt-regulated synaptic plasticity is underscored by the
implication of Wnt signalling in adult memory formation (Oliva et al., 2013). During fear
memory consolidation in the amygdala, a transient increase in β-catenin and Wnt target
gene expression is observed, and local injection of the Wnt antagonist Dkk1 disrupts
memory consolidation (Maguschak and Ressler, 2011).

Wnt signalling also plays a

role in hippocampus-dependent memory function: Spatial navigation training in a Morris
water maze task induces a long-lasting increase in the levels of Wnt7a/b and Wnt5a
in the dentate gyrus, which may promote long-term memory retention (Tabatadze et
al., 2012). Hippocampus-dependent contextual fear conditioning induces the expression
and release of Wnt3a (Xu et al., 2015). Administration of Wnt3a antibody or the Wnt
antagonists sFRP1 or Dkk1 block fear memory acquisition and consolidation, whereas
infusion of exogenous Wnt3a enhances memory formation (Xu et al., 2015).

In a

hippocampus-dependent object recognition task, post-training infusion of Dkk1 similarly
interferes with memory consolidation (Fortress et al., 2013). In vivo induction of Dkk1
expression in the adult hippocampus leads to memory deficits in a range of paradigms,
including object recognition, spatial navigation and fear memory (Marzo et al., 2016).
These studies show that Wnt signalling is activated in the adult brain in response to
a sensory stimulus and mediates long-lasting synaptic changes that underlie memory
formation and consolidation.
Besides modulating synaptic transmission and plasticity, endogenous Wnt signalling
also contributes to the stability of mature synaptic connections (Dickins and Salinas,
2013). Short-term blockade of canonical Wnt signalling by Dkk1 induces rapid synapse
disassembly in mature hippocampal neurons (Purro et al., 2012). Dkk1 decreases the
number and size of pre- and postsynaptic protein clusters through rapid dispersal of
synaptic components, without affecting cell viability (Purro et al., 2012).

Remaining

synapses have smaller active zones and postsynaptic densities, suggesting that Wnt
blockade induces coordinated shrinkage and elimination of pre- and postsynaptic sites
(Purro et al., 2012). Induction of Dkk1 expression in vivo recapitulates these effects
by eliciting synapse degeneration in the adult brain (Galli et al., 2014; Marzo et al.,
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2016). In the striatum, Wnt inhibition by Dkk1 leads to loss of excitatory cortico-striatal
synapses and reduced neurotransmission at remaining synapses (Galli et al., 2014). In
the hippocampus, Dkk1 similarly triggers excitatory synapse loss, accompanied by defects
in synaptic plasticity and memory function (Marzo et al., 2016). Synaptic degeneration
occurs in the absence of cell death (Galli et al., 2014; Marzo et al., 2016), indicating that
Dkk1-mediated Wnt blockade directly compromises synapse stability. Collectively, these
findings demonstrate that synapse stability in the mature brain relies on functional Wnt
signalling. Deficiency in Wnt signalling weakens and destabilises synapses, compromising
the functional integrity of synaptic circuits.
Elucidating the cellular mechanisms underlying long-term synapse maintenance is
vital, given that synapse dysfunction and loss are invariant features of multiple
neurodegenerative disorders. Most prominent among these is Alzheimer's disease (AD) the most common form of dementia, in which synapse loss occurs early and correlates with
cognitive decline (Koffie et al., 2011; Selkoe, 2002; Sheng et al., 2012; Tampellini, 2015).
Growing evidence indicates that dysfunction of Wnt signalling contributes to synapse
vulnerability and the pathogenesis of AD. Over the last decade, multiple studies have
uncovered genetic and molecular links between abnormal Wnt signalling and aspects of
AD pathology (De Ferrari and Moon, 2006; De Ferrari et al., 2014; Inestrosa and Arenas,
2010; Inestrosa and Varela-Nallar, 2014; Libro et al., 2016; Purro et al., 2014). Accordingly,
components of the Wnt pathway have emerged as potential therapeutic targets. This thesis
presents work that advances our understanding of the links between dysfunctional Wnt
signalling, synapse vulnerability and AD. Before reviewing in detail our present knowledge
of the role of Wnt signalling in AD (see 1.3.6), I will first examine general aspects of AD
pathology and highlight the underlying biological mechanisms of the disease.
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Alzheimer’s disease and synaptic degeneration
Overview

Neurodegenerative diseases are a large group of disorders of the nervous system,
which are characterised by progressively deteriorating nerve cell function and eventual
widespread neuronal death. These debilitating conditions affect the motor system (ataxias)
and/or mental and cognitive function (dementias) and include diseases such as Alzheimer's
disease (AD), Parkinson's disease, Huntington's disease, frontotemporal dementia and
amyotrophic lateral sclerosis (Heemels, 2016). Neurodegenerative diseases represent a
major burden of disease world-wide and are associated with high morbidity and mortality
rates as well as enormous healthcare costs (World Alzheimer Report, 2015). Due in part to
increasing life expectancies and changing demographics, these disorders are rapidly rising
in prevalence and their economic and social impact on our societies will soar in the coming
decades (Hebert et al., 2001; WHO, Global Health and Ageing, 2011). It is estimated that
46 million people worldwide live with dementia today, and this number has been predicted
to almost double every twenty years until 2050 (Alzheimer's Association, 2016; Prince et al.,
2013; World Alzheimer Report, 2015). The annual global cost of dementia was estimated
at US $818 billion in 2015 (World Alzheimer Report, 2015).
Neurodegenerative disorders are incurable and there is an urgent need to develop
effective treatment approaches to halt or at least slow disease progression. Remarkably,
despite diverse pathophysiological symptoms, there are parallels between different
neurodegenerative diseases. For example, abnormal protein aggregation and synaptic
dysfunction are common hallmarks of prominent neurodegenerative conditions (Byrne
et al., 2011). Such shared characteristics may provide avenues for the development of
treatments with broad applicability.
Alzheimer's disease is the most common cause of dementia and accounts for more than
50 % of all cases (Alzheimer's Association, 2016). The disease has an early-onset familial
form caused by genetic mutations and a late-onset sporadic form, which is multi-factorial in
nature. AD is a chronic, slowly progressing disorder characterised by three primary groups
of symptoms: Cognitive decline including memory and language impairments, psychiatric
symptoms and behavioural abnormalities, and difficulty in performing normal activities
of daily life.

The disease develops slowly over a sometimes decade-long preclinical

period, and symptoms increase in severity as patients progress from mild cognitive
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impairment to debilitating dementia. A better understanding of the underlying molecular
and cellular mechanisms of this devastating condition is a prerequisite for developing
effective therapeutic interventions. In the following sections, I will review key pathological
characteristics of AD, discuss genetic and age-related risk factors, and highlight the roles
of synaptic dysfunction and deficient Wnt signalling.

1.3.2

The pathology of AD

The main pathological features of Alzheimer's disease are extracellular aggregations of
Amyloid-β protein, intracellular neurofibrillary tangles of tau, neuroinflammation mediated
by glial cells, and eventually neuronal death and brain atrophy.
Amyloid-β and the amyloid hypothesis
Amyloid plaques composed of aggregated Amyloid-β (Aβ) proteins are the core
histopathological hallmark of AD brains, and Aβ is widely regarded as the key pathogenic
driver of the disease (Fig. 1.5). Aβ is a short peptide of 37-43 amino acids and is
produced by sequential enzymatic cleavage of a large transmembrane molecule, the
amyloid precursor protein (APP). APP can be processed via multiple alternative proteolytic
pathways, giving rise to a range of distinct soluble and membrane-associated fragments
(Chow et al., 2010). Aβ is the product of the so-called amyloidogenic pathway and is
generated as a result of APP processing by two proteases, β- and γ-secretase, which
sequentially cleave APP within its extracellular and transmembrane domains, respectively
(Fig. 1.5) (Murphy and LeVine, 2010; O'Brien and Wong, 2011; Zhang et al., 2011).
Soluble monomers of Aβ rapidly self-aggregate into higher-order protein assemblies,
ranging from oligomers and protofibrils to larger, insoluble amyloid fibrils, which are
eventually deposited in the characteristic amyloid plaques (Fig. 1.5) (Chen et al., 2017b;
Serpell, 2000).

Oligomerisation and amyloid deposition is driven in particular by the

42-amino-acid-long species Aβ42 (Bitan et al., 2003; Duering et al., 2005; McGowan
et al., 2005). Interestingly, the load of insoluble Aβ fibrils does not represent a good
correlate of disease progression and does not reflect the severity of clinical dementia
(Engler et al., 2006; Terry et al., 1991). Accumulation of soluble oligomeric Aβ is a better
marker of disease progression, and Aβ oligomers are widely regarded as the principal
cytotoxic agents in AD (Esparza et al., 2013; McLean et al., 1999; Näslund et al., 2000;
Sengupta et al., 2016; Yang et al., 2017). They exert a range of deleterious effects, from
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disruption of synaptic function to the initiation of pro-inflammatory responses (Kayed and
Lasagna-Reeves, 2013; Minter et al., 2016; Sakono and Zako, 2010; Sengupta et al.,
2016). (see below and 1.3.5).
Aβ accumulation as the root cause and driver of AD pathogenesis is the central element
of the amyloid hypothesis, first put forward more than 25 years ago (Beyreuther and
Masters, 1991; Hardy and Allsop, 1991; Hardy and Higgins, 1992; Selkoe, 1991). The
amyloid hypothesis states that increased Aβ production and accumulation constitute the
primary causative events in AD, which initiate a cascade of downstream neurotoxic effects,
ultimately leading to widespread neuronal injury and clinical dementia (Hardy and Allsop,
1991; Hardy and Higgins, 1992; Hardy and Selkoe, 2002; Musiek and Holtzman, 2015;
Selkoe, 1991, 2000; Selkoe and Hardy, 2016). This amyloid-centred model of AD has
become the predominant framework for AD research and therapeutic development. The
strongest support for the amyloid hypothesis comes from human genetics: The early-onset
inherited form of AD is caused by autosomal-dominant mutations within three genes (APP
and Presenilin 1/2 (PSEN 1/2)) (Chartier-Harlin et al., 1991; Goate et al., 1991; Guerreiro
and Hardy, 2014; Levy-Lahad et al., 1995; Rogaev et al., 1995; Sherrington et al., 1995).
PSEN1/2 represents the catalytic subunit of γ-secretase which cleaves Aβ from APP. These
mutations are associated with elevated relative levels of Aβ42/43 -peptides or increased
self-aggregation of Aβ (Citron et al., 1992; Eckman et al., 1997; Scheuner et al., 1996;
Suzuki et al., 1994; Tomiyama et al., 2008; Tsubuki et al., 2003; Wisniewski et al., 1991).
People with Down's syndrome have a triplication of APP and invariably develop AD (Prasher
et al., 1998; Wiseman et al., 2015). The APOE ε4 allele, the main genetic risk factor for
sporadic AD, is linked to increased Aβ secretion and reduced Aβ clearance (see 1.3.3)
(Castellano et al., 2011; Holtzman et al., 2000; Huang et al., 2017; Schmechel et al., 1993;
Verghese et al., 2013). A rare protective APP variant, on the other hand, is associated with
reduced Aβ production (Jonsson et al., 2012; Kokawa et al., 2015; Maloney et al., 2014).
Therefore, genetic evidence indicates that dysregulation of APP metabolism and increased
Aβ accumulation are central events in AD pathogenesis.
The amyloid hypothesis has also sparked controversy. A sizeable proportion of healthy
elderly individuals carry substantial amyloid plaque burden (Klunk et al., 2009; Rodrigue
et al., 2012; Villemagne et al., 2011), which has been interpreted as evidence against Aβ
as the causative agent in AD (Drachman, 2014; Harrison and Owen, 2016; Herrup, 2015).
However, this argument can be countered with evidence that healthy plaque-rich individuals
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Figure 1.5: Hallmarks of AD pathology in the brain.
The central features of AD pathology are shown.
Amyloid-β is produced by proteolytic
cleavage of APP by β- and γ-secretases. Extracellular Aβ monomers aggregate into oligomers
and eventually amyloid plaques. Intracellular Tau protein is hyperphosphorylated in AD and
mis-localises to somatodendritic compartments. Tau proteins aggregate and form intracellular
neurofibrillary tangles. Microglia and astrocytes initially contribute to Aβ degradation and clearance,
however pathological activation of glia cells can exacerbate the pathology through release of
pro-inflammatory cytokines, promoting toxic neuroinflammation.

do differ from demented plaque-rich patients in the ratio of soluble Aβ oligomers to plaque
density (Esparza et al., 2013). The most substantial challenge of the amyloid hypothesis
is the string of unsuccessful phase 3 clinical trials of anti-Aβ therapies (Doody et al., 2013,
2014; Holmes et al., 2008; Salloway et al., 2014; Vellas et al., 2013). However, some
evidence suggests that Aβ-targeting treatment may be successful if started at sufficiently
early clinical stages (Doody et al., 2014; Sevigny et al., 2015), consistent with the fact that
Aβ deposition is a pre-symptomatic event (Jack and Holtzman, 2013; Jack et al., 2013;
Sperling et al., 2011). In revised models of AD pathogenesis, Aβ plays a central role but
disease progression is not considered a linear hierarchical cascade with Aβ as the sole
cause (Harrison and Owen, 2016; Musiek and Holtzman, 2015). Instead, Aβ represents
the primary disease trigger that initiates a complex network of downstream processes,
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which become autonomous and mediate progressive neurodegeneration (Harrison and
Owen, 2016; Musiek and Holtzman, 2015). Once this cascade is set in motion, therapeutic
targeting of Aβ might be of limited value. Aβ accumulation is necessary but not sufficient
for AD in this model (Musiek and Holtzman, 2015). In this context, it is essential to consider
the second cardinal hallmark of AD, the accumulation of tau protein in neurofibrillary
tangles.
Tau and neurofibrillary tangles
Tau is the major neuronal microtubule associated protein (MAP) and its core function is
the assembly and stabilisation of microtubules (Mietelska-Porowska et al., 2014; Trinczek
et al., 1995; Wang and Mandelkow, 2016). The activity of tau is regulated by its degree of
phosphorylation (Johnson and Stoothoff, 2004). In a range of neurodegenerative diseases,
including AD, tau protein is abnormally hyperphosphorylated. This hyperphosphorylation
suppresses its biological activity and can result in its aggregation into insoluble
paired helical filaments, which form characteristic intracellular inclusions referred to as
neurofibrillary tangles (NFTs) (Fig. 1.5) (Arendt et al., 2016; Iqbal et al., 2005, 2010;
Mandelkow and Mandelkow, 2012; Wang and Mandelkow, 2016). In AD, NFTs appear in a
predictable pattern, beginning in the entorhinal cortex and progressively spreading to the
hippocampus, other limbic areas and eventually the neocortex (Arnold et al., 1991; Braak
and Braak, 1991; Braak et al., 1994).
The mechanism of tau pathology propagation in AD is the focus of intense research
(Goedert and Spillantini, 2017; Goedert et al., 2017; Mohamed et al., 2013; Pooler et
al., 2013a). The temporal and spatial pattern of tau spread suggests propagation along
neuroanatomical connections (Boluda et al., 2015; de Calignon et al., 2012; Clavaguera
et al., 2009; Harris et al., 2012; Liu et al., 2012). Progression of tau pathology appears
to proceed in a prion-like manner, in which misfolded tau protein induces aggregation of
native tau into NFTs (Goedert and Spillantini, 2017; Holmes and Diamond, 2012; Kaufman
and Diamond, 2013). Tau can spread trans-synaptically (Calafate et al., 2015; de Calignon
et al., 2012; Guo and Lee, 2014; Harris et al., 2012; Liu et al., 2012) via secretion into
the extracellular space and uptake by a neighbouring cell (Clavaguera et al., 2009; Le
et al., 2012; Mohamed et al., 2013; Pickett et al., 2017; Plouffe et al., 2012; Saman
et al., 2012). Synaptic activity promotes release and trans-synaptic transfer of tau and
exacerbates tau pathology (Chai et al., 2012; Pooler et al., 2013b; Wu et al., 2016; Yamada
et al., 2014). Therefore, active trans-synaptic propagation of tau aggregates drives the
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progressive spread of tau pathology in AD.
Tau plays a major role for AD diagnosis and assessment of disease severity (Braak and
Braak, 1991; Braak et al., 2011). Elevated levels of tau in the cerebrospinal fluid (CSF)
serve as a biomarker (Anoop et al., 2010; Blennow et al., 2010; Jack and Holtzman,
2013; Parnetti and Chiasserini, 2011). Interestingly, the spread of NFTs in the brain
correlates well with cognitive decline, suggesting that tau aggregation is a driving force in
neurodegeneration (Arriagada et al., 1992a; Bierer et al., 1995; Nelson et al., 2012). The
mechanisms underlying tau-mediated neurotoxicity are debated, but are likely due to both
loss of normal tau function and toxic activity of tau aggregates (Arendt et al., 2016; Gendron
and Petrucelli, 2009; Wang and Mandelkow, 2016; Wolfe, 2012). Loss of functional tau may
compromise the microtubule network, disrupting axonal transport and synaptic function
(Alonso et al., 2006; Yoshiyama et al., 2007). Insoluble tau aggregates and NFTs may
physically block the axon and displace cytoplasmic organelles, contributing to neuronal
dysfunction and death (Lin et al., 2003). However, the presence of NFTs is not sufficient
to cause cognitive decline (Van der Jeugd et al., 2012; Santacruz et al., 2005; Sydow et
al., 2011), therefore - similar to Aβ - soluble tau oligomers may represent the neurotoxic
species (Lasagna-Reeves et al., 2012; Maeda et al., 2007).
Interactions between Aβ and tau pathologies
How does tau pathology fit within the amyloid hypothesis and the sequence of AD
progression? There is substantial evidence to suggest that Aβ is positioned upstream
of tau. As previously mentioned, human genetic data supports Aβ as the initial trigger of
AD pathogenesis. In contrast, tau is not genetically linked to AD - although tau mutations
are involved in other neurodegenerative disorders (Iqbal et al., 2010; Rademakers et al.,
2004; Wang and Mandelkow, 2016), and tau polymorphisms may increase the risk for
late-onset AD (Gerrish et al., 2012; Schraen-Maschke et al., 2004). Aβ can influence
tau pathology: Crossing mice harbouring human tau to hAPP transgenic mice specifically
enhances tau- but not Aβ-pathology (Lewis et al., 2001), and Aβ deposition accelerates tau
propagation (Pooler et al., 2015). Similarly, tau pathology is aggravated by intracerebral
injection of Aβ fibrils (Bolmont et al., 2007; Götz et al., 2001). Conversely, reduction of
Aβ deposition by immunotherapy attenuates tau pathology in hAPP/hTau mice (Oddo et
al., 2004). Aβ induces tau hyperphosphorylation and subsequent neurite degeneration in
neuronal cultures (Busciglio et al., 1995; De Felice et al., 2008; Ferreira et al., 1997; Jin
et al., 2011; Takashima et al., 1993; Zempel et al., 2010). Thus, Aβ can drive pathological
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modifications of tau and enhance tau pathology.
Tau may be downstream of Aβ but is nonetheless critical to AD pathogenesis. Tau loss
of function has a protective effect against Aβ, and mitigates cognitive phenotypes in vivo
without affecting Aβ levels or plaque burden (Ittner et al., 2010; Jin et al., 2011; Liu et al.,
2004; Rapoport et al., 2002; Roberson et al., 2007, 2011; Shipton et al., 2011). These
findings suggest that tau is an essential downstream mediator of Aβ-induced neurotoxicity.
In addition, tau may be able to modulate Aβ pathogenesis: Tau can elevate the production
of Aβ (Bright et al., 2015), and one study suggested that lack of tau ameliorates plaque
burden in hAPP/PSEN1 transgenic mice (Leroy et al., 2012). Conversely, plaque pathology
in the same transgenic line is exacerbated by the addition of human tau (Jackson et al.,
2016; Pooler et al., 2015). These findings suggest that Aβ and tau interact and amplify
each other's toxic effects (Bloom, 2014; Ittner and Götz, 2011; Small and Duff, 2008;
Spires-Jones et al., 2017), raising the possibility that AD is driven by a self-perpetuating
pathological feedback loop between Aβ and tau. In genetic terms, Aβ is upstream of tau
and initiates the disease process (the 'trigger'), however downstream neurodegeneration
is then driven by tau as a critical toxic force (the 'bullet') (Bloom, 2014). Rather than
considering a purely hierarchical mode of disease progression from Aβ to tau, it may
be more accurate to view Aβ and tau as interacting players that synergistically drive
progressive neurodegeneration (Ittner and Götz, 2011; Small and Duff, 2008; Spires-Jones
et al., 2017).
Glial cells and neuroinflammation
While Amyloid-β and tau are the established players in AD pathogenesis, it is increasingly
recognised that the immune system also plays an active role in the disease.

A

neuroinflammatory component of AD pathology was long known but traditionally assumed
to constitute only a by-product of the disease (Wyss-Coray, 2006). Recent genetic, clinical
and cell biology data, however, have shown that neuroinflammation plays a significant
causal role in driving and exacerbating AD pathogenesis (Bronzuoli et al., 2016; Heneka et
al., 2015; Heppner et al., 2015; Zhang and Jiang, 2015).
Neuroinflammation is the brain's response to infection, injury or disease.

It involves

activation of components of the innate immune system, release of pro-inflammatory
mediators and induction of intracellular signalling pathways (Shabab et al., 2017). Microglia
are the resident immune cells in the CNS and play a key role in the immune response
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observed in AD. In the healthy brain, microglia act as sentinel cells, surveying the brain
for pathogens and supporting tissue homeostasis (Kettenmann et al., 2011; Tremblay et
al., 2011). In AD, they play a dichotomous role: Activated by pathological triggers such
as protein aggregates, they initially exert a protective role in promoting Aβ clearance (Fig.
1.5). However, inappropriate microglia reactivity and progressive microglial dysfunction
promote chronic neuroinflammation and exacerbate AD pathology (Gold and El Khoury,
2015; Hickman and El Khoury, 2014; Prokop et al., 2013).
Microglia bind to Aβ oligomers and fibrils through various cell-surface receptors, and
Aβ binding stimulates microglia to produce and release pro-inflammatory cytokines
(Bamberger et al., 2003; El Khoury et al., 1996, 2003; Jin et al., 2008; Paresce et
al., 1996; Stewart et al., 2010; Tan et al., 1999; Du Yan et al., 1997).

Aβ can be

phagocytosed and degraded by microglia (Frenkel et al., 2013; Lee and Landreth, 2010),
indicating an important neuroprotective function. However, as the disease progresses,
microglia-mediated clearance of Aβ begins to fail, possibly due to cytokine-induced
downregulation of phagocytic Aβ receptors (Hickman and El Khoury, 2013; Hickman et
al., 2008; Krabbe et al., 2013). Inefficient Aβ clearance in turn further contributes to AD
pathogenesis (Hickman et al., 2008; Mawuenyega et al., 2010). The strongest evidence to
support a causal role for microglia dysfunction in AD comes from recent genetic studies,
which identified rare mutations in several microglia-associated genes such as Triggering
Receptor Expressed On Myeloid Cells 2 (TREM2), Complement Receptor 1 (CR1) and
CD33 as risk factors for late-onset AD (see section 1.3.3) (Efthymiou and Goate, 2017;
Jones et al., 2010; Malik et al., 2015; Villegas-Llerena et al., 2016). These genes have
been implicated in regulating the response of microglia to Aβ accumulation (Bradshaw et
al., 2013; Crehan et al., 2013; Griciuc et al., 2013; Jay et al., 2015; Jiang et al., 2014;
Ulrich et al., 2014; Wang et al., 2015). Therefore, microglia function is compromised in AD,
through genetic mutation and/or prolonged exposure to Aβ.
On top of losing their beneficial function, reactive microglia in AD appear to acquire a
detrimental 'toxic' phenotype that further exacerbates the pathology (Miller and Streit, 2007;
Streit et al., 2004, 2014). Pro-inflammatory molecules secreted by stimulated microglia
(Fig. 1.5) enhance the activity of the amyloidogenic pathway, resulting in increased Aβ
production (Blasko et al., 2000; Chen et al., 2012; Hong et al., 2003; Liao et al., 2004). This
negative feedback loop may accelerate AD pathology. Thus, microglia critically influence
AD pathogenesis and promote neurodegeneration through progressive dysfunction and
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neurotoxic activity.
Less studied but similarly intriguing is the involvement of astrocytes in AD pathology
(Birch, 2014; Heneka et al., 2015; Rodrı́guez-Arellano et al., 2016; Sofroniew and Vinters,
2010; Verkhratsky et al., 2010; Zhang and Jiang, 2015). Astrocytes are an integral part
of inflammatory processes in the brain, they secrete and respond to a large number of
inflammatory cytokines and react to pathological stimuli by reactive gliosis (Fig. 1.5)
(Burda and Sofroniew, 2014; Qin and Benveniste, 2012; Sofroniew and Vinters, 2010).
Similar to microglia, astrocytes appear to have a beneficial function in Aβ degradation (Fig.
1.5) (Koistinaho et al., 2004; Nagele et al., 2003; Pihlaja et al., 2011; Saido and Leissring,
2012; Wyss-Coray et al., 2003). In mouse models of AD, astroglial atrophy is evident
at early stages and progressively worsens, suggesting that astrocytic function becomes
impaired in AD. (Kulijewicz-Nawrot et al., 2012; Olabarria et al., 2010, 2011; Yeh et al.,
2011). On the other hand, astrocytes may have a deleterious role, as viral suppression of
astrocyte activation ameliorates AD pathology (Furman et al., 2012). Collectively, these
findings suggest that neuroinflammation, driven by both microglia and astrocytes, is a
contributing cause of neurodegeneration in AD.

1.3.3

The role of genetic risk factors for late-onset AD

Familial AD follows the rules of Mendelian inheritance and is caused by fully penetrant
autosomal-dominant mutations in three genes (APP, PSEN1 and PSEN2). In contrast, the
genetic architecture of late-onset sporadic AD, which accounts for more than 99% of AD
cases, is much more complex. Late-onset AD (LOAD) is multifactorial and associated
with genetic as well as life style and environmental risk factors.

However, genetic

predisposition plays a key role, as family history represents the second strongest risk factor
for LOAD, behind advanced age (see 1.3.4 on ageing). Twin studies have suggested
that genetic factors could underlie 60-80% of LOAD susceptibility (Gatz et al., 2006).
The genetic component of LOAD is complex and heterogenous: only one common gene
polymorphism (of the APOE gene) is consistently associated with high disease risk (Liu
et al., 2013). Large-scale genome-wide association studies (GWAS) have identified more
than 20 additional genetic loci with typically low degrees of disease association (Guerreiro
and Hardy, 2014; Lambert et al., 2013; Reitz, 2014). In addition, rare variants of several
genes conferring moderate disease risk have been discovered (Lord et al., 2014). Despite
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this continually growing list of genetic risk factors for LOAD, the cumulative effect of
these variants still only explains a fraction of the total population attributable AD risk,
indicating that a large part of the genetic underpinnings of LOAD remains unexplained
(a phenomenon known as 'missing heritability') (Manolio et al., 2009; Ridge et al., 2013,
2016; Singleton et al., 2010). The value of identifying genetic risk loci for AD goes beyond
defining the contribution of specific genes: collecting genetic information offers insight into
the pathophysiological pathways that are central to AD pathogenesis and may be targetable
by therapeutics. In this section, I will briefly review the methodological approaches used for
identification of AD risk variants, highlight three biological pathways genetically implicated
in AD, and examine one common (APOE) and one rare (TREM2) AD risk gene in some
more detail.

Identifying common and rare risk variants for AD
The GWAS approach has been highly successful in identifying common low-risk alleles
for complex diseases such as AD (Hardy and Singleton, 2009). The method is based
on genotyping a large number of common (occurring in >5 % of the population)
single-nucleotide polymorphisms (SNPs) in disease cases compared to controls. In this
way, GWAS reveal the genomic location of common genetic variants that significantly
affect disease risk on a genome-wide basis.

GWAS do not identify actual genes or

variants: each significant association only highlights a susceptibility region on the genome
- the responsible actual risk variant(s) need to be identified in subsequent fine mapping
studies of the locus. By design, GWAS usually uncover common risk variants, each
of which typically only makes a small contribution to the overall disease risk (Fig. 1.6)
(odds ratios (OR) of GWAS hits are usually in the range of 1.1-2.0 per risk allele (Van
Cauwenberghe et al., 2016; Lambert et al., 2013)). In this sense, GWAS are designed
to test the common-disease, common-variant hypothesis (CD-CV): This theory posits that
genetic risk for common diseases is driven by genetic variations that are of appreciable
frequency in the population but each carry only a minor amount of risk. The cumulative
risk imparted by multiple low-risk variants determines an individual's genetic susceptibility
for disease (Lander, 1996; Reich and Lander, 2001; Schork et al., 2009). In the case of
AD, the APOE risk gene represents a rare exception, as the APOE ε4 allele is a common
high-risk variant with an OR ~3 for hetero- and OR ~15 for homozygous carriers (see
below) (Fig. 1.6) (Van Cauwenberghe et al., 2016; Liu et al., 2013; Yu et al., 2014b).
APOE as the major risk gene for LOAD has been known for almost 25 years (Corder et al.,
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1993; Saunders et al., 1993). In the last 10 years, large-scale GWAS and meta-analyses
have identified over 20 additional low-risk genetic loci, yielding a plethora of putative AD
susceptibility genes (Harold et al., 2009; Hollingworth et al., 2011; Jun et al., 2014; Lambert
et al., 2013, 2009; Miyashita et al., 2013; Naj et al., 2011; Reitz et al., 2013; Seshadri et
al., 2010; Shen and Jia, 2016). These GWAS-derived associations have provided valuable
insight into pathogenic pathways in AD (see below).
Deleterious alleles that confer a high disease risk are generally rare in the population due
to a purifying selective pressure against them (Gibson, 2012; Pritchard, 2001). APOE
polymorphism and common genetic variation identified through GWAS can only account for
around 30 % of AD heritability (Lord et al., 2014; Ridge et al., 2013, 2016). It is therefore
plausible that a substantial proportion of the genetic risk for AD may be carried by rare
variants of moderate-to-high impact - the central idea of the common-disease, rare-variant
(CD-RV) hypothesis (Calero et al., 2015; Lord et al., 2014; Schork et al., 2009; Singleton et
al., 2010). High-risk low-frequency variants are unlikely to be detected by GWAS but can be
identified by sequencing approaches such as whole-genome or whole-exome sequencing
(Cirulli and Goldstein, 2010). In the case of AD, several rare variants of relatively high
disease risk (such as TREM2, see below) have been identified with this method (Cruchaga
et al., 2014; Guerreiro et al., 2013a; Jonsson et al., 2013). Although such highly penetrant
alleles are infrequent in the population (Fig. 1.6), their identification implicates genes
with potential strong biological roles, which have explanatory power with regard to disease
pathogenesis.
The identification of common and rare genetic loci that contribute to AD risk has enabled
gene network analyses, which show that many associated genes roughly cluster within
three biological pathways, (i) cholesterol and lipid metabolism, (ii) immune system and
inflammatory response, and (iii) endosomal vesicle cycling (Fig. 1.6) (Efthymiou and
Goate, 2017; Guerreiro and Hardy, 2014; Guerreiro et al., 2013b; Hardy et al., 2014;
International Genomics of Alzheimer's Disease Consortium (IGAP), 2015; Jones et al.,
2010; Karch and Goate, 2015). All these pathways had been implicated in AD before
(Marx et al., 1998; Nixon, 2005; Puglielli et al., 2003), but the growing genetic evidence
now indicates an essential role for these processes in the etiology of LOAD.
APOE ε4: The major genetic risk factor for late-onset AD
Polymorphism within the APOE gene represents by far the strongest genetic risk factor
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Figure 1.6: Genetic risk factors for Alzheimer's disease.
AD is influenced by a variety of genetic risk factors. Some of the most prominent are shown here
based on the amount of risk they confer and their frequency in the population. Very rare mutations
in APP or PSEN1/2 are fully penetrant and cause early-onset AD. APOE ε4 is the strongest genetic
risk factor for late-onset AD. TREM2 mutations confer a similar AD risk as heterozygous carriage
of APOE ε4 but are much rarer in the population. GWA studies have identified many additional
common low-risk alleles. Genes are highlighted in different colours to indicate their involvement
in different biological pathways. Mixed colours indicate a role in more than one pathway. Many
risk factors for LOAD cluster within three central biological pathways (apart from APP metabolism):
cholesterol homeostasis, immune response and endocytosis.
Figure adapted from Karch et al., 2015.

for LOAD (Corder et al., 1993; Liu et al., 2013; Saunders et al., 1993; Yu et al., 2014b).
Three allelic variants (APOE ε2/3/4) encode three APOE isoforms (ApoE2/3/4), which differ
at two amino acid residues. APOE ε3 is the most common allele. Heterozygous carriers
of the APOE ε4 allele are at 3-fold increased risk for LOAD, homozygous carriers have a
15-fold increased risk (Fig. 1.6). Conversely, APOE ε2 is protective and decreases AD risk
(Corder et al., 1993, 1994; Farrer et al., 1997; Saunders et al., 1993). Exceptionally for
such a high-risk allele, APOE ε4 is a common variant (15 % heterozygous carriers), and
APOE genotype accounts for almost 30 % of the heritability of LOAD (Van Cauwenberghe
et al., 2016).
Functionally, ApoE plays a central role in lipid metabolism and is the major carrier of
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cholesterol in the CNS (Huang and Mahley, 2014). Cholesterol metabolism interacts with
the amyloidogenic pathway (Barrett et al., 2012; Liu et al., 2007a; Pierrot et al., 2013;
Riddell et al., 2001), and the involvement of ApoE in AD is predominantly attributed to
its role in Aβ pathology: Aβ deposition is increased and accelerated in human and mice
carrying the APOE ε4 allele (Bales et al., 2009; Castellano et al., 2011; Holtzman et al.,
2000; Morris et al., 2010; Reiman et al., 2009). ApoE isoforms may differentially regulate
the proteolytic clearance of Aβ aggregates in the brain (Castellano et al., 2011; Deane et al.,
2008; Jiang et al., 2008; Verghese et al., 2013). A recent study reports that ApoE isoforms
differentially influence APP transcription, therefore ApoE4 may also promote excessive Aβ
production (Huang et al., 2017). In addition, ApoE4 has been linked to other key pathogenic
processes of AD, such as neuroinflammation (see 1.3.2) (Keene et al., 2011; Lynch et al.,
2001, 2003; Ringman et al., 2012) and synapse loss (see 1.3.5) (Chung et al., 2016).
TREM2 mutations: Rare risk variants for AD
Several rare missense mutations of the TREM2 gene have been linked to increased
susceptibility for LOAD (Guerreiro et al., 2013a; Jin et al., 2014; Jonsson et al., 2013).
The most common TREM2 variant R47H has an OR ~3 and therefore increases AD risk to
a similar extent as heterozygous APOE ε4 carrier status (Fig. 1.6) (Guerreiro et al., 2013a;
Jonsson et al., 2013). With minor allele frequencies (MAF) of ~0.3 % or lower, TREM2
variants are rare, so their population impact is lower than that of APOE.
TREM2 encodes a transmembrane protein that is highly expressed by microglia and is
involved in phagocytosis and the inflammatory response (Frank et al., 2008; Hickman et
al., 2013; Hsieh et al., 2009; Rohn, 2013). TREM2-dependent microglia phagocytosis
could be essential in Aβ clearance: TREM2 is upregulated in microglia surrounding
amyloid plaques (Guerreiro et al., 2013a), and heterozygous TREM2 deletion in hAPP
transgenic mice may decrease microglial clustering around Aβ aggregates and exacerbate
Aβ deposition (Ulrich et al., 2014; Wang et al., 2015) (although this remains controversial
(Jay et al., 2015)). TREM2 gain of function, on the other hand, decreases plaque load and
ameliorates AD pathology (Jiang et al., 2014). TREM2 mutations have been associated
with impaired phagocytic function of microglia (Kleinberger et al., 2014). TREM2 also
has an anti-inflammatory role and suppresses cytokine production by microglia (Takahashi
et al., 2005; Turnbull et al., 2006; Zhong et al., 2017). Therefore, TREM2 dysfunction
may fuel two key pathogenic processes in AD by promoting Aβ accumulation as well as
neuroinflammation (Forabosco et al., 2013; Gao et al., 2017; Jiang et al., 2013; Yeh et al.,
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2017).
As outlined here, the genetic architecture of AD is highly complex and a large part of the
heritability of AD is still unaccounted for by known risk variants. This suggests that other
genes and biological pathways are likely to be involved. Genetic susceptibility is modulated
by environmental and life style factors, and most importantly age. The role of ageing in the
etiology of LOAD will be reviewed in the next section.

1.3.4

The role of ageing in late-onset AD

Ageing is the biggest risk factor for LOAD. From age 65 to 85, incidence of AD increases
14-fold, and over the age of 85, AD affects almost half the population (Hebert et
al., 1995).

LOAD is therefore closely associated with the ageing process, however

the relationship between normal age-related changes and pathological ageing is a
complex and controversial issue (Ghosh et al., 2011; Swerdlow, 2007, 2011; Wyss-Coray,
2016).
Ageing of the human body is characterised by numerous molecular and cellular
changes, leading to a progressive decline in physiological integrity, and increased
frailty and vulnerability to damage and injury.

This functional deterioration and loss

of resilience constitute the primary risk factor for many human diseases, most notably
neurodegeneration. The mechanisms of ageing are incompletely understood, however
several hallmarks have been identified (López-Otı́n et al., 2013). These include genomic
alterations (e.g. DNA damage), metabolic changes (e.g. perturbed proteostasis) and
cellular changes (e.g. stem cell exhaustion) (López-Otı́n et al., 2013). Cumulative effects
of multiple ageing processes likely play a role in susceptibility to age-related disease.
Transcriptional profiling has highlighted biological pathways relevant to brain ageing
- featuring most prominently altered protein processing, mitochondrial dysregulation,
reduced neurotrophic support, synaptic dysfunction and inflammation (Blalock et al., 2003;
Fraser et al., 2005; Jiang et al., 2001; Lee et al., 2000a; Loerch et al., 2008; Mohan
et al., 2016; Yankner et al., 2008). As described above (and see 1.3.5), many of these
pathways are also firmly implicated in AD, raising questions about the extent of overlap
and distinction between normal ageing and neurodegeneration. Where is the boundary
between healthy and pathological ageing? Are they discreet biological processes or is
there a fluid continuum between them?
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There are striking overlaps between changes in the ageing brain and pathological features
linked to AD: Amyloid plaques, neurofibrillary tangles and other protein aggregates are
frequently observed in the brains of aged non-demented individuals (Arriagada et al.,
1992b; Davis et al., 1999; Elobeid et al., 2016; Hof et al., 1996; Klunk et al., 2009; Knopman
et al., 2003; Rodrigue et al., 2012; Savva et al., 2009; Villemagne et al., 2011). In fact,
biomarker measurements in aged, cognitively intact subjects often closely resemble those
of patients diagnosed with AD (Dubois et al., 2016; Kawas et al., 2015). Clearly, protein
accumulations frequently occur in the ageing brain and are not necessarily accompanied
by dementia. Such cases are often classified as 'preclinical AD', a terminology widely
adopted in AD research and diagnosis (Dubois et al., 2016; Price and Morris, 1999;
Schmitt et al., 2000; Sperling et al., 2011). However, clear evidence that appearance of
protein aggregates in the brain is the precursor to inevitable neurodegeneration is lacking.
Further research is required to disentangle the normal processes of ageing from the signs
of looming AD.
There are, however, clear arguments against a simplified view of late-onset AD as
accelerated ageing (Ghosh et al., 2011; Swerdlow, 2007). First, disease-associated protein
aggregates in the brain often display more specific regional distribution (Morrison and Hof,
1997; Small et al., 2011). Second, neuronal loss, one of the hallmarks of advanced AD, is
largely absent during normal ageing (Morrison and Hof, 1997; Pannese, 2011; West et al.,
1994). While brain size declines slowly with age (Elobeid et al., 2016; Harada et al., 2013;
Svennerholm et al., 1997), brain atrophy is much more severe in AD (Frisoni et al., 2010;
Head et al., 2005). Third, the genetics of disease-free ageing is characterised precisely
by the absence of AD risk variants, indicating that healthy ageing and LOAD segregate
on a genetic basis (Erikson et al., 2016). Fourth, striking similarities exist between LOAD
and familial AD, supporting the view of LOAD as a defined disease. In summary, the
relationship between brain ageing and AD is complex and contentious. While sporadic AD
shares common features with normal ageing, the underlying mechanisms do appear to be
distinct (Ghosh et al., 2011; Wyss-Coray, 2016).
Undisputed is that susceptibility for AD is profoundly determined by age. Why is the aged
brain more vulnerable for AD? Several processes in the ageing brain may increase the risk
for pathological changes.
1.

Protein homeostasis becomes compromised during ageing due to deficiencies

in the two principal proteolytic systems in cells - the autophagy-lysosome and the
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ubiquitin-proteasome system (Koga et al., 2011; Menzies et al., 2015; Nixon et al.,
2000; Powers et al., 2009; Rubinsztein et al., 2011; Tomaru et al., 2012).

Failing

clearance mechanisms promote accumulation of misfolded and damaged proteins. For
example, advanced age correlates with slower Aβ turnover (Patterson et al., 2015).
Therefore, age-related collapse of proteostasis increases the likelihood for abnormal
protein deposition.
2. Aberrant immune and inflammatory responses also contribute to the brain's increasing
vulnerability with age. Astrocytes and microglia adopt senescent-like, associated with
altered gene expression, dystrophic morphology and impaired function (Coppé et al.,
2008; Miller and Streit, 2007; Mosher and Wyss-Coray, 2014; Rodrı́guez-Arellano et
al., 2016; Salminen et al., 2011; Streit et al., 2004).

A state of low-level, chronic

inflammation in the ageing brain (termed 'inflammaging') may increase the risk of
pathological neuroinflammation as it occurs in AD (Franceschi and Campisi, 2014).
3. Synaptic defects are also part of the ageing process. Genes involved in synaptic
function are downregulated with advancing age, and age-related synapse loss occurs in
humans (Liu et al., 1996; Masliah et al., 1993; Terry et al., 1991) and rodents (Geinisman et
al., 1986). Concomitant functional impairments in synaptic plasticity (Barnes, 1979, 2003;
Barnes et al., 2000; Landfield and Lynch, 1977; Norris et al., 1996) contribute to age-related
cognitive decline (Morrison and Baxter, 2012). Growing vulnerability of synapses during
ageing is likely to increase the danger of wide-spread synaptic degeneration as observed
in AD (see 1.3.5).
4. Changes in key cellular signalling pathways occur during ageing and may contribute
to loss of trophic and maintenance signals. For example, both BDNF and Wnt signalling
are downregulated in the ageing brain (see 1.3.6) (Budni et al., 2015; Garcı́a-Velázquez
and Arias, 2017). Failure of these cellular maintenance pathways represents an additional
burden for the ageing brain and may increase the risk of pathological transitions towards
AD.
Individual susceptibility/resilience to late-onset AD is ultimately determined by a complex
mix of genetic risk, age-related vulnerability and environmental/lifestyle factors.
underlying interactions between these influences remain to be elucidated.

The
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Synapse dysfunction and loss in AD

Synapse dysfunction and loss are prominent universal features of neurodegenerative
conditions, including Alzheimer's, Parkinson's, Huntington's and prion disease (Bellucci et
al., 2016; Clare et al., 2010; Forner et al., 2017; Henstridge et al., 2016; Mallucci, 2009b;
Milnerwood and Raymond, 2010; Picconi et al., 2012). In AD, synapse loss occurs in early
disease stages preceding neuronal death, and represents the best pathological correlate
of cognitive decline in patients (Coleman and Yao, 2003; Crimins et al., 2013; DeKosky and
Scheff, 1990; DeKosky et al., 1996; Koffie et al., 2011; Mucke and Selkoe, 2012; Palop
and Mucke, 2010; Scheff et al., 1993, 2006; Selkoe, 2002; Terry et al., 1991). Synaptic
impairments also manifest early in transgenic mouse models of AD (Hong et al., 2016a;
Knobloch and Mansuy, 2008; Viana da Silva et al., 2016). Therefore, synaptic degeneration
is a critical event in the pathophysiology of AD. Protection of synapses and/or restoration of
synaptic function is an attractive therapeutic strategy, as it may offer a chance of reversing
or halting cognitive decline before the onset of large-scale and irreversible neuronal death.
Understanding the molecular and cellular mechanisms that trigger synapse vulnerability in
AD is therefore of critical importance.
Synaptotoxic effects of Amyloid-β
Soluble Amyloid-β oligomers play a key role in synaptic degeneration (Ferreira and Klein,
2011; Forner et al., 2017; Koffie et al., 2011; Mucke and Selkoe, 2012; Palop and Mucke,
2010; Sheng et al., 2012; Spires-Jones and Hyman, 2014; Tu et al., 2014; Wilcox et
al., 2011). In fact, oligomeric Aβ species rather than amyloid plaques are the principal
synaptotoxic agents that drive synapse loss (Dodart et al., 2002; Kotilinek et al., 2002;
Mucke et al., 2000; Rozkalne et al., 2009; Spires-Jones et al., 2009). Ultra-high resolution
imaging of synapses in AD mouse models using an array tomography technique (Kay et
al., 2013; Micheva and Smith, 2007) showed that oligomeric Aβ co-localises with a subset
of excitatory synapses, and that these contacts are linked to reduced synapse size (Koffie
et al., 2009, 2012). Various oligomeric species of Aβ are also observed within synaptic
terminals (Pickett et al., 2016; Takahashi et al., 2004). Interestingly, higher burden of
Aβ oligomers, increased synaptic localisation of oligomeric Aβ and more severe synapse
loss is observed in APOE ε4 compared to APOE ε3 carriers (Koffie et al., 2012). Particle
tracking experiments have shown that membrane-bound Aβ oligomers initially diffuse freely
but subsequently become trapped at synaptic sites (Renner et al., 2010). Therefore,
oligomeric Aβ accumulates at synapses.
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Once associated with synapses, Aβ oligomers exert a multitude of synaptotoxic effects,
impairing synaptic transmission and plasticity, compromising the structural integrity of
synapses, and triggering synapse loss. Aβ induces the removal and internalisation of
surface AMPA and NMDA receptors, thereby weakening synaptic transmission (Almeida
et al., 2005; Dineley et al., 2010; Hsieh et al., 2006; Kurup et al., 2010; Roselli et
al., 2005; Snyder et al., 2005; Wu et al., 2010b; Zhao et al., 2010). Aβ also acutely
alters synaptic plasticity, as exogenous Aβ application blocks LTP and enhances LTD in
hippocampal slices (Chapman et al., 1999; Freir et al., 2001; Hsieh et al., 2006; Jo et
al., 2011; Kim et al., 2001; Lambert et al., 1998; Li et al., 2009; Shankar et al., 2007,
2008; Townsend et al., 2006; Walsh et al., 2002; Wang et al., 2002). LTP requires rapid
Ca2+ influx through NMDARs (Kullmann and Lamsa, 2007; Volianskis et al., 2015), which
is impaired as Aβ oligomers block NMDA-mediated currents, leading to slower calcium
dynamics (Cummings et al., 1996; Mulkey et al., 1994; Nicoll and Malenka, 1999; Shankar
et al., 2007). These conditions in turn facilitate LTD, which is associated with reduced
activation of synaptic NMDARs and lower postsynaptic calcium levels (Collingridge et al.,
2010; Snyder et al., 2005). Aβ-induced synaptic depression is mediated by LTD-associated
downstream signalling pathways, involving activation of the phosphatase calcineurin, which
promotes internalisation of AMPA and NMDA receptors (Dineley et al., 2010; Hsieh et al.,
2006; Shankar et al., 2007; Snyder et al., 2005; Wang et al., 2004; Wu et al., 2010b).
Inhibition of calcineurin can prevent Aβ-induced synapse dysfunction (Cavallucci et al.,
2013; Kim et al., 2015; Rozkalne et al., 2011; Wu et al., 2010b).

Prolonged exposure to Aβ induces loss of synapses and dendritic spines in dissociated
and organotypic cultures (Calabrese et al., 2007; Hsieh et al., 2006; Lacor et al., 2007;
Shankar et al., 2007; Wei et al., 2010). Aβ promotes spine shrinkage and collapse by
enhancing actin depolymerisation, therefore destabilising the spine cytoskeleton (Kim et
al., 2013b; Selkoe, 2008; Woo et al., 2015). In hAPP transgenic mice, significant synapse
loss is also observed (Mucke et al., 2000; Rozkalne et al., 2009; Spires-Jones et al., 2009).
Interestingly, Aβ oligomers are found in a halo surrounding amyloid plaques, correlating
with extensive synapse loss in the plaque vicinity (Koffie et al., 2009, 2012; Rozkalne et al.,
2011; Spires et al., 2005; Spires-Jones et al., 2007). In vivo, plaques may therefore act as
reservoirs of synaptotoxic Aβ oligomers. Aβ-driven synapse degeneration is likely to affect
neuronal network activity (Leonard and McNamara, 2007; Mucke and Selkoe, 2012; Palop
and Mucke, 2010, 2016; Palop et al., 2006, 2007). Ultimately, Aβ disrupts cognitive function
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and memory, both in mouse AD models and wild-type mice injected with Aβ oligomers
(Cleary et al., 1995, 2005; Dineley et al., 2010; Dodart et al., 2002; Gimbel et al., 2010;
Klyubin et al., 2005; Kotilinek et al., 2002; Lesné et al., 2006; O'Hare et al., 1999; Selkoe,
2008; Shankar et al., 2008; Shi et al., 2016). In summary, oligomeric Aβ impairs synaptic
transmission, promotes synaptic depression, compromises structural synaptic morphology
and triggers spine and synapse elimination.

Synaptotoxic effects of tau
The role of tau in AD-related synaptic dysfunction and loss is less clear. Mice expressing
human wild-type or mutant tau exhibit defects in synapse number, function and plasticity,
together with cognitive impairments (Polydoro et al., 2009; Sydow et al., 2011; Yin et al.,
2016; Yoshiyama et al., 2007). However, how tau and Aβ interact and whether tau exerts
direct synaptotoxic effects in AD, is poorly understood. Native tau is primarily an axonal
protein, however in hyperphosphorylated form it mis-localises to dendrites and dendritic
spines (Hoover et al., 2010; Jadhav et al., 2015; Li et al., 2011; Zempel and Mandelkow,
2014). Mis-localised tau may subsequently impair AMPAR trafficking and perturb synaptic
function (Hoover et al., 2010). Phosphorylated tau (p-tau) colocalises with Aβ oligomers
at synapses in AD brains and AD mouse models, and its levels correlate with the levels
of Aβ (Fein et al., 2008; Sokolow et al., 2012; Takahashi et al., 2010). Interactions
between Aβ oligomers and p-tau may increase as AD progresses (Manczak and Reddy,
2013).

Tau is required for Aβ-induced synaptic impairment, as genetic deficiency in

tau mitigates Aβ synaptotoxicity, restores LTP and ameliorates cognitive performance
(Ittner et al., 2010; Roberson et al., 2007, 2011; Shipton et al., 2011). The underlying
mechanisms are unclear; however, p-tau may enhance Aβ-induced synaptic damage by
recruiting Fyn kinase to the postsynaptic density (Ittner et al., 2010; Roberson et al.,
2011). Through phosphorylation of GluN2B, Fyn kinase enhances NMDAR surface levels,
leading to excitotoxic effects due to NMDAR overactivation (Ittner et al., 2010; Liu et al.,
2007b; Roberson et al., 2011). Tau may further contribute to Aβ-induced spine loss
through destabilisation of the microtubule cytoskeleton: In neuronal cultures, exogenous
Aβ specifically affects spines in dendritic regions that contain mis-localised tau and display
a disrupted microtubule network (Zempel et al., 2010, 2013). In summary, the role of tau
in the synaptic pathology of AD is poorly understood, however some evidence suggests
that tau may exacerbate synaptic damage, and Aβ and tau could synergistically drive
synapse degeneration (Crimins et al., 2013; Ittner and Götz, 2011; Spires-Jones and
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Hyman, 2014).
Downstream events exacerbate synaptic damage
As discussed, soluble oligomeric Aβ inflicts direct damage on synapses. In addition,
growing evidence suggests that Aβ accumulation initiates a variety of downstream
signalling events, some of which activate cellular pathways and processes that
further damage synapses. For example, Aβ may induce the aberrant re-activation of
developmental mechanisms of synapse elimination, driven by complement proteins and
microglia (see 1.1.3) (Hong et al., 2016b; Schafer and Stevens, 2010; Stephan et al.,
2012).

Expression of many components of the complement system is substantially

upregulated in AD, including of C1q, the cascade-initiating protein, and of C3, the central
mediator of the cascade (Alexander et al., 2008; Veerhuis et al., 2011; Yasojima et al.,
1999). C1q co-localises with synapses prior to plaque deposition in several AD mouse
models (Hong et al., 2016a). Aβ increases the synaptic deposition of C1q (Hong et al.,
2016a), positioning complement-mediated effects downstream of Aβ. Genetic deficiency
in C1q or C3 or antibody-mediated blockade of C1q prevents acute Aβ-induced synapse
elimination and restores synaptic plasticity (Hong et al., 2016a). C1q knockout ameliorates
long-term synapse loss in an AD mouse model (Fonseca et al., 2004). Similarly, hAPP
transgenic mice lacking C3 are protected against synapse loss and cognitive decline, even
during ageing (Shi et al., 2017). Microglia play a key role in eliminating synapses during
developmental pruning (see 1.1.3), and may also contribute to AD-related synapse loss:
Microglia phagocytose synaptic elements in an Aβ-dependent way mediated by the C3
receptor CR3 (Hong et al., 2016a). CR3 deficiency protects synapses from engulfment
by microglia (Hong et al., 2016a). Therefore, synaptic damage in AD is exacerbated
by inappropriate, Aβ-induced activation of complement, leading to microglia-mediated
synapse elimination.
Another downstream effect of Aβ is perturbation of the Wnt signalling pathway. Growing
evidence suggests that aberrant Wnt signalling plays an important role in AD and
contributes to synaptic dysfunction and loss. The role of Wnt signalling in AD is reviewed
in the next section.
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The role of aberrant Wnt signalling in AD

Evidence has accumulated over the last 15 years that suggests an important role for
dysfunctional Wnt signalling in the pathogenesis of AD (Dickins and Salinas, 2013; De
Ferrari and Moon, 2006; De Ferrari et al., 2014; Garcı́a-Velázquez and Arias, 2017;
Inestrosa and Arenas, 2010; Inestrosa and Varela-Nallar, 2014; Libro et al., 2016; Purro
et al., 2014). I have previously highlighted the functions of Wnt signalling in the adult
nervous system in 1.2.5. In the ageing brain, as the risk for AD increases, the expression
of Wnt signalling components changes (Garcı́a-Velázquez and Arias, 2017). Several Wnt
pathway elements are downregulated in brain tissue from aged rodents, including the Wnt
ligands Wnt2, Wnt4 and Wnt9a, and the Wnt-regulated transcription factors Lef1 and
Tcf3 (Hofmann et al., 2014). A reduction in canonical Wnt signalling is evident in the
hippocampus of aged rats, where nuclear β-catenin, Dvl2 and Axin2 are downregulated
(Orellana et al., 2015). A similar deficiency of Wnt signalling is observed in a mouse
model of accelerated ageing (Bayod et al., 2015). Dampening of Wnt signalling in the
ageing brain is enhanced by progressive upregulation of the endogenous Wnt antagonist
Dkk1 (Fig. 1.7) (Scott et al., 2013; Seib et al., 2013). Several Wnt signalling components
are also perturbed in the context of AD. In brains of familial AD patients, active GSK3β
accumulates, whereas β-catenin levels are reduced (Kawamura et al., 2001; Pei et al.,
1999; Zhang et al., 1998). Dkk1 expression is increased in brains from AD patients and
transgenic mouse models (Caricasole et al., 2004; Rosi et al., 2010). Dkk3, which is
closely related to Dkk1, is also elevated in plasma and cerebrospinal fluid of AD patients
(Zenzmaier et al., 2009). Exposure of hippocampal neurons to Aβ induces Dkk1 expression
and inhibition of Wnt signalling (Alvarez et al., 2004; De Ferrari et al., 2003; Purro et al.,
2012). Collectively, these findings indicate that during ageing, and particularly in the context
of AD, Wnt signalling becomes dysregulated (Fig. 1.7).
How does aberrant Wnt signalling influence AD pathogenesis? With suppression of Wnt
signalling, Wnt-dependent synaptic stability decreases (Fig. 1.7). This may enhance
synaptic vulnerability to Aβ toxicity in the early stages of AD. Short-term exposure of
hippocampal neurons to oligomeric Aβ induces Dkk1 expression and triggers synapse
loss, however neutralising antibodies against Dkk1 protect synapses from Aβ toxicity (Purro
et al., 2012). As discussed in 1.2.5, Dkk1-mediated Wnt blockade promotes the rapid
disassembly of synaptic sites (Fig. 1.7) (Purro et al., 2012). In vivo expression of Dkk1
triggers synapse loss in the striatum (Galli et al., 2014) and hippocampus (Marzo et al.,
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2016), induces impairments in synaptic plasticity and leads to memory deficits (Galli et
al., 2014; Marzo et al., 2016). These findings suggest that suppression of Wnt signalling
downstream of Aβ could contribute to synaptic dysfunction and destabilisation and promote
cognitive decline.

Abnormal Wnt signalling is also implicated in AD pathogenesis in multiple other ways:
First, suppression of Wnt signalling may promote the amyloidogenic processing of APP,
leading to increased production of Aβ in a feedback loop (Tapia-Rojas et al., 2016). Several
Wnt pathway components, including Tcf4, GSK3β, Dvl1 and LRP6, have been implicated
in modulating APP processing (see 1.4.4 for the role of LRP6 in APP processing) (Liu et
al., 2014; Mudher et al., 2001; Parr et al., 2015).
Second, the central kinase of the Wnt pathway, GSK3β, contributes to tau pathology and
neurodegeneration (Hernandez et al., 2013; Hooper et al., 2008; Kremer et al., 2011).
GSK3β is one of the kinases mediating tau phosphorylation, and increased GSK3β activity
associated with deficient Wnt signalling induces the hyperphosphorylation of tau (Fig. 1.7)
(Hanger et al., 1992; Li et al., 2006a; Lovestone et al., 1994; Pei et al., 1999; Salcedo-Tello
et al., 2014; Sato et al., 2002). Conditional overexpression of GSK3β in the brain causes
neurodegeneration and learning deficits (Hernández et al., 2002; Lucas et al., 2001).
Third, Wnt signalling is involved in inducing RE1-Silencing Transcription factor (REST )
during normal ageing (Lu et al., 2014; Song et al., 2016, 2017).

REST represses

pro-apoptotic genes and exerts a protective function against oxidative stress and Aβ
neurotoxicity (Lu et al., 2014). In AD, REST levels are profoundly reduced (Lu et al., 2014),
and this may in part be due to diminished Wnt signalling activity.
Fourth, several AD susceptibility genes are linked to alterations in Wnt signalling: One study
reported that ApoE4 inhibits canonical Wnt signalling in cell lines (Caruso et al., 2006).
More recently, it was shown that downregulation of Wnt signalling may be associated
with AD-linked TREM2 mutations (see 1.3.3). TREM2 promotes microglial survival by
activating canonical Wnt signalling, and Wnt stimulation improves proliferation and survival
of TREM2-deficient microglia (Zheng et al., 2017). The AD-associated protein Clusterin
(see Fig.

1.6) (Harold et al., 2009; Lambert et al., 2009) is involved in Aβ-driven

Dkk1 expression: Soluble Aβ promotes the intracellular accumulation of Clusterin and
subsequent Dkk1 upregulation, whereas knockdown of clusterin prevents induction of Dkk1
and protects against Aβ neurotoxicity (Killick et al., 2014).
In summary, dysregulation of Wnt signalling in AD negatively affects a range of cellular
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Figure 1.7: Dysregulation of Wnt signalling contributes to synaptic degeneration in AD.
Wnt signalling is required in the adult brain for long-term synapse maintenance. Wnt ligands
signal through Frizzled and LRP6 receptors to pre- and postsynaptic sites. Ageing and Aβ induce
a downregulation of Wnt components and upregulation of the Wnt antagonist Dkk1, leading to
suppression of Wnt signalling. Impairment in Wnt signalling in turn results in dispersal of synaptic
components and synapse loss, promotes tau phosphorylation and further fuels Aβ production (see
also 1.4.4).

pathways and may enhance AD-related pathological processes.
Conversely, activation or restoration of Wnt signalling has protective effects. Dkk1-induced
synapse degeneration and cognitive impairment can be fully reversed in vivo upon
restoration of Wnt signalling (Marzo et al., 2016). Several Wnt ligands are protective
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against Aβ: Exogenous Wnt3a prevents Aβ neurotoxicity in cell lines and hippocampal
neurons (Alvarez et al., 2004; Chacón et al., 2008; De Ferrari et al., 2003). Aβ-induced
synaptic damage is also alleviated by Wnt5a, which prevents dispersal of postsynaptic
clusters and the weakening of excitatory postsynaptic currents elicited by Aβ (Cerpa et al.,
2010). In rats injected with Aβ fibrils and an AD mouse model, treatments with lithium
chloride or rosiglitazone - drugs which mimic Wnt signalling by inhibiting GSK3β - enhance
cell survival, ameliorate Aβ pathology and neuroinflammation and reduce spatial memory
impairment (De Ferrari et al., 2003; Toledo and Inestrosa, 2010). Remarkably, lithium is
known to reduce AD risk in elderly patients with bipolar disorders (Nunes et al., 2007).
In vivo activation of Wnt signalling in an AD mouse model via hippocampal infusion of
WASP-1 (which activates canonical Wnt signalling) or FOXY-5 (which activates Wnt-PCP
signalling) enhances synaptic transmission and restores synaptic plasticity (Vargas et al.,
2014, 2015).
Collectively, these findings suggest that - downstream of Aβ - Wnt signalling is dysregulated
in AD, and that impaired Wnt signalling may contribute to neurodegeneration in multiple
ways. Deficiency of Wnt signalling compromises synapse function and stability. Restoration
of Wnt signalling, on the other hand, is protective for synapses and ameliorates AD
pathology, suggesting that compounds mimicking Wnt activity may be promising candidates
for future therapeutic development.
The Wnt co-receptor LRP6 plays a unique role in the Wnt pathway and is also implicated
in AD pathology in several ways. The role of LRP6 in synapse regulation and AD will be
the focus of the following final part of this introduction.
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The Wnt co-receptor LRP6 and its genetic variant LRP6-Val

In the previous parts of this introduction I have reviewed general aspects of synapse
biology, Wnt signalling and Alzheimer's disease. The work presented in this thesis is
centred on the impact of an AD-linked genetic variant of the Wnt co-receptor LRP6 on
synapses in the adult nervous system. In the following section I will introduce the LRP6
receptor and its structural and functional properties, highlight its role in synapse regulation
in the brain and examine its links to AD.

1.4.1

The LDLR protein family

The low-density lipoprotein receptor (LDLR) family is an evolutionarily conserved group of
structurally related cell-surface receptors (Dieckmann et al., 2010; Go and Mani, 2012; Li
et al., 2001; May et al., 2007; Nykjaer and Willnow, 2002). Based on the LDL receptor as
the founding father, the core LDLR family has seven members in mammals (LDLR, LRP1,
LRP1b, LRP2/megalin, VLDLR, LRP4/MEGF7, LRP8/APOER2). In addition, several more
distantly related receptors, including LR11/SorLA and LRP5/6, represent a subgroup of the
LDLR family (Fig. 1.8A) (Dieckmann et al., 2010). All members of this extended protein
family are single-pass transmembrane receptors that participate in a wide range of cellular
processes (Beffert et al., 2004; Dieckmann et al., 2010; Go and Mani, 2012; Herz et al.,
2009; Li et al., 2001; Nykjaer and Willnow, 2002). They are traditionally characterised
as endocytic receptors which bind and internalise various extracellular ligands, most
notably lipoprotein particles. As such, LDLR family members have a central role in the
regulation of cholesterol homeostasis, as they mediate cellular uptake of cholesterol-rich
lipoproteins (Go and Mani, 2012). In addition to their involvement in lipid metabolism,
multiple LDLR-type receptors also have important functions in cellular signalling (Herz et
al., 2009; Howell and Herz, 2001; Li et al., 2001; Nykjaer and Willnow, 2002). Most notably,
LRP5/6 act as co-receptors for Wnt ligands and are key for signal transduction in the
canonical Wnt pathway (see 1.2.2 and 1.2.3) (He et al., 2004; MacDonald and He, 2012).
LRP5 and LRP6 are highly homologous and have largely overlapping expression patterns,
however LRP6 plays a more influential role and is the best characterised Wnt co-receptor
(MacDonald et al., 2011).
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Structure and life cycle of LRP6

LRP6 is a large modular single-span transmembrane protein and contains several
structural motifs typical of the LDLR family (MacDonald and He, 2012). Its extracellular
architecture consists of four tandem β-propeller/epidermal growth factor (EGF)-like
domains, followed by three LDLR type A repeats. A helical transmembrane region anchors
the receptor to the plasma membrane. The cytoplasmic domain of LRP6 harbours multiple
PPPSPxS motifs, which are essential for intracellular signal transduction (see 1.2.2 and
1.2.3) (Fig. 1.8A).
The ectodomain of LRP6
The LRP6 ectodomain (ECD) is divided into four segments, each comprising a β-propeller
domain (P) connected to an EGF-like domain (E) (He et al., 2004). These four modules are
typically labelled P1E1 through P4E4 (Chen et al., 2011b) (Fig. 1.8C). Each β-propeller is
shaped like a symmetric funnel, with a topology of six blades arranged toroidally around
a central axis, and each blade consisting of four short antiparallel β-sheets (Fig. 1.8B)
(Chen et al., 2011a). The β-propeller module found among LDLR-type receptors belongs
to the YWTD family, in which Tyr-Trp-Thr-Asp (YWTD) tetrapeptide motifs are located at the
end of the second strand of each propeller blade (Jeon et al., 2001; Rudenko et al., 2002;
Springer, 1998). These characteristic YWTD repeats stabilise the β-propeller structure
via hydrogen bonds and hydrophobic interactions between neighbouring β-strands (Chen
et al., 2011a; Springer, 1998).

Interestingly, the sequence identity between different

β-propeller segments in LRP6 is low (only ~19 % homology for human LRP6) (Cheng et al.,
2011). Variations in amino acid composition and surface properties suggest that different
propeller segments may perform different functions, for example in ligand interactions (see
below) (Cheng et al., 2011). Each β-propeller is followed by an EGF-like domain, which
is packed tightly against the bottom face of the propeller (Chen et al., 2011b; Jeon et al.,
2001). Three small LDLR type A domains are located at the membrane-proximal region of
LRP6. They appear mobile and largely independent of the propeller modules (Chen et al.,
2011b; Matoba et al., 2017).
Crystallographic studies of the LRP6 ECD suggest that two pairs of tandem PE modules
(P1E1-P2E2 and P3E3-P4E4) form subunits within the overall ectodomain architecture
(Fig. 1.8C) (Ahn et al., 2011; Chen et al., 2011b; Cheng et al., 2011; Holdsworth et al.,
2012). Within each of these subunits, the two propeller domains are arranged roughly
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Figure 1.8: The LDLR protein family and the LRP6 receptor.
A. The extended LDLR protein family contains ten single-span transmembrane receptors featuring
various characteristic protein domains. B. Top view of a single β-propeller segment. The LDLR-type
β-propeller is a funnel-like arrangement of six blades composed of β-sheets, which are arranged
symmetrically around a central axis. C. Wnt binding to LRP6. The LRP6 ectodomain is divided
into two submodules, each containing two β-propeller segments, followed by EGF-like domains.
A flexible hinge between these modules allows a C-shape conformation of the ectodomain at
the cell surface. Most Wnt ligands bind to LRP6 within submodule 1, however Wnt3(a) interacts
with the second submodule of LRP6. For some Wnts, including Wnt7a, the binding interface
of LRP6 remains unknown. D. Dkk1 binding to LRP6. Dkk1 binds the first LRP6 submodule
with its N-terminal domain (Dkk1 N) and the second submodule with its C-terminal domain
(Dkk1 C), therefore efficiently inhibiting multiple Wnts. Dkk1 binding to LRP6 induces bending and
compactification of the LRP6 ectodomain.
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parallel to each other (Chen et al., 2011b; Cheng et al., 2011). Extensive interactions
between P1E1 and P2E2 as well as between P3E3 and P4E4 occur, whereas the interface
between P2E2 and P3E3, i.e. between the two subunits, has distinct characteristics (Chen
et al., 2011b; Cheng et al., 2011). Therefore, the first and the second two PE pairs of the
LRP6 ECD are regarded as two separate structural blocks. Consistently, P1E1-P2E2 and
P3E3-P4E4 also represent distinct folding units (Liu et al., 2009) and have different ligand
interactions (see below). Within the overall spatial arrangement of the LRP6 ECD, the
two tandem PE submodules represent largely rigid structural units, which are connected
by a flexible intervening hinge located at the E2/P3 boundary (Fig. 1.8C) (Cheng et al.,
2011; Matoba et al., 2017). Due to rotational freedom at this joint, the entire ectodomain
can undergo bending and adopts a curved C shape in its native conformational state (Fig.
1.8C) (Matoba et al., 2017). Glycosylation at conserved N-glycan chains located near the
E2/P3 hinge modulates the extent of interdomain mobility (Matoba et al., 2017).

Ligand binding to LRP6: Wnts and Dkk1
All known Wnt and Wnt antagonist binding sites of LRP6 reside within the four PE
modules of the LRP6 ECD. Interestingly, multiple distinct and independent binding sites
for Wnt ligands have been identified (Bourhis et al., 2010; Chen et al., 2011b; Ettenberg
et al., 2010; Gong et al., 2010). Using biolayer interferometry - a sensitive technique
for measuring the kinetics of receptor-ligand binding (Shah and Duncan, 2014) - it was
demonstrated that Wnt9b binds exclusively to the first LRP6 subdomain P1E1-P2E2,
whereas Wnt3a only interacts with the second subdomain P3E3-P4E4 (Bourhis et al.,
2010). Due to these non-overlapping binding sites, LRP6 can engage both Wnt3a and
Wnt9b simultaneously (Bourhis et al., 2010). Distinct Wnt binding sites within the LRP6
ECD were also identified by studies using monoclonal antibodies against epitopes within
either the P1E1-P2E2 or the P3E3-P4E4 submodule of LRP6 (Ettenberg et al., 2010; Gong
et al., 2010). P1E1-specific antibodies antagonise signalling by many Wnts (Wnt1, Wnt2,
Wnt2b, Wnt6, Wnt8a, Wnt9a, Wnt9b, Wnt10b), while P3E3-specific antibodies specifically
inhibit signalling by Wnt3 and Wnt3a (Fig. 1.8C) (Ettenberg et al., 2010; Gong et al., 2010).
The findings regarding Wnt7a, Wnt7b and Wnt10a are conflicting: One study reported
inhibition of Wnt7a, Wnt7b and Wnt10a by an LRP6 antibody against the P1E1 domain
(Ettenberg et al., 2010). However in another study, these Wnts were not antagonised by
either P1E1- or P3E3-specific antibodies nor their combination, suggesting that they may
bind to altogether distinct regions of the LRP6 ECD (Gong et al., 2010). The precise
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molecular interactions that mediate Wnt binding to LRP6 are largely unknown. However,
the top surfaces of the LRP6 β-propeller domains are likely involved in ligand interactions
(Joiner et al., 2013; MacDonald and He, 2012). Indeed, missense mutations of various
P3 top surface residues block Wnt3a (but not Wnt1) signalling (Chen et al., 2011b).
Collectively, these findings indicate that LRP6 engages different Wnt ligands via distinct
ligand interfaces. The P1E1-P2E2 and P3E3-P4E4 submodules of the LRP6 ECD act as
separate functional units and mediate the interaction with different Wnt isoforms. Most
Wnts bind to regions within the first two PE pairs of LRP6, whereas Wnt3 and Wnt3a
interact with the second two PE pairs. For some Wnts, including Wnt7a/b, the binding
interface of LRP6 remains unclear.
LRP6 also binds the Wnt antagonist Dkk1 (see 1.2.2). Crystallographic studies have shown
that LRP6 and Dkk1 form a 1:1 complex and that N- and C-terminal portions of the Dkk1
molecule (Dkk1 N and Dkk1 C) bind to distinct regions of the LRP6 ECD (Fig. 1.8D)
(Bao et al., 2012). Dkk1 C contacts the top surface of LRP6 P3E3 via two interfaces,
where hydrophobic and charged interactions mediate the binding (Fig. 1.8D) (Ahn et al.,
2011; Cheng et al., 2011). Residues within P4, the fourth β-propeller of LRP6, may also
be involved in binding Dkk1 C (Chen et al., 2011b). Interestingly, mutations of several
LRP6 P3E3 top surface residues impair Dkk1 as well as Wnt3a binding (Chen et al.,
2011b). Therefore, Wnt3a and Dkk1 likely share overlapping binding surfaces, and Dkk1
antagonism of Wnt3a may be due to direct competition for LRP6 binding (Ahn et al., 2011;
Bao et al., 2012). Dkk1 also binds to the first submodule of LRP6 (Ahn et al., 2011; Bourhis
et al., 2010, 2011; Liu et al., 2009). This separate interaction depends on a short tripeptide
sequence within Dkk1 N, which is recognised by the top surface of LRP6 P1E1 (Fig. 1.8D)
(Bourhis et al., 2011). In summary, a single Dkk1 molecule can bind to distinct portions of
the LRP6 ECD in a bipartite manner. This explains how Dkk1 can efficiently inhibit multiple
Wnt ligands.
A recent EM study highlighted that conformational changes of the LRP6 ECD may
also play a significant role in ligand binding and signalling (Matoba et al., 2017). The
curved arrangement of the large LRP6 ECD in its native resting state likely occupies
substantial space on the cell surface and prevents receptor oligomerisation in the absence
of Wnt stimulation (Matoba et al., 2017). Formation of the Wnt-Fz-LRP6 ternary complex
may induce a straightening of the LRP6 ECD that allows controlled signal transduction
(Matoba et al., 2017). Binding of Dkk1, in contrast, results in a highly compact and bent
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conformation of the LRP6 ECD (Fig. 1.8D) (Matoba et al., 2017). Therefore, in addition
to direct competition for binding sites, Dkk1 also induces conformational alterations of
LRP6 that may contribute to allosteric inhibition of Wnt binding and/or affect downstream
signalling.

A brief life cycle of LRP6: Folding, trafficking and turnover
LRP6 is a large protein and requires the endoplasmic reticulum (ER) chaperone protein
MESD (mesoderm development) for folding of its extracellular domain (Culi and Mann,
2003; Hsieh et al., 2003). MESD interacts with the LRP6 β-propeller domains (Chen et
al., 2011b; Culi et al., 2004; Liu et al., 2009), and co-expression with MESD increases
cell surface localisation of LRP6 and activation of Wnt signalling (Culi and Mann, 2003;
Culi et al., 2004; Hsieh et al., 2003; Li et al., 2006b). Newly synthesized LRP6 protein is
also ubiquitinated in the ER, which promotes its folding (Perrody et al., 2016). To exit from
the ER, LRP6 is deubiquitinated and additionally palmitoylated at two cysteine residues
close to its transmembrane domain (Abrami et al., 2008; Perrody et al., 2016). After
transitioning through the Golgi apparatus (Abrami et al., 2008), LRP6 finally reaches the
plasma membrane where it performs its signalling functions. The half-life of endogenous
LRP6 on the cell surface is around 5 hr in a cell line (Semnov et al., 2008). The mechanisms
of LRP6 internalisation from the plasma membrane are complex and remain contentious
(MacDonald et al., 2009). LRP6 can be internalised in response to Wnt3a stimulation
via a caveolin-mediated endocytic pathway, followed by recycling back to the cell surface
(Khan et al., 2007; Yamamoto et al., 2006, 2008). The effect of Dkk1 stimulation on LRP6
surface levels is less clear: Dkk1 can induce LRP6 internalisation via a clathrin-dependent
route (Jiang et al., 2012; Sakane et al., 2010; Yamamoto et al., 2008). Kremen receptors,
which can form ternary complexes with Dkk1 and LRP6 (see 1.2.2), may also stimulate
LRP6 endocytosis (Mao et al., 2002). Other studies, however, reported that Dkk1 does not
trigger LRP6 internalisation (Semnov et al., 2008) and may even stabilise LRP6 on the cell
surface (Li et al., 2010b). Ligand-induced receptor turnover plays a critical role in the fine
tuning of cellular signalling. Future studies will need to elucidate in more detail how LRP6
turnover is regulated by its various ligands.
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LRP6 function and its role in synapse formation and maintenance

LRP6 and embryogenesis
Constitutive knockout of LRP6 is lethal and LRP6-/- mice die at birth (Pinson et al., 2000).
At embryonic stages, they exhibit severe developmental defects, including truncations of
the body axis, mid-/hindbrain defects and abnormal limb patterning (Pinson et al., 2000).
These abnormalities are highly similar to those observed in mice carrying mutations in
Wnt genes, most notably Wnt3a (Greco et al., 1996; Takada et al., 1994; Yoshikawa et al.,
1997), Wnt7a (Parr and McMahon, 1995; Yang and Niswander, 1995) and Wnt1 (McMahon
and Bradley, 1990; Thomas and Capecchi, 1990; Thomas et al., 1991). LRP6 knockout
causes severe defects specifically in the nervous system, including reduced production of
granule cells in the hippocampus (Zhou et al., 2004b), deficiency in thalamic development
(Zhou et al., 2004c) and impaired neuronal proliferation in the neocortex (Zhou et al., 2006).
Therefore, LRP6 plays a critical role during development, including in the nervous system,
and several Wnt-mediated developmental processes require LRP6.
LRP6 and synaptogenesis
Wnt signalling plays an important role during synapse formation in the developing nervous
system (see 1.2.4).

In Drosophila, mutations in the LRP6 homologue Arrow impair

formation of presynaptic boutons (Miech et al., 2008). In young hippocampal neurons,
knockdown of LRP6 leads to a decrease in excitatory synapses and compromises spine
morphogenesis, without affecting inhibitory synapses (Sharma et al., 2013). Similarly,
LRP6 loss of function in vivo in developing cortical neurons results in fewer dendritic spines,
accompanied by a functional impairment of excitatory postsynaptic currents (Sharma et al.,
2013). LRP6 phosphorylation at S1490, which is a key step during Wnt signal transduction
(Kikuchi et al., 2011), is required for LRP6-mediated synaptogenesis (Sharma et al., 2013).
Therefore, LRP6 has a key role in Wnt-mediated synapse formation and is required for
excitatory synapse development.
LRP6 and synapse integrity in the adult and ageing brain
The role of LRP6 for synapses in the mature brain was investigated in a conditional
knockout model (cKO), based on CamKII-Cre-driven deletion of LRP6 in principal forebrain
neurons (Liu et al., 2014).

LRP6 cKO impairs Wnt signalling and causes synapse

dysfunction and loss in an age-dependent manner (Liu et al., 2014): Spine density, synaptic
protein levels, synaptic plasticity and memory function are normal in young adult cKO mice
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at 6 months (Liu et al., 2014). Aged LRP6 cKO mice at 18 to 22 months of age, however,
exhibit spine loss in hippocampal and cortical neurons, reduced levels of postsynaptic
proteins, impaired LTP maintenance, and memory deficits in fear conditioning tests (Liu
et al., 2014). Decreased cell survival may contribute to these effects (Liu et al., 2014). In
addition, increased levels of astrocytes and microglia and expression of pro-inflammatory
cytokines are suggestive of neuroinflammation in ageing LRP6 cKO mice (Liu et al., 2014).
Therefore, neuronal LRP6 deficiency leads to synaptic dysfunction and loss, accompanied
by cognitive impairment, specifically in the ageing brain.

While the young brain can

compensate for lack of LRP6 for a certain time, advancing age increases the vulnerability
to LRP6 loss of function. LRP6-mediated Wnt signalling is therefore crucial for maintaining
synaptic integrity in the ageing brain.
LRP4 also has a critical role at synapses
LRP4, another member of the LDLR family and closely related to LRP6, is also implicated
in synapse formation and maintenance. During synaptogenesis at the NMJ (see 1.2.4),
LRP4 acts as a postsynaptic receptor for Agrin and as a muscle-derived retrograde signal
for presynaptic differentiation (Kim et al., 2008; Weatherbee et al., 2006; Wu et al., 2012;
Yumoto et al., 2012; Zhang et al., 2008). Beyond development, LRP4 is essential for
maintenance of the structural and functional integrity of the NMJ in the adult system (Barik
et al., 2014). LRP4 is also implicated in CNS synapse regulation (Mosca et al., 2017). In
the Drosophila brain, LRP4 is localised at presynaptic nerve terminals (Mosca et al., 2017).
LRP4 loss of function decreases excitatory synapse numbers and perturbs the active zone
architecture, whereas LRP4 gain of function stimulates synapse formation (Mosca et al.,
2017). Therefore, LRP4 is a close relative of LRP6 with an important role in synapse
regulation both at the NMJ and in the CNS.

1.4.4

The LRP6 receptor and links to AD

Several lines of evidence suggest a connection between LRP6 and Alzheimer's
disease.
LRP6 and amyloid pathology
In human AD brains, LRP6 mRNA and protein levels are significantly downregulated
compared to age-matched controls (see Fig. 1.7) (Liu et al., 2014). Concomitant reduction
in canonical Wnt signalling suggests that LRP6-mediated Wnt signalling is compromised
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in AD (Liu et al., 2014). LRP6 deficiency negatively influences AD pathology: Levels of
soluble Aβ40/42 and amyloid plaque burden is increased in hippocampus and cortex of
APP/PSEN1 transgenic mice lacking neuronal LRP6 (Liu et al., 2014). LRP6 cKO also
exacerbates neuroinflammation and memory deficits in this AD model (Liu et al., 2014).
These findings indicate that LRP6 deficiency - as observed in AD brains - aggravates AD
pathology.
How does LRP6 modulate amyloid pathology? LRP6 can directly influence the processing
of APP: Co-immunoprecipitation assays demonstrated that APP and LRP6 interact via their
extracellular domains (Liu et al., 2014). Knockdown of LRP6 in an APP-expressing cell
line increases production of Aβ and its by-products, suggesting that LRP6 downregulation
stimulates amyloidogenic processing of APP (Liu et al., 2014). In vivo LRP6 deficiency
similarly increases endogenous Aβ40 and Aβ42 levels (Liu et al., 2014).

Conversely,

overexpression of LRP6 leads to reduced production of Aβ40 and Aβ42 (Liu et al., 2014).
LRP6 could modulate Aβ production by promoting cell surface localisation of APP (Liu
et al., 2014), which favours non-amyloidogenic processing by α-secretase (Carey et al.,
2005; Haass et al., 1993; Parvathy et al., 1999; Zhang and Song, 2013). These results
suggest that LRP6 interacts with APP to retain it on the cell surface, thereby suppressing Aβ
production. AD-related LRP6 deficiency, on the other hand, increases the amyloidogenic
processing of APP, fuelling Aβ generation.
As discussed in 1.3.6, Wnt signalling is dysregulated in the context of AD. Aβ oligomers
specifically downregulate LRP6 levels and thereby directly suppress canonical Wnt
signalling (see Fig.

1.7) (Liu et al., 2014).

Therefore, LRP6 may be involved in a

vicious cycle of AD pathogenesis (Liu et al., 2014): Aβ decreases LRP6 levels and
compromises Wnt signalling.

LRP6 deficiency in turn impairs synaptic function and

stability and promotes neuroinflammation. In addition, LRP6 downregulation enhances
Aβ production and exacerbates amyloid pathology. In summary, LRP6 and canonical
Wnt signalling play critical roles in maintaining synapse integrity and controlling APP
processing. Aβ-induced perturbation of LRP6 and Wnt signalling contributes to synaptic
dysfunction and exacerbates Aβ pathology, promoting AD pathogenesis and potentially
accelerating neurodegeneration and cognitive decline.
Genetic links between LRP6 and AD
Through genome-wide linkage analyses, a broad susceptibility locus for late-onset AD was
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identified on chromosome 12, which includes the region encoding LRP6 (Blacker et al.,
2003; D'Introno et al., 2006; Kehoe et al., 1999; Lee et al., 2008; Mayeux et al., 2002; Myers
et al., 2002; Pericak-Vance et al., 1997; Rogaeva et al., 1998; Saunders et al., 2003; Scott
et al., 2000; Wu et al., 1998). Follow-up studies associated two LRP6 single-nucleotide
polymorphisms (SNPs) and one alternative splice variant of LRP6 with an increased risk
of late-onset AD (Alarcón et al., 2013; De Ferrari et al., 2007). These studies establish a
genetic connection between LOAD and LRP6.
Two common coding sequence LRP6 SNPs were tested for their association with LOAD in
a multi-centre case-control study involving 398 cases and 339 age- and ethnicity-matched
controls from various brain banks (Myers et al., 2005; Papassotiropoulos et al., 2005) (De
Ferrari et al., 2007). A synonymous SNP in exon 18 of LRP6 (18e; rs1012672; C →
T) was significantly linked to AD (p = 0.037, OR = 1.54), and a non-synonymous SNP
in exon 14 (14e; rs2302685; T → C) displayed a strong trend towards association with
AD (p = 0.075, OR = 1.30). The association of the 18e SNP with LOAD was even more
pronounced in an APOE ε4-negative stratum (p = 0.0075, OR = 2.20). Both SNPs were also
examined in a large family-based series of affected sibling pairs from the National Institute
of Mental Health (Blacker et al., 2003; Kehoe et al., 1999; Myers et al., 2002) and were
again overrepresented in APOE ε4-negative AD patients (14e p = 0.026; 18e p = 0.049)
(De Ferrari et al., 2007). These SNPs represent common LRP6 variants with minor allele
frequencies (MAF) of ~0.19 for 14e and ~0.06 for 18e (De Ferrari et al., 2007). Haplotype
analysis revealed that, within the APOE ε4-negative stratum, the 14eT/18eC haplotype corresponding to the two major alleles for 14e and 18e - is highly protective against AD
(p = 0.003) (De Ferrari et al., 2007). LRP6 18e is a synonymous polymorphism, whereas
the 14e SNP leads to an amino acid substitution Ile → Val at codon 1062 of the LRP6
protein (LRP6-Val). Functional analysis showed that this LRP6-Val variant has reduced
efficacy for activation of Wnt/β-catenin signalling in HEK293T cells (De Ferrari et al., 2007).
In summary, two common LRP6 coding sequence SNPs are associated with increased
AD risk in both case-control and family-based studies. This association is evident mainly
after APOE stratification, suggesting that LRP6 genetic variation confers increased AD
susceptibility in an APOE ε4-independent manner. The LRP6 14e risk allele may impair
LRP6-mediated Wnt signalling.
A splice variant of LRP6 was similarly associated with increased AD risk and reduced
Wnt/β-catenin signalling (Alarcón et al., 2013). The LRP6∆3 isoform, which skips exon
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3, is conserved in mammals and expressed in multiple tissues, including various brain
areas (Alarcón et al., 2013). LRP6∆3 expression levels are increased 1.6-fold in AD
brains compared to controls, and functional analysis of the LRP6∆3 isoform showed
profoundly reduced Wnt signalling activity compared to full-length LRP6 (Alarcón et
al., 2013).

Therefore, the LRP6∆3 splice isoform represents another LRP6 variant

which is overrepresented among AD patients and functionally linked to reduced Wnt
signalling.
In conclusion, both cellular and genetic studies have established a link between LRP6
and late-onset AD: LRP6 is implicated in APP processing and amyloid pathology.
LRP6-mediated Wnt signalling becomes dysregulated in AD, consistent with wider
evidence that aberrant Wnt signalling plays a role in AD pathogenesis. Common LRP6
SNP and splice variants conferring reduced Wnt signalling are associated with greater risk
for AD. These findings point to LRP6 as an important molecular modulator of AD risk and
pathology.
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Thesis Aims

Synapse loss and dysfunction are key early events in the pathogenesis of Alzheimer's
disease. Wnt signalling, in particular through the Wnt co-receptor LRP6, is essential
for synapse maintenance and stability in the adult brain. Aberrant Wnt signalling and
LRP6 dysfunction have been linked to late-onset AD in multiple ways. LRP6 loss of
function induces spine loss and compromises synaptic function and memory during ageing.
Deficiency in LRP6-mediated Wnt signalling fuels Aβ production and aggravates amyloid
pathology and cognitive decline in an AD mouse model. An important line of evidence
connecting dysregulated Wnt signalling with AD is a genetic link: The common variant
LRP6-Val has reduced Wnt signalling activity and is associated with increased AD risk.
However, this connection is largely unexplored and it is unknown whether LRP6-Val
has a functional impact in vivo, or how it may contribute to AD pathogenesis. In this
study, I investigated the LRP6-Val variant in vivo in a physiological model. My central
hypothesis was that LRP6-Val may confer increased AD susceptibility by enhancing
synapse vulnerability in the brain.
The following specific questions are addressed in this study:
1. Does LRP6-Val knock-in in a mouse model compromise development, neuronal survival
or morphology? Does LRP6-Val disrupt Wnt signalling in vivo? Does the variant affect
cognition and memory?
2. Does LRP6-Val affect synapses in the adult or ageing brain - pre- and/or postsynaptically,
structurally and/or functionally?
3. What are potential mechanisms underlying LRP6-Val-mediated synapse vulnerability?
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Materials and Methods
2.1

Animals

Experiments with animals were carried out under personal and project licenses granted by
the UK Home Office in accordance with the Animals (Scientific Procedures) Act 1986. All
procedures were performed in compliance with the ethical standards of the institution at
which the studies were conducted.
Generation of LRP6-Val knock-in mouse model
The LRP6-Val knock-in mice were generated by Dr Emmanouil Metzakopian (research
fellow in Prof Allan Bradley’s group, Wellcome Trust Sanger Institute, Wellcome Genome
Campus, Hinxton, Cambridge CB10 1SA, United Kingdom). Zygote injections and initial
screening for positive knock-in mice were performed by Brendan Doe and Dr Katharina
Boroviak (Wellcome Trust Sanger Institute).
CRISPR/Cas9 target sites were identified using http://crispr.mit.edu/ as described (Ran et
al., 2013). Guide RNAs (gRNAs) were designed following Doench et al., 2014, avoiding
C and T upstream of the Protospacer Adjacent Motif (PAM), G downstream of the PAM
and T within the PAM, whenever possible.

Single-strand oligonucleotides (ssODNs:

CATCAGAGGCAGTCTCAGGCTGTGGCTTTGGAACATACCCTTTCTCGGGGTTTACCAC
AACGGCTCGAGGTCTGTCTTGCTCGCCTTTTAGAACCACTCCAACTGATCGTCCATCT
AATC) were 120bp in length and positioned directly adjacent to the most external gRNA
site: ACAGACCTCGAGCCATTGTGG. The gRNA oligonucleotides were synthesised, the
two strands annealed and cloned using BsaI into a vector containing the gRNA backbone
and a T7 promoter for RNA production. For Cas9 mRNA production, the vector from Cong
et al., 2013, was modified to contain the T7 promoter. The ssODNs were synthesised by
Integrated DNA Technologies (IDT).
T7/Cas9 plasmid was linearised with EcoRI or DraI for Cas9 RNA or gRNA production,
respectively. The plasmids were cleaned with a PCR purification kit (Qiagen) and in
vitro transcribed using mMessage mMachine T7 Ultra kit and MEGAshortscript T7 kits
(Life Technologies). Cas9 mRNA and gRNA were purified using the MEGAclear kit (Life
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Technologies) and eluted in RNase-free water. RNA quality was analysed using Agilent
RNA 6000 Nano kit (Agilent Technologies, 2100 Bioanalyzer) and Qubit RNA HS assay kit
(Life Technologies). The bridging oligonucleotides were dissolved in RNase-free water to a
concentration of 1000 ng/µL.
4-5-week-old C57BL/6NTac females were super-ovulated by intraperitoneal (IP) injection
of 5 IU of pregnant mare’s serum (PMSG) at 12:00-13:00 hrs (12 hr light/dark cycle, on
at 07:00/off at 19:00), followed 48 hrs later by an IP injection of 5 IU human chorionic
gonadotrophin (HCG), and mated overnight with C57BL/6NTac stud males. The next
morning females were checked for the presence of a vaginal copulation plug as evidence
of successful mating. Oviducts were dissected at approximately 21-22 hrs post HCG and
cumulus oocyte complexes were released and treated with hyaluronidase as previously
described (Behringer et al., 2014). Fertilised 1-cell embryos were maintained at 37 ◦ C
in KSOM media prior to cytoplasmic injection. Injections were carried out 24-27 hrs post
HCG. 50 ng/µL Cas9 mRNA, 25 ng/µL gRNA (each) and 100 ng/µL oligonucleotide were
mixed in RNase free water, backfilled into an injection needle with positive balancing
pressure and injected into the cytoplasm of fertilised 1-cell embryos held in FHM medium.
Viable embryos were transferred on the same day by oviducal embryo transfer into 0.5
days post-coital pseudo-pregnant female F1 (CBA/C57BL/6J) recipients (Behringer et al.,
2014).
Breeding, genotyping and crosses
Hetero- and homozygous LRP6-Val knock-in mice were bred for experiments. Controls
were age-matched wildtype C57BL/6 animals (littermates whenever possible). Genotyping
was performed by PCR using genomic DNA from ear-notches. The LRP6 primers were:
forward 5’-TCTTGTGGTTGTCTGGTGTGGAG-3’ and reverse 5’-AGAAGACATATCAGAAA
ATGCAGGAGG-3’. The resulting LRP6 PCR product was visualised on an agarose gel,
and the PCR band purified using a gel extraction kit (QIAquick Gel Extraction Kit, Qiagen).
Gel-purified samples were sequenced (Source Bioscience) using a nested sequencing
primer 5’-TGCAAACTCAGTCGCAAATCAG-3’ to examine the LRP6-1062 residue and to
distinguish between wild-type, hetero- and homozygous LRP6-Val genotypes.
LRP6-Val knock-in mice were crossed to a Thy1-GFP reporter line, which exhibits sparse
labelling of principal neurons in the hippocampus (Feng et al., 2000).

Litters were

genotyped for LRP6-Val as described above; genotyping for the GFP transgene was
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performed by PCR with forward 5’-TCTGAGTGGCAAAGGACCTTAGG-3’ and reverse
5’-CGCTGAACTTGTGGCCGTTTACG-3’ primers.

2.2

Behavioural testing

Mice were handled daily for at least 4 days prior to behavioural testing. Behavioural tests
comprising several days were performed each day at the same time. Mice were allowed to
acclimatise to the behaviour room for at least 30 mins before testing. All behavioural tests
and analyses were performed blind to genotype. Female mice were used for the nesting
test, while male animals were used for all other tests.
Nesting
Mice were separated into individual cages 1 hr before the beginning of the dark cycle and
each given one square compressed cotton nestlet (Datesand) to use for nest building. The
next morning nests were assessed and given a score between 1 and 5, and any unused
nesting material was weighed, following the guidelines of Deacon, 2006: A score of 1 was
given if the nestlet was 90 % or more intact, a score of 2 if the nestlet remained 50-90 %
intact, a score of 3 if most of the nestlet was shredded but there was no identifiable nest, a
score of 4 for a flat nest and a score of 5 for a crater-like nest with walls and a centre.
Novel Object Recognition
Testing was executed in a square open field chamber (27.3 x 27.3 x 20.3 cm, Med
Associates Inc.). A prominent visual cue (thick black stripes on white background) was
displayed on one side of the chamber to facilitate spatial orientation and recognition of the
environment. The influence of any other visual or auditory external cues was minimised
by enclosing the testing area with a curtain and having no human or other mouse present
inside the testing room during any experiment. The testing chamber and all objects were
thoroughly cleaned with 70 % ethanol and left to dry completely in between subjects to
remove any odour traces. The used objects were of similar size but differed in shape,
texture and colour. Objects were chosen that could not be climbed by the mice. Mice were
placed individually in the centre of the arena, facing the visual cue. On the first two days,
mice were allowed to freely explore the empty chamber for 5 mins to habituate them to the
testing environment. On the third day, two identical objects were placed into the chamber
in a symmetric arrangement with respect to the visual cue, each at 8 cm distance from
the side wall. The animals could explore the objects in the chamber for 8 mins. 24 hrs
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later the experiment was repeated with one of the objects replaced by a novel object. Six
days after the training session, the test was performed a second time with the previously
replaced object replaced by a third object. Objects and locations of the replaced objects
were counterbalanced between animals. Video recordings were made of the animals and
video analysis was performed by manually scoring the exploration time of the different
objects for each animal. An animal was considered to be exploring an object when its nose
was within 2 cm of the object and/or it was touching the object with any body part other
than its tail. The NOR preference index was calculated as the ratio of time spent exploring
the novel object to the total time of object exploration.
Fear Conditioning
The conditioning chamber (Harvard Apparatus) was located within a soundproof box,
equipped with a speaker for tone delivery and had a sensitive in-built Weight Transducer
system for measuring animal activity. Freezing behaviour (complete lack of movement apart
from respiration) was scored using this system. On the first day of the test, the chamber
floor was a stainless-steel grid through which a foot shock could be delivered. After 2 mins
of free exploration, a tone (80 dB, 3.0 kHz) was played for 30 s, coinciding for the final 2
s with a mild foot shock (0.7 mA). After the shock, the mice were left in the chamber for
one additional minute before being returned to the home cage. 24 hrs later, contextual
fear memory was examined by re-exposing the animals to the same chamber environment
for 5 mins without tone or shock delivery. On the following day, cued fear memory was
tested: The chamber environment was altered in several ways (smooth floor instead of
grid, round instead of square chamber walls, light instead of dark, and a novel odour) so
as not to remind the animals of the previous environment. The mice could explore this new
environment for 3 mins, followed by 3 mins during which the same tone as on day 1 was
played. Baseline freezing was scored on the first day during the initial 2 mins. During the
contextual test, freezing was recorded during the entire 5 mins. For the cued test, freezing
behaviour was scored during the 3 mins of tone presentation.

2.3

RNA extraction and quantitative RT-PCR

Snap-frozen hippocampal tissue was homogenised in Trizol Reagent (Ambion/RNA Life
Technologies Co.)

and total RNA was extracted using the Direct-zol RNA MiniPrep

Kit (Zymo Research), following the manufacturer’s instructions. RNA concentration was
quantified by absorbance at 260 nm with a NanoDrop2000 Spectrophotometer (Thermo
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Fisher Scientific). 700 ng to 1 µg RNA were used as a template for first-strand cDNA
synthesis via reverse transcription using the RevertAid H Minus First Strand cDNA
Synthesis kit (Thermo Fisher Scientific). Quantitative PCR (qPCR) was performed based
on the cDNA template using GoTaq qPCR Master Mix (Promega) in a qPCR thermocycler
(BioRad) according to the manufacturer’s protocol. qPCR primers were purchased from
Sigma-Aldrich (see table 2.1) and used at 0.5 µM concentration. Relative gene expression
was calculated using the comparative CT method (Schmittgen and Livak, 2008) with Gapdh
expression as an endogenous housekeeping reference.
gene

forward primer

reverse primer

Axin2

5- GAGGGACAGGAACCACTCG-3

5-TGCCAGTTTCTTTGGCTCTT-3

Gapdh

5-AGACAGCCGCATCTTCTTGT-3

5-CTTGCCGTGGGTAGAGTCAT-3

Wnt11

5-AGAGCTCCCCTGACTTCTGC-3

5-ACTGCCGTTGGAAGTCTTGT-3

Sfrp2

5-AGGACAACGACCTCTGCATC-3

5-TTCTTGGTTTTGCAGGCTTC-3

Btrc

5-GGCTCCTCTGACAACACCAT-3

5-CAGGCATGCTCCACACTCTA-3

Table 2.1: qPCR primers for analysis of Wnt target gene expression

2.4

Acute brain slices and cryostat sectioning

Acute brain slices were prepared for immunostaining with the presynaptic marker vGlut1.
Mice were culled with an overdose of CO2 , decapitated and the brain rapidly dissected. The
cerebellum was removed, the hemispheres divided and glued onto the base of the slicing
chamber. The chamber was filled with ice-cold artificial cerebrospinal fluid (aCSF) (see
2.19), oxygenated with 95 % O2 / 5 % CO2 . 250-300 µm thick sagittal brain slices were cut
in a Leica VT-1000 vibratome. Brain slices containing the hippocampus were collected in
24-well plates (Costar) and kept in aCSF solution on ice until the end of the slicing process.
Slices were then fixed in 4 % paraformaldehyde (PFA) solution in phosphate-buffered saline
(PBS) containing 4 % sucrose (see 2.19) for 30 min at room temperature (RT), washed 3
times with PBS and then processed for immunohistochemistry.
For cryostat sections, freshly dissected brain hemispheres were immersed in 4 % PFA/PBS
solution (see 2.19), incubated for 24 hrs at 4 ◦ C, washed twice with PBS and then immersed
in 30 % sucrose/PBS for 1-2 days at 4 ◦ C. Fixed brain tissue was then washed twice in PBS,
frozen in pre-cooled isopentane (2-methylbutane, Sigma-Aldrich) on dry ice and stored at
-80 ◦ C. For cryostat sectioning, frozen brain hemispheres were embedded in OCT and 30
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µm sagittal sections were cut on a Leica CM1850 cryostat. Brain sections were collected
in cold cryo-freezing solution (see 2.19) in 24-well plates and stored at -20 ◦ C until further
processing.

2.5

Immunohistochemistry

Fixed acute slices or cryostat sections in 24-well plates were processed for immunohistochemistry as follows: Brain slices were immersed in blocking solution (10% donkey serum/0.5
% Triton X-100 in PBS) for 3-4 hrs at RT with gentle shaking, followed by incubation with
primary antibodies in blocking solution (see table 2.2 for dilutions) overnight (ON) at 4 ◦ C
with vigorous shaking to ensure even staining. The following day slices were washed in
PBS (3x for 10 min) and then incubated in the dark with fluorophore-conjugated secondary
antibodies (see table 2.3) in blocking solution for 2-3 hrs at RT. Slices were then washed
in PBS (3x for 10 min), mounted onto glass microscope slides using Fluoromount-G
(Southern Biotech) and air-dried in the dark for at least 1 week at RT. Long-term storage of
stained slices was at -20 ◦ C.

2.6

Sample preparation for Electron Microscopy

Staining and sectioning of slices for EM was performed by Dr Ian White (LMCB EM
Laboratory).
200 µm thick acute sagittal brain slices were prepared as described above, trimmed to
the area of the hippocampus and processed for Electron Microscopy (EM) following a
protocol adapted from Deerinck et al., 2010. Briefly, slices were fixed in 2 % PFA/2.5
% Gluteraldehyde solution (EM grade, TAAB) ON at 4 ◦ C. Samples were washed in 0.1
M sodium cacodylate buffer and post-fixed in 1 % OsO4 for 1 hr at 4 ◦ C. Slices were then
stained by application of 1 % thiocarbohydrazide (TCH) for 20 min at RT, 2 % OsO4 for 30
min at RT, 1 % uranyl acetate (UA) ON at 4 ◦ C and lead aspartate for 30 min at 60 ◦ C,
with intermediate washing in dH2 O. This was followed by dehydration of the samples by
graded ethanol incubations in 70 %, 90 % and 100 % ethanol and embedding in epon resin
(TAAB). After trimming of the resin block, semi-thin sections of 250 nm were cut using a
diamond ultra 45-degree knife (Diatome) on a Leica UC7 ultramicrotome. These sections
were stained in 1 % toluidine blue in 2 % borax for 2 min at 75 ◦ C and analysed on a light
microscope to select the CA1 region of the hippocampus for further trimming. Ultra-thin
sections (70 nm) were then cut as before and collected on 2 x 1 mm slot grids.
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DNA constructs and subcloning

hLRP6(1062-Ile)-pCS2 containing un-tagged full-length human LRP6 cDNA in a pCS2+
backbone was a kind gift from Prof Xi He (Addgene plasmid # 27242) (Tamai et al.,
2000).

hLRP6(1062-Ile)-HA and hLRP6(1062-Val)-HA plasmids containing C-terminal

HA-tagged full-length human LRP6 cDNA in a pCDNA3.1 backbone were kindly gifted by
Prof R. T. Moon (De Ferrari et al., 2007). To generate un-tagged hLRP6(1062-Val)-pCS2,
both un-tagged hLRP6(1062-Ile)-pCS2 and hLRP6(1062-Val)-HA were digested with XhoI
(Promega). Due to two naturally occurring XhoI restriction sites within the hLRP6 sequence
(one upstream and one downstream of the 1062-Ile/Val mutation site), this digest resulted
in the release of a 1143bp piece of hLRP6 containing the Ile/Val mutation site.

To

prevent re-circularisation and religation of the linearised backbone, the XhoI enzyme in
the digested hLRP6(1062-Ile)-pCS2 sample was heat-inactivated and the sample treated
with Thermosensitive Alkaline Phosphatase (TSAP, Promega) according to manufacturer’s
instructions. Digested samples were then electrophoresed on a low-melting point agarose
gel. The two bands representing the hLRP6(1062-Ile)-pCS2 backbone and the insert
released from hLRP6(1062-Val)-HA were cut from the gel and purified using QIAquick
Gel Extraction Kit (Qiagen) according to manufacturer’s instructions. To maximise the
DNA yield, the elution buffer was pre-heated to 50 ◦ C and incubated with the DNA in
the column for 10 mins prior to elution. Post-extraction electrophoresis of the samples
confirmed successful gel extraction and allowed estimation of the concentration of DNA
against the DNA ladder standard (1kb DNA ladder, Promega). The purified insert from
hLRP6(1062-Val)-HA containing the 1062-Val mutation was then ligated with the purified
hLRP6-pCS2 backbone in a ratio of 3:1 using T4 DNA Ligase (Promega).

Ligated

samples were transformed into competent XL-Gold cells and single colonies selected from
bacterial agar plates for amplification and DNA preparation (GenElute Plasmid Miniprep
Kit, Sigma-Aldrich). Diagnostic digests with XhoI were performed to screen colonies for
successful insertion of the insert. Positive colonies were sequenced to determine the
correct orientation of the insert. Final constructs were verified by sequencing the entire
hLRP6 insert. All plasmid DNA for transfections was prepared with EndoFree Plasmid Maxi
Kit (Qiagen) following manufacturer’s instructions. hLRP6-Ile/Val was co-expressed with
the LRP6 chaperone Mesd (gift by Prof B. Holdener (Hsieh et al., 2003)) and EGFP-actin
(gift by Dr Y. Goda) to identify transfected cells and visualise cell morphology and dendritic
spines (Fischer et al., 1998; Star et al., 2002).
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Primary hippocampal cultures

Dissociated rat hippocampal cultures were prepared according to the Banker protocol
(Banker and Cowan, 1977; Kaech and Banker, 2006).

Briefly, the hippocampi of

Sprague-Dawley rat embryos were isolated at embryonic day 18 and placed in ice-cold
Hank’s Balanced Salt Solution (HBSS, Gibco). Chemical digestion was performed in 0.5
% Trypsin (Invitrogen) for 18 min at 37 ◦ C, followed by several quick washes in HBSS
solution. The hippocampal tissue was then mechanically dissociated in 3 mL plating
medium (see 2.19) using flame-polished glass Pasteur pipettes.

Cell density of the

single-cell suspension was determined using a haemocytometer and neurons were plated
at the desired density. For Structured Illumination Microscopy (SIM) imaging, neurons
were plated at 50 cells/mm2 . For calcium phosphate transfection, cells were plated at 250
cells/mm2 . For imaging studies on isolated axons and surface biotinylation experiments,
neurons were first transfected by nucleofection (see below) and then plated at 50 cells/mm2
for axon imaging or 250 cells/mm2 for surface biotinylation. For all imaging experiments,
neurons were plated on 12 mm acid-cleaned sterile coverslips coated with 1 mg/mL
poly-L-lysine (Sigma-Aldrich, dissolved in borate buffer (see 2.19)), placed inside a 60 mm
plastic dish (P60, Corning). For surface biotinylation experiments, neurons were plated
directly onto P60 dishes coated with 100 µg/mL poly-L-lysine. Cultures were placed into
a humidified incubator at 37 ◦ C containing 95 % O2 / 5 % CO2 . After 2 hrs, the plating
medium was replaced with equilibrated maintenance medium (see 2.19). The cultures
were maintained at 37 ◦ C for up to 3 weeks and the medium topped up at least once a
week.

Mouse hippocampal cultures were prepared from embryos of WT and homozygous
LRP6-Val knock-in mice at embryonic day 15 or 16 following the protocol for rat cultures with
minor modifications: Trypsin digestion was performed for 15 mins and maintenance media
contained antibiotics (see 2.19). WT and LRP6-Val cultures were prepared on the same
day. For automated imaging using the Operetta system, neurons were plated into wells of
96-well tissue culture-treated plates with optically clear bottom (PerkinElmer) at a density
of 7500 cells/well.

Wells were pre-coated with 1mg/mL poly-D-lysine (Sigma-Aldrich,

dissolved in borate buffer (see 2.19)) and 1 µg/mL laminine (Sigma-Aldrich, dissolved in
dH2 O).
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Transfection methods

Calcium phosphate transfection
Hippocampal cultures (250 cells/mm2 ) were transfected at 7-9 days in vitro (DIV) using
a calcium phosphate transfection method (Dudek et al., 2001). Briefly, for transfection
of neurons in a P60 dish, a total of 5 µg of the desired plasmid DNA mix was prepared in
200 µL 1× HEPES-buffered saline solution (HeBS, see 2.19) containing 10 µL 2.5 M CaCl2 .
The culture maintenance medium was replaced by 3 mL per P60 of equilibrated transfection
medium (see 2.19). 200 µL of transfection solution was added dropwise directly onto the
coverslips in each P60 dish and the plates placed back into the incubator for 8-12 mins.
After 3 washes with fresh transfection medium, the maintenance medium was placed back
on the culture dishes and the cultures were returned to the incubator. The plasmid mixes
for transfection contained 1 µg EGFP-actin and 4 µg empty PCS2+ vector for the Control
condition and 1 µg EGFP-actin, 1 µg hLRP6-Ile/Val, 0.5 µg Mesd-FLAG and 2.5 µg empty
PCS2+ vector for the LRP6 Ile/Val conditions, respectively. Successful co-transfection of
the different constructs was verified by immunofluorescence.
Amaxa nucleofection
The Rat Neuron Nucleofector Kit (Lonza) was used according to the manufacturer’s
instructions for Amaxa nucleofection of dissociated hippocampal neurons before plating.
Briefly, 100 µL of nucleofector solution per transfection condition was mixed with 3 µg
of plasmid DNA. 2-3 × 106 freshly dissociated neurons per transfection condition were
centrifuged for 5 min at 1,000 × g and 4 ◦ C to obtain a cell pellet. The cells were
gently re-suspended in the DNA-containing nucleofector solution, the cell/DNA suspension
was transferred into a glass cuvette and placed into the Amaxa Nucleofector machine.
After nucleofection, the cell suspension was quickly transferred into previously equilibrated
plating medium and the cells plated at the required density. The plating medium was
replaced by maintenance medium after 2 hrs.

2.10

Treatment with recombinant proteins

Hippocampal cultures were treated with recombinant human Dkk1 protein at DIV21 (100
ng/mL, Peprotech) for 2 hrs or with mouse Wnt3a (200 ng/mL, R&D) at DIV13 overnight
or human Wnt7a (200 ng/mL, Peprotech) at DIV13 overnight. All recombinant proteins
were dissolved in PBS containing 0.1 % BSA, stored in aliquots at -80 ◦ C and mixed with
equilibrated maintenance medium (see 2.19) before application to the neuronal cultures.

110

Chapter 2. Materials and Methods

Treatments were applied in a 1:1 mixture of old and fresh maintenance media. When
treating neurons on coverslips, at least 3 coverslips were used per condition; for treatments
of neurons plated in 96-well plates, at least 5 wells were treated per condition.

2.11

Biochemical procedures

Synaptosome preparation
Synaptosome fractions were prepared from whole brain tissue of 4 male P18 rats. All buffer
solutions were supplemented with protease inhibitor cocktail (cOmplete Mini Protease
Inhibitor Cocktail, Roche) and PMSF (Sigma-Aldrich, used at 1 mM final concentration)
on the day of the preparation. Solutions, glass containers, tubes and centrifuges were
pre-cooled to 4 ◦ C and all steps were performed on ice. Brains were homogenised in 15
mL Syn-PER Synaptic Protein Extraction Reagent (Thermo Fisher Scientific) in a 50 mL
glass tissue grinder (VWR). The brain homogenate was centrifuged at 1,200 × g for 10
min. An aliquot of the supernatant was retained for later Western Blot analysis and the rest
of the supernatant was centrifuged again at 15,000 × g for 20 mins (Optima benchtop
ultracentrifuge).

The supernatant was discarded and the pellet representing a crude

synaptosome fraction was re-suspended in 6 mL Syn-PER buffer. 3mL of this suspension
was layered on top of a discontinuous sucrose gradient consisting of 5 mL each of 1.2 M/1
M/0.85 M sucrose solution in 4 mM HEPES, pH 7.4, in a 38.5 mL glass ultracentrifuge
tube. Tubes were centrifuged at 141,000 × g in a swinging bucket centrifuge for 2 hrs
(SW28, Beckman Coulter). The synaptosome fraction at the interface of the 1.2 M and
1 M sucrose layers was harvested by careful aspiration. An aliquot was retained for later
analysis. For further separation into pre- and postsynaptic fractions, the synaptosomes
were incubated on a slowly rotating wheel for 25 mins at 4 ◦ C with an equal volume of
1 % Triton X-100 in 80 mM Tris, pH 8. The sample was then centrifuged at 30,000 × g
for 20 mins (Optima benchtop ultracentrifuge). The resulting supernatant represented the
synaptosomal membrane fraction containing pre- and peri-synaptic structures. The pellet
was re-suspended in 500 µL Syn-PER buffer and represented the postsynaptic density.
Protein concentrations of all fractions were measured using a Lowry assay and samples of
equal concentration were used for Western Blot analyses.
Surface biotinylation
One P60 of hippocampal neurons (250 cells/mm2 ) per condition was used at DIV12-13.
PBS was supplemented with 1 mM CaCl2 and 0.5 mM MgCl2 , and RIPA lysis buffer (see
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2.19) with protease inhibitor cocktail (cOmplete Mini Protease Inhibitor Cocktail, Roche)
and PMSF (Sigma-Aldrich, used at 1 mM final concentration). All centrifugation and
incubation steps were carried out at 4 ◦ C. Live cells were washed twice with ice-cold
PBS and then treated with 0.25 mg/mL biotin (EZ-Link Sulfo-NHS-Biotin, Thermo Fisher
Scientific) in 2 mL of PBS for 30 min on ice. For a mock control no biotin was applied.
To quench excess biotin, cells were washed 3 times for 5 mins with 50 mM glycine in
PBS on ice with regular agitation. Cells were then lysed in 500 µL RIPA buffer per P60,
the lysate transferred to an Eppendorf tube and incubated on ice for 10 mins. To ensure
complete homogenisation, the lysate was passed 5 times through a thin needle (25G)
followed by centrifugation at 16,000 × g for 10 mins. The supernatant was transferred to
a new tube and protein concentration was measured by Lowry assay. 20-40 µL aliquots
were retained for later Western Blot analysis (total homogenate fraction). To pull down
biotinylated surface proteins, ∼ 50 µL of streptavidin beads (Pierce Streptavidin Agarose,
Thermo Fisher Scientific) were used per sample. Beads were first washed 3 times with
RIPA buffer (each wash consisted of centrifugation at 6,000 × g for 30 s, removal of the
supernatant, addition of fresh buffer and incubation on a slowly rotating wheel for 10 mins),
before the lysate was added to the beads (∼ 300 µg of protein in a volume of 400-450 µL
per sample). Samples were incubated on a slowly rotating wheel for 2 hrs, followed by 3
washes with fresh RIPA buffer for 10 mins each (as described above). Samples were then
centrifuged at 6,000 × g for 30 s and the supernatant removed with a thin 30G needle. The
remaining beads with bound proteins represented the surface fraction. Total homogenate
samples were mixed with an equal amount of 2× Loading Buffer (see 2.19) (supplemented
with 200 mM DTT) and surface samples were mixed with 40-80 µL of 1× Loading Buffer
(supplemented with 100 mM DTT). All samples were incubated at 65 ◦ C for 10 mins and
then used for Western Blot analysis.

2.12

Preparation of protein samples and Western blotting

Protein samples from hippocampi of WT and LRP6-Val mice were prepared as follows:
Fresh or snap-frozen hippocampi were homogenised on ice in 500 µL RIPA buffer
(supplemented with protease inhibitors (cOmplete Mini Protease Inhibitor Cocktail (Roche),
PMSF (Sigma-Aldrich, used at 1 mM final concentration)) and phosphatase inhibitor
cocktail (Sigma-Aldrich)). Samples were triturated using a 25G needle, left on ice for 10 min
and then centrifuged at maximum speed in a benchtop centrifuge at 4 ◦ C. The supernatant
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was retained for Western Blot analysis. Synaptosome and surface biotinylation samples
were prepared as described in section 2.11.
10-30 µg of total protein was used per sample for Western Blot analysis.

Unless

otherwise stated, 5 µL 5 × Loading Buffer was mixed with each 20 µL sample volume
and supplemented with 5 % v/v 2-Mercaptoethanol or 100 mM DTT. Samples were boiled
for 5 min at 100 ◦ C, except samples for surface receptors such as LRP6 or GluA1, which
were incubated for 10 min at 65 ◦ C. Samples were resolved on 8-12 % SDS-PAGE gels and
proteins were subsequently transferred to a PVDF membrane (Hybond P 0.2, Amersham).
After washing in dH2 O, the membrane was blocked with either 5 % milk powder or 5 %
BSA in TBS-T buffer (depending on manufacturer’s recommendations for an antibody) for
1 hr at RT with gentle agitation. Primary antibodies were applied in the same blocking
solution ON at 4 ◦ C with gentle shaking (see table 2.19 for antibody dilutions). The
following day the membrane was washed in TBS-T buffer (3x for 10 min), followed by
incubation with HRP-conjugated secondary antibodies in blocking buffer for 1 hr at RT. After
3 washes in TBS-T, protein bands were visualised using chemiluminescence (ECL solution,
Amersham) according to the manufacturer’s protocol. Protein levels were quantified using
freely available ImageJ software (https://imagej.nih.gov/ij/). For each band, an intensity
profile was produced and the area under the curve measured as the total sum of intensity.
The obtained values for proteins of interest were normalised to loading controls (GAPDH,
β-actin or β-tubulin). For surface biotinylation experiments, relative surface levels were
determined as ratios of surface to total protein levels.

2.13

Immunofluorescence

Hippocampal cultures were fixed using either ice-cold methanol (for labelling with PSD
or Gephyrin antibodies) or 4 % PFA (for all other antibodies): For methanol fixation,
cultures were washed twice with warmed PBS and then fixed in ice-cold 100 % methanol
for 5 mins at -20 ◦ C, followed by several washes with room-temperature PBS. For PFA
fixation, neurons were washed twice with warmed PBS and fixed in warmed 4 % PFA/PBS
containing 4 % sucrose for 20 mins at RT. The PFA was removed by several washes
with room-temperature PBS. Fixed cultures were kept in PBS at 4 ◦ C. Coverslips were
transferred to wax sheets for immunostaining.

Neurons were permeabilised in PBS

containing 0.01 % Triton X-100 for 5 min after PFA fixation or for 2 min after methanol
fixation. After one wash with PBS, blocking buffer of 5 % BSA/PBS was applied for 1 hr
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at RT, followed by incubation with primary antibodies (see table 2.19 for dilutions) in 1 %
BSA/PBS ON at 4 ◦ C. The following day, cells were washed 3 times with PBS and incubated
in the dark with secondary antibodies in 1 % BSA/PBS for 1 hr at RT (see table 2.19 for
dilutions). When desired, 5 µg/mL Hoechst staining solution was applied for 5-7 min after
secondary antibody incubation to fluorescently label nuclei. Coverslips were mounted on
glass microscope slides using FluorSave (Calbiochem), air-dried in the dark overnight at
RT and stored at -20 ◦ C. Stained cells in 96-well plates were covered in PBS and kept in
the dark at 4 ◦ C.

2.14

Imaging

Imaging region and sampling
Dendritic spines, excitatory synapses and glia cells were examined in LRP6-Val mice in
the CA1 stratum radiatum area of the hippocampus. All confocal and EM images for
these analyses were taken within the proximal dendritic area of CA1 pyramidal neurons,
at a distance of around 100 µm from the pyramidal cell layer. If multiple images were
taken from one brain slice/section, consecutive images were acquired from neighbouring,
non-overlapping regions at the same distance from the cell layer.
Image acquisition was always performed blind to the experimental condition. For cultured
hippocampal neurons, typically 8-13 images across at least 3 different coverslips were
acquired per condition per culture and at least 3 independent cultures were imaged per
experiment (unless stated otherwise). For brain slices/sections, typically 9-12 images were
acquired per animal across at least 3 different slices (so typically 3-4 images per slice) and
at least 3 animals were used per genotype.
Wide-field imaging
Low-magnification images showing hippocampal anatomy were acquired at 2 µm/pixel on a
wide-field inverted Zeiss microscope (Axiovert 200 M) using a 4x objective (NA 0.10).
Confocal imaging
An Olympus FV1000 inverted confocal microscope was used to capture fluorescence
images of both cultured neurons and stained brain slices/sections. Images were acquired
using 10x (NA 0.25), 20x (NA 0.40) or oil-immersion 60x (NA 1.35) objectives, at 1.24
µm/pixel, 0.62 µm/pixel or 207 nm/pixel, respectively. 8-10 equidistant planes were taken
at a z-step of 0.25 µm for imaging synaptic puncta and dendritic spines or at a z-step of 1
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µm for imaging entire cells or brain areas.
Super-resolution (SIM) imaging
To increase the resolution beyond the light microscopy diffraction limit of ∼ 200 nm,
Structured Illumination Microscopy (SIM) (Gustafsson, 2000; Hong et al., 2017; Schouten
et al., 2014) was performed on a Zeiss Elyra S.1 microscope. Images were obtained
with a 63x oil-immersion objective (NA 1.40).

A z-stack of 15-20 equidistant planes

covering a total z-depth of ∼ 2 µm was acquired. For each field of view nine images
were acquired, using three different rotations and phases of structured illumination (a
grid pattern) on the sample. Prior to each imaging session, the colour alignment of the
different lasers was tested and shifts between colour channels corrected as these could
affect co-localisation analyses. For this purpose, sub-diffraction 100nm-sized Tetra-spec
beads (Life Technologies) labelled with four different fluorophores (excitation peaks at 405,
488, 568 and 647) were imaged. This image was used to extract a transformation matrix
for colour channel alignment, which was applied to all SIM images.
Automated imaging (Operetta)
A high through-put automated imaging system (Operetta High Content Imaging System,
PerkinElmer) was used to acquire images from cultured mouse neurons plated in 96-well
imaging plates. Images were acquired at 166 nm/pixel from 12-15 fields per well (the same
areas for each well) using a 60x objective (NA 0.90). The confocal mode was used and two
images, separated by a 0.5 µm z-step, were captured per field of view.
EM imaging
EM imaging was performed by Dr Ian White (LMCB EM Laboratory).
EM images were acquired on a transmission electron microscope (T12 Tecnai Spirit
biotwin, FEI). For examination of synapse density, at least 40 low-power images, each
covering 16.5 µm2 at 1.30 nm/pixel, were obtained per animal in the CA1 stratum radiatum
area.

For analysis of synaptic vesicles, at least 25 images, each covering 5.8 µm2

at 0.77 nm/pixel, of individual excitatory synapses in the same area were acquired per
sample.

2.15

Image analysis

Image analysis was performed blind to the experimental condition.

2.15. Image analysis
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Synaptic puncta, dendritic spines and whole cells in confocal images
All confocal images obtained from the Olympus FV1000 confocal microscope were
analysed using custom-built thresholding protocols in Volocity software (PerkinElmer). To
quantify and measure synaptic puncta on dendrites or axons, at least three sections of
dendrite/axon were cropped per image using the maximum intensity projection. EGFP
fluorescence was used to identify dendrites/axons as objects of interest by selecting a
threshold over the total fluorescence intensity of the image. The threshold value was
optimised across multiple images to ensure that neither dimmer portions of dendrite/axon
were missed nor background noise included. A similarly optimised thresholding protocol
was built for the detection of synaptic puncta, with exact thresholding values adjusted
for varying staining intensities of different antibodies, fluorophores and experiments. The
'Separate Touching Objects' function in Volocity was applied on selected puncta to separate
closely adjacent puncta (with a size guide of 0.3 µm3 ). Very large (> 2 µm3 ) as well as very
small (< 0.05 µm3 ) objects, that most likely did not represent true synaptic puncta, were
excluded. To examine synaptic puncta exclusively on dendrites/axons of transfected cells,
the analysis was then restricted to puncta that overlapped with identified EGFP-positive
areas. Where desired, the 3D volumes of the identified puncta were measured. For each
image, puncta number was normalised to the length of the identified dendrites/axons, which
was measured manually using the 'Line' tool in Volocity. Synaptic puncta in brain slices
were identified and measured in the same manner, and for each image the number of
puncta was normalised to the volume of the imaged field.
Dendritic spines were measured manually. 3-4 sections of dendrite were first cropped
from the maximum projection of each image and then spines counted along each stretch
of dendrite. Spines were identified by their characteristic morphology and all types (thin,
mushroom and stubby) were included. Filopodia were not counted. The number of spines
was normalised to the length of dendrite. Spine size was quantified using the line tool
and measuring the maximum spine head width. To examine LRP6 localisation on dendritic
spines, spines were cropped from each image and LRP6 puncta identified and counted in
these cropped images as described above for synaptic puncta.
Quantification of CA1 cell numbers was performed by manually counting NeuN-labelled cell
bodies and normalising to the length of the relevant stretch of CA1 cell layer. Astrocytes and
microglia were identified using intensity thresholding protocols for their respective markers
GFAP and Iba-1, such that cell bodies as well as processes were detected. The total
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volume of GFAP/Iba-1 per image was normalised to the relevant image volume. The
pyramidal cell layer was excluded from this analysis and only astrocytes/microglia in the
CA1 stratum radiatum area were considered.
SIM images
All images acquired with structured illumination were processed in ZEN software (Zeiss)
to extract the final super-resolution images. The 'Structured Illumination' function in the
software (relying on in-built SIM algorithms) was used to obtain super-resolved images at
35 nm/pixel for each imaging channel (Karadaglić and Wilson, 2008). Super-resolution
images were then analysed in Volocity similar to the above description. Co-localisation
of LRP6 with pre- or postsynaptic markers was quantified by measuring LRP6 puncta
overlapping with pre-/postsynaptic puncta. To quantify LRP6 presence at synapses, 30-50
synapses were first identified manually per image. This was necessary since pre- and
postsynaptic markers often do not display any overlap in super-resolved images (instead,
they appear in apposition to each other), making automated detection difficult. The number
of these synapses that overlapped with identified LRP6 puncta was extracted.
Operetta images
Images acquired using the automated Operetta system were analysed in Harmony High
Content Imaging and Analysis Software (PerkinElmer), following similar principles as
described above for Volocity analyses. First, MAP2-labelled neurites were identified and
their total length measured for each image. Hoechst fluorescence was used to remove cell
bodies from the analysis. vGlut1 puncta were then selected using an in-built protocol for
puncta detection, optimised by visual inspection of multiple images. Only puncta within the
identified neurite areas were considered. The final values for all objects of interest (number
of nuclei, length of neurites and number of vGlut1 puncta on neurites) were calculated
for each well by averaging the data obtained from all 12-15 fields imaged per well. Only
experiments with no significant differences in number of nuclei or total length of neurites
between different experimental conditions were considered. vGlut1 density on neurites
was calculated by normalising the number of vGlut1 puncta to the total neurite length and
averaging across all wells for each condition.
EM images
Asymmetric excitatory synapses were identified in low-magnification EM images by the
apposition of a terminal containing synaptic vesicles and an electron-dense PSD region
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(Bourne and Harris, 2011; Schikorski and Stevens, 1997). Image analysis was performed
using ImageJ software (freely available at https://imagej.nih.gov/ij/).

Synapses were

counted manually per field of view. Synaptic vesicles of individual synapses were counted
within 200 nm of the active zone in high-magnification images. PSD length was quantified
using a line tool and synaptic vesicle numbers were normalised to the PSD length for each
synapse.

2.16

Electrophysiology

Recording and analysis of mEPSCs from hippocampal cultures
AMPA-receptor-mediated miniature excitatory postsynaptic currents (mEPSCs) were
recorded from DIV19-21 old hippocampal cultures, which had been transfected with
EGFP-actin and empty vector (Control) or EGFP-actin together with LRP6-Ile/Val.
Coverslips with cultured neurons were transferred in a chamber on an upright microscope
(Olympus BX40 equipped with Nomarski DIC optics and fluorescence illumination) and
continuously perfused at RT with recording solution (see 2.19) (oxygenated with 95
% O2 / 5 % CO2 ).

The recording solution contained 100 nM TTX (Abcam PLC)

and 10 µM bicuculline (Tocris Bioscience) to block voltage-gated sodium channels
and GABAA receptors.

Transfected cells were identified by EGFP fluorescence and

neurons with pyramidal morphology were chosen for patching. Whole-cell patch-clamp
recordings were made for 5 min in voltage-clamp mode at a holding potential of -60
mV, using borosilicate pipettes (Harvard GC150F-7.5) of 5-8 MΩ resistance filled with
caesium gluconate intracellular solution (see 2.19). Currents were recorded using an
Axopatch 200B amplifier and low-pass filtered at 1 kHz.

Post-hoc event detection

and analysis was performed using WinEDR and WinWCP software (freely available
at http://spider.science.strath.ac.uk/sipbs/software ses.htm).

For event detection, the

'template' function in WinEDR software was used (Clements and Bekkers, 1997). Several
filters were applied to exclude events that were most likely not genuine mEPSCs. The
optimal threshold and filter values for this analysis had previously been determined and
tested extensively by Dr Kieran Boyle for a similar study (Ciani et al., 2011; Boyle, 2010,
Doctoral Thesis). mEPSC frequency was calculated based on the number of detected
events and the length of the recording.

The detected events were then exported to

WinWCP for amplitude analysis. All events were averaged per cell and the peak amplitude
of the averaged event determined using the 'Waveform Measurement' function.
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Preparation of acute slices for electrophysiological recordings
Mice were deeply anaesthetised with isoflurane, decapitated and brains quickly placed
into ice-cold slicing solution (see 2.19). The cerebellum was removed, the hemispheres
divided and a cut was performed according to Bischofberger et al., 2006: Each hemisphere
was placed on the medial surface and a small piece of tissue removed from the dorsal
cortex, cutting at an angle of roughly 10

◦

from the vertical. The hemispheres were then

glued with this newly cut surface onto the base of the slicing chamber and immersed in
oxygenated ice-cold slicing solution (see 2.19). 300 µm thick slices were cut using a
Leica VT-1000 vibratome fitted with a ceramic slicing blade (Campden Instruments Ltd.
7550/1/C). The slices were trimmed slightly around the hippocampus and placed into a
1:1 pre-warmed 34 ◦ C mixture of slicing and recording solutions (see 2.19), which was
continuously oxygenated with 95 % O2 / 5 % CO2 . The solution was cooled down slowly to
RT and the slices were left to recover for at least 1 hr before recordings.

Recording and analysis of evoked and spontaneous postsynaptic currents
For recording of evoked currents, the recording solution contained 10 µM bicuculline (Tocris
Bioscience) and the intracellular caesium gluconate solution (see 2.19) was supplemented
with 5mM QX-314 (Tocris Bioscience) to suppress action potential firing in the patched
cell. Pyramidal neurons in the CA1 region of the hippocampus were patched in whole-cell
voltage-clamp configuration and held at -60 mV. To evoke postsynaptic currents, a bipolar
concentric stimulation electrode (FHC) was placed on the surface of the slice in the
stratum radiatum area around 100-200 µm from the patched cell. Schaffer collaterals
were stimulated using a Grass S48 stimulator and the evoked currents recorded from the
patched cell. For input-output recordings, the stimulus pulse was varied between 6 and 40
V with a pulse width of 0.1 ms and stimuli were delivered at a rate of 0.1 Hz. For paired
pulse recordings, an appropriate stimulus intensity was chosen for each cell to obtain a
relatively small but highly reproducible response. Paired pulse stimuli were delivered at
a rate of 0.2 Hz with different inter-stimulus intervals, ranging from 50 ms to 200 ms.
Evoked currents were detected in WinEDR using the 'Threshold' function to detect the
large positive deflection of the stimulus artefact that precedes each evoked current. Events
were then exported to WinWCP where amplitudes were measured as described above for
mEPSCs. For input-output recordings, 5-10 evoked responses were averaged for each cell
and stimulus intensity. For paired pulse recordings, 7-15 responses were averaged per cell
for each inter-stimulus interval.
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Recordings made in brain slices to examine evoked currents inevitably also contained
spontaneous excitatory currents (sEPSCs) in between stimulations, which were also
analysed. Event detection was performed in WinEDR similar to detection of mEPSCs
as described above. Care was taken to filter out all evoked currents (evident from the
associated stimulus artefacts) so that only spontaneous synaptic activity was considered
(confirmed by visual inspection of all detected events). Events were then exported to
WinWCP for amplitude measurements as described above.

2.17

Statistical analyses

For behaviour, RT-PCR and Western Blot experiments, each animal/culture constituted
one independent experimental unit. For electrophysiology experiments, a single recorded
cell was taken as the experimental unit, i.e.

all recorded cells were considered as

independent (including different cells from the same cover slip or brain slice). For imaging
experiments, each image was considered one unit, i.e. all obtained images were treated
as independent observations (including those obtained from the same culture or the
same brain slice). While these are standard assumptions that are routinely employed to
minimise use of animals and maximise statistical power, treating different images/cells
from the same brain slice/culture as independent units can be considered as a form
of pseudo-replication. This practice may lead to artifically increased sample sizes and
inflated statistical significance. Stricter statistical analysis should therefore be performed
on average values obtained for each animal and/or via a nested ANOVA. All brain slice
imaging experiments reported here were also analysed using average values for each
animal, largely confirming the conclusions obtained with pseudo-replication (see figure
legends for individual results).
Statistical analyses were performed using SPSS (IBM). Datasets were tested for normality
using the Shapiro-Wilk test.

Statistical significance of normally distributed data was

evaluated using two-tailed unpaired Student’s t-test for two experimental conditions, or
one-way ANOVA with Tukey’s post-hoc test for more than two conditions. Non-normally
distributed datasets were analysed using non-parametric Mann-Whitney or Kruskal-Wallis
tests for two or more conditions, respectively.
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2.18

Antibodies

antibody

species

supplier, catalogue no.

dilution

LRP6

rabbit

Abcam, ab134146

1:500 (IF)

LRP6

rabbit

Cell Signalling (C5C7), 2560

1:1000 (WB)

LRP6

rabbit

Cell Signalling (C47E12), 3395

1:1000 (WB)

Synaptophysin1

rabbit

Synaptic Systems, 101002

1:1000 (WB)

vGlut1

guinea pig

Millipore, AB5905

1:2000 (IHC),
1:10000 (IF)

Homer1

rabbit

Synaptic Systems, 16003

1:1000 (IF, WB)

PSD-95

mouse

Millipore, 7E3-1B8

1:500 (IF)

vGat

guinea pig

Synaptic Systems, 131004

1:2000 (IF)

Gephyrin

mouse

Synaptic Systems, 147011

1:500 (IF)

GluA1

rabbit

Millipore, 04-855

1:1000 (WB)

pGluA1 (S845)

rabbit

Cell Signalling (D10G5), 8084

1:1000 (WB)

NeuN

rabbit

Cell Signalling (D3S3I), 12943S

1:1000 (IHC)

GFAP

chicken

Abcam, ab5541

1:1000 (IHC)

Iba-1

rabbit

Synaptic Systems, 234003

1:500 (IHC)

MAP2

chicken

Abcam, ab5392

1:2000 (IF)

GFP

chicken

Millipore, 06-896

1:500 (IF)

GFP

rabbit

Invitrogen, A6455

1:500 (IHC, IF)

β-actin

rabbit

Cell Signalling, 4970S

1:3000 (WB)

β-tubulin

mouse

Sigma-Aldrich T9026

1:10000 (WB)

GAPDH

rabbit

Abcam, ab181602

1:3000 (WB)

Table 2.2: Primary antibodies.
IF: Immunofluorescence, IHC: Immunohistochemistry, WB: Western Blotting

2.19. Buffers and Solutions
antibody

species conjugate
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supplier, catalogue no.

dilution

Anti-chicken IgG

donkey

Alexa 488

Jackson Immunoresearch,
703-545-155

1:600 (IHC, IF)

Anti-rabbit IgG

donkey

Alexa 488

Invitrogen, A11034

1:600 (IHC, IF)

Anti-mouse IgG

donkey

Alexa 568

Invitrogen, A10037

1:600 (IHC, IF)

Anti-rabbit IgG

donkey

Alexa 568

Invitrogen, A10042

1:600 (IHC, IF)

Anti-guinea-pig IgG

donkey

Alexa 647

Jackson Immunoresearch,
706-605-148

1:600 (IHC, IF)

Anti-mouse IgG

sheep

HRP

Amersham, NXA931

1:2000 (WB)

Anti-rabbit IgG

donkey

HRP

Amersham, NA934

1:2000 (WB)

Table 2.3: Secondary antibodies.
IF: Immunofluorescence, IHC: Immunohistochemistry, WB: Western Blotting

2.19

Buffers and Solutions

1. Hippocampal cultures
10x phosphate-buffered saline (PBS) (1 L)
1.37 M NaCl

80 g

27 mM KCl

2g

20 mM KH2 HPO4

2.4 g

100 mM Na2 HPO4

14.4 g

dH2 O

up to 1 L

pH to 7.4
Borate buffer (400 mL)
50 mM boric acid

1.24 g

25 mM borax

2g

dH2 O

up to 400 mL

pH to 8.5 and filter
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Plating medium (50mL)
Horse serum (Gibco)

2.5 mL

Penicillin/Streptomycin (Gibco)

200 µL

1 mM glutamine (Gibco)

250 µL

DMEM + GlutaMAX (Gibco)

up to 50 mL

Maintenance medium (50mL)
B27 (Gibco)

1 mL

N2 (Gibco)

500 µL

1 mM glutamine (Gibco)

250 µL

Glutamax (glucose) (Gibco)

500 µL

Penicillin/Streptomycin (Gibco) [mouse culture only]

200 µL

Neurobasal Medium (Gibco)

up to 50 mL

Transfection medium (50mL)
Glutamax (Gibco)

666 µL

Neurobasal Medium (Gibco)

up to 50 mL

2x HEPES-buffered saline (HeBS) (200 mL)
274 mM NaCl

3.2 g

10 mM KCl

142 mg

1.4 mM Na2 HPO4

40 mg

15 mM D-glucose

540 mg

42 mM HEPES

2g

dH2 O

up to 200 mL

pH to 7.06 with NaOH and filter
4 % PFA (50mL)
4 % paraformaldehyde (BDH)

2g

4 % sucrose

2g

0.4 mM NaOH

200 µL (of 0.1 M solution)

PBS to 1x

5 mL (of 10x solution)

dH2 O

up to 50 mL

2.19. Buffers and Solutions
2. Slice preparation and immunohistochemistry
aCSF for acute slice preparation (500 mL)
125 mM NaCl

3.65 g

3 mM KCl

0.112 g

1.25 mM NaH2 PO4

0.072 g

26 mM NaHCO3

1.09 g

10 mM D-(+)-Glucose

0.9 g

2 mM CaCl2

1 mL (of 1 M solution)

dH2 O

up to 500 mL

pH to 7.4
4 % PFA (50mL)
4 % paraformaldehyde (BDH)

2g

0.4 mM NaOH

200 µL (of 0.1 M solution)

PBS to 1x

5 mL (of 10x solution)

dH2 O

up to 50 mL

Cryo-freezing solution (800 mL)
11 mM NaH2 PO4 × H2 O

1.25 g

30 mM Na2 HPO4 × 2H2 O

4.36 g

30 % ethylene glycol

240 mL

30 % glycerol

240 mL

dH2 O

up to 800 mL

3. Protein extraction and Western Blotting
RIPA lysis buffer (50mL)
10 mM Tris (pH 8)

0.5 mL

100 mM NaCl

1 mL (of 5 M solution)

1 mM EDTA (pH 8)

100 µL (of 0.5 M solution)

1 % NP-40

0.5 mL

0.1 % SDS

0.5 mL (of 10 % solution)

0.5 % deoxycholate

0.25 g

dH2 O

up to 50 mL
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10x Tris-glycine running buffer (1 L)
250 mM Tris

30 g (of Trizma base)

1.9 M glycine

144 g

dH2 O

up to 1 L

1x Running buffer (1 L)
0.1 % SDS

10 mL (of 10 % solution)

Running buffer to 1x

100 mL (of 10x solution)

dH2 O

up to 1 L

1x Transfer buffer (1 L)
20 % methanol

200 mL

Running buffer to 1x

100 mL (of 10x solution)

dH2 O

up to 1 L

5x Protein loading buffer (20 mL)
250mM Tris (pH 6.8)

0.6 g (of Trizma base)

4 % SDS

0.8 g

1 % bromophenol blue

0.2 g

50 % glycerol

10 mL

dH2 O

up to 20 mL

10x TBS buffer (1 L)
1.37 M NaCl

80 g

26.8 mM KCl

2g

250 mM Tris

30 g (of Trizma base)

dH2 O

up to 1 L

pH to 7.4 with HCl
1x TBS-T buffer (1 L)
TBS buffer to 1x

100 mL (of 10x solution)

0.1 % Tween 20

1 mL

dH2 O

up to 1 L

2.19. Buffers and Solutions
4. Electrophysiology
Slicing solution (500 mL)
87 mM NaCl

2.54 g

2.5 mM KCl

0.093 g

25 mM NaHCO3

1.05 g

1.25 mM NaH2 PO4

0.086 g

10 mM D-(+)-Glucose

0.09 g

75 mM sucrose

12.83 g

0.5 mM CaCl2

0.25 mL (of 1 M solution)

7 mM MgCl2

3.5 mL (of 1 M solution)

dH2 O

up to 500 mL

Recording solution (500 mL)
125 mM NaCl

3.65 g

2.5 mM KCl

0.093 g

25 mM NaHCO3

1.05 g

1.25 mM NaH2 PO4

0.086 g

25 mM D-(+)-Glucose

2.25 g

2 mM CaCl2

1 mL (of 1 M solution)

1 mM MgCl2

0.5 mL (of 1 M solution)

dH2 O

up to 500 mL

Caesium gluconate pipette solution (100 mL)
130 mM D-gluconic acid lactone

2.31 g

10 mM HEPES

240 mg

10 mM EGTA

380 mg

10 mM NaCl

58 mg

0.5 mM CaCl2

50 µL (of 1 M solution)

1 mM MgCl2

100 µL (of 1 M solution)

1 mM ATP

55 mg

0.5 mM GTP

26 mg

dH2 O

up to 100 mL

pH to 7.2 with CsOH
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Chapter 3

Characterisation of a novel knock-in model for the
LRP6-Val variant
3.1

Introduction

The Wnt signalling pathway has been studied extensively in the context of development.
A growing number of studies support a key role for the Wnt pathway also in the mature
nervous system, in particular in synaptic maintenance and memory function (Fortress et al.,
2013; Galli et al., 2014; Gogolla et al., 2009; Maguschak and Ressler, 2011; Marzo et al.,
2016; Purro et al., 2012; Vargas et al., 2014; Xu et al., 2015). The Wnt co-receptor LRP6
is a core component of the pathway, and LRP6-mediated Wnt signalling is essential for
synapse function and cognition in the adult brain, especially during ageing (Liu et al., 2014).
Aberrant Wnt signalling has been implicated in age-related neurodegenerative disorders
such as Alzheimer's disease. Dysregulation of Wnt signalling and, in particular, deficiency
in LRP6 function contribute to synaptic defects, amyloid pathology and AD pathogenesis
(Liu et al., 2014; Marzo et al., 2016; Purro et al., 2012; Tapia-Rojas et al., 2016).
One of the most intriguing yet least explored links between Wnt signalling and AD is
the association of common LRP6 SNP and splice variants with increased susceptibility
for late-onset AD (Alarcón et al., 2013; De Ferrari et al., 2007). The LRP6-Val variant
carries a single amino acid substitution and displays impaired Wnt signalling in cell lines
(De Ferrari et al., 2007). However, the impact of this variant in a physiological context
is entirely unknown. Most studies of Wnt signalling in the adult brain have relied on
knockout/overexpression models or pharmacological manipulation (Gogolla et al., 2009;
Liu et al., 2014; Marzo et al., 2016). No previous study has directly examined the impact of
a genetic variant of a Wnt receptor on brain function. This study introduces a novel knock-in
mouse model for the LRP6-Val variant, which provides a unique opportunity to examine the
in vivo influence of this AD-linked variant and investigate a key genetic link between Wnt
signalling and AD in an entirely physiological system.
In this first chapter, I will present an initial characterisation of LRP6-Val knock-in mice and
examine their viability and behaviour from various angles. The following specific questions
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will be addressed:
• Based on structural and phylogenetic observations, what is the nature and likely
impact of the LRP6-Val SNP?
• Wnt signalling through LRP6 is involved in essential processes such as embryogenesis,
neuronal proliferation/survival and establishment of neuronal morphology (Ille and
Sommer, 2005; Pinson et al., 2000; Rosso et al., 2005; Yu and Malenka, 2003).
Does LRP6-Val knock-in affect any of these processes?
• Disruption of Wnt signalling can impair normal behavioural activities such as
nest-building in mice (Lijam et al., 1997). Is nesting behaviour affected in LRP6-Val
mice?
• Memory function relies on intact Wnt signalling and LRP6 (Fortress et al., 2013; Liu et
al., 2014; Marzo et al., 2016). Is memory performance impaired in LRP6-Val knock-in
mice?
• LRP6-Val confers reduced Wnt signalling activity in cell lines (De Ferrari et al., 2007).
Is Wnt signalling altered in vivo in LRP6-Val mice?
To address these questions, I analysed hippocampal tissue from LRP6-Val mice using
both molecular biology and immunohistochemistry techniques. In addition, I conducted
a variety of behavioural tests. LRP6-Val knock-in mice are viable and fertile and do
not display severe abnormalities. They show normal nesting behaviour as well as intact
memory function in two different memory tests up to the age of 14 months. In young
adult LRP6-Val mice, Wnt signalling is normal, however with increasing age Wnt signalling
becomes dysregulated. These findings demonstrate that the LRP6-Val knock-in model is
a suitable physiological model for studying this genetic variant in vivo. Age-dependent
impairment of Wnt signalling suggests that LRP6-Val has a functional impact in the ageing
hippocampus.

3.2. Results
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3.2.1
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Results
The variant LRP6 Ile-1062-Val and a novel knock-in mouse model

The AD-linked common genetic variant LRP6-Val is a non-synonymous SNP (rs2302685;
T → C on the reverse strand), which leads to a single amino acid substitution from
Isoleucine (Ile) to Valine (Val) at codon 1062 of the LRP6 protein (De Ferrari et al., 2007).
This is a conservative substitution, as both amino acids are branched, nonpolar and
hydrophobic, with Val only lacking one methyl group compared to Ile (Fig. 3.1A). LRP6
Ile-1062 is an evolutionarily highly conserved residue and is unaltered across different
species (human, mouse, Drosophila) and among several other members of the LDLR
protein family to which LRP6 belongs (LRP5, LDLR, LRP4) (Fig. 3.1B). In LRP5 and LRP6,
an Isoleucine is also present at an equivalent position in the first and second β-propeller
domains. The conserved nature of the Ile-1062 residue suggests that it may have an
important role in LRP6 protein function.
For an initial assessment of the possible impact of this substitution, the online tool
PolyPhen-2 (Polymorphism Phenotyping v2) was used (http://genetics.bwh.harvard.edu/pp
h2/). PolyPhen-2 predicts the impact of an amino acid substitution in any human protein by
evaluating sequence-based, structural and phylogenetic characteristics of the substitution
site (Adzhubei et al., 2010). The PolyPhen-2 prediction models have been developed
and trained on two separate types of datasets: HumDiv (classifying all known harmful
alleles causing human Mendelian diseases as damaging and all other differences between
human proteins and mammalian homologs as non-damaging) and HumVar (classifying
all disease-annotated human mutations from UniProt as damaging and all other common
human non-synonymous SNPs as non-damaging) (Adzhubei et al., 2010). Based on a
probabilistic classifier, PolyPhen-2 assigns any substitution into one of the three categories
'benign', 'possibly damaging' or 'probably damaging'. Using this predictive tool, the LRP6
Ile-1062-Val substitution was classified as 'possibly damaging' by both HumDiv- and
HumVar-trained PolyPhen-2 models (Fig. 3.1C).
Structurally, the LRP6-1062 residue lies in the extracellular domain of LRP6, after the
second YWTD motif of the fourth β-propeller segment (P4), within the hydrophobic
propeller core (Fig. 3.1D). The LRP6 β-propeller domains are important for ligand binding
(see 1.4.2), and the second tandem β-propeller/EGF-like domain pair (P3E3-P4E4) is
specifically implicated in binding Wnt3a and the C-terminal domain of Dkk1 (Dkk1 C) (Ahn

130

Chapter 3. Characterisation of a novel knock-in model for LRP6-Val

Figure 3.1: The genetic variant LRP6 Ile-1062-Val.
A. The amino acids Isoleucine (Ile) and Valine (Val). B. Multiple sequence alignment showing a
sequence excerpt from human (h) and mouse (m) LRP6, the Drosophila (Dm) homolog Arrow and
other LDLR family members (LRP5, LDLR, LRP4). hLRP6 Ile-1062 (highlighted in yellow) is a highly
conserved residue. Figure modified from De Ferrari et al., 2007. C. PolyPhen-2 SNP analysis
classifies the hLRP6 Ile-1062-Val amino acid substitution as 'possibly damaging'. D. The LRP6
protein architecture, showing its various extracellular domains and the location of the Ile-1062-Val
SNP within the fourth β-propeller segment. LRP6 binding regions for Wnts and Dkk1 are broadly
indicated. Dkk1 N/C, N-/C-terminal of Dkk1.

et al., 2011; Bourhis et al., 2010; Chen et al., 2011b; Cheng et al., 2011; Ettenberg et
al., 2010; Gong et al., 2010). This raises the possibility that the LRP6-Val substitution
could affect ligand binding to the LRP6 receptor. Previous functional analyses in HEK293T
cells showed that LRP6-Val confers nearly 5-fold reduced Wnt/β-catenin signalling activity
in a ligand-independent assay, and 2-fold reduced Wnt/β-catenin signalling activity in the
presence of Wnt3a-conditioned medium (De Ferrari et al., 2007). These findings suggest
that diminished signalling activity of LRP6-Val could be due to impaired response to Wnt3a
and possibly other Wnt ligands. Therefore, the conserved nature of the Ile-1062 residue,
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its location within ligand binding regions, existing functional data and automated predictive
analysis indicate that the LRP6-Val variant could have a possibly adverse functional impact
in vivo.

Figure 3.2: Generation of a knock-in model for LRP6-Val.
A. Illustration of the CRISPR/Cas9 gene editing approach used for generating the LRP6-Val
knock-in mouse model. B. Genotyping examples of WT and hetero-/homozygous LRP6-Val
knock-in mice. The SNP residue underlying the Ile-1062-Val substitution is highlighted in red.

To investigate the LRP6-Val variant in vivo, a knock-in mouse model was generated in
collaboration with Dr Emmanouil Metzakopian (Prof Allan Bradley's group) at the Wellcome
Trust Sanger Institute. Using CRISPR/Cas9 genome editing, the LRP6-1062 A → G
point mutation was introduced at the endogenous LRP6 locus in the mouse genome,
creating a strain with global LRP6-Val knock-in (Fig. 3.2A). DNA sequencing confirmed
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the successful generation of both hetero- and homozygous LRP6-Val knock-in animals
(Fig. 3.2B).
LRP6-Val is a common variant with minor allele frequencies estimated between 0.11
(RefSNP) and ~0.19 (De Ferrari et al., 2007). The large majority of humans with this
variant are heterozygous carriers, with only around 1-2 % reported to have a homozygous
LRP6-Val substitution (RefSNP). In this study, I used both hetero- and homozygous
LRP6-Val mice for most experiments, as heterozygous mice most accurately mimic the
situation in humans carriers, whereas homozygous mice might have a clearer and/or earlier
phenotype.
LRP6 is expressed in the adult hippocampus (Allen Atlas; De Ferrari et al., 2007). As
the hippocampus is one of the first brain areas affected in AD and allows structural,
functional and behavioural analyses, I focused my examinations of LRP6-Val mice on the
hippocampus - similar to previous studies of the role of LRP6 and Wnt signalling in synapse
maintenance (Liu et al., 2014; Marzo et al., 2016).

3.2.2

LRP6-Val does not impair embryogenesis, cell viability or neuronal
morphology

LRP6 function plays an essential role during embryogenesis (Pinson et al., 2000), raising
the possibility that LRP6-Val knock-in could have adverse effects during development. Both
hetero- and homozygous LRP6-Val mice were viable and fertile and displayed no visible
external abnormalities (Fig. 3.3A). Animal weights of adult LRP6-Val knock-in mice were
similar to wildtype (WT) control mice (Fig. 3.3B).
Wnt signalling plays a critical role in a multitude of neural developmental processes (Ciani
and Salinas, 2005; Ille and Sommer, 2005; Park and Shen, 2012; Salinas and Zou, 2008),
and LRP6 is required for neuronal proliferation and circuit assembly in various brain areas,
including the hippocampus (Zhou et al., 2006, 2004a, 2004b). Knockdown of LRP6 in vitro
has been associated with reduced neuronal viability (Liu et al., 2014). To examine whether
hippocampal anatomy or neuronal proliferation/survival were compromised by LRP6-Val,
neuronal cells were visualised in brain sections of adult hetero- and homozygous knock-in
mice (6-7 months old). No gross alterations in the overall hippocampal architecture or
significant changes in neuronal cell numbers in the CA1 subfield of the hippocampus were
observed (Fig. 3.3C-D).
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Figure 3.3: LRP6-Val knock-in does not affect development or neuronal viability.
A. LRP6-Val mice develop normally into adulthood and have no visible external abnormalities.
Pictures show mice at 7 months. B. Adult LRP6-Val mice have normal weights. Weights of male
mice were measured at 6-8 months of age; unpaired t-test. C. Brain sections of WT and LRP6-Val
knock-in mice at 6-7 months, showing overall hippocampal anatomy and individual neuronal cells
in the CA1 subfield. D. Quantification of the number of NeuN-positive cells (norm. to length of cell
layer in image) in the CA1 area in mice at 6-7 months; 3-4 images per animal, one-way ANOVA. E.
Neuronal morphology was examined visually at 8-9 months in WT and LRP6-Val mice crossed to a
Thy1-GFP line, which exhibits GFP labelling of principal neurons in the hippocampus. No striking
changes in neuronal morphology or dendritic arborisation are observed in LRP6-Val knock-in mice.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of analysed
animals per condition. ns, not significant.

Wnts and Wnt/β-catenin signalling also play a key role in dendritic development and
maintenance of dendritic arbours (Chen et al., 2017a; Rosso et al., 2005; Wayman et al.,
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2006; Yu and Malenka, 2003). LRP6 loss of function in primary neurons may induce neuritic
dystrophy (Liu et al., 2014). To visualise the dendritic morphology of LRP6-Val expressing
neurons, I established a cross between the LRP6-Val knock-in line and a Thy1-GFP
reporter strain (Feng et al., 2000). A visual comparison of GFP-labelled CA1 neurons
in brain sections of adult WT and LRP6-Val animals showed no obvious differences in
neuronal morphology, dendritic branching or dendritic arbour size (Fig. 3.3E). Collectively,
these findings suggest that LRP6-Val knock-in mice develop normally to adulthood and
do not exhibit any alterations in hippocampal anatomy, neuronal proliferation/survival or
dendritic morphology.

3.2.3

LRP6-Val knock-in does not affect nest-building behaviour

A large variety of behavioural tests for mice have been developed to assess well-being,
motor activity, navigational skills and memory function. For an initial global assessment of
potential behavioural alterations in LRP6-Val mice I conducted a nest-building test. The
construction of a nest in the home cage is an easily quantifiable spontaneous behaviour in
mice and provides a sensitive tool for assessing general well-being and detecting potential
brain damage/dysfunction. Nesting behaviour is impaired in mice with hippocampal lesions
(Deacon et al., 2002), in Wnt signalling-deficient Dvl1-mutants (Lijam et al., 1997) and
in various AD models (Filali and Lalonde, 2009; Torres-Lista and Giménez-Llort, 2013;
Wesson and Wilson, 2011).

Young adult LRP6-Val knock-in mice did not show any

impairments in overnight nesting behaviour compared to WT controls, as quantified on
a 5-point nest-rating scale and by the amount of unused nesting material (Fig. 3.4A-B).
Therefore, knock-in of LRP6-Val does not affect species-typical nesting behaviour.

3.2.4

Memory function is unimpaired in LRP6-Val mice up to 14 months of age

Memory impairment is one of the central clinical symptoms of Alzheimer’s disease.
Wnt signalling is required in the adult brain for proper memory function, as deficient
Wnt signalling causes cognitive impairment and memory defects (Fortress et al., 2013;
Maguschak and Ressler, 2011; Marzo et al., 2016; Xu et al., 2015). Conditional knockout
of LRP6 leads to memory defects in ageing mice (22 months old) (Liu et al., 2014). To
investigate the potential impact of the LRP6-Val variant on cognition, I subjected WT and
LRP6-Val knock-in mice to two different memory tests.
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Figure 3.4: Young adult LRP6-Val knock-in mice show normal nest-building behaviour.
A. Illustration of the 5-point nest rating scale, taking into account the percentage of shredded nesting
material and the completeness of the constructed nest. B. Nesting behaviour is unimpaired in
hetero- and homozygous LRP6-Val knock-in mice at 3 months of age; Kruskal-Wallis test for nesting
score, one-way ANOVA for untorn nesting material.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of analysed
animals per condition. ns, not significant.

The Novel Object Recognition (NOR) task is a simple assay of non-spatial recognition
memory of a familiar object. It relies on a rodent's innate exploratory behaviour and
propensity for novelty, and requires no external motivation, reward or reinforcement
(Antunes and Biala, 2012; Cohen and Stackman, 2015). By varying the retention interval
between training and testing, both short- and long-term memory can be assessed. The
hippocampus is involved in the NOR task, together with para-hippocampal regions of the
temporal lobe (Albasser et al., 2009; Broadbent et al., 2010; Clark et al., 2000; Cohen
and Stackman, 2015; Hammond et al., 2004). 7-8 months old hetero- and homozygous
LRP6-Val and WT control mice were examined in a NOR paradigm, with memory tests
at two different time points (24 hr and 6 days, respectively) after initial encounter with the
object (Fig. 3.5A). Total object exploration times during the training phase of the test were
similar for WT and LRP6-Val mice, suggesting that baseline levels of activity and exploration
are unaffected by LRP6-Val knock-in (Fig. 3.5B). To quantify the strength of memory of
the familiar object compared to a novel object, a NOR preference index was calculated,
indicating the proportion of time spent exploring the novel object. NOR values were above
0.5 both at 24 hr and 6 days after training, consistent with a preference for the novel object
at each time point. No significant differences in NOR indices were observed between
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Figure 3.5: Recognition memory is unimpaired in LRP6-Val mice at 7-8 months.
A. Schematic illustration of the Novel Object Recognition test with two different testing time points
at 24 hr and 6 days after initial encounter of the object. B. Total object exploration time during
training is similar for WT and LRP6-Val mice; one-way ANOVA. C. Memory function is evaluated by
the NOR preference index, indicating the proportion of time spent exploring the novel object. NOR
values above 0.5 indicate a preference for the novel compared to the familiar object. No defects
in recognition memory are observed in LRP6-Val knock-in mice at 7-8 months at two different time
points; one-way ANOVA.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of analysed
animals per condition. ns, not significant.

genotypes, indicating unimpaired recognition memory in LRP6-Val knock-in mice at the
age of 7-8 months with both medium- and long-term retention intervals (Fig. 3.5C).
In a second memory test, fear memory was assessed in 12-14-month-old LRP6-Val mice
using contextual and cued fear conditioning (FC) paradigms. The FC task tests associative
memory by pairing an aversive stimulus (foot shock) with a neutral context (contextual
FC) or neutral stimulus (a tone, cued FC). The expression of fear responses subsequently
elicited by the neutral context/stimulus serves as a readout of memory (Curzon et al., 2009).
Contextual fear conditioning relies on the function of hippocampus and amygdala, whereas
cued fear conditioning only requires the amygdala (Anagnostaras et al., 2001; Curzon et
al., 2009; Rudy et al., 2004; Tovote et al., 2015). During the training phase, mice were
exposed to an auditory stimulus, followed by a mild foot shock. For the contextual test,
animals were re-exposed to the same environment 24 hr later; for the cued test,
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Figure 3.6: Fear memory is unimpaired in LRP6-Val mice at 12-14 months.
A. Schematic illustration of contextual and cued fear conditioning tests. B. Representative activity
traces from WT and LRP6-Val mice, acquired during training, contextual and cued testing. Active
movement is visualised in green, whereas freezing behaviour is indicated in red. Time points of foot
shock or tone delivery are indicated at the top. C. No significant differences in freezing behaviour
are detected between WT and LRP6-Val mice at 12-14 months in contextual or cued tests; one-way
ANOVA.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of analysed
animals per condition. ns, not significant.
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mice were placed in an altered environment and re-exposed to the auditory cue (Fig. 3.6A).
The extent of freezing behaviour was measured in both tests as an indication of memory
function (Fig. 3.6B). Freezing behaviour was similar for WT and hetero-/homozygous
LRP6-Val mice in both tests, indicating that fear memory is unaffected by LRP6-Val
knock-in up to the age of 14 months (Fig. 3.6C). Together, these results suggest that
memory function is unaffected by LRP6-Val in adult mice up to the age of 14 months.

3.2.5

LRP6-Val knock-in leads to an age-dependent reduction in canonical Wnt
signalling

The results presented so far suggest that LRP6-Val knock-in does not impair normal
development, neuronal morphology or survival, species-typical behaviour or memory
function up to the age of 14 months. Previous functional analysis of LRP6-Val showed
that this variant confers reduced Wnt/β-catenin signalling in HEK293T cells (De Ferrari
et al., 2007). I therefore sought to examine whether Wnt signalling was altered in vivo
in LRP6-Val knock-in mice. Activation of the canonical, LRP6-mediated Wnt pathway
leads to translocation of β-catenin to the nucleus and activation of Wnt target genes (see
1.2.3) (Fig. 3.7A). Expression levels of such target genes (some of which are themselves
components of the Wnt pathway) are commonly assessed to evaluate Wnt signalling
activity (Jho et al., 2002; Lescher et al., 1998; Spiegelman et al., 2000; Yan et al., 2001).
In particular, the prominent Wnt target gene Axin2 is an established transcriptional readout
of Wnt/β-catenin signalling (Jho et al., 2002; Jones et al., 2015; Lohi et al., 2010; Okamoto
et al., 2014; Voloshanenko et al., 2013).To evaluate the level of Wnt signalling in WT and
LRP6-Val mice, I examined the hippocampal expression levels of Axin2 by quantitative
RT-PCR in both young adult (4-6 months old) and ageing mice (12-14 months old). While
LRP6-Val did not affect Wnt signalling in young mice, in ageing homozygous LRP6-Val
mice Wnt signalling was suppressed by around 30 % (Fig. 3.7B). Interestingly, Axin2
expression in heterozygous LRP6-Val animals was only reduced by around 15 %, indicating
a 'dose-dependent' stronger effect of Wnt signalling attenuation in mice carrying two Val
alleles compared to one (Fig. 3.7B). Expression levels of several other Wnt target genes
also displayed trends towards downregulation, mostly in a similar age-dependent manner
and predominantly in homozygous LRP6-Val mice (Fig. 3.7C). These findings indicate that
LRP6-Val confers reduced canonical Wnt signalling activity in an age-dependent manner
in vivo.
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Figure 3.7: Wnt signalling is reduced in ageing LRP6-Val mice at 12-14 months.
A. Wnt target genes are activated in the canonical Wnt pathway via nuclear translocation of
cytoplasmic β-catenin and its association with TCF/LEF transcription factors. Expression levels
of Wnt target genes such as Axin2 are used as a readout for canonical Wnt signalling activity. B.
Quantitative RT-PCR analysis shows reduced Axin2 expression levels in the hippocampus of ageing
homozygous LRP6-Val knock-in mice at 12-14 months; one-way ANOVA with Tukey's post-hoc test.
In young adult mice at 4-6 months, hippocampal Axin2 expression levels are unaltered compared to
WT controls; one-way ANOVA. Expression levels are normalised to WT controls for each time point.
C. Several other Wnt target genes display a similar trend for downregulation in homozygous ageing
LRP6-Val mice. Unpaired t-test at each time point, individual p-values are indicated. Expression
levels are normalised to WT controls for each time point.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of analysed
animals per condition. * p < 0.05; ** p < 0.01; ns, not significant.

3.3

Discussion

Aberrant Wnt signalling has been implicated in multiple aspects of AD pathogenesis,
including synapse dysfunction and loss, Aβ pathology and memory impairment (Dickins
and Salinas, 2013; De Ferrari and Moon, 2006; De Ferrari et al., 2014; Garcı́a-Velázquez
and Arias, 2017; Inestrosa and Arenas, 2010; Inestrosa and Varela-Nallar, 2014; Libro et
al., 2016; Liu et al., 2014; Purro et al., 2014). Studies and reviews on this topic frequently
refer to genetic evidence as further support for a link between deficient Wnt signalling and
AD (Dickins and Salinas, 2013; Inestrosa and Arenas, 2010; Inestrosa and Varela-Nallar,
2014; Liu et al., 2014; Marzo et al., 2016; Purro et al., 2012, 2014). Indeed, based on
genome-wide linkage studies, common genetic LRP6 variants, including LRP6-Val, were
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associated with increased risk for late-onset AD (De Ferrari et al., 2007). However - while
frequently cited - this genetic link and its potential functional implications have not been
examined further. Therefore, the biological relevance of the genetic association and the
potential impact of this variant in vivo remain unknown. In this study, I introduce a novel
knock-in model for LRP6-Val to examine the impact of this variant on adult brain function in
vivo.

The LRP6 Ile-1062-Val substitution could impair protein function
The LRP6 Ile-1062-Val substitution is very conservative, as Ile and Val are highly similar
amino acids and the nonpolar, hydrophobic nature of the residue remains unaltered by
the SNP. At first sight, it may therefore appear unlikely that this SNP would significantly
affect protein structure or function.

However, two well-characterised APP mutations

linked to early-onset AD similarly lead to Ile ↔ Val substitutions, and both have strong
biological effects on APP processing (APP Val-717-Ile (London mutation, rs63750264)
and APP Ile-716-Val (Florida mutation, rs63750399)) (Eckman et al., 1997; Goate et al.,
1991; Hardy and Allsop, 1991; Herl et al., 2009; De Jonghe et al., 2001). This clearly
illustrates that even very conservative substitutions can severely affect protein function.
In addition, the hLRP6 Ile-1062 residue shows high evolutionary conservation across
multiple species and members of the wider protein family. In fact, it resides within an
almost entirely conserved stretch PRAIVV of predominantly hydrophobic amino acids (Fig.
3.1B), suggesting that this region is very likely important for proper protein function. The
location of the LRP6-Val substitution within one of the LRP6 β-propellers also suggests a
potential functional involvement: β-propellers are distinct protein domains with a conserved
architecture and a wide range of different functions (Pons et al., 2003). The β-propeller
regions of LRP6 are critical for ligand binding (Ahn et al., 2011; Bourhis et al., 2011;
Chen et al., 2011b; Gong et al., 2010), and various other mutations within or close
to these domains have been associated with diseases (Mani et al., 2007; Singh et al.,
2013) (for a more detailed discussion of LRP6-Val and ligand binding, refer to chapter 5).
Mimicking Ile-1062, Isoleucine residues are found at the same position in two out of the
other three β-propeller domains of LRP6, further supporting the notion that this amino acid
could have an essential role in β-propeller structure and/or function. Therefore, based on
sequence-based, structural and phylogenetic considerations, the LRP6 Ile-1062-Val variant
could be a harmful allele. Indeed, this conclusion is supported by an automated prediction
tool for SNP analysis, which highlighted the mutation as potentially harmful.
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A novel knock-in model for studying LRP6-Val in the adult and ageing brain
To examine the impact of LRP6-Val on brain function, a novel knock-in mouse was
generated via CRISPR/Cas9 gene editing in collaboration with scientists at the Wellcome
Trust Sanger Institute.

This model enables investigation of LRP6-Val in the most

physiological context possible, avoiding overexpression artefacts and bypassing the need
for any surgical intervention to achieve LRP6-Val expression in the brain.
While this study was focused on the impact of LRP6-Val in the adult and ageing brain,
LRP6 is ubiquitously expressed in the body and found in all major tissue types (The Human
Protein Atlas). LRP6 is critical for embryogenesis and brain development (Pinson et al.,
2000; Zhou et al., 2006, 2004a, 2004b). Given that LRP6-Val is a common variant in
humans and has not been associated with developmental defects, a deleterious phenotype
was not expected in LRP6-Val knock-in mice. Indeed, LRP6-Val mice were viable, fertile
and free of any visible defects. Throughout this study, no abnormalities with regard to litter
sizes, life span or general behaviour were noticed. My results also show that LRP6-Val
does not induce anatomical defects or cell death in the hippocampus. Therefore, LRP6-Val
mice develop normally into adulthood and provide an ideal model system to specifically
study the mature and ageing brain.
LRP6-Val does not impair memory function up to 14 months of age
Two well-established and very different memory tasks (NOR and FC) were chosen in order
to test multiple aspects of memory function in LRP6-Val mice. Defects in both NOR and FC
tests have been observed in multiple AD mouse models (Bonardi et al., 2011; Corcoran et
al., 2002; Dineley et al., 2002; Nagahara et al., 2013; St-Amour et al., 2014; Webster et
al., 2013; Zhang et al., 2012), as well as with blockade of Wnt signalling (Maguschak and
Ressler, 2011; Marzo et al., 2016; Xu et al., 2015). Both contextual and cued fear memory
is impaired in ageing (22 months old) but not in young (6 months old) LRP6 cKO animals
(Liu et al., 2014). My findings indicate that LRP6-Val mice have unimpaired recognition
memory at the age of 8 months and unimpaired fear memory (contextual and cued) at
the age of 12-14 months. Given that memory function is intact in adult mice even with
conditional knockout of LRP6 (Liu et al., 2014), these negative results could be due to
insufficiently advanced age, and older LRP6-Val mice (e.g. at 22 months) may develop
memory impairments (for a broader discussion of the role of age in this study, refer to 6.4).
Due to time constraints (LRP6-Val mice were only available during the second half of my
studies), I was unable to examine LRP6-Val mice at ages beyond 14 months, however
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future studies should include memory tests at older ages.
LRP6-Val confers reduced Wnt signalling in the ageing hippocampus
My analysis of Wnt pathway activity indicates that canonical Wnt signalling is suppressed
in vivo in LRP6-Val mice in an age-dependent manner. Based on Axin2 expression levels
in the hippocampus, Wnt activity is reduced by around 30 % in homozygous LRP6-Val
knock-in mice at 12-14 months, whereas heterozygous mice display a trend towards
reduced Wnt signalling. In addition to Axin2, the expression of several other Wnt target
genes was also evaluated. While the findings were less clear, Btrc and Wnt11 also
showed a tendency towards downregulation in ageing homozygous LRP6-Val mice. Sfrp2
expression was significantly reduced in young adult knock-in mice and showed a trend
towards reduction in ageing LRP6-Val mice. The smaller effect in older mice could be due
to an overall downregulation of Sfrp2 expression with age (data not shown). Despite the
slightly varying profiles of different target genes, these data overall support the conclusion
that LRP6-Val impairs Wnt/β-catenin signalling in vivo in an age-dependent manner. This
is consistent with the previous finding that LRP6-Val confers reduced Wnt signalling in
cell lines, based on a TOPflash assay measuring luciferase activity under control of
TCF/LEF promoter elements (De Ferrari et al., 2007). It should be noted that Wnt target
gene expression does not provide a complete picture of this complex signalling pathway.
Potential transcription-independent effects of LRP6-Val, for example through a divergent
canonical Wnt pathway (Ciani et al., 2004; Lucas and Salinas, 1997; Purro et al., 2008),
are not captured by this readout.
An alternative approach for Wnt signalling analysis in brain tissue relies on the
detection of 'free' (=non-phosphorylated) β-catenin either through specific antibodies or
GST-E-cadherin pull-down assays (Liu et al., 2014). In contrast to the very consistent
results of RT-PCR analysis of Wnt target genes, I obtained highly variable results with
the use of phospho-antibodies against β-catenin (data not shown). As a reliable second
independent method of evaluating Wnt signalling activity in LRP6-Val mice, I therefore
propose the cross to a Wnt reporter line such as the TOPGAL strain, which expresses LacZ
under the control of a LEF/TCF promoter (DasGupta and Fuchs, 1999). This approach
would also allow an in situ spatial analysis of Wnt signalling activity in different subareas of
the hippocampus.
To conclude, in this chapter I presented an initial characterisation of a novel knock-in model
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for the LRP6-Val variant, and found that Wnt signalling is suppressed in ageing LRP6-Val
knock-in mice. In the next chapter I will investigate the question that follows this finding:
Does LRP6-Val affect synapse structure and function in the adult and ageing brain?
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LRP6-Val causes synaptic defects in the ageing
hippocampus
4.1

Introduction

In the pathogenesis of AD, synapse dysfunction and destabilisation are key features
(Forner et al., 2017; Koffie et al., 2011; Selkoe, 2002; Sheng et al., 2012). Synaptic
impairments manifest early and represent the best pathological correlate of cognitive
decline (DeKosky and Scheff, 1990; DeKosky et al., 1996; Jack and Holtzman, 2013; Scheff
et al., 1993, 2006; Terry et al., 1991). Soluble amyloid-β oligomers act as synaptotoxic
agents in AD (Ferreira and Klein, 2011; Mucke and Selkoe, 2012; Palop and Mucke,
2010; Spires-Jones and Hyman, 2014; Tu et al., 2014; Wilcox et al., 2011). They induce
synaptic degeneration both directly, by impairing synaptic function and triggering synapse
elimination, and indirectly, through perturbation of downstream cellular signalling pathways,
which further contributes to synaptic failure (see 1.3.5) (Purro et al., 2014; Reddy and Beal,
2008; Schafer and Stevens, 2010; Stephan et al., 2012).
Wnt signalling is dysregulated in AD, and deficiency of Wnt signalling promotes synaptic
decline (Dickins and Salinas, 2013; De Ferrari et al., 2014; Inestrosa and Varela-Nallar,
2014; Purro et al., 2014). The Wnt antagonist Dkk1 is upregulated in the ageing brain and
by Aβ, and Dkk1-induced suppression of Wnt signalling induces synapse disassembly,
defects in synaptic transmission, impairments in synaptic plasticity and subsequent
memory deficits (Caricasole et al., 2004; Galli et al., 2014; Marzo et al., 2016; Purro
et al., 2012; Rosi et al., 2010). The LRP6 receptor is critical for Wnt-mediated synaptic
maintenance. Deficiency in LRP6 compromises Wnt signalling and synaptic function in the
ageing brain (Liu et al., 2014).
Since synaptic degeneration is a critical aspect of AD etiology, it is important to better
understand the molecular and cellular mechanisms that trigger synapse vulnerability during
ageing. I have shown in the preceding chapter that the AD-linked genetic variant LRP6-Val
suppresses canonical Wnt signalling in the ageing hippocampus. Given the importance of
Wnt signalling for long-term synapse maintenance, this raises the possibility that LRP6-Val
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could affect hippocampal synaptic function and/or stability. In this chapter, I therefore
examine the impact of LRP6-Val on synapses. The following specific questions form the
basis of this chapter:
• Where are LRP6 receptors localised at synapses?
• Are dendritic spines and/or postsynaptic function affected by LRP6-Val?
• Are presynaptic structures and/or function influenced by LRP6-Val?
• Does LRP6-Val affect synapse numbers and/or global synaptic transmission in the
hippocampus?
To address these questions, I used hippocampal brain sections/slices from LRP6-Val
knock-in mice at 7-8 and 12 months of age. Structural analyses were conducted using
confocal microscopy and EM imaging. I also obtained electrophysiological recordings to
examine different aspects of synaptic function. Protein levels were analysed by Western
blot from hippocampal tissue. In addition, I used primary hippocampal cultures transfected
with LRP6-Val for localisation studies and initial assessment of the synaptic impact of the
variant. My results show that endogenous LRP6 is localised at both pre- and postsynaptic
sites, and that LRP6-Val affects synapses both pre- and postsynaptically. Dendritic spine
size is reduced in LRP6-Val expressing neurons in the hippocampus, however no changes
in postsynaptic currents were detected. Presynaptically, LRP6-Val reduces the size and
vesicle content of presynaptic terminals in an age-dependent manner, leading to decreased
neurotransmitter release. Globally however, the strength of synaptic transmission appears
unaffected by LRP6-Val knock-in, and synaptic connectivity in the hippocampus is slightly
increased, hinting at compensatory mechanisms. Together, these findings demonstrate
that a genetic LRP6 variant, which increases AD risk, is associated with structural and
functional synaptic defects in the ageing hippocampus.

4.2. Results

4.2
4.2.1
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Results
LRP6 is localised at pre- and postsynaptic sites of excitatory synapses

Before investigating the potential impact of LRP6-Val on synapses, I examined the
synaptic localisation of the LRP6 receptor. It has previously been reported that LRP6
is predominantly localised at excitatory synapses and present at the PSD (Sharma et
al., 2013), however the precise subcellular localisation of LRP6 at pre- and postsynaptic
sites has not been studied in detail. To ascertain the presence of endogenous LRP6 at
synapses, I prepared a biochemical fraction of synaptosomes (Syn) from rodent brain,
which was further separated into the synaptosomal membrane fraction (SMF) containing
pre- and peri-synaptic structures, and the postsynaptic density (PSD) (Fig. 4.1A). Using
standard pre- and postsynaptic markers (Synaptophysin and Homer1, respectively), I
confirmed an enrichment of synaptic proteins in the synaptosomes, as well as a clear
separation of pre- and postsynaptic fractions (Fig. 4.1A). LRP6 was enriched in the
synaptosome fraction and present in roughly equal amounts in both pre- and postsynaptic
fractions (Fig. 4.1A). This result confirms that endogenous LRP6 is present at synapses
and suggests that the receptor localises to both pre- and postsynaptic compartments.
To validate this result and to discriminate between excitatory and inhibitory synapses, I
performed structured illumination microscopy (SIM) imaging of immunolabelled synapses
in mature hippocampal cultures.

The SIM super-resolution technique provides an

approximately two-fold increase in spatial resolution compared to standard confocal
imaging (Gustafsson, 2000; Hong et al., 2017). In my SIM images, pre- and postsynaptic
structures of individual synapses are well resolved and display minimal fluorescent overlap
(Fig. 4.1B). I examined the synaptic localisation of endogenous LRP6 at both excitatory
and inhibitory synapses, using two different sets of standard synaptic markers. LRP6
was present (either pre- or postsynaptically) at almost 80 % of excitatory, but less than
40 % of inhibitory synapses (Fig. 4.1C). This is consistent with the previous finding that
LRP6 localises mainly to excitatory synapses (Sharma et al., 2013). LRP6 was equally
co-localised with pre- and postsynaptic markers (Fig. 4.1D), confirming the previous result
from biochemical fractionation.
The majority of glutamatergic inputs in the brain are localised on dendritic spines, which
play a critical role in postsynaptic signal transduction and structural synaptic plasticity
(Rochefort and Konnerth, 2012). To assess specifically whether endogenous LRP6 is
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Figure 4.1: LRP6 is localised at pre- and postsynaptic sites of excitatory synapses.
A. Synaptosome preparation from rodent brain with subsequent isolation of pre- and postsynaptic
fractions. Total homogenate (H), synaptosomal fraction (Syn), synaptosomal membrane fraction
(SMF) and postsynaptic density (PSD) are shown. LRP6 is enriched in synaptosomes and
present both pre- and postsynaptically. Syp, synaptophysin. B. SIM images of individual
synapses in DIV21-old hippocampal cultures, labelled with pre- and postsynaptic markers for
excitatory/inhibitory synapses. Endogenous LRP6 shown in red. C. Quantification of synaptic LRP6
localisation from SIM images as shown in B. LRP6 is mainly present at excitatory synapses; 3
independent cultures, 6-8 images per culture, unpaired t-test. D. Quantification of co-localisation
of LRP6 with individual excitatory or inhibitory pre-/postsynaptic markers. LRP6 is present at both
pre- and postsynaptic sites; 3 independent cultures, 6-8 images per culture, unpaired t-tests. E.
Confocal and SIM images of EGFP-labelled dendrites in DIV21-old neuronal cultures containing
endogenous LRP6. Arrows indicate dendritic spines positive for LRP6. F. Quantification of LRP6
localisation at dendritic spines from confocal images as shown in E. LRP6 is present at a subset of
spines; 3 independent cultures, 9-13 cells imaged per culture.
Data presented as mean ± SEM. *** p < 0.001; ns, not significant.
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present at dendritic spines, I quantified the percentage of spines containing LRP6 puncta
in confocal images of EGFP-labelled cultured neurons (Fig. 4.1E, first panels). LRP6
was present in approximately 35 % of dendritic spines (Fig. 4.1F). Higher-resolution SIM
images confirmed the presence of LRP6 in a subset of spines (Fig. 4.1E, second panels,
not quantified). Given that 80 % of excitatory synapses contain LRP6 (see Fig. 4.1C), this
suggests that at roughly half of those LRP6 is present on the postsynaptic side, whereas
the other half contain LRP6 presynaptically. Together, these findings demonstrate that
endogenous LRP6 is enriched predominantly at excitatory synaptic sites, and is present at
both pre- and postsynaptic compartments, including in dendritic spines.
Based on these results I decided to focus on investigating LRP6-Val at excitatory synapses.
I also reasoned that LRP6-Val could affect both pre- and postsynaptic structure/function.
My subsequent experiments were therefore designed to investigate the impact of LRP6-Val
both pre- and postsynaptically at excitatory synapses.

4.2.2

LRP6-Val affects dendritic spines but not mEPS currents or surface AMPAR
levels in hippocampal cultures

For an initial assessment of potential postsynaptic effects of LRP6-Val expression, I used
primary hippocampal cultures sparsely transfected with either hLRP6-Ile or hLRP6-Val.
The LRP6 chaperone MESD, which is required for folding of the LRP6 extracellular domain,
was co-transfected in low amounts (Hsieh et al., 2003; Liu et al., 2014), and EGFP-actin
was expressed for the visualisation of neuronal morphology and dendritic spines (Fig.
4.2A) . As a control, I examined neurons that were only transfected with EGFP-actin.
Overexpression of LRP6-Ile/Val was validated by immunostaining with an LRP6 antibody,
which showed highly elevated LRP6 levels in transfected compared to non-transfected
cells, both in the cell body and along neuronal processes (Fig. 4.2B). Analysis of dendritic
spines showed that LRP6-Ile increased spine head width, but LRP6-Val failed to do so
(Fig. 4.2C-D). In addition, LRP6-Val induced a decrease in spine density compared to
control and LRP6-Ile expressing cells (Fig. 4.2C-D). The increase in spine size induced
by LRP6-Ile mimics the effect of postsynaptic Dvl1 expression and is consistent with
postsynaptic activation of Wnt signalling and stimulation of spine enlargement (Ciani et al.,
2011). In contrast, LRP6-Val appears deficient in promoting dendritic spine growth.
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Figure 4.2: LRP6-Val affects dendritic spines in mature hippocampal cultures.
A. In vitro system used for examining the impact of LRP6-Val on postsynaptic structures. B.
Confocal images of control and LRP6-Ile/Val expressing cells, showing overexpression of LRP6.
The LRP6 signal in control cells represents endogenous mouse LRP6. C. Confocal images
of dendritic spines and Homer1 puncta along dendrites of control and LRP6-Ile/Val expressing
neurons. D. LRP6-Val expression leads to reduced spine density; one-way ANOVA and Tukey's
post-hoc test. LRP6-Val fails to increase spine size, Kruskal-Wallis test. 3 independent cultures,
8-10 cells imaged per culture. E. LRP6-Val expression leads to fewer and smaller dendritic Homer1
puncta compared to LRP6-Ile; 2 independent cultures, 8-10 cells imaged per culture, one-way
ANOVA tests with Tukey's post-hoc test.
Data presented as mean ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant.
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The main functional unit within dendritic spines is the postsynaptic density which serves
as an integrating signalling platform for the postsynaptic compartment.

As a second

structural postsynaptic readout separate from spine morphology, I examined Homer1, a
core postsynaptic scaffolding protein (Sala et al., 2001). Consistent with reduced spine
size and density, LRP6-Val expression was associated with smaller volume and decreased
density of Homer1 puncta along dendrites in comparison with LRP6-Ile expressing cells
(Fig. 4.2C, E). Due to the sparse nature of the transfection, LRP6-Ile/Val expressing
neurons are contacted almost exclusively by non-transfected axons in this system (see
Fig. 4.2A). This experiment therefore provides insight into the impact of purely postsynaptic
LRP6 manipulation. The results show that postsynaptic LRP6-Val expression is associated
with defects in spine morphology and density, indicating that LRP6-Val negatively impacts
postsynaptic structures in vitro.
Spine morphology is closely linked to AMPAR content and therefore postsynaptic function
(Noguchi et al., 2011; Zito et al., 2009). To examine potential alterations of postsynaptic
function associated with LRP6-Val, I performed whole-cell patch-clamping experiments.
Using the same in vitro system as for spine analyses, I recorded miniature excitatory
postsynaptic currents (mEPSCs) from mature control and LRP6-Ile/Val expressing
neurons, identified by EGFP fluorescence (Fig.

4.3A-B). Surprisingly, despite the

LRP6-Val-induced reduction in spine size and number (see Fig. 4.2), I did not detect
significant changes in mEPSC frequency or amplitude (Fig.

4.3B-C). Therefore, the

observed changes in dendritic spines of LRP6-Val expressing neurons did not translate into
detectably reduced postsynaptic function in mEPSC recordings (see 4.3 for a discussion
of this result).
mEPSCs are AMPA receptor-mediated, and levels of synaptic AMPA receptors are a
critical determinant of synaptic strength (Malinow and Malenka, 2002). To broadly evaluate
whether LRP6-Val induced any changes in the levels of total or cell surface AMPARs, I
examined the AMPAR subunit GluA1 in homogenate and surface fractions of LRP6-Ile/Val
expressing cells.

For this experiment, LRP6-Ile/Val were transfected in hippocampal

neurons via nucleofection to maximise transfection rates (typically around 30-40 %). No
changes in total levels of GluA1 were detected with LRP6-Ile or -Val expression (Fig.
4.3D-E). Surface biotinylation showed that relative surface levels of GluA1 were similarly
unaltered (Fig. 4.3D-E). While this experiment only provides a crude readout of global
AMPAR levels, it suggests that LRP6-Val expression does not strongly alter total or cell
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Figure 4.3: LRP6-Val does not alter mEPSCs or AMPAR levels in mature hippocampal
cultures.
A. In vitro system used for examining the impact of LRP6-Val on postsynaptic function. mEPSCs
were recorded from DIV21-old control and hLRP6-Ile/Val expressing neurons in whole-cell
patch-clamp experiments. B. Representative traces showing mEPSC currents. C. LRP6-Ile/Val
expression does not affect mEPSC frequency or amplitude compared to the control condition;
cells recorded from 3 independent cultures, Kruskal-Wallis test for frequency, one-way ANOVA
for amplitude. D. Total and surface GluA1 levels in control and LRP6-Ile/Val expressing neurons,
assessed by surface biotinylation analysis of DIV13-old hippocampal cultures. The mock condition
was processed without addition of biotin and represents a negative control. E. Quantification of
total GluA1 levels (normalised to β-tubulin) and surface/total GluA1 ratio. LRP6-Val does not induce
significant changes in total or cell surface GluA1 levels; 5 independent cultures, one-way ANOVA
tests.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of patched cells
per condition. ns, not significant.

surface AMPAR levels in cultured neurons. This may explain why postsynaptic currents in
mEPSC recordings remain unaffected by LRP6-Val. Collectively, these findings show that
LRP6-Val impairs spine morphology and number in hippocampal cultures, without affecting
AMPAR levels or postsynaptic currents.

Therefore, my postsynaptic in vitro analysis

suggests that there are structural postsynaptic changes associated with LRP6-Val.
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LRP6-Val knock-in reduces spine size of CA1 pyramidal cells without
affecting sEPS currents or hippocampal AMPAR levels

Following these results, I examined the in vivo impact of LRP6-Val on postsynaptic
structures. I analysed dendritic spines on the apical dendrites of CA1 pyramidal neurons in
adult LRP6-Val knock-in mice crossed to a Thy1-GFP reporter line (Feng et al., 2000) (Fig.
4.4A). While I observed no differences in spine numbers between WT and LRP6-Val mice
at 8-9 months of age, spine head width was reduced in both hetero- and homozygous
knock-in mice (Fig. 4.4A-B). Therefore, at the age of 8-9 months, LRP6-Val knock-in
partially recapitulates the effect of LRP6-Val expression in hippocampal cultures. These
findings show that LRP6-Val affects the morphology of dendritic spines in the adult
hippocampus.
To evaluate the potential impact of altered spine size on synaptic function, I conducted
whole-cell patch-clamping experiments in brain slices of WT and LRP6-Val mice at 7-8
months. Based on recordings from CA1 pyramidal neurons, I examined the frequency
and amplitude of spontaneous excitatory postsynaptic currents (sEPSCs).

For other

purposes, these recordings were set up to include stimulation of Schaffer collaterals and
the corresponding evoked responses from CA1 cells (see Figs. 4.7 and 4.8). To assess
spontaneous synaptic activity, however, only the synaptic currents in between stimulation
events were taken into account (marked with asterisks in Fig.

4.4C). I observed no

significant difference in sEPSC frequency or amplitude between WT and LRP6-Val neurons
(Fig. 4.4C-D). Therefore, similar to in vitro results, spontaneous synaptic transmission
appears unaffected despite LRP6-Val-induced postsynaptic structural changes.
AMPAR levels based on the GluA1 subunit were also analysed in hippocampal tissue
from LRP6-Val knock-in mice. No changes in the total GluA1 levels were detected (Fig.
4.4E-F). Phosphorylation of GluA1 at the S845 residue is key for AMPAR trafficking
to the cell surface (Ehlers, 2000; Esteban et al., 2003; Lee et al., 2000b; Oh et al.,
2006). I quantified relative levels of S845-phosphorylated GluA1 (p-GluA1) as a proxy for
AMPAR surface levels. LRP6-Val did not affect the ratio of p-GluA1 to total GluA1 (Fig.
4.4E-F). These findings are consistent with my in vitro results and suggest that LRP6-Val
affects postsynaptic sites structurally by reducing spine size, but does not cause significant
impairments in AMPAR surface localisation or spontaneous synaptic transmission.
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Figure 4.4: LRP6-Val induces spine defects in vivo without affecting sEPSCs or AMPARs.
A. Dendritic spines were analysed at 8-9 months in LRP6-Val knock-in mice crossed to a Thy1-GFP
line. Confocal images of apical dendrites of CA1 pyramidal neurons in WT and LRP6-Val mice. B.
LRP6-Val knock-in does not affect spine density; one-way ANOVA. LRP6-Val reduces spine head
width in knock-in mice; Kruskal-Wallis test. 7-8 cells imaged per animal. Considering average
values per animal gives p=0.09 between WT and LRP6 Ile/Val and p=0.05 between WT and
LRP6 Val/Val, one-way ANOVA with Tukey's post-hoc tests. C. Representative traces of whole-cell
patch-clamp recordings of CA1 neurons from WT and LRP6-Val brain slices at 7-8 months. sESCs
are marked with asterisks, 'Stim.' indicates stimulation-evoked currents which are ignored for
the assessment of sEPSCs. D. Quantification of sEPSCs shows no differences in frequency
or amplitude between WT and LRP6-Val knock-in; Mann-Whitney test for frequency, t-test for
amplitude. Cells recorded from 5 animals per genotype. E. Levels of total and S845-phosphorylated
GluA1 in the hippocampus of 7-month-old WT and LRP6-Val mice. F. LRP6-Val does not induce
detectable changes in total GluA1 levels (normalised to β-actin) or in the ratio of p-GluA1 to total
GluA1; one-way ANOVA tests.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of analysed
animals (panels B and F) or patched cells per genotype (panel D). *** p < 0.001; ns, not
significant.
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LRP6-Val fails to stimulate the formation of presynaptic sites on axons in
neuronal cultures

For an initial evaluation of potential presynaptic effects associated with LRP6-Val, I returned
to primary neuronal cultures. Dissociated hippocampal neurons were transfected with
hLRP6-Ile/Val and EGFP-actin via nucleofection and then plated at very low densities to
enable the examination of presynaptic sites on isolated axons of transfected cells (Fig.
4.5A). The dendritic marker MAP2 was used to distinguish between dendrites and axons,
and excitatory presynaptic sites were labelled by a vGlut1 antibody (Fig. 4.5B). This system
provided an opportunity to assess cell-autonomous presynaptic effects of LRP6-Val without
any confounding postsynaptic influences. Expression of LRP6-Ile doubled the number of
vGlut1 puncta on isolated axons in comparison to control cells expressing only EGFP-actin,
consistent with activation of Wnt signalling through LRP6 (Fig.

4.5C-D). In contrast,

LRP6-Val failed to stimulate the formation of presynaptic sites and did not alter vGlut1
puncta density compared to control cells (Fig. 4.5C-D). Therefore, the LRP6 Ile-1062-Val
substitution abolishes the ability of LRP6 to promote the formation of presynaptic terminals
in vitro.

4.2.5

LRP6-Val knock-in leads to an age-dependent reduction in the size and
vesicle content of presynaptic terminals

To examine the presynaptic effects of LRP6-Val in vivo, I quantified the volume and density
of vGlut1-labelled excitatory presynaptic terminals in the stratum radiatum area of the CA1
subfield in brain slices of WT and LRP6-Val knock-in mice. In young adult LRP6-Val mice
at 5 months of age, I did not detect changes in vGlut1 puncta volume or density compared
to WT controls (Fig. 4.6A-B). In older subjects at the age of 12 months, however, vGlut1
puncta volume and density were significantly reduced in homozygous LRP6-Val mice (Fig.
4.6C-D). 12-month-old heterozygous LRP6-Val mice showed a similar reduction in vGlut1
puncta volume, without detectable changes in density (Fig. 4.6C-D). These results show
that LRP6-Val affects presynaptic structures in vivo in an age-dependent manner.
The smaller size of presynaptic terminals in LRP6-Val knock-in mice suggested that
synaptic vesicle content could be affected. To examine LRP6-Val-induced changes in
presynaptic structure in greater detail, I conducted ultrastructural analyses of presynaptic
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Figure 4.5: LRP6-Val fails to induce formation of presynaptic sites on axons in hippocampal
cultures.
A. Schematic illustration of the in vitro system used to examine presynaptic effects of LRP6-Val
expression. LRP6-Ile/Val expressing neurons were plated at very low densities and vGlut1 puncta
analysed on isolated axons at DIV13-14. B. Confocal images of the axon of a transfected cell
and neighbouring dendrites of a non-transfected cell. MAP2 labelling allows a clear distinction
between dendrites and axons. C. Confocal images of vGlut1 puncta on isolated axons of control
and hLRP6-Ile/Val expressing cells. D. Quantification of vGlut1 puncta density on axons based
on images as shown in C. LRP6-Ile expression increases the number of vGlut1 puncta on axons,
whereas LRP6-Val fails to promote the assembly of presynaptic sites; 4 independent cultures, 10-12
axons imaged per culture, one-way ANOVA with Tukey's post-hoc test.
Data presented as mean ± SEM. n=4 independent cultures. * p < 0.05; ** p < 0.01; ns, not
significant.

terminals in the CA1 stratum radiatum area, using EM imaging of brain sections from
12-month-old WT and homozygous LRP6-Val mice. Asymmetric, excitatory synapses
were identified by the apposition of synaptic vesicles and an electron-dense PSD region
(Fig. 4.6E). An examination of individual synapses showed that, while PSD length was
unaffected, LRP6-Val knock-in significantly reduced the number of synaptic vesicles in
presynaptic terminals (Fig. 4.6E-F). Therefore, LRP6-Val mice exhibit decreased synaptic
vesicle content of excitatory presynaptic sites in the hippocampus, leading to smaller
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Figure 4.6: LRP6-Val reduces size and vesicle content of presynaptic terminals in the ageing
hippocampus at 12 months.
A. Confocal images of vGlut1-labelled excitatory presynaptic terminals in the CA1 stratum radiatum
area of WT and LRP6-Val knock-in mice at 5 months. B. Quantification of vGlut1 volume and
density shows no differences between WT and LRP6-Val mice at 5 months; 8-10 images per animal,
unpaired t-tests. C. Confocal images of vGlut1 puncta in 12-month-old WT and LRP6-Val mice. D.
LRP6-Val knock-in reduces the volume of vGlut1 puncta; 6-10 images per animal, one-way ANOVA
with Tukey's post-hoc test. Considering average values per animal, the p-values are p=0.02 between
WT and LRP6 Ile/Val and p=0.02 between WT and LRP6 Val/Val, one-way ANOVA with Tukey's
post-hoc test. In homozygous LRP6-Val carriers, vGlut1 density also appears reduced; 6-10 images
per animal, Kruskal-Wallis test. Considering average values per animal, there are no significant
differences, Mann-Whitney test. E. Electron microscopy images of individual excitatory synapses of
12-month-old WT and LRP6-Val mice, showing synaptic vesicles and the postsynaptic density. F.
LRP6-Val knock-in reduces the synaptic vesicle content of presynaptic terminals; 19-25 images per
animal, Mann-Whitney test. Considering average values per animal, the p-value is p=0.07, one-way
ANOVA with Tukey's post-hoc test. PSD length is unaffected by LRP6-Val knock-in; Mann-Whitney
test.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of analysed
animals per genotype. ** p < 0.01; *** p < 0.001; ns, not significant.

presynaptic terminals. These findings clearly demonstrate that LRP6-Val compromises
presynaptic structure in an age-dependent manner in vivo.
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LRP6-Val reduces the presynaptic release probability at hippocampal SC-CA1
synapses

The synaptic vesicle content of a presynaptic terminal is a key determinant of
neurotransmitter release probability (Ariel et al., 2012; Branco and Staras, 2009; Dobrunz,
2002; Dobrunz and Stevens, 1997; Murthy et al., 2001). To investigate the effect of
reduced vesicle content associated with LRP6-Val on presynaptic function, I measured the
release probability of individual synapses in WT and LRP6-Val mice by electrophysiology.
One major presynaptic input to CA1 pyramidal cells comes from CA3 neurons via the
Schaffer collateral (SC) fibres, which contact apical dendrites of CA1 neurons in the
stratum radiatum. To examine release probability at SC-CA1 synapses, I delivered paired
stimulations to SC axons and recorded the evoked responses from CA1 pyramidal neurons
by whole-cell patch-clamping of the soma (Fig.

4.7A). This paired-pulse stimulation

protocol is commonly used to estimate synaptic release probability (Dobrunz and Stevens,
1997; Fioravante and Regehr, 2011; Regehr, 2012). Briefly, two electrical pulses are
delivered to the SC fibres within 50-200 ms of each other, and both evoke a postsynaptic
current, which is recorded from the patched CA1 cell (Fig. 4.7B). The peak amplitude
ratio of the second to the first evoked current is called the paired pulse ratio (PPR). At
SC-CA1 synapses, paired-pulse facilitation is observed, i.e. the second peak amplitude
is larger than the first. The highest degree of facilitation is observed for inter-stimulus
intervals of ~20-50 ms, and typical PPR values range from 1.3 to 1.6 (Ciani et al.,
2015; Eckert et al., 2010; Morelli et al., 2014; Wang et al., 2009). This phenomenon
is commonly explained by residual elevated Ca2+ levels in the presynaptic terminal after
the first pulse, increasing the probability of release for the following stimulation (Fioravante
and Regehr, 2011; Katz and Miledi, 1968; Regehr, 2012; Zucker, 1989). PPR values are
inversely correlated with release probability, as lower initial release probability leaves more
fusion-competent vesicles remaining for the second pulse, leading to a higher degree of
facilitation (Debanne et al., 1996; Dobrunz and Stevens, 1997; Thomson, 2000). Using
the paired-pulse stimulation protocol with stimulus intervals of 50, 100, 150 and 200 ms,
I obtained PPR values for SC-CA1 synapses in brain slices of WT and LRP6-Val mice at
7-8 months (Fig. 4.7B-C). LRP6-Val containing synapses exhibited significantly increased
PPR compared to WT at 50 and 100 ms inter-stimulus intervals, consistent with reduced
release probability (Fig. 4.7B-C). This finding demonstrates that LRP6-Val knock-in impairs
presynaptic function, compromising neurotransmitter release at the SC-CA1 synapse.
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Figure 4.7: LRP6-Val reduces presynaptic release probability at SC-CA1 synapses at 7-8
months.
A. Paired-pulse responses were obtained by stimulation of SC fibres and whole-cell patch-clamp
recording of evoked currents from CA1 pyramidal neurons. B. Representative paired-pulse currents
recorded from WT and LRP6-Val brain slices at different inter-stimulus intervals (ISIs). C. LRP6-Val
knock-in leads to increased PPR values at short ISIs, corresponding to reduced release probability;
unpaired t-test for each ISI. Recordings from 4-5 animals per genotype.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of patched cells
per genotype. * p < 0.05; ns, not significant.

4.2.7

LRP6-Val does not affect global synaptic transmission in an input-output-analysis,
possibly due to a compensatory increase in synaptic connectivity

LRP6-Val-induced structural and functional synaptic defects suggested that this variant
may cause an impairment of synaptic communication in the hippocampus. To evaluate
the impact of LRP6-Val on overall synaptic connectivity and function, I examined synaptic
protein levels, total synapse numbers and global synaptic transmission in WT and LRP6-Val
mice. No significant differences in the hippocampal levels of core pre- and postsynaptic
proteins (Synaptophysin and Homer1, respectively) were observed between WT and
knock-in mice at the age of 12 months (Fig. 4.8A-B). To determine more precisely
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Figure 4.8: LRP6-Val does not globally affect synaptic proteins or transmission and
increases synapse numbers.
A. Hippocampal synaptic protein levels in WT/LRP6-Val mice at 12 months. B. There is no
difference in total Homer1 or Synaptophysin levels between WT and LRP6-Val mice; one-way
ANOVA tests. C. EM images showing asymmetric excitatory synapses (red arrows) in the CA1
stratum radiatum area of WT/LRP6-Val mice at 12 months. D. LRP6-Val causes an increase in
synapse number, based on quantification of EM images as shown in C; 37-45 images per animal.
Mann-Whitney test. Considering average values per animal, the p-value is p=0.04, one-way ANOVA
with Tukey's post-hoc test. E. Input-output curves were obtained in WT/LRP6-Val brain slices at 7-8
months, via stimulation of SC fibres with varying intensity and recording of EPSCs in CA1 pyramidal
cells. F. Representative traces of postsynaptic currents elicited at different stimulation intensities. G.
LRP6-Val does not induce changes in an SC-CA1 input-output curve; repeated-measures ANOVA.
12-14 cells recorded from 4-5 animals per genotype.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of analysed
animals per genotype. * p < 0.05; ns, not significant.
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if LRP6-Val affected any change in excitatory synapse numbers, I counted asymmetric
synapses in EM images of the CA1 stratum radiatum of 12-month-old WT and homozygous
LRP6-Val mice (Fig. 4.8C-D). Interestingly, I observed a moderate overall increase in
synapse numbers in LRP6-Val mice (Fig. 4.8C-D). With a different method for quantifying
total synapse numbers (co-localised puncta of pre- and postsynaptic markers using
immunolabelling), I obtained variable results (data not shown). Therefore, this result from
EM analysis requires further confirmation. However, it is conceivable that an increase
in total synapse numbers could counteract LRP6-Val-induced synaptic deficits, thereby
preserving global synaptic network function.
I tested the impact of LRP6-Val on the overall strength of synaptic communication
between CA3 and CA1 in an input-output (I-O) analysis, using brain slices from WT and
LRP6-Val mice (Fig. 4.8E). The peak amplitudes of evoked postsynaptic currents in CA1
neurons, elicited by stimulation of SC fibres with increasing stimulus intensities, represent
a measure of the strength of synaptic transmission in this circuit (Fig. 4.8E-F). The size
of the postsynaptic response in this protocol is influenced by total synaptic connectivity,
presynaptic release and postsynaptic efficacy, providing a combined readout of multiple
factors involved in synaptic transmission. No significant differences were observed between
I-O curves of 7-8-month-old WT and LRP6-Val knock-in mice even at high stimulation
intensities (Fig. 4.8F-G), suggesting that overall synaptic communication between CA3
and CA1 is unaffected by LRP6-Val. Although this experiment was conducted at a younger
age than EM analyses (7-8 versus 12 months), transmitter release is reduced at this
younger age (see Fig. 4.7). This result therefore strengthens the notion that compensatory
mechanisms may operate at the network level to offset presynaptic dysfunction, possibly
via an increase in synapse numbers (see 6.5 for further discussion).

4.3

Discussion

Structural and functional damage to synapses in the brain is one of the pathological
hallmarks of AD that underlies progressive cognitive decline (Forner et al., 2017; Koffie
et al., 2011; Sheng et al., 2012; Terry et al., 1991). Deficient Wnt signalling, particularly
due to reduced function of the LRP6 receptor, contributes to synapse vulnerability in the
ageing brain and exacerbates AD pathogenesis (Inestrosa and Varela-Nallar, 2014; Liu
et al., 2014; Purro et al., 2014). The common genetic variant LRP6-Val represents an
intriguing genetic link between late-onset AD and the Wnt pathway (De Ferrari et al., 2007).
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However, why or how the LRP6-Val variant increases AD susceptibility remains unknown. I
have shown in the previous chapter that LRP6-Val is associated with reduced Wnt signalling
in the ageing hippocampus. In this chapter, I have tested the hypothesis that LRP6-Val
could affect hippocampal synapse structure and function.
LRP6 localisation suggests a direct involvement in pre- and postsynaptic function
My results show that LRP6 is present at most excitatory synapses and localises to both
pre- and postsynaptic sites (Fig. 4.1). This contrasts with the synaptic distribution of some
Fz receptors with defined roles at either pre- or postsynaptic sites. Fz1 and Fz5 are both
localised specifically at presynaptic terminals and mediate the presynaptic effects of Wnt3a
and Wnt7a, respectively (Sahores et al., 2010; Varela-Nallar et al., 2009). Fz7, on the other
hand, acts as an exclusively postsynaptic receptor for Wnt7a (McLeod et al., under review).
It is plausible that LRP6 cooperates with different Fz receptors at pre- and postsynaptic
compartments to activate canonical Wnt signalling.
LRP6-Val confers structural defects in dendritic spine morphology
Dendritic spines are highly specialised postsynaptic structures that receive the majority of
excitatory input in the mammalian brain (Hering and Sheng, 2001; Rochefort and Konnerth,
2012). LRP6-Val is associated with smaller spine head width both in vitro and ex vivo
(Figs. 4.2 and 4.4). This resembles the effect of suppressed Wnt signalling: Wnt7a/Dvl1
knockout is associated with smaller dendritic spines (Ciani et al., 2011); similarly, Dkk1
expression causes spine shrinkage in the adult hippocampus (Lopes, Podpolny and
Salinas, unpublished data). Other Wnt antagonists such as Wif-1 and Sfrp1 also decrease
spine size of hippocampal neurons (Hiester et al., 2013). Conversely, activation of Wnt
signalling by Wnt7a stimulates spine growth (Ciani et al., 2011). Therefore, LRP6-Val
knock-in mimics the spine phenotype associated with deficient Wnt signalling.
In vitro expression of LRP6-Ile promotes spine enlargement (Fig. 4.2). This is consistent
with Wnt signalling activation, which is known to occur with LRP6 expression in cell lines
(Lemieux et al., 2015; Li et al., 2004; Tung et al., 2012). Spine growth is similarly induced by
Dvl1 expression (Ciani et al., 2011). Therefore, postsynaptic activation of Wnt signalling by
LRP6-Ile through endogenous Wnts in the culture increases spine size. LRP6-Val, on the
other hand, fails to stimulate spine growth, suggesting it is deficient in mediating the action
of Wnts. This aligns with the observed reduction of Wnt signalling in LRP6-Val mice.
LRP6-Val reduces spine number in hippocampal cultures, but not in knock-in mice at 8-9
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months of age. Therefore, spine defects associated with LRP6-Val appear less severe in
vivo compared to in vitro analysis. Similarly, Dkk1 induces spine loss in vitro but not in
vivo (Lopes, Podpolny and Salinas, unpublished data). Spine density may be affected in
older LRP6-Val mice, consistent with the late onset of Wnt dysregulation (I am currently
examining this). The effects of Wnt signalling manipulation can also be region-dependent
within the hippocampus (Gogolla et al., 2009). Therefore, other areas apart from the CA1
region could be examined for spine defects.
In summary, LRP6-Val causes structural postsynaptic defects in spine morphology both in
vitro and ex vivo.
LRP6-Val-induced spine defects have no discernible functional impact
Spine morphology is closely linked to biochemical reactions taking place inside the spine
head, therefore spine geometry is typically seen as a correlate of the function of spine
synapses (Rochefort and Konnerth, 2012; Sala and Segal, 2014; Yuste et al., 2000). There
is a well-established correlation between spine head volume, PSD size, AMPA receptor
content and synaptic strength (Ashby and Isaac, 2011; Baude et al., 1995; Béı̈que et al.,
2006; Harris and Stevens, 1989; Matsuzaki et al., 2001; Noguchi et al., 2011; Takumi et
al., 1999; Zito et al., 2009). I therefore investigated the potential functional implications
of altered spine morphology due to LRP6-Val. Surprisingly, I did not detect changes in
frequency or amplitude of AMPAR-mediated currents in mEPSC/sEPSC recordings from
cultured LRP6-Val expressing cells or brain slices of LRP6-Val knock-in mice (Figs. 4.3
and 4.4). There are different possible explanations for this result: First, with spine size
changing only by ~15 %, small functional changes may be occluded, particularly for
synaptic currents from distal parts of the dendritic arbour. Second, postsynaptic strength
could remain unaffected by the structural changes. LRP6-Val did not affect the levels of
surface/phosphorylated AMPARs as detected by Western blot. This analysis only provides
a crude readout of synaptic AMPAR levels, but raises the possibility that normal AMPAR
content may be maintained in dendritic spines of LRP6-Val expressing neurons despite
smaller spine sizes.
There is precedent for structure/function uncoupling of dendritic spines: Synaptic weights
scale with distance from the soma in CA1 neurons, yet this is not reflected in different
spine volumes (Smith et al., 2003). Chronic suppression of presynaptic input leads to
a homeostatic increase in synaptic strength without a discernible effect on spine volume
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(Béı̈que et al., 2011). Even long-term synaptic depression is not always associated with
a change in spine size (Sdrulla and Linden, 2007). Spine analysis in an inducible Dkk1
mouse model mimics my results with LRP6-Val mice: Wnt blockade by Dkk1 induces
a reduction in spine head width on CA1 neurons without affecting spine density (Lopes,
Podpolny and Salinas, unpublished data), however mEPSC amplitude remains unchanged
(Marzo et al., 2016). Collectively, these findings indicate that divergences between spine
morphology and synaptic strength are not uncommon.
More accurate analyses of synaptic AMPAR content will elucidate the mechanistic
underpinnings of diverging spine form and function. Immunolabelling of GluA1 together
with synaptic markers in brain slices of LRP6-Val/Thy1-GFP mice (at ages of ~12 months
and in parallel to morphological analyses and mEPSC recordings) will provide important
insight.
LRP6-Val induces presynaptic structural and functional defects
LRP6-Val appears to have a stronger impact pre- than postsynaptically. LRP6-Val fails
to stimulate the formation of presynaptic sites in vitro (Fig. 4.5), and is associated with
smaller presynaptic terminals with fewer synaptic vesicles and reduced release probability
in LRP6-Val knock-in mice (Figs. 4.6 and 4.7).
Expression of LRP6-Ile promotes the formation of vGlut1-labelled presynaptic sites on
isolated axons in culture. LRP6-Ile herein closely mimics the effect of Fz1 and Fz5,
which act as presynaptic receptors for Wnt3a and Wnt7a, respectively (Sahores et al.,
2010; Varela-Nallar et al., 2009). Therefore, LRP6 may be cooperating with Wnt3a/Fz1 or
Wnt7a/Fz5 in promoting presynaptic differentiation. In the LRP6-Val variant this ability is
abolished. As with the failure of LRP6-Val to stimulate spine growth (Fig. 4.2), this again
indicates a deficiency of function of this variant.
Knock-in of LRP6-Val leads to an age-dependent reduction of vGlut1 puncta volume in the
CA1 stratum radiatum area of the hippocampus. LRP6-Val does not impair developmental
formation of presynaptic sites (no defects at 5 months), but rather induces shrinkage of
terminals and reduction of vesicle numbers in the ageing hippocampus (at 12 months
in both hetero- and homozygous mice). My analysis suggests that terminal density may
also be decreased in homozygous LRP6-Val mice, similar to in vitro findings on isolated
axons. However, this could be an artificial result due to reduced puncta volume and the
thresholding analysis of puncta by intensity and size: Very small/dim puncta may be 'lost'
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during image acquisition or analysis, creating the impression of reduced puncta density
in addition to reduced volume. EM analysis of total synapse numbers indeed does not
support a widespread loss of presynaptic terminals in LRP6-Val mice, rather the opposite
(see Fig. 4.8 and below). The reduction in vGlut1 puncta density could also represent
a loss of predominantly non-synaptic vGlut1 clusters.

Different presynaptic markers

(and their co-localisation with postsynaptic markers) should be examined to resolve this
question.
The availability of fusion-competent vesicles influences transmitter release at synapses
(Ariel et al., 2012; Branco and Staras, 2009; Dobrunz, 2002; Dobrunz and Stevens, 1997;
Murthy et al., 2001). Reduced synaptic vesicle content due to LRP6-Val correlates with
decreased release probability, measured as an increase in paired-pulse ratio. This release
deficiency is most pronounced at a short 50 ms inter-stimulus interval, at which paired
pulse facilitation at SC-CA1 synapses is largest. It is common for PPR changes to be most
evident at short pulse intervals (Contractor et al., 2001; Jo et al., 2014).
The presynaptic impact of LRP6-Val is consistent with substantial evidence supporting a
role for Wnt signalling in presynaptic structure and neurotransmitter release. Short-term
suppression of Wnt signalling by Sfrps lowers presynaptic release probability (Ciani et
al., 2015). In vivo Wnt deficiency due to Wnt7a;Dvl1 knockout is also associated with
reduced synaptic vesicle numbers and decreased transmitter release (Ciani et al., 2015).
Dkk1-mediated Wnt blockade in the adult striatum reduces the number of synaptic vesicles
at cortico-striatal synapses, impairing transmitter release (Galli et al., 2014). In contrast,
Wnt7a increases release probability and synaptic vesicle exocytosis in hippocampal
neurons (Cerpa et al., 2008; Ciani et al., 2015).

Wnt3a similarly promotes vesicle

release and synaptic transmission (Avila et al., 2010; Varela-Nallar et al., 2009). To my
knowledge, the role of LRP6 in presynaptic release has not been studied. My results
show that deficiency in Wnt signalling associated with the LRP6-Val variant compromises
presynaptic structure and function in an age-dependent manner. This suggests that LRP6
function is required for the maintenance of the presynaptic release apparatus in the ageing
hippocampus.
Compensatory mechanisms may counteract LRP6-Val-induced synaptic deficits
A reduction in neurotransmitter release can impair synaptic transmission, perturb signal
propagation and compromise synaptic communication in a neuronal network (Ayata et al.,
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2000; Jo et al., 2014; Kong et al., 2009; Lundblad et al., 2012; Nemani et al., 2010; Shen,
2010). No global defect in glutamatergic transmission was detected in LRP6-Val mice at
7-8 months by input-output analysis at SC-CA1 synapses, even though release probability
is decreased at this age (see Fig. 4.8 and above). Similarly, reduced transmitter release
did not cause detectable changes in sEPSC frequency (see Fig. 4.4).
LRP6-Val-induced presynaptic defects may not (yet?) be sufficiently severe at this age
to inflict damage on global synaptic transmission in the CA3-CA1 circuit. An alternative
explanation is that compensatory mechanisms actively counteract functional deficits.
Ultrastructural analysis of excitatory synapses in the CA1 revealed an increase in total
synapse numbers in LRP6-Val mice at 12 months, with an effect size comparable to
presynaptic defects. Since this finding has not yet been confirmed with an independent
method such as immunolabelling of synapses, it should be interpreted cautiously. Western
blot analysis did not show changes in the global levels of pre- or postsynaptic proteins in
LRP6-Val mice at this age, however this method lacks sensitivity. For a comprehensive
analysis of hippocampal synaptic connectivity and transmission in LRP6-Val mice, the time
points should be more precisely matched for all aspects of the study (here, I have examined
vGlut1 puncta, vesicle content and synapse density at 12 months, whereas dendritic spine,
release and I-O studies were conducted at 7-9 months). Despite these caveats, I suggest
that an increase in synaptic connectivity could represent a homeostatic response of the
system, counterbalancing the reduced efficiency of individual synapses (see 6.5 for a more
detailed discussion).
In conclusion, in this chapter I have addressed the question of whether LRP6-Val has an
impact on synapse structure and function in the adult and ageing hippocampus. I show
that LRP6-Val induces shrinkage of dendritic spines and presynaptic terminals and impairs
neurotransmitter release. Global synaptic transmission appears unaffected, and this may
be due to a compensatory increase in synaptic connectivity. In the following final result
chapter, I will explore several potential mechanisms that may underlie LRP6-Val-induced
synaptic defects.
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Investigating possible mechanisms of
LRP6-Val-induced synaptic impairment
5.1

Introduction

In the previous chapter, I demonstrated that LRP6-Val is associated with structural
and functional synaptic defects in the hippocampus, which become evident in an
age-dependent manner.

These findings represent a significant advancement in our

understanding of the LRP6-Val variant as a genetic risk allele for late-onset AD. It is
conceivable that LRP6-Val contributes to synapse vulnerability and failure of synaptic
maintenance in the ageing brain, thereby increasing the susceptibility to age-related
neurodegenerative disease. Synaptic deficits due to LRP6-Val such as dendritic spine
shrinkage, reduced synaptic vesicle content and lowered transmitter release probability
resemble synaptic phenotypes previously associated with deficient Wnt signalling
(Ahmad-Annuar et al., 2006; Ciani et al., 2011, 2015; Galli et al., 2014; Purro et al.,
2012). Indeed, LRP6-Val confers reduced Wnt signalling in the ageing hippocampus in
vivo (as shown in chapter 3). Therefore, a failure to maintain sufficient levels of Wnt
activity with advancing age might contribute to synaptic dysfunction observed in LRP6-Val
expressing cells. How does the single conservative LRP6 point mutation 1062-Ile → Val
cause Wnt signalling deficiency and synaptic damage? In this final result chapter, I explore
potential molecular and cellular mechanisms that could compromise the receptor function
of LRP6-Val and/or play a role in mediating LRP6-Val-associated synaptic defects.
The following specific questions will be addressed in this chapter:
• Does the LRP6 Ile → Val substitution affect LRP6 expression or protein levels in the
hippocampus?
• Does LRP6-Val exhibit normal cell surface and synaptic localisation in hippocampal
neurons?
• Is the sensitivity of LRP6-Val to its ligands perturbed? I examine the three LRP6
ligands Dkk1, Wnt3a and Wnt7a.
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• Could non-neuronal cells such as microglia and astrocytes play a role in
LRP6-Val-associated synaptic impairment?
To answer these questions, I analysed hippocampal tissue and brain sections of LRP6-Val
knock-in mice using both molecular and imaging techniques. Localisation and ligand
assays were conducted in hippocampal cultures from LRP6-Val mice, and a high
through-put automated imaging technique was used to assess sensitivity of LRP6-Val
to two different Wnt ligands. My results show that expression and protein levels as well
as surface and synaptic localisation of LRP6-Val are unaffected. LRP6-Val also does
not display an altered response to Dkk1, however preliminary results suggest that its
sensitivity to Wnt3a and Wnt7a may be reduced. Examination of microglia and astrocytes
in hippocampal brain slices of LRP6-Val mice at 12 months shows that levels of glial
cells are elevated compared to WT controls.

Altogether, the findings of this chapter

suggest that there are no basic defects in LRP6-Val protein stability or localisation,
and uncover two intriguing possible mechanisms that may play a role in mediating
LRP6-Val-associated synaptic damage. These results provide initial mechanistic insight
into LRP6-Val (dys)function and will form the basis of more extensive future studies into
the underlying mechanisms of LRP6-Val-induced synapse vulnerability.

5.2
5.2.1

Results
LRP6 gene expression and protein stability are unaffected in the LRP6-Val
variant

Single-nucleotide polymorphisms within regulatory or coding regions of a gene have the
potential to profoundly alter gene expression levels (Terry et al., 2004; Ziff et al., 2016).
Decreased expression and/or mRNA stability of LRP6-Val could account for reduced
function of the receptor. To assess whether the LRP6 1062-Ile → Val substitution has any
impact at the transcript level, I examined the expression of LRP6 in the hippocampus of
young adult WT and hetero-/homozygous LRP6-Val knock-in mice by quantitative RT-PCR.
There were no detectable changes in the levels of LRP6 gene expression in either heteroor homozygous carriers of the Val allele (Fig. 5.1A).
LRP5 is a close relative of LRP6, and partial functional redundancy exists between the
two receptors (Kelly et al., 2004; MacDonald et al., 2011). Since LRP5 could potentially
compensate for a deficiency of function of LRP6-Val, I also sought to determine whether
the LRP5 expression profile was affected by the presence of the LRP6-Val allele. However,
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Figure 5.1: Gene expression and protein levels of LRP6-Val are unaffected in the adult
hippocampus.
A. Quantitative RT-PCR analysis of LRP6 and LRP5 expression in the hippocampus of WT and
LRP6-Val knock-in mice at 3-4 months of age. LRP6-Val does not cause changes in the expression
profile of either LRP6 or LRP5; one-way ANOVA tests. B. Hippocampal LRP6 protein levels in
WT and hetero-/homozygous LRP6-Val mice at 4 months. C. Quantification of LRP6 protein levels
based on Western blot shown in B. No significant changes in LRP6 levels (normalised to β-actin)
are observed with LRP6-Val knock-in; one-way ANOVA.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of analysed
animals per genotype. ns, not significant.

RT-PCR analysis of LRP5 in the hippocampus of adult LRP6-Val mice showed no changes
in LRP5 expression compared to WT (Fig.

5.1A). Genetic mutation can also affect

translational efficiency and/or protein stability (Wang and Moult, 2001). To determine if
the LRP6-Val variant altered LRP6 protein levels, I conducted a Western blot analysis
in hippocampal tissue of young adult LRP6-Val knock-in and WT mice at 4 months. No
significant differences in protein levels of LRP6 were observed between the different
genotypes (Fig. 5.1B-C). Together, these findings demonstrate that the LRP6 1062-Ile →
Val SNP does not affect the receptor at the basic transcript or protein level in the adult
hippocampus.

170

Chapter 5. Investigating mechanisms of LRP6-Val-induced synaptic impairment

5.2.2

Cell surface and synaptic localisation of the LRP6 receptor are unchanged
for LRP6-Val

Regulated transport to the cell surface is crucial for the LRP6 receptor to fulfil its role in
ligand binding and signal transduction. Impairment in its ability to traffic to and insert into
the plasma membrane would significantly diminish its function as a receptor. Maturation of
LRP6 to the cell surface relies on the specific secretory pathway chaperone MESD (Hsieh
et al., 2003; Koduri and Blacklow, 2007). Multiple mutations in different regions of the
LRP6 ectodomain compromise the interaction of LRP6 with MESD (Ai et al., 2005; Chen
et al., 2011b; Koduri and Blacklow, 2007; Li et al., 2005; Liu et al., 2009; Zhang et al.,
2004). To examine if LRP6 localisation at the cell surface is impaired by the 1062-Ile →
Val SNP, I quantified relative LRP6 surface levels in a surface biotinylation assay using
hippocampal neurons transfected with LRP6-Ile/Val (Fig. 5.2A). To achieve a high level
of transfection, dissociated neurons were transfected by nucleofection at DIV0 (see Fig.
2.5A). Western blot analysis showed clear LRP6 overexpression in LR6-Ile/Val transfected
conditions compared to a control condition containing only endogenous mouse LRP6
(Fig. 5.2A). Consistently, absolute LRP6 surface levels were increased in overexpression
conditions (Fig. 5.2A). However, no changes in relative surface levels of LRP6 were
observed between LRP6-Ile and -Val (Fig. 5.2B). This finding suggests that cell surface
localisation of the LRP6-Val variant is unimpaired.
As shown before, LRP6 is present at excitatory synapses, where it localises to both
pre- and postsynaptic sites (see Fig. 4.1). Reduced presence of LRP6-Val at synaptic
sites could underlie the synaptic defects associated with the variant.

I therefore

examined the synaptic localisation of LRP6-Val. To address this in an accessible system
amenable to super-resolution imaging but free from potential overexpression artefacts, I
prepared dissociated hippocampal cultures from time-mated WT or homozygous LRP6-Val
knock-in mice (Fig. 5.2C). These cultures contained endogenous mouse LRP6-Ile or
-Val. Co-localisation of LRP6-Ile/Val with excitatory pre- and postsynaptic markers was
quantified in SIM images of immunolabelled synapses in mature cultures (Fig. 5.2D-E).
As previously shown (see Fig. 4.1), LRP6 co-localises with both pre- and postsynaptic
excitatory markers and is present at ~80 % of excitatory synapses (Fig. 5.2D-E). No
changes in the pre- or postsynaptic presence of LRP6-Val were observed (Fig. 5.2D-E),
indicating that this variant properly localises to synaptic sites. Together, these findings
suggest that LRP6-Val trafficking to the cell surface and to synapses is unimpaired.
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Figure 5.2: Surface and synaptic localisation of LRP6-Val are normal in hippocampal
cultures.
A. Surface biotinylation analysis of LRP6 in DIV13/14-old hippocampal cultures transfected with
hLRP6-Ile/Val. Total homogenate and surface fractions are shown for the different transfection
conditions. The mock condition is processed without addition of biotin and represents a negative
control for the surface fraction. B. Quantification shows no significant difference in the relative
surface levels of LRP6 in LRP6-Ile- compared to LRP6-Val-transfected neurons; 5 independent
cultures, one-way ANOVA. C. Illustration of the culture system used to examine the synaptic
localisation of LRP6-Val. Cultures were prepared from embryos of WT or homozygous LRP6-Val
knock-in mice. D. SIM images of excitatory synapses containing LRP6 from WT and LRP6-Val
hippocampal cultures at DIV19-21. E. Quantification of the co-localisation of LRP6-Ile/Val with
excitatory synaptic markers based on SIM images as shown in D. LRP6-Val shows normal pre- and
postsynaptic localisation; 2 independent cultures, 6-8 images per culture, unpaired t-tests.
Data presented as mean ± SEM. ns, not significant.
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5.2.3

The LRP6-Val variant displays normal sensitivity to its ligand Dkk1

LRP6-Val confers reduced canonical Wnt signalling in the ageing hippocampus (see Fig.
3.7). Given the location of the 1062-Ile → Val SNP within the LRP6 ectodomain (see
Fig. 3.1), the amino acid substitution may impair the interaction of this receptor with one or
several of its ligands. Indeed, the Wnt antagonist Dkk1 binds through its C-terminal domain
to the P3E3-P4E4 region of LRP6, which contains the third and fourth β-propeller domains
of the receptor and includes the 1062-Ile residue (see Fig. 3.1) (Ahn et al., 2011; Bourhis et
al., 2010; Cheng et al., 2011). Dkk1 is upregulated in AD and induces synaptic dysfunction
and loss in hippocampal neurons (Caricasole et al., 2004; Marzo et al., 2016; Purro et
al., 2012; Rosi et al., 2010). It is therefore an intriguing hypothesis that the LRP6-Val
variant may confer altered sensitivity to Dkk1. Increased susceptibility of LRP6-Val to
Dkk1-mediated Wnt blockade in the ageing brain could potentially account for exacerbated
synaptic vulnerability. To investigate the response of LRP6-Val expressing neurons to
Dkk1, I examined the effect of recombinant Dkk1 protein on synapses and dendritic
spines in mature hippocampal neurons transfected with EGFP-actin and hLRP6-Ile/Val, or
EGFP-actin alone as a control (Fig. 5.3A, see Fig. 4.2A). Given the previously discussed
basal differences in dendritic spine and Homer1 puncta density between LRP6-Ile and
-Val conditions (see Fig. 4.2), I report the result of Dkk1 treatment in this experiment as
the relative percentage of spine and synapse loss (Fig. 5.3B). This readout serves as a
measure of the extent of synapse disassembly induced by Dkk1 in the different transfection
conditions, providing a readout of neuronal sensitivity to Dkk1. Consistent with previous
findings (Purro et al., 2012), short-term (2 hr) blockade of Wnt signalling by Dkk1 induced
synapse disassembly. In control neurons, Dkk1 caused the loss of ~30 % of dendritic
spines and ~50 % of excitatory synapses along dendrites of transfected cells (synapses
were defined as co-localised puncta of the pre-/postsynaptic markers vGlut1 and Homer1)
(Fig. 5.3A-B). Expression of LRP6-Ile or -Val did not induce any discernible difference in
the extent of spine or synapse loss compared to control neurons (Fig. 5.3A-B). Therefore,
LRP6-Val displays normal sensitivity to its ligand Dkk1 in this system.

5.2.4

LRP6-Val may confer reduced sensitivity to its ligands Wnt3a and Wnt7a
(preliminary result)

Reduced efficacy for Wnt signalling activation in LRP6-Val could be due to diminished
sensitivity to or impaired interaction with Wnt ligands. The LRP6 ectodomain harbours
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Figure 5.3: LRP6-Val does not display an altered response to Dkk1 in hippocampal cultures.
A. Confocal images of dendrites of DIV21-old hippocampal neurons transfected with EGFP-actin
and LRP6-Ile/Val, or EGFP-actin alone as a control. Homer1 and vGlut1 puncta and their
co-localisation along dendrites are shown. Each condition is examined after 2 hr treatment with
either BSA (=Ctr) or recombinant Dkk1 (=Dkk1). B. Quantification of the percentage of spine
and synapse loss along dendrites for control and LRP6-Ile/Val transfected neurons. No significant
differences are found in the extent of Dkk1-induced synapse disassembly between transfection
conditions; 3 independent cultures, 6-9 images per culture, one-way ANOVA tests.
Data presented as mean ± SEM. ns, not significant.

multiple distinct binding sites for different Wnts (see 1.4.2 and Fig.

1.8) (Bourhis et

al., 2010; Chen et al., 2011b; Ettenberg et al., 2010; Gong et al., 2010). While most
Wnts interact with the first two β-propeller domains of LRP6, Wnt3a represents the only
identified Wnt ligand that exclusively interacts with the second P3E3-P4E4 subdomain
of LRP6, which includes the 1062-Ile residue (see Figs. 1.8 and 3.1) (Bourhis et al.,
2010; Chen et al., 2011b; Ettenberg et al., 2010; Gong et al., 2010). Functionally, Wnt3a
acts presynaptically, stimulating presynaptic differentiation, synaptic vesicle exocytosis and
excitatory neurotransmission in hippocampal cultures (Avila et al., 2010; Varela-Nallar et
al., 2009). LRP6-Val impairs formation of presynaptic sites in vitro (see Fig. 4.5) and
interferes with neurotransmitter release (see Fig. 4.7). I therefore hypothesised that
the interaction between Wnt3a and LRP6-Val could be compromised. Indeed, previous

174

Chapter 5. Investigating mechanisms of LRP6-Val-induced synaptic impairment

experiments in cell lines had shown that LRP6-Val displayed reduced Wnt3a-mediated
activation of Wnt signalling (De Ferrari et al., 2007).
Wn7a is another Wnt ligand with key roles in synapse formation and function in
the hippocampus.

In hippocampal cultures, Wnt7a promotes clustering of pre- and

postsynaptic proteins, stimulates dendritic spine growth and enhances synaptic vesicle
exocytosis and neurotransmission (Cerpa et al., 2008; Ciani et al., 2011; Hall et al., 2000).
Deficiency of Wnt7a mimics several aspects of LRP6-Val knock-in, such as shrinkage of
dendritic spines and reduced presynaptic release (see Fig. 4.4 and 4.7) (Ciani et al., 2011,
2015). While the LRP6-Wnt7a binding interface remains unknown (Ettenberg et al., 2010;
Gong et al., 2010), it is possible that the interaction between Wnt7a and LRP6 could be
impaired in the LRP6-Val variant.
To test the sensitivity of LRP6-Val to Wnt3a and Wnt7a in comparison to wild-type LRP6-Ile,
I evaluated the synaptogenic effects of recombinant Wnt3a/Wnt7a on cultured neurons
derived from WT or homozygous LRP6-Val mice, using a high through-put automated
confocal imaging system (Fig.

5.4A). After overnight exposure to Wnt3a or Wnt7a,

presynaptic sites were evaluated by the presence of vGlut1 clusters along MAP2-labelled
neuronal processes (Fig. 5.4B). Changes in vGlut1 puncta density along dendrites served
as a readout of Wnt3a/Wnt7a-induced presynaptic stimulation in the culture. The findings
presented here are derived from only one experiment (n=1) and are therefore preliminary.
Consistent with published findings, I observed that both Wnt3a and Wnt7a induced a
significant increase in vGlut1 puncta density on WT neurons (Fig. 5.4C-F) (Cerpa et
al., 2008; Ciani et al., 2011; Davis et al., 2008; Varela-Nallar et al., 2009). In LRP6-Val
expressing neurons, however, the density of presynaptic sites remained unaffected by
Wnt3a or Wnt7a (Fig. 5.4C-F). Importantly, there was no disparity in cell density between
WT and LRP6-Val conditions (data not shown), which could be a confounding factor for
synapse numbers.

There was also no difference in the basal vGlut1 puncta density

between WT or LRP6-Val neurons (Fig. 5.4C-F). While these findings are preliminary and
require further validation, this result suggests that the synaptogenic activity of both Wnt3a
and Wnt7a could be reduced in neurons expressing LRP6-Val. Therefore, LRP6-Val may
be deficient in its interaction with these two Wnt ligands.
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Figure 5.4: LRP6-Val may confer reduced sensitivity to its ligands Wnt3a and Wnt7a (n=1).
A. Illustration of the experimental system used for testing the sensitivity of LRP6-Val to Wnt3a
and Wnt7a. Hippocampal neurons from either WT or homozygous LRP6-Val knock-in mice were
plated in 96-well plates and treated overnight with Wnt3a or Wnt7a at DIV13/14. Confocal images
were acquired in an automated high through-put system. At least 60 images were obtained per
condition from at least 5 different wells. vGlut1 puncta density on MAP2-labelled dendrites was
quantified. B. Representative confocal image of hippocampal pyramidal neurons as acquired by
automated imaging. C. Confocal images of vGlut1 puncta along stretches of dendrites in WT or
LRP6-Val neurons treated with BSA (=Ctr) or recombinant Wnt3a (=Wnt3a). D. Quantification of
vGlut1 puncta density shows that LRP6-Val expressing neurons fail to respond to Wnt3a-mediated
stimulation of presynaptic differentiation; 1 culture, 5 wells imaged per condition, 12-15 images
averaged per well, unpaired t-tests. E. vGlut1 puncta along dendrites in WT or LRP6-Val neurons
treated with BSA (=Ctr) or recombinant Wnt7a (=Wnt7a). F. LRP6-Val expressing neurons do not
respond to Wnt7a-mediated stimulation of presynaptic differentiation; 1 culture, 5 wells imaged per
condition, 12-15 images averaged per well, unpaired t-tests.
Data presented as mean ± SEM. * p < 0.05; ** p < 0.01; ns, not significant.
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5.2.5

Signs of neuroinflammation suggest potential involvement of glial cells in
LRP6-Val-induced defects

Neuroinflammation plays a significant causal role in driving and exacerbating AD
pathogenesis (Bronzuoli et al., 2016; Heneka et al., 2015; Heppner et al., 2015; Zhang and
Jiang, 2015). Progressive dysfunction and aberrant, neurotoxic activity of both microglia
and astrocytes are emerging as key aspects of AD pathology (Birch, 2014; Furman et al.,
2012; Gold and El Khoury, 2015; Heneka et al., 2015; Liddelow et al., 2017; Prokop et
al., 2013; Rodrı́guez-Arellano et al., 2016; Zhang and Jiang, 2015). Microglia have also
specifically been implicated in AD-related synapse elimination (Hong and Stevens, 2016;
Hong et al., 2016a, 2016b). The LRP6 receptor is highly expressed in non-neuronal cells
and present in hippocampal astrocytes and microglia (Halleskog et al., 2011; Zhang et
al., 2014). Neuronal deletion of LRP6 enhances the levels of astrocytes and microglia in
the ageing hippocampus, suggesting that deficiency in LRP6-mediated Wnt signalling may
promote toxic neuroinflammation (Liu et al., 2014). I therefore sought to investigate whether
the LRP6-Val variant would elicit a similar neuroinflammatory response. Using antibodies
against astrocytic and microglial markers, a significant increase was observed in the levels
of GFAP-positive astrocytes and Iba-1-positive microglia in the CA1 stratum radiatum
of 12-month-old LRP6-Val knock-in mice compared to WT (Fig. 5.5A-B) (sectioning,
immunostaining and imaging for this experiment was performed by Evgenia Markova).
Therefore, LRP6-Val knock-in mimics the neuroinflammatory phenotype of LRP6 cKO in
the ageing hippocampus, contributing to the emerging picture of functional deficiency of
this variant. Future studies will elucidate at which age neuroinflammation develops in
LRP6-Val mice, and whether recruitment/activation of glial cells contributes to synaptic
damage and dysfunction.

5.3

Discussion

LRP6-Val is associated with age-related suppression of Wnt signalling in the hippocampus.
Consistently, LRP6-Val causes synaptic defects which resemble the effects of diminished
Wnt signalling. It is unclear how the 1062-Ile → Val SNP could impair the function of
the LRP6 receptor, or which mechanisms mediate LRP6-Val-induced synaptic impairment.
This led me to investigate multiple potential molecular and cellular mechanisms that could
underlie the damaging impact of LRP6-Val on synapses.
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Figure 5.5: LRP6-Val induces neuroinflammation in the ageing hippocampus at 12 months.
A. Confocal images of GFAP-positive astrocytes and Iba-1-positive microglia in the CA1 stratum
radiatum area of the hippocampus in WT and homozygous LRP6-Val mice at 12 months of age.
Hoechst staining was used to label nuclei. B. Quantification of total GFAP and Iba-1 staining based
on images as shown in A indicates significant upregulation of astrocytic and microglial presence in
the hippocampus of LRP6-Val knock-in mice; 5-9 images per animal, unpaired t-tests. Considering
average values per animal, no significant differences are found, unpaired t-tests. Sectioning,
immunostaining and imaging for this experiment was performed by Evgenia Markova.
Data presented as mean ± SEM. Orange numbers in plot bars represent numbers of analysed
animals per genotype. * p < 0.05.

The LRP6 Ile → Val SNP does not affect LRP6 expression, protein stability or receptor
localisation
I initially tested for potential basic defects of LRP6-Val with regard to gene expression,
protein stability and cellular localisation. SNPs can strongly affect gene expression and
influence protein folding and/or stability (Cowper-Sal lari et al., 2012; George Priya Doss
et al., 2014; Heap et al., 2009; Kim et al., 2012; Li et al., 2013). I found no significant
difference in LRP6 mRNA levels in the hippocampus of knock-in mice compared to WT
controls. LRP6 protein levels in the hippocampus were also normal in knock-in mice (see
Fig. 5.1). Similarly, equivalent protein expression of LRP6-Ile and -Val alleles was observed
in vitro in hippocampal neurons (see Fig. 5.2), in line with previous findings in cell lines (De
Ferrari et al., 2007). For a more specific analysis of protein stability, LRP6-Ile/Val levels
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should be compared after pharmacological inhibition of translation. Expression and protein
levels of LRP6-Val were examined in young adult mice at 4 months of age. While deficits
in parameters of gene and protein expression are unlikely to be age-dependent, a similar
analysis in the ageing hippocampus would be of interest, given the relevance of age to the
LRP6-Val phenotype.
Some SNPs induce mis-localisation of proteins, which can result in functional damage
(Feigin et al., 2014; Seo and Kelleher, 2010; Wiszniewski et al., 2005). As cell surface
localisation is key for the signalling function of LRP6, I tested for a potential defect in
LRP6-Val surface localisation in hippocampal neurons. Relative surface levels of LRP6-Ile
and -Val were equivalent (see Fig. 5.2), consistent with similar findings in cell lines (De
Ferrari et al., 2007). LRP6-Val was also present at normal levels specifically at excitatory
synapses (see Fig. 5.2). While surface levels were evaluated using overexpression of
LRP6-Ile/Val, synaptic LRP6 localisation was examined in a more physiological system
using cultured neurons from WT/LRP6-Val mice.
Together, these results demonstrate that basic parameters of gene expression, protein
levels and subcellular receptor localisation are unaltered for the LRP6-Val variant.
Preliminary results suggest a deficient response of LRP6-Val to two different Wnt
ligands
I next explored the possibility that receptor-ligand interactions may be altered for the
LRP6-Val variant. As LRP6-Val confers reduced Wnt signalling, I hypothesised that binding
of Wnt ligands could be decreased and/or the interaction with Wnt antagonists enhanced.
My results suggest that LRP6-Val responds normally to Dkk1, but that its sensitivity to
Wnt3a and Wnt7a may be impaired (see Fig. 5.3 and 5.4).
It is important to note that these findings are preliminary results, due to technical
shortcomings of the Dkk1 test and the need for further experimental replications of the
Wnt results. The response of LRP6-Val to Dkk1 was tested in hippocampal cultures
transfected with either LRP6-Ile or LRP6-Val. The extent of spine/synapse loss induced by
Dkk1 was comparable between neurons expressing LRP6-Ile or LRP6-Val, suggesting that
LRP6-Val responds similarly to the Dkk1 ligand as its wildtype counterpart. However, as
discussed previously (see Fig. 4.2), LRP6-Ile/Val expression affects spine density in basal
conditions. Comparing treatment-induced changes between conditions that already differ
in basal parameters is not straightforward and may be affected by non-linear or saturation
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effects. A better system for this experiment would be cultures from WT/LRP6-Val knock-in
mice (see below), which show no basal differences in synaptic puncta density (see Fig.
5.4). In addition, the outcome of this experiment could be influenced by the concentration
of recombinant Dkk1: For example, a minor change in the affinity of LRP6-Val for Dkk1
may be masked by treatment with a high dose of recombinant Dkk1 and only become
apparent at lower ligand concentrations. Therefore, future experiments should further test
the response of LRP6-Val to Dkk1 in neuronal cultures from knock-in mice using a range
of different ligand concentrations.
To test the response of LRP6-Val to Wnt3a and Wn7a, I used hippocampal cultures from
WT and LRP6-Val mice and an automated high through-put confocal imaging system. This
system combines two advantages compared to the overexpression method used for the
Dkk1 test: the expression of endogenous LRP6-Ile/Val in the cultures makes this system
more physiological and less artefact-prone, while automated imaging ensures unbiased,
time-efficient acquisition of large sample sizes for multiple conditions. However, I did
encounter some technical obstacles, which prevented the timely completion of further
experimental replications of the Wnt ligand assay: although 4 full experiments with both
Wnt3a and Wnt7a were performed, only the results of 1 successful experiment are
reported here. The other three experiments were discarded due to two main issues:
First, Wnt treatment in the WT condition occasionally produced highly variable results.
Ligand concentrations and treatment times were matched to published experiments with
Wnt3a/Wnt7a, in which a reliable increase of vGlut1 puncta on dendrites had been
observed (Avila et al., 2010; Ciani et al., 2011; Varela-Nallar et al., 2009). Therefore,
this variability in my experiments was likely due to fluctuations in efficacy of commercially
acquired recombinant Wnt proteins. Second, several experiments showed (inconsistent)
significant differences in cell density between the WT and the LRP6-Val condition. As the
density of neuronal processes affects synapse numbers (Biffi et al., 2013; Cullen et al.,
2010), I excluded these experiments to avoid introducing confounding effects. Using an
electronic pipette for cell plating minimises discrepancies in cell density.
Spine loss and changes in synaptic puncta are fairly indirect measures of the interaction
of LRP6-Val with its ligands. A more immediate readout of the ability of LRP6-Val to
activate/inhibit Wnt signalling in response to ligand stimulation could be obtained via a
TOPflash reporter assay. Expression of this modified luciferase construct with TCF-binding
sites allows direct measurement of β-catenin activity and thereby canonical Wnt signalling
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(Robitaille et al., 2002). Indeed, previous experiments in cell lines demonstrated a reduced
response of LRP6-Val to Wnt3a stimulation using this method (De Ferrari et al., 2007).
However, I deliberately chose to assess Wnt pathway activity from a synaptic viewpoint, in
line with the main goal of this thesis in elucidating the impact of LRP6-Val specifically on
synapses. Therefore, my synaptic analysis provides a biologically relevant measure of Wnt
pathway activity.
My preliminary results raise the intriguing possibility that interaction with two different
Wnt ligands could be impaired in the LRP6-Val variant. Efforts to replicate these results
are underway at the time of submission of this thesis. Ligand binding assays will be
considered as an independent method to further validate these findings. For example,
biolayer interferometry is a sensitive technique to assess the kinetics of ligand-receptor
interaction and has previously been used to examine binding of Wnts to the LRP6 receptor
(Bourhis et al., 2010; Shah and Duncan, 2014).
In summary, my preliminary ligand studies hint at a deficiency of the LRP6-Val variant in
sensitivity to two key Wnt ligands, while responding normally to the Wnt antagonist Dkk1.
These findings represent the first steps in elucidating the molecular impact of the LRP6-Val
polymorphism.
LRP6-Val leads to changes in non-neuronal glia cells
Non-neuronal cells such as astrocytes and microglia have important roles for synapse
health and function (see 1.1.3) (Chung et al., 2015; Schafer et al., 2013), and
neuroinflammatory processes driven by glia cells are increasingly recognised as a major
force of AD pathogenesis (see 1.3.2) (Heneka et al., 2015; Minter et al., 2016; Zhang and
Jiang, 2015). The potential role of LRP6 in glia cells remains unknown, although it was
shown that LRP6 cKO leads to upregulation of Iba-1-positive microglia and GFAP-positive
astrocytes in an age-dependent manner (Liu et al., 2014).

I demonstrate here that

LRP6-Val knock-in similarly increases levels of microglia and astrocytes in the ageing
hippocampus (see Fig. 5.5).
I observed an increase in the total fluorescent signal both for GFAP-positive astrocytes
and Iba-1-positive microglia in the hippocampus of LRP6-Val mice at 12 months. When
interpreting this result, it is important to first consider the properties of these markers.
While GFAP is sometimes presented as a prototypical marker for astrocytes, only a
subset of astrocytes in the brain expresses GFAP (Sofroniew, 2009).

Upregulation
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of GFAP is a hallmark of astrogliosis, which occurs in response to a broad range of
CNS pathologies (Fawcett and Asher, 1999; Pekny and Nilsson, 2005; Sofroniew and
Vinters, 2010). Therefore, GFAP should more accurately be regarded as a marker of
reactive astrocytes. Iba-1, on the other hand, is expressed by both resting and activated
microglia, although Iba-1 is upregulated with microglia activation (Ito et al., 1998, 2001;
Mori et al., 2000).

The increased GFAP/Iba-1 signal in the LRP6-Val hippocampus

could result from an increase in the number of astrocytes/microglia in the area and/or
a change in cell morphology/volume and/or an upregulation of GFAP/Iba-1 expression
within glia. Further analysis is needed to discriminate between these different possibilities.
Morphological examination of astrocytes/microglia may provide insight into the nature of
LRP6-Val-induced changes: Both astrocytes and microglia are morphologically highly
dynamic cells and undergo disease-related changes in cellular morphology (Anderson et
al., 2014, 2016; Bachstetter et al., 2015; Fu et al., 2014; Ben Haim and Rowitch, 2017;
Karperien et al., 2013; Stence et al., 2001). Specific markers for activated microglia,
such as CD11b (González-Scarano and Baltuch, 1999; Ling and Wong, 1993; Rock et al.,
2004; Roy et al., 2006), could be used to establish whether LRP6-Val induces microglia
activation. Independent readouts such as GFAP protein levels or expression levels of
inflammatory cytokines could further help to uncover the nature of glial cell activation
caused by LRP6-Val.
While more detailed analyses are required to understand the effect of LRP6-Val on
non-neuronal cells, my findings demonstrate that the impact of this variant reaches beyond
neurons.

Therefore, glia cells will need to be considered in future investigation and

interpretation of the role of LRP6-Val in the brain.
In this chapter, I have explored several avenues in the search for potential mechanisms
that may underlie the synaptic impairments associated with LRP6-Val. Basic defects in
expression, protein stability or receptor localisation were ruled out. Preliminary results raise
the intriguing possibility of impaired Wnt ligand binding to LRP6-Val. Finally, an outlook
beyond neuronal cells suggests that glia cells need to be incorporated in a comprehensive
analysis of the LRP6-Val variant in the brain.

183

Chapter 6

Discussion
6.1

Summary of project aim, approach and results

The aim of this project was to investigate a genetic link between the Wnt co-receptor LRP6
and Alzheimer's disease in a physiological model. Based on genome-wide linkage data, the
common SNP variant LRP6-Val was associated with impaired Wnt signalling and increased
susceptibility for late-onset AD (De Ferrari et al., 2007) - however, the impact of this variant
in the brain remained unknown. Aberrant Wnt signalling and specifically LRP6 dysfunction
contribute to synaptic impairment and degeneration (De Ferrari and Moon, 2006; De Ferrari
et al., 2014; Libro et al., 2016; Liu et al., 2014; Purro et al., 2014). I therefore hypothesised
that the LRP6-Val variant may increase AD risk by compromising synaptic function and/or
stability. This led me to investigate the impact of LRP6-Val on hippocampal synapses.
Initial overexpression studies of LRP6-Val have been carried out in cell lines (De Ferrari
et al., 2007). For a more physiological approach, a novel knock-in mouse model was
generated for this study. In addition, I conducted in vitro experiments using hippocampal
cultures. To assemble a global picture of the impact of LRP6-Val, I employed various
imaging techniques to examine synapses structure, accompanied by electrophysiological
recordings to probe synapse function, and a range of behavioural paradigms to assess
cognition and memory.
My results show that knock-in of LRP6-Val does not induce obvious developmental defects,
making this model suitable for the study of the adult nervous system and age-related
disease. LRP6-Val is associated with impaired Wnt signalling in the ageing hippocampus
(12-month-old mice). Concomitantly, synapses are affected structurally and functionally:
shrinkage of dendritic spines and presynaptic terminals is accompanied by reduced
neurotransmitter release. Global synaptic transmission, however, appears unaffected, and
memory is not impaired in LRP6-Val mice up to 14 months of age. This may be due to a
compensatory increase in synaptic connectivity, which could counteract functional deficits.
Preliminary mechanistic analyses indicate a deficiency of LRP6-Val in responding to two
different Wnts, while LRP6-Val expression, protein stability and localisation are unaffected.
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Signs of neuroinflammation in ageing LRP6-Val mice suggest that the role of glia cells
should be considered for a comprehensive assessment of this variant in the brain.

6.2

LRP6-Val causes a deficiency in canonical Wnt signalling

Canonical Wnt signalling in the hippocampus is compromised in LRP6-Val knock-in mice
at 12 months, indicating a loss-of-function profile for this variant. Interestingly, besides its
association with AD, LRP6-Val has been implicated in other conditions featuring aberrant
Wnt signalling, such as bone disorder, cardiovascular disease and intestinal inflammation.
In particular, LRP6-Val is associated with increased risk of fragility fractures in elderly
carriers (van Meurs et al., 2006; Riancho et al., 2011); another study found LRP6-Val
overrepresented in hypertensive patients with carotid artery atherosclerosis (Sarzani et al.,
2011), and LRP6-Val was also linked to early-onset ileal Crohn's disease (Koslowski et
al., 2012). Together, these associations strongly suggest a functional deficit of LRP6-Val,
with the potential for pathological consequences in a variety of tissues.

The in vivo

impact of LRP6-Val knock-in on Wnt pathway activity has not been examined so far. My
findings demonstrate that LRP6-Val causes a deficiency in canonical Wnt signalling in the
mammalian hippocampus, notably in an age-dependent manner (see 6.4).
LRP6-Val confers reduced β-catenin signalling in HEK293T cells in basal conditions and
specifically in the presence of Wnt3a (De Ferrari et al., 2007), hinting at a deficient
response to Wnt agonists. Indeed, preliminary results from my Wnt treatment assays
suggest that LRP6-Val may have reduced sensitivity for two prominent Wnt ligands, Wnt3a
and Wnt7a. Changes in LRP6-Val affinity for Wnts is a plausible scenario, given that
LRP6-Val is expressed and available at the cell surface at normal levels. Binding assays
will be paramount to test this hypothesis. The 1062-Ile → Val substitution is located within
the fourth β-propeller subunit (P4) of the LRP6 ectodomain. β-propeller domains are
functionally relevant for ligand recognition (Chen et al., 2011a; Kopec and Lupas, 2013;
Pons et al., 2003). Indeed, the third and fourth β-propeller units of LRP6 (P3E3-P4E4)
interact with Wnt3a and Dkk1 (Bourhis et al., 2010; Chen et al., 2011b; Cheng et al., 2011;
Ettenberg et al., 2010; Gong et al., 2010). Multiple amino acid residues located on the top
surface of P3 are required for the interaction of LRP6 with Wnt3a (Chen et al., 2011b). In
contrast, the role of inner hydrophobic residues such as 1062-Ile/Val, which is located in the
propeller core, remains largely unknown. To my knowledge, the 1062-Ile/Val residue has
not been tested for potential involvement in Wnt binding. Furthermore, the LRP6 binding
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region(s) for multiple Wnts, including Wnt7a, remain unknown (Gong et al., 2010).
Ile-1062-Val could also impair ligand binding indirectly through structural changes to the
β-propeller architecture. As two other propeller segments of LRP6 have Isoleucines at
equivalent positions, this residue may support the structural integrity of the propeller
core. Indeed, compromised stability of the β-propeller domain has been suggested as
a potential structural consequence of the LRP6 Ile-1062-Val substitution (Chen et al.,
2011b). Ligand binding to LRP6 involves conformational changes within the ectodomain
(Matoba et al., 2017). Therefore, structural alterations induced by LRP6-Val might impede
ligand interactions. The next steps in exploring these possibilities should be computational
modelling of the structural implications of Ile-1062-Val and binding assays to directly test
LRP6-Val in ligand interactions.

6.3

LRP6-Val induces structural and functional synaptic defects

As Wnt signalling is compromised in LRP6-Val mice, I expected a corresponding phenotype
on synapses.

Indeed, the impact of LRP6-Val on synapse structure and function

recapitulates signature aspects of Wnt signalling deficiency.

LRP6-Val induces the

shrinkage of both pre- and postsynaptic compartments: smaller dendritic spines receive
input from smaller presynaptic terminals containing fewer synaptic vesicles. Functionally,
neurotransmitter release is reduced, whereas postsynaptic currents and AMPA receptor
content appear unaffected (Fig. 6.1).
Where does the primary impact of LRP6-Val lie? Do pre- and postsynaptic changes occur
simultaneously, or do alterations on one side of the synapse subsequently affect the other?
Correlations between spine size and number of presynaptic vesicles have been shown
in multiple brain areas, including the CA1 (Harris and Stevens, 1988, 1989; Schikorski
and Stevens, 1997, 1999). Since I examined synapses in LRP6-Val mice of varying ages
(spines and release at 7-9 months, presynaptic puncta and vesicles at 12 months), my
data are not suited to establish an exact timeline of synaptic changes. However, as clear
functional changes were only detected presynaptically, a primary presynaptic impact of
LRP6-Val seems plausible, followed by secondary postsynaptic adaptations. My findings in
vitro, on the other hand, are based on precise pre- or postsynaptic manipulation and largely
recapitulate the synaptic phenotype of LRP6-Val knock-in. This suggests that LRP6-Val has
a direct effect on both sides of the synapse, consistent with the equal presence of LRP6
pre- and postsynaptically.
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Figure 6.1: Synaptic defects associated with LRP6-Val.
LRP6-Val confers reduced Wnt signalling, possibly through impaired interaction with Wnt ligands
such as Wnt3a and Wnt7a, which act pre- and postsynaptically at synapses. This induces shrinkage
of the presynaptic terminal and a reduction in synaptic vesicle content, accompanied by reduced
neurotransmitter release. Postsynaptically, dendritic spine size is reduced, however AMPAR content
is unaffected.

LRP6-Val-associated synaptic defects mimic characteristic aspects of Wnt signalling
deficiency, and are explicitly compatible with impaired Wnt3a/Wnt7a signalling. Wnt3a has
a clear presynaptic role in promoting the clustering of presynaptic proteins, stimulating
vesicle exocytosis and increasing neurotransmission, in a mechanism dependent on LRP6
(Avila et al., 2010; Davis et al., 2008; Varela-Nallar et al., 2009). Wn7a similarly promotes
presynaptic assembly, increases synaptic vesicle numbers and exocytosis, and enhances
neurotransmitter release (Ahmad-Annuar et al., 2006; Cerpa et al., 2008; Ciani et al., 2015;
Davis et al., 2008; Hall et al., 2000; Sahores et al., 2010). Conversely, Wnt7a/Dvl1-deficient
mice exhibit reduced vesicle numbers at hippocampal presynaptic terminals and impaired
neurotransmitter release in both the cerebellum and hippocampus (Ahmad-Annuar et al.,
2006; Ciani et al., 2015). Therefore, presynaptic deficits caused by LRP6-Val are highly
consistent with impaired Wnt3a/Wnt7a signalling at presynaptic terminals. Postsynaptically,
Wnt7a promotes dendritic spine growth, whereas ablation of Wnt7a reduces spine size in
CA1 pyramidal neurons (Ciani et al., 2011) - an effect which is also precisely phenocopied
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in LRP6-Val knock-in mice. This comparison illustrates that impaired sensitivity of LRP6-Val
to Wnt3a and Wnt7a could account for the observed pre- and postsynaptic structural and
functional defects.
Clearly Wnt3a/Wnt7a signalling is not fully abolished in LRP6-Val knock-in mice. Knockout
of Wnt3a leads to embryonic lethality with severe developmental defects, including failure
to form the hippocampus (Greco et al., 1996; Ikeya and Takada, 2001; Lee et al., 2000c;
Nakaya et al., 2005; Takada et al., 1994). Wnt7a-deficient mice display severe limb
malformations (Adamska et al., 2005; Parr and McMahon, 1995). I observed normal
hippocampal anatomy and no external defects in LRP6-Val mice up to 14 months of age.
The impact of LRP6-Val (at least up to this age) is also less severe than of global Wnt
inhibition or conditional LRP6 deletion, both of which induce substantial synapse loss and
memory defects (Liu et al., 2014; Marzo et al., 2016). In my in vitro experiments, the deficit
of LRP6-Val was mainly evident as a failure to stimulate spine growth/presynaptic assembly
(as LRP6-Ile does) rather than an adverse impact in itself - compared to a control condition,
LRP6-Val did not inflict damage. Therefore, the defect of LRP6-Val appears to be rather
mild and revealed mainly when the receptor is challenged beyond basal function. In vivo,
this may relate to the strong age-dependency of the phenotype.

6.4

The impact of LRP6-Val critically depends on age

From this study, age emerges as a critical determinant of LRP6-Val-associated defects. In
young adult LRP6-Val mice (4-6 months), Wnt signalling in the hippocampus is unaffected
and presynaptic puncta density/volume in the CA1 area is similar to WT controls. In older
adults (12-14 months), canonical Wnt signalling is compromised and presynaptic terminals
have shrunk. The relevance of age in this study is not surprising, given the association
of LRP6-Val with late-onset Alzheimer's disease (De Ferrari et al., 2007) - a disease for
which ageing is the main risk factor (see 1.3.4). Various other conditions, in which this and
other LRP6 variants are implicated, are similarly age-related, such as osteoporosis (van
Meurs et al., 2006; Riancho et al., 2011) and atherosclerosis (Sarzani et al., 2011). The
effects of conditional knockout of LRP6 (from postnatal stages) are also age-dependent:
at 6 months, LRP6 cKO mice show normal spine densities and synaptic protein levels,
unimpaired synaptic plasticity and intact memory, whereas defects are observed across
all these parameters in ageing mice (18 months) (Liu et al., 2014). Clearly, ageing is a
prerequisite for the emergence of synaptic impairment due to LRP6 loss of function.
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If sensitivity of LRP6-Val to Wnt ligands such as Wnt3a and Wnt7a is impaired, why do
the damaging consequences only become apparent from a certain age? Age-dependent
penetrance of a genetic trait is actually a common occurrence and found across clinical
conditions from cancer to neurodegeneration (Al-Mulla et al., 2009; Chiu et al., 1995;
Murphy et al., 2017). The influence of age on the phenotypic manifestation of a genetic
risk allele could have a variety of reasons: 1.

functional irrelevance of the gene in

young age, 2. a gradual accumulation of pathological damage, 3. time-limited success of
compensatory counterforces and/or 4. additional systemic challenges with increasing age,
which expose previously contained minor deficits. While explanation 1 is wrong for LRP6
(LRP6 is required for embryogenesis and synaptogenesis (Pinson et al., 2000; Sharma et
al., 2013)), explanations 2-4 are all conceivable. In particular, increased systemic burden
with advancing age (explanation 4) could play a role in exposing synaptic damage due to
LRP6 dysfunction: Wnt signalling globally declines during ageing, as expression of several
Wnt ligands is downregulated, whereas Wnt antagonists such as Dkk1 are upregulated
(Bayod et al., 2015; Garcı́a-Velázquez and Arias, 2017; Hofmann et al., 2014; Orellana
et al., 2015; Scott et al., 2013; Seib et al., 2013). Wnt3a expression in the dentate
gyrus region of the mouse hippocampus declines sharply between 4 and 9 months of
age (Okamoto et al., 2011). At the same time, synaptic vulnerability increases with age
due to a natural decline in synapse function and strength (Barnes, 2003; Geinisman et al.,
1986; Liu et al., 1996; Norris et al., 1996; Petralia et al., 2014). Therefore, age-related
dampening of Wnt signalling and reduced Wnt ligand availability together with enhanced
susceptibility to synaptic damage may concur to cause functional defects in ageing LRP6
cKO and LRP6-Val mice. Consistent with the clinical picture of late-onset AD, the adverse
impact of LRP6-Val on synapses becomes evident only in conjunction with the additional
risk factor of ageing.
Due to time constraints, I did not examine LRP6-Val mice beyond the age of 14 months.
One year does already represent an advanced age for mice, however ageing studies
typically consider even later stages of 18-24 months. How Wnt signalling, synaptic structure
and function, and cognition develop in LRP6-Val mice beyond the age of 12 months remains
to be explored.

6.5. LRP6-Val and compensatory homeostatic mechanisms

6.5
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LRP6-Val and compensatory homeostatic mechanisms

Reduced transmitter release at presynaptic terminals of SC-CA1 synapses in LRP6-Val
mice does not lead to global impairment of synaptic transmission or memory function.
Both spontaneous and evoked glutamatergic transmission is unaffected in LRP6-Val
knock-in mice at 7-8 months, despite defective neurotransmitter release at that age.
Hippocampus-dependent memory tests at 8-9 months (NOR) and 12-14 months
(contextual FC) did not reveal cognitive defects due to LRP6-Val. What prevents synaptic
deficits in LRP6-Val mice from interfering with overall network communication or memory
function? One possibility is that the synaptic damage observed in LRP6-Val mice up to
12 months is not extensive enough to markedly disturb synaptic transmission or cognition.
However, synapse density is increased in LRP6-Val mice at 12 months, suggesting that
active compensatory mechanisms could be at work. Enhanced synaptic connectivity may
counteract release deficits at individual synapses and maintain normal network function in
the hippocampus (Fig. 6.2).

Figure 6.2: Homeostatic mechanisms in LRP6-Val expressing neurons.
Illustration of compensatory mechanisms in LRP6-Val expressing CA1 pyramidal neurons. An
increase in synaptic connectivity offsets reduced glutamate release at individual synapses,
preserving global synaptic communication in the SC-CA1 circuit.
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Synaptic homeostasis is a well-established phenomenon.

Homeostatic mechanisms

ensure that fidelity of communication within a synaptic circuit is preserved despite structural
remodelling, input re-arrangements, altered activity patterns or changes in synaptic efficacy
(Branco and Staras, 2009; Pozo and Goda, 2010; Turrigiano, 2012). A classic example of
homeostasis is synaptic scaling, whereby chronic activity deprivation is counterbalanced by
an increase in synaptic strength (Han and Stevens, 2009; Sutton et al., 2006; Thiagarajan
et al., 2005; Turrigiano, 2008; Turrigiano et al., 1998). Synaptic scaling typically involves
adaptive mechanisms at existing synapses, e.g. an increase in postsynaptic receptor
content to offset reduced presynaptic release (Béque et al., 2011; Burrone et al., 2002;
Frank et al., 2006, 2009; Han and Stevens, 2009; Ibata et al., 2008; Murthy et al.,
2001; Paradis et al., 2001; Penney et al., 2012; Petersen et al., 1997; Tatavarty et
al., 2013; Thiagarajan et al., 2005; Turrigiano et al., 1998).

I found no evidence of

postsynaptic up-scaling in LRP6-Val mice, as levels of total/phosphorylated GluA1 were
unchanged, sEPSC amplitude was unaffected, and spine size was reduced compared
to WT controls.

Rather, inadequate transmitter release appears to be compensated

by increased synapse numbers (Fig. 6.2). Such homeostatic adaptations in synapse
connectivity have not been extensively studied. However, it is known that prolonged activity
blockade increases synapse density in neuronal cultures (Burrone et al., 2002; Han and
Stevens, 2009; Wierenga et al., 2006). In fact, reduced transmitter release due to chronic
Wnt suppression leads to elevation of excitatory synapse numbers in mature hippocampal
neurons, which balances out release deficiency and restores normal synaptic transmission
(Boyle, 2010, Doctoral Thesis). Conversely, prolonged exposure of hippocampal neurons
to Wnt7a, which increases release probability (Ciani et al., 2015), induces an overall
decrease in synapse density (Boyle, 2010, Doctoral Thesis). In LRP6-Val mice, perturbed
Wnt signalling impairs glutamatergic release, however an increase in synapse density
counterbalances this deficit, keeping global synaptic transmission intact. These findings
reveal an in vivo homeostatic response to deficient transmitter release that closely
resembles the one previously observed in cultured neurons.

Is there precedent for compensatory adaptations of synapse density in the brain? Reports
of homeostatic changes in synaptic connectivity in vivo in the mature nervous system do
not abound. However, it is well known that new spines and synapses are formed in the adult
brain in response to sensory stimulation or learning (Bailey and Kandel, 1993; Knott et al.,
2006; Landers et al., 2011; Liston et al., 2013; Moser et al., 1994). There is also some
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precedent for modulation of synapse density as a form of compensation: Acute blockade
of synaptic activity in mature hippocampal slices induces a robust increase in spine number
(Kirov and Harris, 1999; Kirov et al., 2004a, 2004b). In a dystrophin-deficient mouse model,
GABAA receptor clustering at inhibitory synapses of CA1 neurons is disrupted, leading
to a compensatory increase in inhibitory synapse density (Knuesel et al., 1999; Miranda
et al., 2009). Therefore, remodelling of synaptic circuitry can serve as a homeostatic
response to overcome diminished pre- or postsynaptic strength and maintain overall
network function.
It is intriguing that relatively mild presynaptic defects are seemingly able to activate
homeostatic mechanisms at the network scale in the mature brain. LRP6-Val knock-in
mice represent an attractive physiological model for future exploration of this phenomenon.
Indeed, a variety of questions remain to be answered:
1. At what age is an increase in synapse density detectable in LRP6-Val brains? Does
connectivity increase in parallel to attenuation of transmitter release?
2. What are the underlying cellular and molecular mechanisms of this compensation?
3. Are synaptic deficits caused by LRP6-Val contained in the long term, or do network and
memory dysfunction develop as the system ages further (see also 6.7)?

6.6

Looking beyond neurons: LRP6-Val affects glia cells

The impact of LRP6-Val in the brain reaches beyond neurons.

In 12-month-old

homozygous LRP6-Val mice, GFAP-positive astrocytes and Iba-1-positive microglia are
upregulated in the CA1 area of the hippocampus.

This may be due to increased

proliferation or activation of glial cells and/or morphological changes, and can be
considered a sign of neuroinflammation in the LRP6-Val hippocampus. This aspect of the
LRP6-Val phenotype closely mimics neuronal deletion of LRP6, which similarly induces an
increase in the presence of astrocytes and microglia in the ageing hippocampus (Liu et al.,
2014).
The influence of non-neuronal cells and aberrant immune responses are increasingly
recognised as important components of AD pathology (see 1.3.2) (Bronzuoli et al., 2016;
De Strooper and Karran, 2016; Heneka et al., 2015; Heppner et al., 2015; Zhang and Jiang,
2015). In AD, impaired glial function may promote chronic neuroinflammation, enhance
amyloid pathology and exacerbate synaptic damage (Furman et al., 2012; Gold and El
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Khoury, 2015; Hickman et al., 2008; Krabbe et al., 2013; Kulijewicz-Nawrot et al., 2012;
Liao et al., 2004; Olabarria et al., 2010; Prokop et al., 2013; Yeh et al., 2011). Mutations
in several microglia-associated genes are linked to late-onset AD, indicating a central role
for microglia in the disease etiology (Efthymiou and Goate, 2017; Jones et al., 2010; Malik
et al., 2015; Villegas-Llerena et al., 2016). In addition, microglia may contribute to synapse
elimination downstream of Aβ (see 1.3.5) (Hong et al., 2016a, 2016b; Paolicelli et al.,
2011).

Many components of the Wnt pathway, including LRP6, are expressed in microglia and
astrocytes (Halleskog et al., 2011; L'Episcopo et al., 2011; Zeisel et al., 2015; Zhang et al.,
2014), however the role of Wnt signalling in glia remains poorly understood. Some studies
suggest that activation of Wnt signalling in microglia drives a pro-inflammatory response
(Halleskog et al., 2011). On the other hand, Wnt signalling can be activated downstream of
TREM2 (Zheng et al., 2017), which is implicated in anti-inflammatory processes (Takahashi
et al., 2005; Turnbull et al., 2006; Zhong et al., 2017). LRP6-Val appears to stimulate glia
proliferation/activation in the ageing hippocampus. Whether this is caused by changes in
Wnt signalling in astrocytes and microglia, and whether LRP6-Val promotes an adverse
pro-inflammatory transition, remains to be determined.

A key question about the role of astrocytes/microglia in relation to LRP6-Val is whether
glia activation/proliferation constitutes a secondary by-product of synaptic damage, or
contributes to synapse dysfunction.

As microglia are actively involved in AD-related

synaptic degeneration (Hong et al., 2016b), it is possible that they could contribute to
synaptic defects in ageing LRP6-Val mice. On the other hand, a strong argument can be
made for a direct impact of (neuronal) LRP6-Val on synapses via Wnt signalling impairment:
LRP6 is present at most excitatory synapses, in vivo expression of LRP6-Val recapitulates
many of the phenotypes observed with Wnt signalling deficiency (see 6.3), and the
LRP6-Val phenotype is largely reproducible in hippocampal cultures, which are virtually
microglia-free. In addition, synaptic damage in LRP6-Val mice could be further enhanced
by microglia activation and inflammatory processes. In fact, emerging neuroinflammation
could be an indication that the system is reaching a tipping point, suggesting that
compensatory mechanisms, which appear to be preventing large-scale synaptic failure at
this stage (see 6.5), could collapse with further advancing age.

6.7. LRP6-Val as a genetic risk factor for late-onset AD?
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LRP6-Val as a genetic risk factor for late-onset AD?

This study explored a largely uncharacterised genetic association between the Wnt
receptor LRP6 and AD. How do the findings contribute to our understanding of the genetic
makeup of late-onset AD? Should the LRP6-Val variant be considered a genetic risk allele
for LOAD?
It is important to critically assess the original genetic data underlying the association
between LRP6-Val and late-onset AD. The main evidence comes from genome-wide
linkage studies, which have highlighted chromosome 12, including the region encoding
LRP6, as a susceptibility locus for AD (Blacker et al., 2003; D'Introno et al., 2006; Holmans
et al., 2005; Kehoe et al., 1999; Lee et al., 2008; Mayeux et al., 2002; Myers et al., 2002;
Pericak-Vance et al., 1997; Rogaeva et al., 1998; Saunders et al., 2003; Scott et al., 2000;
Wu et al., 1998). This locus has been included in a list of the 'ten most interesting AD
linkage regions' (Guerreiro et al., 2012). However, none of the more recent large GWA
studies have replicated this association between LOAD and LRP6 (Harold et al., 2009;
Hollingworth et al., 2011; Lambert et al., 2013; Naj et al., 2011; Reitz et al., 2013; Seshadri
et al., 2010). In the original study on LRP6-Val, this variant was specifically associated with
LOAD in the APOE ε4-negative stratum of a family-based study (p = 0.026) and showed a
trend towards association in a multi-centre case-control study (p = 0.075) (De Ferrari et al.,
2007). These findings alone do not suffice to argue for a strong genetic link; indeed, the
fact that LRP6 was not highlighted in the context of large-scale genome-wide association
makes the genetic data on its own appear relatively weak. However, the genetic association
of LRP6-Val with AD does not stand alone and should be regarded as one element within
a larger collection of evidence implicating LRP6 in AD: 1. Apart from LRP6-Val, another
LRP6 coding-region SNP and a splice variant have been associated with LOAD (Alarcón
et al., 2013; De Ferrari et al., 2007). 2. LRP6 interacts with APP and affects Aβ generation
(Liu et al., 2014). 3. LRP6 loss of function induces synaptic defects and exacerbates
AD pathology, suggesting a functional connection between the LRP6 receptor and AD
pathogenesis (Liu et al., 2014). 4. From a broader perspective, aberrant Wnt signalling
is implicated in AD in multiple ways, contributing to synaptic damage, tau phosphorylation
and cognitive decline (see 1.3.6). Against this background, the LRP6-Val/LOAD connection
represents a piece of evidence that may hold valuable information about the role of LRP6
and Wnt signalling in AD. As this study has shown, LRP6-Val is associated with deficient
Wnt signalling, with structural and functional implications for hippocampal synapses. These
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Figure 6.3: Model of the influence of the LRP6-Val allele on AD risk.
LRP6-Val may interact less with several Wnt ligands. However, during young age, Wnt signalling is
maintained and no synaptic defects are apparent. With increasing age, a deficit in Wnt signalling
becomes evident and is accompanied by synaptic impairment and neuroinflammatory responses.
However, compensatory mechanisms contain synaptic defects at this stage and preserve overall
network function as well as cognition. Further ageing may eventually lead to the break-down of
homeostasis and could increase the vulnerability of the system to further pathological insults such
as Amyloid-β, increasing the risk for AD. Stage 3 is speculative and was not investigated in this
study.

findings contribute valuable biological insight on the function of the LRP6 receptor and the
Wnt pathway, and should enhance our appreciation of the importance of LRP6-mediated
Wnt signalling for synapse health during ageing.
How might the LRP6-Val variant contribute to AD risk (Fig. 6.3)? Based on this study,
I propose that LRP6-Val confers reduced sensitivity to multiple Wnt ligands such as
Wnt3a and Wnt7a. The deficiency is probably rather mild and does not compromise
Wnt signalling during young age (up to at least 6 months in mice).

However, with

increasing age (and exacerbated by global age-related dampening of Wnt signalling),
impairments become apparent. Excitatory synapses are affected both structurally and
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functionally, and neuroinflammation may further enhance synaptic defects. Homeostatic
mechanisms appear to be activated at this stage to counteract synaptic defects and
preserve global network function. Indeed, cognition remains intact in this second phase
(up to at least 14 months in mice). My studies do not extend beyond this age; however, it is
tempting to speculate that further ageing would inflict mounting stress on this precariously
balanced system, which may lead to the collapse of homeostatic compensation and initiate
a downward path of synapse degeneration.

When faced with additional insults and

challenges (e.g. Amyloid-β toxicity or loss of proteostasis), the already strained system
could be more vulnerable to large-scale and irreversible damage. This may explain the
increased susceptibility of LRP6-Val carriers to late-onset AD. To summarise this model
(Fig.

6.3), the LRP6-Val variant contributes to the failure of a key cellular/synaptic

maintenance pathway, increasing the burden imposed on the ageing brain and thereby
facilitating pathological transitions towards AD.
As a genetic risk factor, LRP6-Val clearly shows incomplete and highly age-dependent
penetrance, conferring a moderate increase in disease risk (OR = 1.3) (De Ferrari et
al., 2007), which is likely modified by other genetic and environmental factors. At the
same time, it is common genetic variant with a heterozygous allele frequency of ~15 %.
Heterozygous LRP6-Val knock-in mice show pre- and postsynaptic defects similar to the
homozygous phenotype. Therefore, LRP6-Val could contribute to AD risk in line with
the common-disease, common-variant (CD-CV) theory, which attributes genetic risk for
common diseases to the cumulative effect of numerous common variations, each of which
carry a minor amount of risk (see 1.3.3) (Lander, 1996; Reich and Lander, 2001; Schork et
al., 2009).
The influence of LRP6-Val on AD pathogenesis was not directly investigated in this study.
While my findings suggest a model of how LRP6-Val could increase AD risk (see Fig.
6.3), I did not examine the impact of LRP6-Val on key pathological processes of AD
due to time constraints.

It is known that the LRP6 receptor interacts with APP and

promotes its non-amyloidogenic processing; conversely, conditional knockout of LRP6
enhances production of Aβ and aggravates AD pathology (Liu et al., 2014). LRP6-Val
could therefore directly influence and potentially exacerbate amyloid pathology. To test
this hypothesis, I have crossed LRP6-Val mice to the APP NL-G-F knock-in model for AD,
which shows Aβ deposition, neuroinflammation and cognitive defects (Masuda et al., 2016;
Saito et al., 2014). AD mouse models such as this one are significantly contributing to our
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understanding of the disease process and its core biological mechanisms. However, there
are undoubtedly limits as to how accurately such models can reproduce the features of AD
in humans, given significant differences in brain structure, genetic make-up and lifespan
between mice and humans. In addition, Aβ pathology in AD models is mimicked based on
introducing familial AD mutations in APP and/or PSEN - exceedingly rare mutations not
present in the vast majority of AD patients. This is true also for the APP NL-G-F model,
however this novel knock-in model is considered superior to the traditional transgenic
mouse models of AD as it avoids potential artefacts due to APP overexpression.

In

the absence of viable technology to study AD progression in live humans at the level
of cells and molecules, such second-generation AD mouse models will continue to play
an important role for mechanistic research in neurodegeneration. APP NL-G-F/LRP6-Val
mice mice will therefore be the most useful tool to elucidate whether LRP6-Val exacerbates
AD pathology and to shed more light on the possible contribution of this variant to AD
pathogenesis.

As a member of the extended LDLR receptor family, LRP6 is highly versatile and occupies
various functions in multiple cellular pathways (Dieckmann et al., 2010; Herz et al., 2009;
Nykjaer and Willnow, 2002). This study has been focused on the role of LRP6 for Wnt
signalling and synapse integrity. However, LRP6 also plays a role in lipid metabolism
and is involved in LDL uptake and cholesterol clearance (Go and Mani, 2012; Liu et al.,
2008; Tomaszewski et al., 2009; Ye et al., 2012). LRP6 mutations have been associated
with elevated LDL cholesterol levels, a major risk factor for atherosclerosis and myocardial
infection (Go et al., 2014; Liu et al., 2008; Mani et al., 2007; Tomaszewski et al., 2009).
Interestingly, the LRP6-Val variant has also been associated with a higher risk for these
diseases (Sarzani et al., 2011; Xu et al., 2014). Therefore, the Ile-1062-Val substitution
may have pleiotropic functional consequences beyond its impact on synapses. Potential
perturbation of lipid metabolism by LRP6-Val may even contribute to increased AD risk:
Gene network analyses based on GWAS data have highlighted altered lipid and cholesterol
metabolism as one of three biological pathways with a central role in AD etiology (see Fig.
1.6) (Efthymiou and Goate, 2017; Guerreiro and Hardy, 2014; Guerreiro et al., 2013b;
Hardy et al., 2014; International Genomics of Alzheimer's Disease Consortium (IGAP),
2015; Jones et al., 2010; Karch and Goate, 2015). High cholesterol levels in mid-life may
contribute to AD susceptibility (Kivipelto et al., 2002; Notkola et al., 1998; Whitmer et al.,
2005). The primary function of the AD risk gene APOE is in cholesterol transport (Huang
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and Mahley, 2014), and ApoE-containing lipoproteins bind to all core members of the LDLR
receptor family (Andersen and Willnow, 2006; Beffert et al., 2004; Guttman et al., 2010;
Jaeger and Pietrzik, 2008), to LRP5 (Kim et al., 1998; Magoori et al., 2003) and likely to
LRP6 as well. These intriguing connections raise the possibility that the LRP6-Val variant
could further contribute to AD risk through vascular damage. The LRP6-Val knock-in model
provides an ideal system for future studies of other aspects of LRP6 function.
This study contributes to mounting evidence implicating dysfunction of Wnt signalling in AD.
Are there potential therapeutic implications? Various studies have indicated that activation
or restoration of Wnt signalling could have beneficial effects: Several Wnt ligands, including
Wnt3a, exert a protective function against Aβ toxicity (Alvarez et al., 2004; Cerpa et al.,
2010; Chacón et al., 2008; De Ferrari et al., 2003). Compounds mimicking Wnt activation
appear to ameliorate AD pathology in vivo (De Ferrari et al., 2003; Toledo and Inestrosa,
2010; Vargas et al., 2014, 2015). Encouragingly, even substantial synapse loss and
memory impairment can be fully reversed by re-activation of Wnt signalling (Marzo et al.,
2016). My studies reveal the adverse impact of a relatively mild perturbation in a key
Wnt receptor. These findings underscore the critical importance of LRP6-mediated Wnt
signalling for synaptic integrity, particularly in the ageing brain. Therefore, restoring LRP6
function or boosting Wnt signalling could represent a viable therapeutic route for AD.

6.8

Conclusions

This study makes a significant contribution to our understanding of the role of Wnt signalling
for synapse integrity in the adult and ageing brain and provides fresh evidence for a role
of deficient Wnt signalling in AD-related synapse degeneration. I have examined the in
vivo impact of an AD-linked genetic variant of the Wnt receptor LRP6 on hippocampal
synapses using a novel knock-in mouse model.

My results show that the LRP6-Val

variant compromises canonical Wnt signalling in the ageing brain, leading to shrinkage
of pre- and postsynaptic compartments and reduced glutamatergic transmitter release.
Neuroinflammatory processes may further contribute to synaptic damage. Global network
function, however, remains intact, and cognition is unaffected up to 14 months of age, likely
due to a compensatory increase in synaptic connectivity. These findings strengthen the link
between aberrant Wnt signalling, synaptic dysfunction and Alzheimer's disease. Advancing
our understanding of the mechanisms underlying synapse vulnerability in the ageing brain
is a vital step for the design of future therapeutic strategies.
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Ca2+ channels to presynaptic active zones via a direct PDZ-domain interaction. Cell 144, 282295.
Kakizawa, S., Yamasaki, M., Watanabe, M., and Kano, M. (2000). Critical period for activity-dependent synapse
elimination in developing cerebellum. J Neurosci 20, 49544961.
Kakugawa, S., Langton, P.F., Zebisch, M., Howell, S.A., Chang, T.-H., Liu, Y., Feizi, T., Bineva, G., O'Reilly, N.,
Snijders, A.P., et al. (2015). Notum deacylates Wnt proteins to suppress signalling activity. Nature 519,
187192.
Kano, M., Hashimoto, K., Chen, C., Abeliovich, A., Aiba, A., Kurihara, H., Watanabe, M., Inoue, Y., and
Tonegawa, S. (1995). Impaired synapse elimination during cerebellar development in PKCγ mutant mice.
Cell 83, 12231231.
Kano, M., Hashimoto, K., Kurihara, H., Watanabe, M., Inoue, Y., Aiba, A., and Tonegawa, S. (1997). Persistent
multiple climbing fiber innervation of cerebellar Purkinje cells in mice lacking mGluR1. Neuron 18, 7179.
Kano, M., and Hashimoto, K. (2009). Synapse elimination in the central nervous system. Curr Opin Neurobiol
19, 154161.
Karadaglić, D., and Wilson, T. (2008). Image formation in structured illumination wide-field fluorescence
microscopy. Micron 39, 808818.

228

Bibliography

Karch, C.M., and Goate, A.M. (2015). Alzheimer's disease risk genes and mechanisms of disease
pathogenesis. Biol Psychiatry 77, 4351.
Kasai, H., Matsuzaki, M., Noguchi, J., Yasumatsu, N., and Nakahara, H. (2003). Structure-stability-function
relationships of dendritic spines. Trends Neurosci 26, 360368.
Kasai, H., Fukuda, M., Watanabe, S., Hayashi-Takagi, A., and Noguchi, J. (2010). Structural dynamics of
dendritic spines in memory and cognition. Trends Neurosci 33, 121129.
Kasprowicz, J., Kuenen, S., Swerts, J., Miskiewicz, K., and Verstreken, P. (2014). Dynamin photoinactivation
blocks Clathrin and α-adaptin recruitment and induces bulk membrane retrieval. J Cell Biol 204, 11411156.
Katz, B., and Miledi, R. (1968). The role of calcium in neuromuscular facilitation. J Physiol (Lond) 195, 481492.
Kaufman, S.K., and Diamond, M.I. (2013). Prion-like propagation of protein aggregation and related
therapeutic strategies. Neurotherapeutics 10, 371382.
Kawamura, Y., Kikuchi, A., Takada, R., Takada, S., Sudoh, S., Shibamoto, S., Yanagisawa, K., and Komano,
H. (2001). Inhibitory effect of a presenilin 1 mutation on the Wnt signalling pathway by enhancement of
beta-catenin phosphorylation. Eur J Biochem 268, 30363041.
Kawano, Y., and Kypta, R. (2003). Secreted antagonists of the Wnt signalling pathway. J Cell Sci 116,
26272634.
Kawas, C.H., Kim, R.C., Sonnen, J.A., Bullain, S.S., Trieu, T., and Corrada, M.M. (2015). Multiple pathologies
are common and related to dementia in the oldest-old: The 90+ Study. Neurology 85, 535542.
Kay, K.R., Smith, C., Wright, A.K., Serrano-Pozo, A., Pooler, A.M., Koffie, R., Bastin, M.E., Bak, T.H.,
Abrahams, S., Kopeikina, K.J., et al. (2013). Studying synapses in human brain with array tomography
and electron microscopy. Nat Protoc 8, 13661380.
Kayed, R., and Lasagna-Reeves, C.A. (2013).
Alzheimers Dis 33 Suppl 1, S6778.

Molecular mechanisms of amyloid oligomers toxicity.

J

Keene, C.D., Cudaback, E., Li, X., Montine, K.S., and Montine, T.J. (2011). Apolipoprotein E isoforms
and regulation of the innate immune response in brain of patients with Alzheimer's disease. Curr Opin
Neurobiol 21, 920928.
Kehoe, P., Wavrant-De Vrieze, F., Crook, R., Wu, W.S., Holmans, P., Fenton, I., Spurlock, G., Norton, N.,
Williams, H., Williams, N., et al. (1999). A full genome scan for late onset Alzheimer's disease. Hum Mol
Genet 8, 237245.
Keller-Peck, C.R., Walsh, M.K., Gan, W.B., Feng, G., Sanes, J.R., and Lichtman, J.W. (2001). Asynchronous
synapse elimination in neonatal motor units: studies using GFP transgenic mice. Neuron 31, 381394.
Kellner, Y., Gödecke, N., Dierkes, T., Thieme, N., Zagrebelsky, M., and Korte, M. (2014). The BDNF effects on
dendritic spines of mature hippocampal neurons depend on neuronal activity. Front Synaptic Neurosci 6,
5.
Kennedy, M.B. (2000). Signal-processing machines at the postsynaptic density. Science 290, 750754.
Kerchner, G.A., and Nicoll, R.A. (2008). Silent synapses and the emergence of a postsynaptic mechanism for
LTP. Nat Rev Neurosci 9, 813825.
Kerschensteiner, D., Morgan, J.L., Parker, E.D., Lewis, R.M., and Wong, R.O.L. (2009). Neurotransmission
selectively regulates synapse formation in parallel circuits in vivo. Nature 460, 10161020.
Kettenmann, H., Hanisch, U.-K., Noda, M., and Verkhratsky, A. (2011). Physiology of microglia. Physiol Rev
91, 461553.
Kettenmann, H., Kirchhoff, F., and Verkhratsky, A. (2013). Microglia: new roles for the synaptic stripper. Neuron
77, 1018.
Khan, Z., Vijayakumar, S., de la Torre, T.V., Rotolo, S., and Bafico, A. (2007). Analysis of endogenous LRP6
function reveals a novel feedback mechanism by which Wnt negatively regulates its receptor. Mol Cell Biol
27, 72917301.
Khodthong, C., Kabachinski, G., James, D.J., and Martin, T.F.J. (2011). Munc13 homology domain-1 in
CAPS/UNC31 mediates SNARE binding required for priming vesicle exocytosis. Cell Metab 14, 254263.

Bibliography

229

Kikuchi, A., Yamamoto, H., and Kishida, S. (2007). Multiplicity of the interactions of Wnt proteins and their
receptors. Cell Signal 19, 659671.
Kikuchi, A., Yamamoto, H., Sato, A., and Matsumoto, S. (2011). New insights into the mechanism of Wnt
signaling pathway activation. Int Rev Cell Mol Biol 291, 2171.
Killick, R., Ribe, E.M., Al-Shawi, R., Malik, B., Hooper, C., Fernandes, C., Dobson, R., Nolan, P.M.,
Lourdusamy, A., Furney, S., et al. (2014). Clusterin regulates β-amyloid toxicity via Dickkopf-1-driven
induction of the wnt-PCP-JNK pathway. Mol Psychiatry 19, 8898.
Kim, E., Naisbitt, S., Hsueh, Y.P., Rao, A., Rothschild, A., Craig, A.M., and Sheng, M. (1997). GKAP, a
novel synaptic protein that interacts with the guanylate kinase-like domain of the PSD-95/SAP90 family of
channel clustering molecules. J Cell Biol 136, 669678.
Kim, D.H., Inagaki, Y., Suzuki, T., Ioka, R.X., Yoshioka, S.Z., Magoori, K., Kang, M.J., Cho, Y., Nakano, A.Z.,
Liu, Q., et al. (1998). A new low density lipoprotein receptor related protein, LRP5, is expressed in
hepatocytes and adrenal cortex, and recognizes apolipoprotein E. J Biochem 124, 10721076.
Kim, J.H., Anwyl, R., Suh, Y.H., Djamgoz, M.B., and Rowan, M.J. (2001). Use-dependent effects of
amyloidogenic fragments of (beta)-amyloid precursor protein on synaptic plasticity in rat hippocampus
in vivo. J Neurosci 21, 13271333.
Kim, E., and Sheng, M. (2004). PDZ domain proteins of synapses. Nat Rev Neurosci 5, 771781.
Kim, N., Stiegler, A.L., Cameron, T.O., Hallock, P.T., Gomez, A.M., Huang, J.H., Hubbard, S.R., Dustin, M.L.,
and Burden, S.J. (2008). Lrp4 is a receptor for Agrin and forms a complex with MuSK. Cell 135, 334342.
Kim, S.-E., Huang, H., Zhao, M., Zhang, X., Zhang, A., Semonov, M.V., MacDonald, B.T., Zhang, X., Garcia
Abreu, J., Peng, L., et al. (2013a). Wnt stabilization of β-catenin reveals principles for morphogen
receptor-scaffold assemblies. Science 340, 867870.
Kim, T., Vidal, G.S., Djurisic, M., William, C.M., Birnbaum, M.E., Garcia, K.C., Hyman, B.T., and Shatz, C.J.
(2013b). Human LilrB2 is a β-amyloid receptor and its murine homolog PirB regulates synaptic plasticity
in an Alzheimer's model. Science 341, 13991404.
Kim, S., Violette, C.J., and Ziff, E.B. (2015). Reduction of increased calcineurin activity rescues impaired
homeostatic synaptic plasticity in presenilin 1 M146V mutant. Neurobiol Aging 36, 32393246.
Kimelman, D., and Xu, W. (2006). beta-catenin destruction complex: insights and questions from a structural
perspective. Oncogene 25, 74827491.
Kirov, S.A., and Harris, K.M. (1999). Dendrites are more spiny on mature hippocampal neurons when synapses
are inactivated. Nat Neurosci 2, 878883.
Kirov, S.A., Petrak, L.J., Fiala, J.C., and Harris, K.M. (2004a). Dendritic spines disappear with chilling but
proliferate excessively upon rewarming of mature hippocampus. Neuroscience 127, 6980.
Kirov, S.A., Goddard, C.A., and Harris, K.M. (2004b). Age-dependence in the homeostatic upregulation
of hippocampal dendritic spine number during blocked synaptic transmission. Neuropharmacology 47,
640648.
Kishida, M., Koyama, S., Kishida, S., Matsubara, K., Nakashima, S., Higano, K., Takada, R., Takada, S., and
Kikuchi, A. (1999a). Axin prevents Wnt-3a-induced accumulation of beta-catenin. Oncogene 18, 979985.
Kishida, S., Yamamoto, H., Hino, S., Ikeda, S., Kishida, M., and Kikuchi, A. (1999b). DIX domains of Dvl and
axin are necessary for protein interactions and their ability to regulate beta-catenin stability. Mol Cell Biol
19, 44144422.
Kitagawa, M., Hatakeyama, S., Shirane, M., Matsumoto, M., Ishida, N., Hattori, K., Nakamichi, I., Kikuchi,
A., Nakayama, K., and Nakayama, K. (1999). An F-box protein, FWD1, mediates ubiquitin-dependent
proteolysis of beta-catenin. EMBO J 18, 24012410.
Kivipelto, M., Laakso, M.P., Tuomilehto, J., Nissinen, A., and Soininen, H. (2002). Hypertension and
hypercholesterolaemia as risk factors for Alzheimer's disease: potential for pharmacological intervention.
CNS Drugs 16, 435444.
Klein, R. (2009). Bidirectional modulation of synaptic functions by Eph/ephrin signaling. Nat Neurosci 12,
1520.

230

Bibliography
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Schouten, M., De Luca, G.M.R., Alatriste González, D.K., de Jong, B.E., Timmermans, W., Xiong, H., Krugers,
H., Manders, E.M.M., and Fitzsimons, C.P. (2014). Imaging dendritic spines of rat primary hippocampal
neurons using structured illumination microscopy. J Vis Exp 87.
Schraen-Maschke, S., Dhaenens, C.-M., Delacourte, A., and Sablonnire, B. (2004). Microtubule-associated
protein tau gene: a risk factor in human neurodegenerative diseases. Neurobiol Dis 15, 449460.
Schuijers, J., Mokry, M., Hatzis, P., Cuppen, E., and Clevers, H. (2014). Wnt-induced transcriptional activation
is exclusively mediated by TCF/LEF. EMBO J 33, 146156.
Schwarz-Romond, T., Merrifield, C., Nichols, B.J., and Bienz, M. (2005). The Wnt signalling effector
Dishevelled forms dynamic protein assemblies rather than stable associations with cytoplasmic vesicles.
J Cell Sci 118, 52695277.
Schwarz-Romond, T., Fiedler, M., Shibata, N., Butler, P.J.G., Kikuchi, A., Higuchi, Y., and Bienz, M. (2007a).
The DIX domain of Dishevelled confers Wnt signaling by dynamic polymerization. Nat Struct Mol Biol 14,
484492.
Schwarz-Romond, T., Metcalfe, C., and Bienz, M. (2007b). Dynamic recruitment of axin by Dishevelled protein
assemblies. J Cell Sci 120, 24022412.
Scott, W.K., Grubber, J.M., Conneally, P.M., Small, G.W., Hulette, C.M., Rosenberg, C.K., Saunders, A.M.,
Roses, A.D., Haines, J.L., and Pericak-Vance, M.A. (2000). Fine mapping of the chromosome 12
late-onset Alzheimer disease locus: potential genetic and phenotypic heterogeneity. Am J Hum Genet
66, 922932.

Bibliography

251

Scott, E.L., Zhang, Q.-G., Han, D., Desai, B.N., and Brann, D.W. (2013). Long-term estrogen deprivation leads
to elevation of Dickkopf-1 and dysregulation of Wnt/β-Catenin signaling in hippocampal CA1 neurons.
Steroids 78, 624632.
Sdrulla, A.D., and Linden, D.J. (2007). Double dissociation between long-term depression and dendritic spine
morphology in cerebellar Purkinje cells. Nat Neurosci 10, 546548.
Segal, M. (2005). Dendritic spines and long-term plasticity. Nat Rev Neurosci 6, 277284.
Seib, D.R.M., Corsini, N.S., Ellwanger, K., Plaas, C., Mateos, A., Pitzer, C., Niehrs, C., Celikel, T., and
Martin-Villalba, A. (2013). Loss of Dickkopf-1 restores neurogenesis in old age and counteracts cognitive
decline. Cell Stem Cell 12, 204214.
Seifert, J.R.K., and Mlodzik, M. (2007). Frizzled/PCP signalling: a conserved mechanism regulating cell
polarity and directed motility. Nat Rev Genet 8, 126138.
Selkoe, D.J. (1991). The molecular pathology of Alzheimer's disease. Neuron 6, 487498.
Selkoe, D.J. (2000). Toward a comprehensive theory for Alzheimer's disease. Hypothesis: Alzheimer's disease
is caused by the cerebral accumulation and cytotoxicity of amyloid beta-protein. Ann N Y Acad Sci 924,
1725.
Selkoe, D.J. (2002). Alzheimer's disease is a synaptic failure. Science 298, 789791.
Selkoe, D.J. (2008). Soluble oligomers of the amyloid beta-protein impair synaptic plasticity and behavior.
Behav Brain Res 192, 106113.
Selkoe, D.J., and Hardy, J. (2016). The amyloid hypothesis of Alzheimer's disease at 25 years. EMBO Mol
Med 8, 595608.
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Rüdiger, S.G.D., Schwamborn, K., Schambony, A., et al. (2012). Wnt/β-catenin signaling requires
interaction of the Dishevelled DEP domain and C terminus with a discontinuous motif in Frizzled. Proc
Natl Acad Sci U S A 109, E81220.
Terry, R.D., Masliah, E., Salmon, D.P., Butters, N., DeTeresa, R., Hill, R., Hansen, L.A., and Katzman, R.
(1991). Physical basis of cognitive alterations in Alzheimer's disease: synapse loss is the major correlate
of cognitive impairment. Ann Neurol 30, 572580.
Thiagarajan, T.C., Lindskog, M., and Tsien, R.W. (2005). Adaptation to synaptic inactivity in hippocampal
neurons. Neuron 47, 725737.
Thomas, K.R., and Capecchi, M.R. (1990). Targeted disruption of the murine int-1 proto-oncogene resulting in
severe abnormalities in midbrain and cerebellar development. Nature 346, 847850.
Thomas, K.R., Musci, T.S., Neumann, P.E., and Capecchi, M.R. (1991). Swaying is a mutant allele of the
proto-oncogene Wnt-1. Cell 67, 969976.
Thomson, A.M. (2000). Facilitation, augmentation and potentiation at central synapses. Trends Neurosci 23,
305312.
Toledo, E.M., and Inestrosa, N.C. (2010). Activation of Wnt signaling by lithium and rosiglitazone reduced
spatial memory impairment and neurodegeneration in brains of an APPswe/PSEN1DeltaE9 mouse model
of Alzheimer's disease. Mol Psychiatry 15, , 228.
Tomaru, U., Takahashi, S., Ishizu, A., Miyatake, Y., Gohda, A., Suzuki, S., Ono, A., Ohara, J., Baba, T.,
Murata, S., et al. (2012). Decreased proteasomal activity causes age-related phenotypes and promotes
the development of metabolic abnormalities. Am J Pathol 180, 963972.
Tomaszewski, M., Charchar, F.J., Barnes, T., Gawron-Kiszka, M., Sedkowska, A., Podolecka, E., Kowalczyk,
J., Rathbone, W., Kalarus, Z., Grzeszczak, W., et al. (2009). A common variant in low-density lipoprotein
receptor-related protein 6 gene (LRP6) is associated with LDL-cholesterol. Arterioscler Thromb Vasc Biol
29, 13161321.
Tomita, S., Adesnik, H., Sekiguchi, M., Zhang, W., Wada, K., Howe, J.R., Nicoll, R.A., and Bredt, D.S. (2005).
Stargazin modulates AMPA receptor gating and trafficking by distinct domains. Nature 435, 10521058.
Tomiyama, T., Nagata, T., Shimada, H., Teraoka, R., Fukushima, A., Kanemitsu, H., Takuma, H., Kuwano,
R., Imagawa, M., Ataka, S., et al. (2008). A new amyloid beta variant favoring oligomerization in
Alzheimer's-type dementia. Ann Neurol 63, 377387.
Tonnesen, J., Katona, G., Rózsa, B., and Nägerl, U.V. (2014).
compartmentalization of synapses. Nat Neurosci 17, 678685.

Spine neck plasticity regulates
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